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Summary

1. Summary

In almost every habitat, bacteria are challenged with persistent attacks of bacterial viruses, so-
called bacteriophages (or phages). Upon infection, phages can target key cellular processes in their
host cell to optimize reproduction conditions making them a promising source for identification of
novel antimicrobial proteins. This was exemplified by the identification of the gyrase-inhibiting
protein Cg1978, termed Gip, encoded by the CGP3 prophage of Corynebacterium glutamicum. In
vitro studies confirmed a direct interaction of Gip with gyrase subunit A of its host C. glutamicum
leading to an inhibition of the gyrase supercoiling activity.

The evolutionary pressure exerted by phages forced bacteria to evolve multiple lines of
defense. However, our current knowledge of antiphage defense is dominated by systems acting at
a cellular level, but there is an increasing evidence that bacterial communities also employ several
strategies specifically protecting multiple cells from phage predation at the same time. By using
the filamentous soil bacterium Streptomyces as a model, this doctoral thesis focused on the
contribution of bacterial small molecule production and multicellular development to antiphage
defense.

To this end, five newly isolated Streptomyces phages were comprehensively
characterized to establish a set of model phages for further investigations. Next, we focused on
the chemical defense against phages via aminoglycosides, which are naturally derived, bactericidal
antibiotics produced by Streptomyces. Using bacterial strains producing aminoglycoside-modifying
enzymes as resistance mechanism, a significant inhibition of phage infection by structurally
divergent aminoglycosides in Gram-negative as well as Gram-positive bacterial hosts was
observed. The interference with phage infection occurred at an early step of phage life cycle
between injection and replication with potential differences between individual host organisms.
As exemplified with the aminoglycoside apramycin, in vitro modification of the aminoglycoside
scaffold via acetylation prevented the antibacterial mode of action, but had no impact on the
antiphage properties, suggesting different molecular targets underlying this dual functionality.
Moreover, culture supernatant of the natural apramycin producer S. tenebrarius was shown to
mimic the effect of the pure compound, hinting towards the physiological relevance of
aminoglycoside antibiotics as chemical defense against phages in the environment.

As a further part of this work, we analysed the inactivation of phages in the extracellular
space of Streptomyces populations. In contrast to prototypical infections with unicellular-growing
bacteria, infectious phage titers dropped again at later stages of Streptomyces infection, which
coincided with re-growth of phage-resistant mycelium. When considering different parameters
underlying this inactivation, we observed a potential influence of medium acidification, production
of antiphage metabolites and proteins as well as mycelial growth. Mature mycelium revealed a
reduced susceptibility to phage infection hinting towards an important contribution of
multicellular development to antiphage defense. A decline in phage titer was further observed
upon incubation of Streptomyces mycelium with different non-host phages, which coincided with
the phase of hyphae-spore transition. This led to the hypothesis that mycelium might efficiently
adsorb phages from the environment with important implications for community interactions.

Overall, the work presented in this thesis expands our knowledge about bacterial immune
systems by unravelling the antiphage properties of aminoglycoside antibiotics and the important
impact of cellular development, thereby adding further layers of antiviral defense acting at the
multicellular level.
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2. Scientific context and key results

2.1. Bacteriophages: Ubiquitous bacterial viruses shaping bacterial evolution

2.1.1. Discovery, classification and life style

Bacteriophages, or shortly known as phages, are ubiquitous viruses infecting bacteria. With an
estimated number of ~10%! phage particles in the biosphere, they represent the most abundant
biological entity distributed over all natural habitats (Clokie et al., 2011; Hendrix et al., 1999;

Mushegian, 2020).

Phage research finds its origin in the early twentieth century with the independent discovery of
bacteriophages through the pioneering work of Frederick Twort (1915) and Félix d"Herelle (1917),
the latter coining the name “bacteriophage” meaning bacteria-eater (d'Herelle, 2007; Twort,
1915). At that time, phages were mainly studied for their potential to treat bacterial infections in
clinics. This initial motivation was quickly faded in western countries as the antibiotic era dawned
(Salmond & Fineran, 2015; Summers, 2001). However, a general interest in phage research
persisted, which led to the first visualization of phages by electron microscopy and the
identification of DNA as the carrier of the genetic information (Hershey & Chase, 1952; Ruska et
al.,, 1939). Over the vyears, the increasing understanding of phage biology has contributed
significantly to our current knowledge of fundamental, biological principles (Salmond & Fineran,
2015). This has been accompanied by the establishment of diverse molecular tools for
biotechnological applications, including exemplarily the T7 expression system of the
Enterobacteria phage T7 (Studier & Moffatt, 1986) as well as restriction-modification systems
(Roberts, 2005). More recently, the discovery of CRISPR-Cas systems as adaptive bacterial immune
system against phages initiated a new era of genetic and genome engineering (Barrangou et al.,
2007; Doudna & Charpentier, 2014). Additionally, emerging antibiotic resistance as major health
issue led to the resurgence of phage therapy approaches as alternative antimicrobials (Kortright et

al., 2019).

Bacteriophages are necessarily dependent on the metabolic machinery of their bacterial host for
their propagation — regardless of whether they follow a lytic, a lysogenic or a chronic life style
(Roucourt & Lavigne, 2009). Infection starts with a receptor-based attachment of the phage to the
bacterial host cell and subsequent injection of the viral genome (Rakhuba et al., 2010). Afterwards,
temperate phages can choose either the lytic or the lysogenic life cycle (Figure 1), while virulent

phages are strictly lytic (Bertani, 1953).
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Figure 1: Lytic and lysogenic life cycle of bacteriophages. Phages following the lytic life cycle use the bacterial
host for production of new phage progenies, which are released by subsequent cell lysis. Temperate phages
can alternatively follow a lysogenic life cycle by integrating their DNA into the bacterial chromosome or
establishing as an episome. Unfavorable conditions can trigger induction of the prophage to allow
reproduction via the lytic life cycle. In addition, some phages propagate via chronic infection or transitionally
establish a pseudolysogenic state, which is not included in this schematic illustration (Clokie et al., 2011).

By entering the lysogenic life cycle, the phage establishes itself as an episome (e.g. phage P1) or
integrates its DNA into the bacterial chromosome via specific attachment sites (e.g. phage A) (lkeda
& Tomizawa, 1968; Landy & Ross, 1977). This so-called prophage is replicated in conjunction with
the bacterial DNA and typically a phage repressor protein is involved in the maintenance of the
lysogenic state. Upon certain, usually DNA-damaging conditions (e.g. UV radiation or DNA-
damaging agents), the prophage leaves its dormant state and excises itself out of the bacterial
chromosome to switch to the lytic life cycle, a process called prophage induction. In response to
spontaneous DNA damage events, this induction can even occur in the absence of an external

trigger (Helfrich et al., 2015; Nanda et al., 2015; Oppenheim et al., 2005).

A special case of lysogeny is represented by a pseudolysogenic state, which describes the
establishment of a circular, non-replicating pre-prophage. This unstable state can occur upon
infection under nutrient deficiency and is maintained until conditions are improved and the lytic
or lysogenic life cycle is entered (Feiner et al., 2015). In the lytic cycle, the bacterial cell machinery

is harnessed for phage DNA replication and phage protein synthesis, which allows the assembly of
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new phage progenies and their subsequent release via cell lysis (Salmond & Fineran, 2015). An
exception of phage release without disintegration of the host cell was observed for filamentous
phages like M13, some archaeal viruses and for plasmaviruses infecting Mycoplasma. This lifestyle

is called chronic infection (Clokie et al., 2011).

In addition to their life style, phages differ in gene content, genome type and virion morphology
(Dion et al., 2020). The latter two have been used in the past for phage classification. According to
this decades-old taxonomy, the vast majority of phages belonged to the order of Caudovirales
unifying phages with a tailed morphology and double-stranded DNA (dsDNA) genome. Based on
their tail contractility and length, these phages were further grouped into the three families of
Siphoviridae, Myoviridae and Podoviridae (Ackermann, 2009). Contrary to this tailed morphotypes,
other virions exhibit a cubic, pleomorphic and filamentous nature with their genomes being single-
stranded (ss) or double-stranded DNA or RNA. Additionally, some phages have lipid constituents,
which all in all defined the further phage families as illustrated in Figure 2 (Ackermann, 2009).
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Figure 2: Phage taxa based on genome types and morphology. Phage families are grouped by tailed, dsDNA
phages, lipid-containing phages with double-stranded genomes and phages with a single-stranded genome.
The figure was designed based on Ofir and Sorek (2018) and Hyman and Abedon (2012).

In recent years, the discovery of the mosaic-like architecture of phage genomes exposed a hitherto
unexpected genetic diversity, which could be attributed to a high rate of horizontal gene transfer
(HGT) during phage evolution (Hatfull, 2008). With the increasing availability of genomic and
metagenomic data, it became apparent that the caudoviral families of Sipho-, Myo-, and
Podoviridae are not monophyletic. The need of considering their evolutionary origin initiated a
comprehensive re-classification towards a genome-based megataxonomy (Koonin et al., 2020;
Turner et al., 2021). However, distinguishing phages based on their morphotypes can still be useful

to get a first overview of phage diversity.



Scientific context and key results

2.1.2. (Pro-)phage proteins affecting bacterial hosts

Upon infection, phages are able to subvert and control key cellular processes to create favorable
conditions for their own reproduction (De Smet et al., 2017). For this host-takeover, phage proteins
expressed in the early stages of infection appear to be of primary importance. For instance, in
direct competition for the transcription machinery, they can redirect the host RNA polymerase to
viral gene expression or even temporarily inhibit it if the phage encodes its own RNA polymerase
(De Smet et al., 2017; Drulis-Kawa et al., 2012; Lammens et al., 2020). Furthermore, they can shut
down host DNA replication and degrade the bacterial chromosome to increase the pool of
precursors for viral DNA replication (Drulis-Kawa et al., 2012). In addition, further studies revealed
that phage proteins can amongst others also directly target translation-related processes and cell
division (De Smet et al., 2017; Lammens et al., 2020). Deciphering the underlying mechanisms of
these host-interfering processes is not only essential to deepen our knowledge of phage-host
interactions, but may also be harnessed for the development of new antimicrobial agents (De Smet

et al.,, 2017; Roach & Donovan, 2015).

However, recent advances in viral genomics exposed a high number of open reading frames in
phage genomes whose function remains to be elucidated (Yin & Fischer, 2008). Of particular
interest are previously overlooked small phage genes, as their gene products are known to
frequently exert regulatory functions by activating, inhibiting or redirecting target proteins (De
Smet et al., 2017; Fremin et al., 2022; Orr et al., 2020; Storz et al., 2014). For example, the early
small protein Mip of Pseudomonas aeruginosa podovirus LUZ24 prevents silencing of phage DNA
by inhibiting the activity of the host-encoded xenogeneic silencer MvaT (Wagemans et al., 2015).
Another example is the protein Gp2 from E. coli phage T7, which inhibits the host RNA polymerase

to prevent interference with its own faster T7 RNA polymerase (Nechaev & Severinov, 1999).

Besides directly targeting regulatory hubs to optimize reproduction conditions, phage proteins can
also improve fitness of their bacterial host, which may partly explain the frequency of long-term
relationships between phages and bacteria (Bondy-Denomy & Davidson, 2014). Almost half of all
sequenced bacterial genomes harbor at least one, but frequently even more prophages (Touchon
etal, 2016), These prophages can increase bacterial pathogenicity or contribute to defense against
other phages, a process called lysogenic conversion (Bondy-Denomy & Davidson, 2014; Davies et
al., 2016). However, many prophages appear to be cryptic as rapid inactivation of these ‘molecular
time bombs’ is under tough selection, which let them suffer from mutations preventing completion
of the lytic life cycle. This domestication process allows the bacterial host to keep beneficial
prophage elements while limiting the risk of phage-induced cell lysis (Bobay et al., 2014; Ramisetty

& Sudhakari, 2019; Wang et al., 2010).
6
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In search of phage-derived proteins affecting their bacterial host, we focused on the prophage
CGP3 (~219 kb, including CGP4), which is one of overall four cryptic prophages (CGP1-4) found in
the genome of the actinobacterial strain Corynebacterium glutamicum ATCC 13032 (lkeda &
Nakagawa, 2003). Upon induction, CGP3 can excise itself out of the bacterial chromosome and
replicate as a circular genome, but it appears to be unable to cause cell lysis or produce active
phage progenies (Donovan et al., 2015; Frunzke et al., 2008). The lysogenic state of CGP3 is
maintained by the prophage-encoded nucleoid-associated protein CgpS, which silences phage
gene expression (Pfeifer et al., 2016). During a screening of several small proteins encoded by the
CGP3 prophage, the protein Cg1978 (6.8 kDa) was identified as a novel gyrase-inhibiting protein,
therefore termed Gip. In vitro pull-down assays and surface plasmon resonance spectroscopy
exposed a highly specific interaction of Gip with DNA gyrase subunit A of its bacterial host
C. glutamicum, which was proven to inhibit the gyrase supercoiling activity in vitro (Figure 3). In
addition, overproduction of Gip was found to severely impair bacterial growth and lead to an
activation of the host SOS response. On a transcriptome level, Gip-mediated gyrase inhibition was
compensated with an upregulation of the gyrase-encoding genes gyrAB and a downregulation of

topA coding for topoisomerase | (Kever et al., 2021).

Prophage CGP3
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Figure 3: Supercoiling inhibition assays showing the Gip-mediated inhibition of the DNA gyrase. Increasing
concentrations of the GyrA-targeting protein Gip (Cg1978) inhibit the DNA supercoiling activity of the
C. glutamicum DNA gyrase, which leads to an accumulation of nicked/relaxed DNA (adapted and modified
from Kever et al. (2021)).
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Being crucial for DNA metabolism and absent in mammalian cells, the bacterial DNA gyrase is one
of the most prominent targets of proteinaceous and chemical toxins (Khan et al., 2018). This
heterotetrameric enzyme (GyrA,GyrB, type lIA topoisomerase) catalyzes the ATP-dependent
introduction of negative supercoils into double-stranded DNA. Gyrase subunit A cleaves and rejoins
the DNA, while subunit B is responsible for ATP hydrolysis (N. G. Bush et al., 2015; McKie et al.,
2021; Vanden Broeck et al., 2019). Based on what is currently known from already characterized
gyrase-inhibiting small molecules and proteins, inhibition of this enzyme can be mediated by i)
stabilization of the gyrase-DNA cleavage intermediate (Bernard et al., 1993; Drlica & Malik, 2003;
Pierrat & Maxwell, 2003), ii) inhibition of ATP hydrolysis (Maxwell & Lawson, 2003) or iii) DNA
mimicry (Shah & Heddle, 2014). However, while clearly showing that Gip targets the gyrase subunit
A, the underlying molecular basis of this inhibition still needs to be elucidated. Mimicking the
mechanism of gyrase inhibition applied by phages could open up new directions for antibacterial

drug design.

From a physiological point of view, the question arises to what extent the coding of such an
inhibitor could benefit phages. The existence of further phage-derived proteins targeting topology
modulators such as the small peptide Igy (5.6 kDa) encoded by phage LUZ24 of
Pseudomonas aeruginosa (De Smet et al., 2021) or gp55.2 encoded by the T4 phage of E. coli
(Mattenberger et al., 2015) suggests that DNA supercoiling and relaxation plays a crucial role
during the phage life cycle. Consistent with the hypothesis of Mattenberger and colleagues, we
propose that the production of such inhibitory proteins might allow a modulation of
topoisomerase activity to enable an optimal phage DNA replication (Mattenberger et al., 2015).
Even though CGP3 is a cryptic prophage, it can be assumed that Gip originally had a comparable

function for the active phage.

2.1.3. Bacterial antiphage defense systems

The omnipresence of phages in almost all ecosystems and the persistent threat of viral predation
has led to a competitive co-evolution of bacteria and phages. Bacteria were forced to evolve an
impressive arsenal of antiphage defense systems, while phages co-evolve to overcome these
barriers (Hampton et al., 2020; Shabbir et al., 2016; Stern & Sorek, 2011). New antiphage defense
systems can be acquired through horizontal gene transfer from closely related strains (Koonin et
al., 2017; van Houte et al., 2016). Accordingly, the antiphage defense repertoire of a single strain
is subjected to high fluctuation, making defense genes a rather shared community resource as

recently described with the term ‘pan-immune system’ (Bernheim & Sorek, 2020).
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Escaping phage infection can already be mediated by blocking adsorption of the phage to its
specific receptor on the bacterial surface. Typical receptors like surface proteins or
lipopolysaccharides can exemplarily be mutated (Clément et al.,, 1983), modified by post-
translational glycosylation (Harvey et al., 2018) or masked by proteins or extracellular polymers
(Nordstrom & Forsgren, 1974; Scholl et al., 2005). Besides, a simultaneous protection of several
cells against phage adsorption is mediated by release of outer membrane vesicles (OMV)
sequestering phages (Manning & Kuehn, 2011) and formation of biofilms shielding interior cells
(Hansen et al., 2019). Such multicellular defense strategies will be addressed in further detail in

chapter 2.3.4.

Once attached, injection of phage DNA can be blocked by superinfection exclusion mechanisms.
These protein-based defense systems are encoded by pre-existing phages and serve as protection
against specific secondary infections by e.g. inhibiting phage DNA translocation into the cytoplasm
through conformational changes or blocking the lysozyme-based degradation of the peptidoglycan

layer (Labrie et al., 2010; Lu & Henning, 1994).

After passing these two potential barriers of adsorption and injection, a plethora of intracellular
defense mechanisms come into play, among them systems targeting viral nucleic acids, most
prominently R-M (restriction-modification) and CRISPR-Cas (Clustered Regularly Interspaced
Palindromic Repeats/CRISPR-associated protein) (Figure 4). R-M systems are based on the
enzymatic activity of a restriction endonuclease digesting DNA as well as a methyltransferase
modifying DNA. Methylation of host DNA enables the discrimination between host and foreign
genetic material and avoids sequence-specific binding and cutting by the restriction endonuclease,
whereas incoming, non-methylated phage DNA is digested (Raleigh & Brooks, 1998; Tock &
Dryden, 2005). In contrast to innate R-M systems, antiphage defense via CRISPR-Cas entails a prior
infection with the same phage to acquire short foreign DNA sequences, called spacers. These
spacers are incorporated into a CRISPR array, which enables a subsequent sequence-specific

cleavage of identical or similar invader DNA (Barrangou et al., 2007; Hille et al., 2018).

In addition to these destructive mechanisms, xenogeneic silencer (XS) proteins could potentially
contribute to bacterial antiphage defense as well. With their C-terminal DNA-binding domain and
their N-terminal oligomerization domain, xenogeneic silencers preferentially bind to AT-rich
sequences thereby silencing viral gene expression through formation of dense nucleoprotein
complexes (Duan et al., 2018; Gordon et al., 2010; Navarre, 2016). However, at least in case of the
prophage-encoded xenogeneic silencer CgpS in C. glutamicum, which maintains the lysogenic state
of the CGP3 prophage, a direct contribution to phage defense was not yet confirmed (Hinnefeld

et al., 2021; Pfeifer et al., 2019; Pfeifer et al., 2016).
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Abortive infection (Abi), a further strategy to combat viral predation, implies sensing of infection
by an individual cell and subsequent cell suicide to prevent phage spread into the surrounding
community (Lopatina et al., 2020) (Figure 4). Phage infection is typically recognized through phage
replication intermediates, phage proteins or altered expression profiles. This in turn activates an
effector module causing e.g. cell death by increasing membrane permeability, inhibiting protein
biosynthesis, cleaving nucleic acids or phosphorylating multiple host proteins. The mechanistic
diversity is further expanded by toxin-antitoxin mediated Abi systems relying on a phage-induced,
missing neutralization of a toxin by its corresponding anti-toxin (Lopatina et al., 2020). Another
principle is utilized by CBASS (cyclic oligonucleotide-based antiphage signaling system), where the
communication between the sensing module and the killing module is mediated by production of

cyclic nucleotide molecules as secondary messengers (Cohen et al., 2019).

In recent years, bioinformatics screenings and the discovery that defense genes are clustered in
so-called ‘defense islands’, significantly extended the known repertoire of antiphage defense
mechanisms to more than 100 systems, which together form the prokaryotic ‘immune system’.
However, most of them still need to be mechanistically described (Bernheim & Sorek, 2020; Doron
et al., 2018; Makarova et al., 2011; Tesson et al., 2022). Although the last years have revealed new
defense systems at unprecedented speed, the step of phage sensing is still a major blind spot for
a multitude of systems. A current study started to shed light on this by defining the phage
replication machinery, host take over mechanisms and structural phage proteins as unified key
determinants for phage sensing (Stokar-Avihail et al., 2023). This may open the door for further

mechanistic elucidations.

Two already well-characterized examples of newly discovered antiphage defense systems are
prokaryotic viperins (pVip) and nucleotide depletion (Figure 4). The antiviral activity of viperins
against various DNA and RNA viruses was initially detected in humans (Helbig & Beard, 2014;
Rivera-Serrano et al., 2020). Like their eukaryotic homologues, prokaryotic viperins can modify
nucleotides to ddh-(didehydro)-nucleotides, which act as chain terminators during viral
polymerase-dependent transcription (Bernheim et al., 2021; Gizzi et al.,, 2018). Nucleotide
depletion as antiviral defense was also already known from the human immune system (Ayinde et
al., 2012; Goldstone et al., 2011). Bacterial dGTPases or dCTP deaminases manipulate the dNTP
pool by depleting dGTP or dCTP, respectively, which halts phage DNA replication (Tal et al., 2022).
Interestingly, several other recently described antiviral defense strategies are conserved between
eukaryotes and prokaryotes, suggesting a bacterial origin of several central eukaryotic immune

mechanisms (Wein & Sorek, 2022).
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Figure 4: Selected bacterial antiphage defense systems. After successful injection of phage DNA, different
mechanisms can interfere with the phage life cycle. Restriction modification systems as well as CRISPR-Cas
systems directly target and cleave intracellular phage DNA. Abortive infection mechanisms are highly diverse,
but have in common that they consist of a module sensing the infection and a module initiating cell suicide
to prevent phage spread. The repertoire of defense system was recently supplemented with the discovery
of diverse new systems, including exemplarily prokaryotic viperins inhibiting transcription of viral DNA or
mechanisms of nucleotide depletion halting viral DNA replication. The figure was designed based on Tal and

Sorek (2022).

11



Scientific context and key results

2.2. Streptomyces, a filamentous soil bacterium as major producer of bioactive

compounds

2.2.1. Multicellular development and its hierarchical regulatory network

Streptomyces is a Gram-positive, filamentous-growing actinobacterium, which is highly abundant
in soil habitats (Anderson & Wellington, 2001; Janssen, 2006). As all soil-dwelling organisms, it has
to deal with a high level of microbial competition and constant fluctuations in nutrient availability
(Fierer, 2017). To survive in this challenging environment, Streptomyces can initiate the formation
of dormant exospores as part of its multicellular life cycle, allowing its dispersal into new
environments as well as the protection of its genetic material throughout various environmental

stresses (Bobek et al., 2017).

The multicellular development of Streptomyces has parallels to the one of filamentous fungi, but
is rather a peculiarity among prokaryotes (Elliot & Talbot, 2004). Favorable conditions initiate
germination of spores to build up a network of vegetative hyphae, which grow by branching and
tip extension. Upon stressful conditions like nutrient deficiency, parts of this vegetative mycelium
are self-degraded via programmed cell death to provide a nutrient source for the morphological
differentiation into apical-growing, aerial hyphae (Flardh & Buttner, 2009; Manteca et al., 2007).
This developmental transition to reproductive growth usually coincides with the onset of antibiotic
production, probably to protect released nutrients from other soil-living competitors in the same
ecological niche (van der Meij et al., 2017). During sporogenesis, the multigenomic aerial hyphae
differentiate into chains of unigenomic pre-spores via synchronized septation and chromosome
segregation. After subsequent spore maturation, dormant exospores are released into the
environment, which can outlast various environmental insults, until germination is triggered again

(Flardh & Buttner, 2009) (Figure 5a).

This life cycle is used for the general description of surface-grown cultures. However, many
Streptomyces species including the historical model Streptomyces coelicolor are arrested in a pre-
sporulation state when growing in submerged cultures (Manteca et al., 2008). Therefore, more
recent studies have tended to focus on Streptomyces venezuelae as new model species due to its
ability to undergo sporulation even in submerged cultures (Glazebrook et al., 1990). This facilitated
the elucidation of the development-specific regulatory network by allowing the application of

established "omics" methods (M. J. Bush et al., 2015).
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Figure 5: Multicellular life cycle of surface-grown Streptomyces cultures. a) The life cycle starts with the
germination of spores, which leads to the formation of a branched network of vegetative hyphae. Upon
nutrient starvation, parts of the vegetative mycelium are self-degraded to supply nutrients for the
morphological differentiation into aerial hyphae. This transition is mediated by Bld regulators. The
accompanied production of antibiotics is proposed to protect released nutrients from other competitors in
close proximity. Unlike vegetative hyphae, aerial hyphae are characterized by a hydrophobic surface, which
is based on a coating layer of rodlin and chaplin proteins. The regulatory activity of the Whi proteins mediate
further differentiation from aerial hyphae to mature exospores. The figure was designed based on Jones and
Elliot (2017) and Urem et al. (2016). b) Morphology of S. venezuelae colonies in different developmental
stages with corresponding scanning electron micrographs (images taken from Tschowri (2016)).

Hyphae-spore transition is orchestrated by two classes of developmental regulators, Bld and Whi
regulators. Their names were coined by the phenotypic appearance of corresponding
developmental mutants: Deletion of bld genes prevents transition from vegetative growth to aerial
hyphae and hence shows up in a bald and shiny phenotype, whereas whi mutants are unable to
differentiate from aerial hyphae to mature spores and thus have a white, fuzzy appearance (Figure
5b) (McCormick & Flardh, 2012). These regulators are part of a complex hierarchical network,
which is controlled by the c-di-GMP-dependent activity of the master regulator BldD. BIdD inhibits
the expression of most key developmental genes delaying the onset of differentiation (M. J. Bush
et al, 2015; den Hengst et al.,, 2010; Tschowri et al., 2014). Roughly summarized, relieving
repression by BIdD initiates the first developmental transition from vegetative mycelium to aerial
hyphae. In contrast to the hydrophilic vegetative hyphae in the moist soil, aerial hyphae are highly

BIdN)_regulated transcription of rodlin

hydrophobic, which is dependent on the sigma-factor BldN (o
and chaplin genes (Bibb et al., 2012). Their gene products assemble to build up a hydrophobic
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sheath covering the surface of aerial hyphae, which — on certain media together with surfactant
protein SapB lowering surface tension — enables the escape from the aqueous environment into
the air (Claessen et al., 2003; Claessen et al., 2002; Elliot et al., 2003; Elliot & Talbot, 2004; Willey

BN activates

& Losick, 1991). Besides regulating expression of rodlin and chaplin genes, o
transcription of bldM, which in turn allows the expression of sporulation genes, including whiB (Al-
Bassam et al., 2014). The heterodimer formed of WhiAB was shown to stop aerial growth and
activates genes for chromosome segregation and cell division (Bush et al., 2013; Bush et al., 2016).

WhiG

Finally, spore maturation is initiated via the regulatory activity of 6" and its downstream cascade

(M. J. Bush et al., 2015).

Interestingly, recent studies discovered an alternative mode of growth, termed exploration, which
is initiated in response to fungal competitors or glucose depletion. During exploratory growth,
unbranched, vegetative hyphae rapidly outgrow and move across solid surfaces, which allows a
sporulation-independent colonization of new environments. Accordingly, exploration might
represent a further strategy to promote survival in this challenging soil environment by facilitating

nutrient access (Jones & Elliot, 2017; Jones et al., 2017; Jones et al., 2019).

2.2.2. Complex secondary metabolism as hallmark of Streptomyces

In addition to its multicellular life cycle, Streptomyces is well studied for its rich source of secondary
metabolites (Donald et al., 2022), whose secretion can sometimes even be observed with the
naked eye (Figure 6a). In contrast to primary metabolites, secondary metabolites are not essential
for growth and development, but instead can confer producers an adaptive benefit in ecological
interactions (Challis & Hopwood, 2003; Seyedsayamdost, 2019). With their antibacterial,
antifungal and antitumor activity, these compounds find applications in medical, biotechnological
and agricultural sectors (Barka et al., 2016). The ability of Streptomyces to produce bioactive
compounds was initially recognized by Waksman and colleagues almost 80 years ago (Waksman &
Woodruff, 1940; Waksman & Woodruff, 1942). The inspiring discovery of penicillin by Alexander
Fleming was soon followed by the isolation of the first Streptomyces-derived antibiotics, among
them also streptomycin, which served as the first successful treatment against tuberculosis
(Fleming, 1929; Schatz & Waksman, 1944). The finding that Streptomyces, but also fungi produce
a variety of bioactive compounds, revolutionized medicine drastically. About 2/3 of all natural-
derived antibiotics are produced by Streptomyces, while the potential for the discovery of new
antibiotics has not yet been exhausted (Bibb, 2013; Kieser et al., 2000). According to an estimation
of Watve and colleagues, just 3% of natural products encoded by Streptomyces species have been

reported until 2001 (Watve et al., 2001). However, the fact that most of the corresponding
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biosynthetic gene clusters are silent under laboratory conditions, hampers their isolation and

functional characterization (Liu et al., 2021).

Production and release of secondary metabolites is not just frequently linked to the developmental
transition into aerial hyphae, but is probably also influenced by a broad variety of biotic and abiotic
environmental triggers indicative for their host demands (Bibb, 2005; van der Meij et al., 2017).
For instance, antibiotic production and secretion can be activated when competition-related stress
such as nutrient deficiency or cell damage is sensed (Cornforth & Foster, 2013). Because producers
are resistant to their own substances, they can outcompete other sensitive soil organisms in close
proximity (Fajardo et al.,, 2009; van der Meij et al.,, 2017). However, the traditional image of
antibiotics as chemical weapons has been challenged by the fact that despite local extremes the
overall concentration of antibiotics found in soil is generally subinhibitory (Fajardo et al., 2009).
This shaped the current assumption that antibiotics exhibit rather a concentration-dependent
functionality (Figure 6b). At high concentrations, they can serve as direct weapons against
microbial competitors, while at subinhibitory concentrations they may be used as signaling
molecules between interacting microbes (Hashem & Van Impe, 2022; Linares et al., 2006; Spagnolo
et al., 2021; Vaz Jauri et al., 2013). Nonetheless, the biochemical diversity and the ecological role

of most secondary metabolites is far from being entirely understood (Tyc et al., 2017).

Signaling molecule

@ Antibiotics

Figure 6: Secondary metabolite production in Streptomyces. a) Stereomicroscopic image showing the
production of the pigmented antibiotic actinorhodin as droplets on the colony surface of S. coelicolor M145.
b) Current hypothesis on the concentration-dependent function of antibiotics as chemical weapons or
signaling molecules.

Interestingly, biosynthetic gene clusters encoding secondary metabolites are enriched in the
flanking arms of the linear Streptomyces chromosome (Aigle et al., 2014; Bentley et al., 2002). In
contrast to the core genome harboring essential genes for replication, protein biosynthesis and
central metabolism, the arm regions containing conditionally adaptive genes are more frequently

affected by genetic rearrangement leading to amplifications and deletions under laboratory
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conditions (Bentley et al., 2002; Thibessard & Leblond, 2014; Volff & Altenbuchner, 1998). This arm
plasticity is proposed to possibly confer an adaptive benefit on a population level by facilitating the
differentiation into social subpopulations, which may produce an extended pool of ‘public goods’
(Lorenzi et al., 2021). Such concept was recently exemplified for the antibiotic production in
S. coelicolor, which was shown to be organized by a division of labor. The terminal differentiation
led to genetically heterogeneous S. coelicolor colonies containing antibiotic hyper-producing
mutant strains with massive genomic deletions. Although this enhanced antibiotic production
came at the expense of individual fitness, colony-wide reproduction was not affected when
combining mutant and parental strains (Zhang et al., 2020). However, after their emergence these
mutant cells further accumulate genetic deletions and mutations leading to their cell death via

mutational meltdown over time (Zhang et al., 2022).
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2.3. Multicellular antiphage defense systems of Streptomyces

2.3.1. Phage infection of Streptomyces: Initial observations

Like other bacteria, Streptomyces is continuously challenged by phage attacks. Over the years,
Streptomyces phages were primarily studied for their source of genetic tools to manipulate the
host genome, enabling for instance the construction of phage-based integration vectors (Baltz,
2012; Bierman et al., 1992; Gregory et al., 2003). In the last decade, vast efforts were spent on the
isolation and characterization of new phages infecting actinobacterial species, including
Streptomyces. This was mainly driven by the Science Education Alliance Phage Hunters Advancing
Genomics and Evolutionary Sciences (SEA-PHAGES) program, which markedly expanded the
collection of sequenced actinobacteriophages (Jordan et al., 2014). To date, more than 21,000
actinobacteriophages have been isolated and more than 4,000 sequenced genomes are deposited
in ‘The Actinobacteriophage Database’ (phagesdb.org, (Russell & Hatfull, 2016)), including ~300
sequenced Streptomyces phages (as of October 2022). However, the amount of experimentally
studied phages infecting this genus remained comparable low. Furthermore, little is known about
the extent to which the extensive chemical repertoire and the multicellular life cycle of
Streptomyces might contribute to antiphage defense. This topic has just recently gained significant

interest and is the focus of this doctoral thesis.

To establish a set of model phages in our laboratory for studying phage-host interactions,
pioneering work started with the isolation and characterization of five novel Streptomyces phages,
preying on either S. venezuelae or S. coelicolor. In contrast to the majority of known Streptomyces
phages, these new phage isolates were comprehensively characterized with regard to plague and
virion morphology, genome sequence, phylogeny and infection dynamics (Hardy et al., 2020). All
newly isolated phages are siphophages as they possess a long-tailed morphology and a dsDNA
genome (Figure 7a). In terms of their life cycle, the two phages infecting S. venezuelae, named
Alderaan and Coruscant, were shown to be virulent phages, while all three phages infecting

S. coelicolor, named Dagobah, Endorl and Endor2, were predicted to be temperate.

Strikingly, for all S. coelicolor phages, plaque formation was accompanied by secretion of
pigmented secondary metabolites at the infection interface ((Hardy et al., 2020), Figure 7b).
Although it is still under investigation whether this formation of colored halos is a specific response
to phage infection or rather a general stress response triggered by cell lysis (Hardy et al., ongoing
work), it served as an inspiration to actively search for Streptomyces-derived secondary
metabolites harboring an antiphage activity as chemical defense mechanism (cf. chapter 2.3.2). In

addition to the increased secondary metabolite production, Streptomyces frequently responded
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to phage infection with a ring of enhanced morphological differentiation surrounding the plaques,
which was especially the case for Alderaan infecting S. venezuelae and Dagobah infecting
S. coelicolor (Figure 7b). Further examination revealed that this formation of aerial hyphae was
essential for the emergence of transiently phage-resistant mycelium and hence for the
containment of phage infection (Luthe et al., 2023a). Another interesting observation was made
when performing infection assays in submerged cultures. The extent of culture lysis and phage
proliferation showed significant differences, ranging from complete culture collapse during
Alderaan infection to only minor effects on bacterial growth upon infection with Dagobah (Hardy
et al., 2020). However, it was notable that for all phages, a successful initial phage propagation was
often followed by a decrease in extracellular infectious phage particles at later stages of the
infection experiment (Figure 7c). Such time course of phage titers was not obtained for infection
of unicellular bacteria recently performed in our laboratory (Erdrich et al., 2022; Hunnefeld et al.,
2021), which gave rise to further investigate the molecular basis of this phenomenon (chapter

2.3.3).

S. venezuelae phages S. coelicolor phages

Alderaan (virulent) Coruscant (virulent) Dagobah (temperate) Endor1 (temperate) Endor2 (temperate)
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Figure 7: Particle morphology of novel Streptomyces phages and phenotypic observations upon infection. a)
Transmission electron microscopy identifies all phages as siphophages (scale bar: 150 nm, images taken from
Hardy et al. (2020)). b) Stereomicroscopic images showing the production of the blue-pigmented compound
actinorhodin (left) as well as enhanced sporulation at the plaque interface (right) in response to infection of
S. coelicolor M145 with phage Dagobah. c) Development of phage titers upon infection of S. venezuelae NRRL
B-65442 with phage Alderaan.
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2.3.2. Chemical defense via aminoglycoside antibiotics

Aminoglycosides — a case of molecular multitasking

In search for secondary metabolites featuring an antiphage activity, we observed that phage
infection was significantly impaired in presence of the aminoglycoside apramycin, which was the
cornerstone for studying the antiphage properties of these well-studied antibacterial compounds
(Kever et al.,, 2022). Actually, antiphage activity of aminoglycosides was already described in
reports published in the middle of the last century, which showed an inhibitory effect of
streptomycin on various phages (Brock et al., 1963; Brock & Wooley, 1963). However, the
biological relevance of these molecules as part of the bacterial immune system was not

investigated and the mode of action remained controversial.

Aminoglycosides are naturally derived, bactericidal antibiotics, which interfere with protein
biosynthesis in several aerobic Gram-positive, but particularly Gram-negative bacteria (Krause et
al.,, 2016). Structurally, they are characterized by an amino sugar core structure, which is
glycosidically linked to a dibasic aminocyclitol, mostly 2-deoxystreptamin, whose presence and
substitutions define four different subclasses (Magnet & Blanchard, 2005; Mingeot-Leclercq et al.,
1999). The uptake of these polycationic antibiotics starts with their binding to the negatively
charged surface of the bacterial membrane. This electrostatic interaction causes the dissociation
of divalent cations and thus a permeabilization of the bacterial membrane, which promotes initial
aminoglycoside uptake into the cytoplasm in an energy-dependent process (Ramirez & Tolmasky,
2010). Once taken up, they inhibit bacterial protein translation by a high-affinity binding to the
aminoacyl site (A-site) on the 16S rRNA of the 30S ribosomal subunit (Kotra et al., 2000; Magnet &
Blanchard, 2005). The induced conformational changes cause an error-prone translation through
misreading or a direct blocking of translation initiation or elongation. Incorporation of
mistranslated proteins into the membrane further enhances aminoglycoside uptake, finally

resulting in cell death (Krause et al., 2016).

Resistance towards these antibiotics is mediated by enzymatic modifications of the aminoglycoside
scaffold or the ribosomal target site, active export via efflux pumps or modifications of the cell
membrane (Garneau-Tsodikova & Labby, 2016). Among these resistance mechanisms, antibiotic
modification is the most common one, which relies on the catalytic activity of aminoglycoside-
modifying enzymes (AME), subdivided into aminoglycoside O-phosphotransferases (APHs),
aminoglycoside N-acetyltransferases (AACs) and aminoglycoside O-nucleotidyltransferases (ANTSs).
According to their functional categorization, these enzymes can modify various positions of the

aminoglycoside scaffold via phosphorylation, acetylation or adenylation, which prevents the
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efficient binding of the antibiotic to the 16S rRNA (Ramirez & Tolmasky, 2010). In contrast to this
rather specific resistance mechanism towards single aminoglycosides, enzymatic modification of
the primary target site via 16S rRNA methyltransferases (RMTase) offers a broader resistance
profile. By methylating distinct nucleotides of the 16S rRNA, namely G1405 or A1408, RMTases
prevent binding of various structurally related aminoglycosides at the same time (Garneau-

Tsodikova & Labby, 2016; Krause et al., 2016).

Following the natural resistance of producers to their own compounds, the project was started
with the construction of aminoglycoside-resistant strains carrying a plasmid-borne gene coding for
an AME. This step was considered essential for a systematic screening of the antiphage properties
of aminoglycoside antibiotics, since the strong antibacterial effect of these compounds would
markedly hamper the recognition of an additional antiphage effect. As a screening platform,
double-agar overlays with increasing antibiotic concentrations were used to correlate reduced
plague formation with increased aminoglycoside pressure. To keep the spectrum of this tripartite
interaction between phages, hosts and aminoglycosides quite broad, structurally divergent
aminoglycosides were combined with phages of different morphotypes (sipho-, myo-, podo-, ino-
and levivirus) and specific for different host organisms (S. venezuelae, S. coelicolor, C. glutamicum

and E.coli).

Substantial differences were perceived for the individual phage-host pairs and aminoglycosides,
ranging from complete inhibition of plaque formation to no noticeable changes. When trying to
find an underlying pattern for this aminoglycoside-mediated inhibition, the only statement that
can currently be made is that all affected phages are siphophages, which are characterized by a
dsDNA genome and a tailed morphology. Among them, the strongest effect of aminoglycoside
addition was observed for phage Alderaan infecting S. venezuelae in presence of apramycin and
hygromycin, but also infection of E. coli model phage A was significantly impaired in presence of
apramycin and kanamycin. Interestingly, all phages infecting S. coelicolor revealed no inhibition
upon aminoglycoside treatment, potentially suggesting that differences in cell envelope structures
and aminoglycoside uptake by the host strain might contribute to the observed cluster as well
(Figure 8). Therefore, ongoing studies are currently expanding the diversity of screened phages
including also a Streptomyces phage with a broad host range, which may allow a more precise
distinction between host-specific and phage-specific differences in aminoglycoside-mediated
inhibition of phage infection. However, based on this screening, follow-up studies focused mainly
on the inhibitory effect of apramycin on the virulent phage Alderaan infecting S. venezuelae and

the temperate phage A infecting E. coli.
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Figure 8: Aminoglycosides are potent inhibitors of phage infection. This heat map shows the screening results
as logio fold change comparing plague formation under aminoglycoside pressure to antibiotic-free
conditions. If aminoglycoside treatment completely prevented plaque formation by the phage or bacterial
growth, it was stated as ‘no lysis’ or ‘no lawn’, respectively (n = 2 independent biological replicates). The
corresponding molecular structures of the tested aminoglycosides are provided on the left. The different
phage morphologies are schematically shown with icons according to the following color scheme:
blue, siphovirus; red, myovirus; green, podovirus; purple, inovirus; yellow, levivirus (adapted and modified
from Kever et al. (2022)).

Mechanism of antiphage activity: Interference with an early step of the phage life cycle

To investigate the mechanism of action, infection experiments with aminoglycoside-resistant
strains were performed in submerged cultures to benefit from a larger number of established
methods (Figure 9a). While infection of S. venezuelae with Alderaan usually results in a culture
collapse, addition of apramycin (10 pug/ml) completely prevented phage amplification and phage-
mediated cell lysis (Figure 9b). This inhibitory effect of apramycin could also be observed to a
similar extent during infection assays with phage A. Interestingly, infection with both phages was
completely restored when adding simultaneously high concentrations of MgCl,, which wasin line
with previous reports describing the antagonistic effect of MgCl, on aminoglycoside-mediated
phage inhibition (Brock & Wooley, 1963). This could potentially be attributed to the known
interference of enhanced Mg?* levels with aminoglycoside uptake (Hancock et al., 1981) and hence
already gave a first hint that interference most likely occurs on an intracellular level. In line with

this, pre-incubation of Alderaan particles with physiologically relevant apramycin concentrations
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of <50 pg/ml and subsequent spotting on a bacterial lawn showed no influence on phage
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Figure 9: Apramycin inhibits an early step of phage life cycle. a) Schematic representation of the different
steps of the lytic life cycle and respective experiments, which were performed to study the effect of
apramycin. b) Alderaan infection assays of the apramycin-resistant strain S. venezuelae ATCC 10712
producing the aminoglycoside acetyltransferase AAC(3)IV as resistance mechanism. Infection was performed
in presence and absence of 10 ug/ml apramycin (n =3 independent biological replicates). c) Relative
concentration of phage DNA to host DNA calculated via quantitative PCR during the time course of Alderaan
infection in presence and absence of 10 ug/ml apramycin. Data represent means of three independent
biological replicates measured as technical duplicates. The range of relative phage DNA concentrations
measured for an uninfected control is highlighted in gray. d) Corresponding time-resolved measurement of
extracellular phage titers via double-agar overlay assays (n = 3 independent biological replicates). e)
Visualization of intracellular Alderaan DNA during infection by phage-targeting direct geneFISH.
Fluorescence signals from phage DNA (Alexa647, red) are once shown separately (second row) and once as
merged images with phase-contrast and fluorescence signal from bacterial DNA (DAPI, blue) (first row)
(adapted and modified from Kever et al. (2022)).
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To identify the step that is inhibited in the presence of apramycin, each step of the phage life cycle
was systematically addressed by appropriate techniques (Figure 9a). The influence of apramycin
on phage adsorption as the first step of the phage life cycle was examined with a synchronized
infection assay. After an initial incubation phase of Streptomyces mycelium with phage Alderaan in
presence of apramycin, free and reversible-attached phage particles as well as extracellular
apramycin were removed. A successful following phage amplification suggested no obvious effect
of the aminoglycoside on irreversible phage adsorption. In accordance with this, when apramycin
was not added to the pre-incubation step, but instead thereafter, no phage propagation was

possible (cf. chapter 4.2, Figure S3).

To assess phage DNA injection and replication upon apramycin treatment, the relative amount of
intracellular Alderaan DNA to host DNA was calculated via quantitative PCR, while simultaneously
quantifying extracellular phage titers via double-agar overlays (Figure 9c and d). Under normal
infection conditions, an exponential increase of relative phage DNA levels and a concomitant
increase in extracellular phage titers was detected, indicating the successful release of newly
amplified phage progenies. In contrast, intracellular phage DNA levels increased only slightly in the
presence of apramycin, which was even followed by a decrease until the detection limit. Together
with the decline of extracellular phage titers, these data hinted on a successful phage adsorption,

but a blockage of subsequent replication.

A further visual proof of this inhibited replication in presence of apramycin was gained when
performing a fluorescence in situ hybridization (FISH) assay with fluorescently labelled gene probes
specifically targeting the phage genome (phage-targeting direct geneFISH). Focusing on A infection
first, distinct fluorescent foci were detected in the early stages of infection independent of the
presence of apramycin, which indicated a successful phage DNA delivery. This was in line with an
apramycin-independent efflux of potassium ions as indicator for successful injection of the A
genome (Boulanger & Letellier, 1992). However, a further increase in fluorescence revealing an
ongoing phage DNA replication was just observed for apramycin-free conditions. Also for
Streptomyces phage Alderaan, the intensity and amount of fluorescent foci progressively increased
over time under normal infection conditions. Conversely, just a more diffuse signal without distinct
fluorescent foci could be detected during infection under apramycin pressure (Figure 9e). This
could be either traced back to i) technical limitation in detecting single injected phage DNA
genomes, as they may be obscured by S. venezuelae autofluorescence ii) delayed sampling time
points or iii) an interference of apramycin at the level of phage DNA injection. To conclude,
quantification of phage DNA via gPCR and phage-targeting geneFISH suggested an inhibition of

phage infection at an early step of phage life cycle, most likely between phage DNA injection and
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replication. Thereby, it cannot be excluded that the mechanism of inhibition might further be
dependent on the phage-host pair, since results obtained for A and Alderaan showed potential

differences in the influence of apramycin on the DNA injection step.

Finally, we examined the step of phage DNA transcription by performing RNA-sequencing.
Whereas normal infection conditions exhibited an increasing amount of phage DNA transcripts,
almost no viral DNA transcription seemed to have taken place in presence of apramycin (cf. chapter

3.2., Figure 4d).

Targeting of injected phage DNA as potential mechanism of antiphage activity

While the obtained data indicated an inhibition of phage infection at an early step in the life cycle
prior to DNA replication and transcription, the underlying mechanism of action remains to be
elucidated. A comparable point of attack, namely a blocking of phage DNA replication, was also
proposed in a parallel conducted study describing the inhibition of two mycobacteriophages by
hygromycin, kanamycin, and streptomycin (Jiang et al., 2020). Worth mentioning, a comparatively
low phage-inhibiting activity was detected for tetracycline as another ribosome-targeting
antibiotic. This comparison suggests that inhibition of phage infection by aminoglycosides is not
just a general trait of blocked protein translation, but might be rather dependent on the
mechanism of translation inhibition (Zuo et al., 2021). Remarkably, antagonistic effects of
translation inhibitors and phage infection were also demonstrated in two recent studies:
Bacteriostatic translation inhibitors can impair phage infection by decelerating phage
reproduction, which extends the time for the acquisition of adaptive CRISPR immunity (Dimitriu et
al,, 2022). In addition, subinhibitory concentrations of chloramphenicol, tetracycline and
erythromycin were shown to hinder amplification of phages encoding anti-CRISPR proteins in a
CRISPR-immune bacterial host, probably by impeding translation of the phage-encoded counter-
defense proteins. Contrary to this, the bactericidal aminoglycoside gentamicin had no impact on
the immunosuppression via anti-CRISPR proteins, but instead impaired phage infection
independent of the presence of CRISPR-Cas and anti-CRISPR proteins, suggesting a distinct mode

of antiviral activity of aminoglycoside antibiotics (Pons et al., 2023).

Interestingly, DNA-intercalating anthracyclines, which represent a further class of antiphage
secondary metabolites produced by Streptomyces, were proposed to interfere with phage
infection on a similar stage of phage life cycle as aminoglycosides (Kronheim et al., 2018). Taken
together, it can be hypothesized that these antiphage molecules may target injected but not yet
replicated DNA, since the linear and relaxed conformation and a missing protection by DNA-binding

proteins makes injected phage DNA possibly sensitive to DNA-binding molecules. A direct
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interaction could inhibit either DNA circularization or protein-DNA interaction mandatory for
replication and transcription (Casjens & Gilcrease, 2009; Kronheim et al., 2018). The general ability
of aminoglycosides to target nucleic acids is already demonstrated by their inhibitory binding to
the 16S rRNA as their antibacterial mode of action. A first evidence for a potential, direct binding
to phage DNA was given by in vitro studies with purified A DNA, proposing formation of a clamp
around the phage DNA causing structural deformations (Kopaczynska et al., 2004; Kopaczynska et

al., 2016).

To further examine this early phase of phage life cycle, phage DNA injection and a potential
apramycin-phage DNA interaction in vivo could be analysed via super resolution microscopy (SRM).
Therefore, phage DNA could be labeled by the incorporation of 5-ethynyl-2'-deoxyuridine (EdU), a
thymidine analogue, which can be detected through reaction with a fluorescent azide ("click"
chemistry) (Ohno et al., 2012; Salic & Mitchison, 2008). At the same time, the aminoglycoside could
potentially be conjugated to a cyanine fluorophore as it was recently described for the labeling of
a neomycin derivative with sulfonated Cy3 or Cy5 (Sabeti Azad et al., 2020). Additionally, further
efforts should focus on phage DNA circularization as step between DNA injection and replication.
To do so, total intracellular DNA in the early stages of infection in presence and absence of
apramycin could be isolated and analysed in terms of DNA topology via pulsed field gel
electrophoresis, either followed by a phage DNA-targeting southern-blot hybridization or in case
of a previous Edu-labeling of phage DNA by visualization via click chemistry as described above.
Alternatively, one could attempt to use a restriction mapping to discriminate between circular and
linear phage DNA based on different DNA fingerprints. Due to the used packaging mechanismes,
phage A would be more suitable for this approach. The A DNA circularizes via pairing of cohesive
ends with following ligation (Wu & Kaiser, 1968). After rolling circle replication and translocation,
each capsid contains exactly one genome with cohesive ends leading to identical phage progenies
(Merrill et al., 2016). In contrast, Alderaan DNA is circularized by homologous recombination of the
genomes ends and subsequent ligation. After replication, translocation of single phage genomes
into the capsid happens via the headful packaging mechanisms (Hardy et al., 2020). As the name
says, DNA is packed into the phage head until it is completely filled, which usually corresponds to
a bit more than genome length leading to heterogeneous progenies with terminal redundancy and

cyclic permutations (Merrill et al., 2016).
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Coordinating molecular multitasking of aminoglycoside antibiotics

A striking feature of aminoglycoside antibiotics is that they can function as antibacterial and — at
the same time - antiphage molecules. In all assays, aminoglycoside resistant strains were used to
circumvent the antibacterial effect on the host during infection. In case of apramycin, this bacterial
resistance mechanism relied on the acetylation of the 3-amino group of the deoxystreptamine ring
via aminoglycoside N(3)-acetyltransferase (AAC(3)IV) preventing efficient binding to the 165 rRNA
(Magalhaes & Blanchard, 2005). To examine the influence of this modification on the antiviral
activity, in vitro acetylated apramycin (Ac-Apr) was supplemented to infection assays with the non-
resistant wild type strain. Since this modification is known to abolish the antibacterial effect, no
impact of acetylated apramycin on bacterial growth was detected. Conversely, the antiphage
activity of apramycin appeared to be unaffected by this modification as indicated by the complete
inhibition of phage infection (Figure 10a), which was in line with the results gained for unmodified

apramycin during infection of the resistant strain carrying a plasmid-borne AAC(3)IV.

To further screen for the antiphage activity of the unmodified compound, the rRNA
methyltransferase KamB from the natural apramycin producer Streptoalloteichus tenebrarius
(formerly known as Streptomyces tenebrarius) was harnessed as alternative resistance mechanism
(Holmes et al., 1991; Tamura et al., 2008). This enzyme catalyzes the N1-methylation of the 16S
rRNA at position A1408 conferring resistance to the Streptomyces-derived aminoglycosides
kanamycin, apramycin and tobramycin (Koscinski et al., 2007). Comparable to the results obtained
for acetylated apramycin, methylation of the target site almost completely abolished the
antibacterial effect of apramycin, but still allowed a strong inhibition of phage infection (Figure
10b). Altogether, acetylation appeared to neither impair nor be essential for the antiphage activity
of apramycin. At the same time, drug modification and target site modification prevented the
antibacterial mode of action, which is a further indication for the different target sites of this dual
functionality. However, whether such uncoupling of antiphage and antibacterial properties via
modification of the aminoglycoside scaffold can be generalized to other AMEs and aminoglycosides

as well, needs to be determined in future experiments.
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Figure 10: Aminoglycoside resistance mechanisms uncouple antibacterial and antiviral properties of
apramycin, a) Alderaan infection assays of the S. venezuelae ATCC 10712 wild type strain using in vitro
acetylated apramycin (Ac-Apr, 10 pg/ml). The acetylation reaction via acetyltransferase AAC(3)IV is shown
above (n = 3 independent biological replicates, adapted and modified from Kever et al. (2022)). b) Alderaan
infection assays of the apramycin-resistant strain S. venezuelae NRRL B-65442 producing the 16S rRNA
methyltransferase KamB as resistance mechanism. Infection was performed in presence and absence of
10 pg/mlapramycin (n = 3 independent biological replicates) (cf. chapter 4.2, Part B). A schematic illustration
of the methylation position A1408 in the A-site of the 16S rRNA was adapted and modified from Wachino
and Arakawa (2012).

Spent medium from natural apramycin producer showed antiphage activity

Since aminoglycosides are naturally secreted small molecules, their antiphage activity could
potentially be relevant in natural settings as well. To take a first step towards answering this
question, culture supernatants (= spent media) of the natural apramycin producer S. tenebrarius
were collected at two different time points after inoculation and analysed for apramycin
production via liquid chromatography-mass spectrometry (LC-MS). When adding these spent
media to infection assays, a strong correlation between the antiphage effect and the contained
apramycin concentration was detected. This means that spent medium collected from natural
producer strains after apramycin production was able to mimic the antiphage effect of the pure
compound by completely preventing cell lysis and phage amplification, whereas apramycin-free
spent medium showed no impact on phage infection (cf. chapter 3.2, Figure 3). Although the
production of further antiphage molecules by S. tenebrarius could not be ruled out at this stage,
these data already gave a first indication of a possible ecological relevance of chemical defense by
aminoglycosides, which will be further addressed in chapter 2.3.4. However, to finally determine
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whether the antiphage effect of the tested spent medium is mainly caused by apramycin, ongoing
studies are focusing on the antiphage activity of spent medium from S. tenebrarius mutants lacking
different genes of the biosynthetic pathway for apramycin production. In addition, this could shed
light on the biosynthetic step and thus on the chemical groups or structural features leading to an
antiphage activity, which is crucial to decipher the structure-function relationship of

aminoglycosides.

Moreover, to address the physiological relevance of the antiphage effect of aminoglycosides, it
would be of special interest to directly study phage infection in a bacterial host capable of
aminoglycoside production. Therefore, current efforts are focusing on the isolation of
corresponding phages, which would allow us to examine whether phage infection even triggers

the production of these antiphage compounds.

2.3.3. Inactivation of infectious phage particles in the extracellular space

Dropping phage titer temporally coincides with re-growth of mycelium

The characterization of several novel phage isolates in our group exposed that Streptomyces phage
infection appears to differ from prototypical infections in terms of phage titer development, which
pigqued our interest with respect to a potential, further layer of Streptomyces phage defense (Hardy
et al., 2020). The observation of dropping phage titers during Streptomyces phage infection was
taken up in our recent study by focusing on the phage Alderaan infecting S. venezuelae as a model
system (Kever & Frunzke, 2022, to be submitted). To directly compare the development of
infectious extracellular phage titers at later stages of Streptomyces infection with the one of
unicellular-growing bacteria, long-term infection assays were performed for phage Alderaan
infecting S. venezuelae NRRL B-65442, phage CL31 infecting C. glutamicum MBO0O01 and phage A
infecting E. coli LE392. For all phage-host pairs, the impact on bacterial growth strongly correlated
with the applied initial phage titer, resulting in a significant growth defect at a high phage pressure.
Consistent with the previous observations, accompanying quantification of phage titers revealed
an initial phage amplification and a subsequent drop in plaque-forming units (PFU) for infection of
S. venezuelae with phage Alderaan (Hardy et al., 2020). This decline in titer started ~48 h after
infection and temporally coincided with the emergence and re-growth of mycelium (Figure 11a-
b), which appeared to be resistant towards re-infection with the same phage (cf. chapter 4.3,
Figure S1a). Contrary to this, infection of C. glutamicum MB001 with CL31 and E. coli with phage A
resulted in progressive phage amplification and a subsequent plateau in titer despite renewed

bacterial growth for an intermediate phage pressure (Figure 11a-b).
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Figure 11: Emergence of phage-resistant Streptomyces mycelium results in a decrease in extracellular
infectious phage particles. a) Growth curves of S. venezuelae NRRL B-65442 infected by Alderaan,
C. glutamicum MBO0O01 infected by CL31 and E. coli LE392 infected by A. Phage titers were calculated over
time via double-agar overlays for infection with an intermediate phage pressure (see PFU/ml values in
brackets; grey bars) (n = 3 independent biological replicates). b) Representative double-agar overlay assays
of three independent biological replicates (adapted from Kever and Frunzke (2022, to be submitted)).

To study this dropping titer during Streptomyces phage infection in more detail, we compared the
amount of plaque-forming units counted on double-agar overlay assays with total extracellular
phage DNA levels quantified via qPCR (Figure 12a). Calculating the percent decrease of remaining
phages (t = 72 h post infection) to the maximum titer reached (t = 8 h post infection) exposed a
stronger reduction in infectious phage particles than in phage DNA levels. This suggested that
dropping phage titers at later stages of infection were synergistically caused by a high proportion
of completely removed/degraded phages (~92-96% decrease in DNA levels) and an additional
proportion of inactivated/partially destroyed phages (>99.9% overall decrease in PFU/ml) (Figure
12b). However, it should be noted that this ratio might be biased by an unknown amount of non-
encapsulated phage DNA deriving from lysed cells. In the following, the term ‘phage inactivation’

refers to the overall decrease of infectious phage particles in the extracellular space.

To approach the molecular basis of this phage inactivation, several factors were considered that
might contribute to the decline in infectious phage particles: i) instability of phage particles due to
acidification of the culture supernatant, ii) production and secretion of antiphage metabolites or

proteins as well as iii) adsorption of phages to mycelial structures (Figure 12b).
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Figure 12: Synergistic effects on phage titer decline. a) Comparison of remaining Alderaan phages (t7,/ts)
based on quantification of Alderaan genome equivalents via qPCR (biological replicates R1-R3 measured as
technical triplicates) and quantification of plaque-forming units via double-agar overlay assays. b) Schematic
illustration of different influencing factors possibly contributing to the observed decrease in extracellular
phage titers (adapted and modified from Kever and Frunzke (2022, to be submitted)).

Growth of S. venezuelae in complex medium can be accompanied by acidification of the medium,
reaching pH values of ~4.5-5.0. This is presumably due to secretion of organic acids, as it has been
described previously for S. venezuelae and other Streptomyces strains (Ahmed et al., 1984; Hobbs
et al., 1992; Madden & Ison, 1996). Accordingly, infectious extracellular phage titers were tracked
during incubation of phage Alderaan in medium adjusted to different pH values for 24 h. While a
high pH stability was observed for pH 5.0-9.0, incubation of phages at pH 4.0 led to a ~100-fold
reduction in infectious phage particles (cf. chapter 4.3, Figure Sle). Interestingly, during further
long-term infection studies under buffered conditions, an earlier re-growth of mycelium and a less
pronounced, but still distinct drop in infectious phage particles (~¥92%) could be detected (cf.
chapter 3.3, Figure 2c). However, whether this reduced drop is due to the eliminated influence of
medium acidification or rather due to downstream effects of buffered cultivation conditions, e.g.

an altered morphology or exo-metabolome, needs to be addressed by future experiments.

Moreover, a possible effect of secreted metabolites and proteins on infectious phage particles was
investigated, even though S. venezuelae is, for instance, unable to produce aminoglycosides and
anthracyclines as the two main classes of antiphage metabolites currently known (Kever et al.,
2022; Kronheim et al.,, 2018). For that purpose, supernatants (= spent media) of uninfected
S. venezuelae cultures were harvested and filtrated at different time points after inoculation (8, 24
and 48 h). After subsequent incubation of phage Alderaan in these cell-free spent media for 48 h,
infectious phage particles were quantified via double-agar overlay assays. The highest impact on
the number of infectious phage particles was observed upon incubation in spent medium, which
was harvested after 24 h of Streptomyces cultivation in unbuffered conditions (pH 6.9), showing a
~60-73% reduction in infectious phage titers (cf. chapter 3.3, Figure 2d). In contrast, the number
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of infectious Alderaan particles stayed almost constant upon incubation with all other tested spent
media, overall hinting on the transient production of phage-inactivating metabolites or proteins.
Moreover, examining plague formation on double-agar overlay assays containing increasing
chloramphenicol concentrations as a well-known antibiotic produced by S. venezuelae (Vining &
Stuttard, 1995) revealed no impact on phage infectivity as well. However, it is important to
emphasize that this experimental setup used for studying the effect of spent medium did not
consider potential intracellular effects of small molecule production on phage amplification as well
as a phage-triggered production of some antiphage metabolites or enzymes, which highlights the

need to include spent medium of infected cultures in follow-up studies.

Mature mycelium showed enhanced phage tolerance

In addition to medium acidification and secretion of antiphage molecules, further efforts focused
on the impact of mycelial structures on the phage titer decline. Therefore, pre-cultures of different
developmental stages of S. venezuelae mycelium were used for inoculation of infection assays. The
highest susceptibility towards Alderaan infection was observed for stationary pre-cultures
comprising already a high amount of spore chains. Upon inoculation of a fresh culture, infection of
germinating spores led to a substantial growth defect and a significant increase in extracellular
phage titers already at an intermediate initial phage pressure of 10’7 PFU/ml. A comparable
outcome of phage infection was gained for young, vegetative mycelium deriving from pre-cultures
in the early exponential growth phase. Contrary to this, infection of dense mycelium from mid
exponential pre-cultures with 107 PFU/ml of Alderaan exposed no impact on bacterial growth and
even a decrease in extracellular phage titers over time (Figure 13a-c). These data revealed that
mature and densely branched Streptomyces mycelium features a significantly reduced
susceptibility to phage infection. This could be due to several reasons. On the one hand, the phages
could adsorb directly to the mycelium, but productive infection is prevented. On the other hand,
shielding of phage receptors and thereby prevention of phage adsorption could lead to prolonged
retention of phages in the extracellular space, where phages are inactivated over time by secretion

of antiphage molecules or lowering of pH.

In the case of Streptomyces albus, a study of the 1980’s described the enhanced adsorption
capacity of actinophage Pal6 to mature mycelium compared to germinated spores. This effect also
led to a decline in extracellular phage titers over time (Rosner & Gutstein, 1981). Conversely,
adsorption studies with phage ®A7 infecting Streptomyces antibioticus revealed that phage
adsorption was restricted to germ tubes and not observed during incubation of phages with spores

or mycelium (Diaz et al., 1991). Further evidence for an influence of the developmental stage on
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phage susceptibility was recently described by Luthe et al. (2023a), who demonstrated a decrease
in plaque diameter up to a complete prevention of plagque formation by phage Alderaan with
increasing age of the surface-grown mycelium used as bacterial lawn. Interestingly, a decrease in
extracellular phage density after initial amplification was also observed at later stages of
Streptomyces lividans infection with phage KC301 in soil microcosms, which was presumed to be
caused by a high adsorption rate of phages to vegetative mycelium of mature colonies (Burroughs

et al., 2000; Marsh & Wellington, 1992).

a c
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Figure 13: Influence of S. venezuelae developmental stage on phage susceptibility a) Infection curves of
S. venezuelae NRRL B-65442 infected by phage Alderaan (n = 3 independent biological replicates). Pre-
cultures of different developmental stages were used to inoculate main cultures for conducting infection
assays (early exp.: 16 h pre-cultivation, mid exp.: 20 h pre-cultivation, stationary: 30 h pre-cultivation). (b)
Microscopic analysis of S. venezuelae pre-cultures (scale bar = 10 um, exposure time = 120 ms). (c) Logyo fold
change of extracellular infectious phage particles based on plaque-forming units quantified via double-agar
overlay assays, which indicates the level of phage amplification for an initial phage pressure of 10’ PFU/ml
over 24 h of infection (n = 3 independent biological replicates) (adapted from Kever and Frunzke (2022, to
be submitted)).

Inactivation of a non-host phage coincides with the hyphae-spore transition phase

To further analyse general abilities of mature mycelium to inactivate phages non-specifically in the
extracellular space, titers of diverse non-host phages (referring to phages unable to infect
S. venezuelae) with different morphotypes and host specificities were tracked during incubation
with S. venezuelae mycelium under buffered conditions in submerged cultures. Among overall
twelve tested phages, the C. glutamicum phage CL31 and the two E. coli phages T4 and MS2
exhibited a decrease in extracellular phage titers upon incubation with mycelium - listed in
descending order. Using CL31 as a model phage for a time-resolved quantification revealed a

simultaneous decline in infectious phage particles and extracellular phage DNA levels suggesting a
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complete removal of the phages from the extracellular space (Figure 14a). Interestingly, this
decline in phage titer coincided with the phase of hyphae-spore transition, as indicated by the
concomitant microscopic analysis of mycelium (Figure 14b). Moreover, incubation of new CL31
particles in S. venezuelae spent medium harvested during the drop in CL31 titers had no effect on
phage infectivity giving a first indication that this decline was probably not caused by a CL31-

triggered production of previously unknown antiphage metabolites or proteins in S. venezuelae.

As already explained in chapter 2.2.1, the developmental transition to spores is regulated by a
complex hierarchical network. The master regulator BldD represses key developmental genes,
amongst them bldN. Unfavorable conditions like nutrient starvation relieve repression by BldD and
initiate the morphological differentiation to spores (M. J. Bush et al., 2015). In surface grown
cultures, this transition includes the formation of aerial hyphae, which are coated by a hydrophobic
surface layer based on the 6®“N-dependent transcription of rodlin and chaplin genes. Although the
growth of aerial mycelium is not relevant in submerged cultures, hyphae-spore transition was
proven to be still accompanied by expression of rodlin and chaplin genes (Bibb et al., 2012). To
analyse the importance of this morphological differentiation for the phage titer decline, the
incubation assay was repeated with two developmental mutant strains: i) S. venezuelae AbldD::apr,
which is characterized by a hypersporulation phenotype forming premature spores from
vegetative mycelium (Tschowri et al., 2014) and ii) S. venezuelae AbldN::apr, which can only grow
vegetatively and is lacking hydrophobic rodlin and chaplin proteins (Bibb et al., 2012). For both
mutant strains, incubation with CL31 led to a lower decline in phage titer in comparison to the wild
type strain (Figure 14c). Consistent with this, overexpression of bldN markedly accelerated the
reduction in CL31 particles, possibly due to higher expression levels of rodlin and chaplin genes (cf.
chapter 3.3, Figure 4e). Moreover, a substantially less pronounced reduction in CL31 titers was
observed for incubation with S. coelicolor and S. olivaceus (Figure 14c). In contrast to S. venezuelae,
both strains were unable to form spores during the entire cultivation under the applied conditions,
which — at least for S. coelicolor — is already sufficiently described in literature (Glazebrook et al.,
1990; Manteca et al., 2008). In addition, incubation of CL31 with other bacteria dividing by binary
fission, namely E. coli, B. subtilis and P. putida, exhibited no decline in extracellular CL31 titers as
well (Figure 14c). Overall, this led to the assumption that hyphae-spore transformation with a
switch from hydrophilic to hydrophobic surface properties may substantially contribute to
declining extracellular titers of the non-host phage CL31, possibly by allowing adsorption of phage
particles to the mycelial surface via hydrophobic interactions. However, the levels of hydrophobic
sheath proteins actually produced under the applied conditions still needs to be determined. Apart

from that, a transient production of antiphage metabolites or proteases leading to phage
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inactivation cannot be definitively excluded by the single time point measurements conducted in

our studies.

The hydrophobic surface proteins of Streptomyces are functionally related to the hydrophobins of
filamentous-growing fungi. These fungal hydrophobins have several functions like for instance
conferring hydrophobicity to aerial hyphae and allowing their attachment to hydrophobic surfaces
(Elliot & Talbot, 2004; Wo6sten, 2001). Assumed, that the decrease in CL31 titers upon incubation
with S. venezuelae mycelium could be attributed to hydrophobic interactions, incubation with
fungal mycelium might lead to a comparable phenotype. Just recently, Ghanem and colleagues
described such a hydrophobicity-dependent phage retention by fungal mycelium in a microfluidic
chip platform (Ghanem et al., 2019). Unfortunately, our access to appropriate fungal strains was
limited to haploid, yeast-like cells of Ustilago cynodontis, which revealed no effect on CL31 titers
(Figure 14c). It should be noted, that this basidiomycete is a dimorphic fungi, which just exhibit
filamentous, pathogenic growth upon fusion of two haploid cells with different mating types
(Bolker, 2001). As shown for Ustilago maydis, in these fungal strains hydrophobins appear to be
functionally substituted by small amphipathic peptides called repellents. Their production is
associated with filamentous growth and required for aerial hyphae formation (Teertstra et al,,
2006; Teertstra et al., 2009; Wosten et al., 1996). Accordingly, it is reasonable to assume that a
reduced or even lacking production of hydrophobicity-mediating proteins during yeast-like growth
of U. cynodontis could be an explanation for the lack of decline in CL31 titers. Apart from that,
several studies already described a certain influence of surface hydrophobicity on phage adhesion
to various solid materials like aluminum oxide-coated sand or polypropylene (Attinti et al., 2010;
Dika et al., 2013; Farkas et al., 2015; Richter et al., 2021). Finally yet importantly, the phage T4,
which showed a strong reduction upon incubation with S. venezuelae mycelium as well, is referred
to as hydrophobic phage (Ghanem et al., 2019), whereas the degree of surface hydrophobicity of
the less affected phage MS2 is controversially described in the literature (Farkas et al., 2015;
Sautrey et al., 2018; Vodolazkaya et al., 2022). Altogether, this supported the hypothesis of a

potential influence of hydrophobic interactions on the phage titer decline.

However, attempts to visualize CL31 phages on the mycelial surface via scanning electron
microscopy (SEM) failed by now. Additionally, repeated efforts to detach phages from the mycelial
fraction were not yet successful as well, which may account for a high affinity, irreversible binding

of phages to hyphae or degradation of the phage particles by alternative mechanisms.
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Figure 14: Influence of Streptomyces mycelium on extracellular phage titers of the non-host phage CL31. a)
Time-resolved quantification of extracellular CL31 phage particles during incubation with S. venezuelae NRRL
B-65442 mycelium via double-agar overlay assays (PFU/ml, cyan bars, three biological replicates) and via
gPCR (CL31 genome equivalents, reddish dots, means of three biological replicates measured as technical
duplicates). The detection limit for double-agar overlay assays is indicated by the dotted line; for gPCR,
measurement points minimally outside of the standards are marked by increased transparency (tq t1 t1s). b)
Microscopic images of S. venezuelae mycelium during declining CL31 titers at 6 h and 9 h post inoculation
(scale bar: 10 um, exposure time = 200 ms). The yellow arrow points to the first spore chains detected after
6 h of incubation. c) Reduction in extracellular infectious CL31 particles during cultivation with different
microorganism calculated via double-agar overlay assays, shown as logio fold change tis/to. In case of
incubation with S. venezuelae wild type, one replicate showed a logio fold change of ~-4, while two out of
three replicates showed no more plague formation after 18 h of incubation (logip fold change not
determinable) (adapted and modified from Kever and Frunzke (2022, to be submitted)).

The interplay of many factors shapes Streptomyces multicellular defense

Based on our current results, development of phage titers during infection of S. venezuelae with
phage Alderaan cannot be attributed to a single parameter, but may instead be conditioned by an
interplay of several factors likely influencing each other. So far, only a vague guess can be made on
how the different dissected parameters could contribute to the phage titer decline: The reduction
in extracellular infectious phage titers temporally correlates with the re-growth of phage-resistant
mycelium. One could envision, that phages are removed from the extracellular space via direct
adsorption to mycelium. Here, one could further discriminate between i) receptor-specific
attachment without following phage amplification and ii) a rather unspecific entrapment in the
mycelial network, e.g. via interaction with the hydrophobic sheath proteins as suggested for the
non-host phages (CL31, MS2, T4). However, the fact that a drop in phage titer after a successful
initial phage amplification was previously also observed during infection of S. coelicolor with its
host phages Dagobah, Endorl and Endor2 (Hardy et al., 2020), but incubation of the non-host
phage CL31 with S. coelicolor mycelium caused a comparatively low reduction in extracellular
phage titers might rather hint at two different mechanisms of phage inactivation for host- and non-
host phages in presence of Streptomyces mycelium. Moreover, incubation of Alderaan particles

with S. venezuelae spent medium of uninfected cultures harvested after 24 h of cultivation resulted
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in a reduction in infectious phage particles. This refers to a transient production and secretion of
phage-inactivating metabolites or proteases, which might be even enhanced under infection
conditions. These antiphage molecules or proteins could either directly target phages in the
extracellular space or interfere with phage amplification on an intracellular level after successful
phage adsorption. Apart from that, Alderaan particles showed a high pH instability in acidic
conditions at pH < 5.0, which can be reached during Streptomyces growth. However, since a
substantial, but less pronounced reduction in infectious particles was observed even under
buffered conditions, an influence of medium acidification on declining phage titers cannot be
excluded, but might be rather minor. Another factor, which was not considered yet, is a potential
phage neutralization through binding to extracellular vesicles. These vesicles are released from
hyphal tips of S. venezuelae upon cell-wall stress, but their extrusion in response to phage infection

was not investigated so far (Frojd & Flardh, 2019).

To further shed light on the molecular mechanism of dropping phage titers, a variety of different
experiments could be performed, some of which are listed below. First, visualization of a potential
phage attachment to mycelial structures could be re-attempted by using fluorescently labeled
phages. Moreover, performing phage adsorptions assays with mycelium of the wild type and
respective developmental mutant strains in buffer would allow to analyse the impact of the current
developmental stage on phage adsorption. To further examine to involvement of hydrophobic
interactions, in vitro analysis of phage adhesion to purified rodlin and chaplin filaments might be a
useful experimental addition as well. Moreover, omics-analysis of re-grown mycelium might
provide further insights into the molecular basis of phage resistance, which could emerge through
cell surface alterations, e.g. shielding of phage receptors, or activation of further antiphage
defense systems. In this context, determining the composition of spent medium under infection
conditions and testing its effects on infection dynamics is crucial to elaborate on a potential release

of antiphage molecules.

Altogether, the current results emphasize an important impact of Streptomyces development on
phage susceptibility. Furthermore, we can deduce that Streptomyces has evolved a complex
antiphage defense with several components acting at the multicellular level that may provide a

community-wide protection against phage predation — as further discussed in chapter 2.3.4.
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2.3.4. Community-wide protection against phage infection

Our current knowledge of antiphage defense is very much dominated by systems that act at the
cellular level. Such mechanisms protect an individual bacterium from phage infection and hence

the surrounding community by preventing phage spread (cf. chapter 2.1.3).

However, in their natural environment, bacteria preferentially reside in complex, multispecies
microbial communities (Stubbendieck et al., 2016). Numerous studies already indicated that these
communities have also evolved various antiphage strategies, which are extracellularly available to
allow protection of multiple cells at the same time (Figure 15). For instance, bacterial biofilm
formation serves as an efficient protection against various abiotic and biotic environmental insults,
among them also bacteriophages. The antiphage defense mechanisms of biofilms are multifaceted
including shielding of susceptible bacteria by resistant cells, reducing phage amplification through
metabolically inactive cells, limiting phage diffusion and trapping phages in the self-produced
polymer matrix as recently reviewed by Visnapuu et al. (2022). A matrix-mediated protection
against T5 and T7 phage predation was exemplarily described for curli amyloid fibers as a
proteinaceous component of the E. coli biofilm matrix. These amyloid fibers allow a collective
antiphage defense by preventing phage diffusion as well as an individual cell protection by
entrapping phages in the cell surface-covering fibers, hence inhibiting cell-phage attachment
(Vidakovic et al., 2018). Though, curli-trapped phages can remain infectious and kill biofilm-
invading cells (Bond et al., 2021). Moreover, the release of outer membrane vesicles provides
another adsorption trap. Due to comparable surface structures as the bacterial cell, these vesicles
serve as cellular decoys and enable irreversible phage neutralization (Manning & Kuehn, 2011;
Reyes-Robles et al., 2018). In addition, quorum sensing-regulated activation of antiphage defense
systems via release of extracellular signaling molecules represents another mechanism of
multicellular protection against phage predation. Accumulation of these signaling molecules at
high cell densities can alter the gene expression profile on a population scale leading e.g. to the
downregulation of phage receptors (Hgyland-Kroghsbo et al., 2013; Tan et al., 2015), activation of
CRISPR-Cas immunity (Hgyland-Kroghsbo et al., 2017; Patterson et al.,, 2016) or production of
phage-inactivating proteases as it was shown for the haemagglutinin protease in Vibrio cholera
(Hoque et al., 2016). Besides extracellular signaling molecules, especially actinobacterial strains
like Streptomyces produce and secrete an impressive diversity of bioactive molecules, which can
be harnessed as chemical weapons in competitive or predatory microbial interactions (Donald et
al., 2022; Tyc et al., 2017). Their potential contribution to prokaryotic antiphage defense was just
recognized recently. Kronheim and colleagues discovered that Streptomyces-derived

anthracyclines, namely doxorubicin and daunorubicin, exhibit a broad antiphage activity. These
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DNA-intercalating agents were shown to block replication of various dsDNA phages. Accordingly,
their secretion could provide a chemical shield allowing protection against phage predation at the

community level (Kronheim et al., 2018).

With the description of the antiviral properties of aminoglycosides, this doctoral thesis provides a
further example for a chemical antiphage defense mechanism. Aminoglycoside antibiotics were
shown to inhibit phage infection in widely divergent bacterial hosts by blocking an early step of
phage life cycle. The fact, that aminoglycoside, but also anthracycline secretion by a natural
producer was sufficient to inhibit phage infection opens the door for discussing the ecological
significance of such chemical antiphage defense mechanisms, which was also outlined in our
recent review about phage inhibition via bacterial small molecules (Hardy et al., 2023).
Streptomyces as main producer of aminoglycosides predominantly lives in the soil, which is a highly
challenging environment in terms of microbial density and diversity (Fierer, 2017). In this context,
the dual functionality of aminoglycosides might provide an outstanding benefit. Their secretion
could create an antibacterial and antiviral microenvironment, which would allow producers as well
as resistant strains in the surrounding community to be chemically protected against various
phages and competing bacteria at the same time. However, most bacteria are naturally sensitive
to aminoglycosides. Here, the high mobility of genes coding for aminoglycoside-modifying enzymes
(AME) might come into play, which increases the probability of acquiring resistance through
horizontal gene transfer from producer strains (Ramirez & Tolmasky, 2010). Assuming that a
decoupling of antibacterial and antiphage properties by aminoglycoside modification can be
generalized, acquisition of AMEs might allow neighboring cells to benefit from the antiphage
properties upon aminoglycoside uptake, without suffering from the antibacterial effect. Overall,
one could imagine a division of labor, where secretion of aminoglycosides as ‘public goods’ provide
protection from phages on a community level, while the producers themselves could in turn profit
from complementary tasks carried out by other members of the cooperating community (Smith &
Schuster, 2019; Zhang et al., 2016). Interestingly, sublethal aminoglycoside concentration were
just recently shown to be still sufficient to impair phage infection (Zuo et al., 2021), which —
dependent on the locally achieved concentration — potentially opens up the protective effect
against phages to aminoglycoside-sensitive bacteria in the cooperating community as well. It could
be argued that the broad antiphage activity may also favor the growth of non-cooperating bacteria,
which would be controversial from a sociomicrobiological perspective. However, one could
envision that such social cheating could be limited by spatial structuring, e.g. biofilm formation,

that enables to set up a local pool of public goods (Hardy et al., 2023; Smith & Schuster, 2019).
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In addition to the antiviral properties of aminoglycosides, this doctoral thesis further examined the
phage inactivation in the extracellular space of Streptomyces populations, which was specifically
observed at later stages of infections. Such inactivation could especially be relevant on a
community level, where resistant or tolerant fractions might inactivate phages in the surroundings
to protect susceptible cells from viral predation. Related to that, we observed that mature
mycelium exhibits a transient tolerance towards phage infection, which was consistent with other
studies (Diaz et al., 1991; Rosner & Gutstein, 1981). Based on the present data, we hypothesize
that mycelial growth contributes to the observed decline in extracellular phage titers and thereby
to antiphage defense, possibly by allowing an efficient adsorption of phages from the environment
without producing phage progenies. A comparable scenario was proposed when studying phage-
host interactions in Streptomyces using soil microcosms, which imitate natural conditions with the
physical separation of vegetative and aerial mycelium more properly than submerged cultures. By
showing a reduction of free phages in the soil with raising mycelial density, the authors suggested
that vegetative mycelium adsorbs the majority of phages, thereby protecting young, susceptible
hyphae from phage predation (Burroughs et al., 2000; Marsh & Wellington, 1992). Apart from that,
another study from our group recently pointed out that sensing of phage infection seems to trigger
the formation of aerial hyphae and spores in surface-grown cultures leading to a transient phage
resistance. In this context, Streptomyces development was shown to be crucial for limiting phage
spread (Luthe et al., 2023a). Overall, it can be inferred that a cooperative behavior of mycelial
structures of different ages could contribute essentially to antiphage defense at the community
level, although the molecular basis of the increased phage tolerance of mature mycelium requires

further investigations.

Interestingly, phage inactivation in presence of Streptomyces mycelium was also detected for
specific non-host phages, which could possibly open up this antiphage defense to some
interspecies communities as well. Under the assumption, that a reduced extracellular phage
density could, at least for non-host phages, be attributed to interaction with the hydrophobic
sheath during hyphae-spore transition (cf. chapter 2.3.3), it appears to be debatable to what extent
this could contribute to community-wide antiphage defense in the natural soil habitat. Susceptible
members of the community are likely located in the moist soil and hence spatially separated from
the hydrophobic aerial mycelium in surface-grown cultures. This suggests that hydrophobic
mycelial surface structures have a limited ability to protect the surrounding community from
infection by adsorbing phages from the subsurface. A similar assumption was also made in a
previous study by Burroughs et al. (2000). Nonetheless, it can be hypothesized that aerial mycelium

could interfere with the water-based phage transport at the water-air interface by retaining phages
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via hydrophobic interactions and impacting the infiltration properties of the soil, which was already

discussed in a comparable manner for fungal mycelium (Ghanem et al., 2019; Ritz & Young, 2004).

Outer membrane vesicles as phage decoy Quorum sensing-induced activation of antiphage defense

Streptomyces spp.
e ek Biofilm matrix as diffusion barrier

Production of antiphage molecules

N\
Cellular development

Figure 15: Overview of multicellular antiphage defense strategies. Protection against phages on a
multicellular level can be mediated by i) extrusion of outer membrane vesicles sequestering phages, which
prevents attachment to susceptible cells, ii) quorum sensing-mediated activation of antiphage defense
systemes, iii) biofilm formation and trapping of phages via interaction with components of the extracellular
matrix, iv) production of antiphage molecules as chemical defense and v) cellular development allowing
emergence of transient phage tolerance. A modified version of this figure was after submission of this thesis
published in Luthe et al. (2023b).
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2.4. Conclusion and perspectives

The abundance of phages in almost all ecosystems leads to an ongoing arms race between bacteria
and phages (Hampton et al., 2020). Phages encode unique proteins that interfere with key cellular
processes to create favorable reproduction conditions (De Smet et al., 2017). With the description
of the gyrase-inhibiting protein Gip encoded by the CGP3 prophage of C. glutamicum, this doctoral
thesis represents a further example of a host-affecting protein, whose mechanistic elucidation

might open up new directions for antimicrobial drug design (Kever et al., 2021).

To counteract viral attacks, bacteria have evolved numerous antiphage defense mechanisms,
which collectively build up the bacterial immune system (Tal & Sorek, 2022). This doctoral thesis
provides novel insights into the contribution of bacterial secondary metabolite production and
multicellular development to the antiphage arsenal of Streptomyces, both having the potential for
a community-wide antiphage defense. To provide the basis for studying phage host interactions,
we started with the characterization of five newly isolated Streptomyces phages preying on the
model species S. coelicolor and S. venezuelae (Hardy et al., 2020). Inspired by the striking
observation of enhanced secondary metabolite production at the infection interface and the
description of the antiviral properties of anthracyclines (Kronheim et al., 2018), we studied the
antiphage properties of another class of small molecules produced by Streptomyces, namely
aminoglycoside antibiotics (Kever et al., 2022). The interference of aminoglycosides with phage
infection could be narrowed down to an early step of phage life cycle between injection and
replication. Moreover, aminoglycoside-mediated inhibition of phage infection could be
reproduced with culture supernatant of the natural producer, hinting on an ecological relevance
of the antiphage activity of aminoglycoside antibiotics, which was discussed in further detail in our
recent review article (Hardy et al., 2023). Although the underlying mechanism of action for the two
main classes of currently known antiphage molecules — aminoglycoside and anthracyclines —
remains to be elucidated, these studies represent a cornerstone for further establishing chemical
defense as part of the bacterial immune system. The identification of further antiphage molecules
and their mechanism of action will expand our knowledge about this previously unappreciated
facet of bacterial immunity and may also fuel the discovery line for novel antiviral drugs with

important medical and biotechnological applications.

In addition to the role of aminoglycosides in antiphage defense, we examined the observation of
dropping infectious phage titers in the extracellular space of Streptomyces populations upon re-
growing of mycelium with an emphasis on cellular development as a potential further layer of

antiphage defense. By showing the potential contribution of secreted antiphage molecules and
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proteins, medium acidification and mycelial growth to phage inactivation, we point to the
complexity of the multicellular antiphage defense employed by Streptomyces (Kever & Frunzke,
2022, to be submitted). Such phage inactivation could have its significance on a community-level,
where phage-tolerant mycelial structures could protect susceptible cells from viral predation. This
could be further analysed in future studies by deciphering the underlying mechanism of

inactivation and performing co-cultivation experiments with tolerant and susceptible cells.

Currently, defense strategies against phages are primarily examined as isolated systems, but the
efficiency of antiphage defense depends rather on the interaction and complementation of
different systems acting at a cellular and multicellular level. The integration of these different lines
of defense into the bacterial immune system and their temporal coordination is an exciting aspect
for future studies, which could be addressed by spatiotemporal visualization of defense system
activity via reporter assays or transcriptomic profiling. Since it is already known that antibiotic
production is frequently linked to morphological differentiation (Bibb, 2005), it might be of
particular interest to investigate a possible connection between production of antiphage
metabolites and cellular development of phage-tolerant phenotypes. One could imagine that
released antiphage compounds are not just used as chemical weapon against viral predation, but
may serve as a warning molecule for adjacent cells, which might trigger the emergence of phage

tolerance in the surrounding community.
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1 | INTRODUCTION

Abstract

By targeting key regulatory hubs of their host, bacteriophages represent a power-
ful source for the identification of novel antimicrobial proteins. Here, a screening of
small cytoplasmic proteins encoded by the CGP3 prophage of Corynebacterium glu-
tamicum resulted in the identification of the gyrase-inhibiting protein Cg1978, termed
Gip. Pull-down assays and surface plasmon resonance revealed a direct interaction
of Gip with the gyrase subunit A (GyrA). The inhibitory activity of Gip was shown to
be specific to the DNA gyrase of its bacterial host C. glutamicum. Overproduction
of Gip in C. glutamicum resulted in a severe growth defect as well as an induction of
the SOS response. Furthermore, reporter assays revealed an RecA-independent in-
duction of the cryptic CGP3 prophage, most likely caused by topological alterations.
Overexpression of gip was counteracted by an increased expression of gyrAB and a
reduction of topA expression at the same time, reflecting the homeostatic control
of DNA topology. We postulate that the prophage-encoded Gip protein plays a role
in modulating gyrase activity to enable efficient phage DNA replication. A detailed
elucidation of the mechanism of action will provide novel directions for the design of
drugs targeting DNA gyrase.

KEYWORDS

bacteriophages, DNA gyrase, gyrase inhibitors, prophage induction, topoisomerase Il

inhibitors

efficient molecular tools {De Smet et al., 2017; Nobrega et al., 2018;
Roach & Donovan, 2015; Schroven et al., 2021). Especially, small

Bacteriophages represent the “dark matter” of the biological world
(Hatfull, 2015; Ofir & Sorek, 2018; Rohwer & Youle, 2011). With the
recent massive expansion of the genomic sequence space, the num-
ber of functionally unknown open reading frames (ORFs) in phage
genomes is continuously increasing (Yin & Fischer, 2008). By tar-
geting diverse cellular processes and regulatory hubs in their host
cell, bacteriophages represent a rich source for the identification of

novel antibacterial proteins as well as for the establishment of highly

cytoplasmic phage proteins have been shown to influence and
reprogram a variety of key cellular processes, including transcrip-
tion, translation, cell division, and central metabolism (De Smet
etal.,, 2017, Orr et al., 2020; Storz et al., 2014).

DNA gyrase represents a type IlIA topoisomerase present in all
bacteria and plays a crucial role in the homeostatic control of DNA
topology. Because of its unique ability to introduce negative su-
percoils into covalently linked double-stranded DNA (dsDNA), the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2021 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd.
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activity of DNA gyrase is indispensable for bacterial growth and a
key target of antibacterial agents. The heterotetrameric enzyme
consists of two GyrA and two GyrB subunits (GyrA,GyrB,). While the
GyrA subunit of the enzyme catalyzes the breakage and resealing of
dsDNA, the GyrB subunit exhibits AT Pase activity (Bush et al., 2015;
McKie et al., 2021; Vanden Broeck et al., 2019). Currently, two major
classes of small molecule drugs targeting the bacterial gyrase are
known: the aminocoumarins and the quinolones (Collin et al., 2011).
Besides a range of small molecules, also some proteinaceous, bacte-
rial toxins were found to inhibit the activity of the gyrase, including
Microcin B17 (Pierrat & Maxwell, 2003), a glycine-rich peptide found
in Escherichia coli strains carrying the mcb operon as well as the CcdB
toxin as part of the ccd toxin-antitoxin system encoded by the F-
plasmid (Dao-Thi et al., 2005; Miki et al., 1992).

Corynebacterium  glutamicum—a member of the phylum
Actinobacteria—is an important industrial platform organism used
for the industrial production of a wide range of value-added com-
pounds, including amino acids, organic acids, and proteins (Wendisch
et al.,, 2016). The genome of the model organism C. glutamicum ATCC
13032 contains four cryptic prophages (CGP1-4) (Frunzke et al., 2008;
Ikeda & Nakagawa, 2003). The largest prophage CGP3 (~219 kb, con-
taining also prophage CGP4) was shown to be inducible in an SOS-
dependent manner as well as in an SOS-independent manner (Helfrich
etal., 2015; Nanda et al., 2014; Pfeifer et al., 2016). Recently, the Lsr2-
type protein CgpS was identified as a prophage-encoded nucleoid-
associated protein involved in the silencing of phage gene expression
maintaining the lysogenic state of the large CGP3 prophage (Pfeifer
et al., 2016). Interference with CgpS binding was shown to result in
prophage activation and consequently cell death.

In this study, a systematic screening of small cytoplasmic pro-
teins encoded by the CGP3 prophage of C. glutamicum resulted in
the identification of phage proteins causing severe growth defects
and prophage induction. The small phagic protein Cg1978 was fur-
ther shown to directly target the DNA gyrase enzyme by interacting
with the GyrA subunit and inhibiting the supercoiling activity of the
C. glutamicum DNA gyrase in vitro. Cg1978 was therefore termed
Gip for gyrase inhibiting protein. A detailed elucidation of the mech-
anism of action may point to novel directions for the design of drugs
targeting DNA gyrase.

2 | RESULTS

2.1 | Systematic screening of small CGP3-encoded
proteins influencing growth and prophage induction

Most of the proteins encoded by the cryptic CGP3 prophage are of
unknown function. Phage proteins were shown to frequently tar-
get key regulatory hubs to shut down bacterial metabolism (Roach
& Donovan, 2015). In this study, we screened the impact of overall
11 small (<75 amino acids), cytoplasmic phage-encoded proteins on
cellular growth and prophage induction. For this purpose, plasmid-
based overexpression (pAN6-GOI) of the selected genes of interest
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was performed in the prophage reporter strain C. glutamicum ATCC
13032:P
eyfp) was successfully established to translate prophage activation

-eyfp. In previous studies, this chromosomal reporter (P,ys-
into a fluorescent output (Helfrich et al., 2015). During cultivation,
biomass was measured as a function of backscattered light intensity
with an excitation wavelength of 620 nm. Following this approach,
the overproduction of 9 out of 11 phage proteins (Cg1902, Cg1910,
Cgl1924, Cg1925, Cg1971, Cg2026, Cg2035, Cg2045, and Cg2046)
displayed comparable phenotypes as the empty vector control re-
garding backscatter signal and fluorescence output measured via flow
cytometry {Figure 1c and Figure S1a,b). By contrast, overproduction
of Cg1914 and Cg1978 showed a significant effect on growth and
prophage induction in the presence of 50 uM IPTG. Cg1914 over-
production resulted in a reduced growth rate {u = 0.23 + 0.01 hr'i)
and a reduced final backscatter (Figure 1a, blue line) compared with
the empty vector control pAN6 (u = 0.38 + 0.01 hr'Y). In the case
of Cgl1978, overproduction led to an elongated lag-phase, but the
final backscatter as well as the growth rate in the exponential phase
(u=0.36+0.01 hr'h) (Figure 1a, red line) were comparable with those
of the empty vector control.

A comparable impact on cell growth due to cg1914 or cg1978
overexpression was also detected in the prophage-free strain
MBO0O01, indicating that the observed growth defect was indepen-
dent of the presence and/or activity of the CGP3 island (Figure 1b).

For both target proteins, Cg1914 and Cg1978, overproduction
resulted in an increased fluorescence signal after 24 hr of cultivation
(cg1914: 7.4 + 2.6% induced cells, cg1978: 3.5 + 0.2% induced cells)
indicating CGP3 prophage induction in the respective subpopulation
(Figure 1c). As a positive control, we expressed an N-terminally trun-
cated variant of the prophage silencer CgpS (CgpS-N), which was
previously shown to trigger prophage induction (Pfeifer et al., 2016).

Since overproduction of Cg1914 and Cg1978 showed a high im-
pact on prophage induction, we tested the inducibility of the CGP3
prophage in mutants lacking the respective genes using a plasmid-
based prophage reporter (P,ysflys'fvenus). Remarkably, the corre-
sponding strains C. glutamicum ATCC 13032 Acg1914 and Acg1978
featured no difference—neither in cell growth nor in prophage
inducibility—upon treatment with the DNA-damaging antibiotic mi-
tomycin C (Tomasz, 1995), which was used to trigger SOS-dependent
prophage induction (Figure S2). These results indicated that both
proteins are not essentially involved in SOS-dependent CGP3 induc-
tion. Prophage induction, therefore, appeared to be an indirect ef-
fect of Cg1914 or Cg1978 overproduction. Based on further results
described in the following, we focused on the role and cellular target

of the small phage protein Cg1978.

2.2 | Overproduction of Cg1978 triggers the
activation of SOS response and RecA-independent
prophage induction

As the CGP3 prophage was already characterized to be inducible
in an SOS-dependent manner as well as in an SOS-independent
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manner {Helfrich et al., 2015; Nanda et al., 2014, Pfeifer et al., 2016),
we determined the SOS dependency of Cg1978-mediated prophage
induction. To this end, the fluorescent outputs of different reporter
strains were measured via flow cytometry in a time-resolved man-
ner during cg1978 overexpression. Besides the prophage reporter
strain {C.g. ATCC 13032::P,ys—eyfp), an SOS reporter strain {C.g.
ATCC 13032::P,, ,-venus) as well as an SOS-deficient prophage re-
porter strain (C.g. ATCC 13032 ArecA::Ply{eyfp) lacking the copro-
tease RecA—required for the induction of the host SOS response
(Janion, 2008)—were used.

As described above, overexpression of cg1978 resulted in a sim-
ilar growth phenotype of all reporter strains characterized by an
elongated lag-phase (marked in gray) with subsequent wild type-like
growth (Figure 2a). The impaired cell growth under cg1978 over-

expression conditions was confirmed by time-lapse fluorescent
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FIGURE 1 Screening of small phagic proteins regarding

their impact on cellular growth and CGP3 induction in
Corynebacterium glutamicum. The cultivation of the prophage-
reporter strain C. glutamicum ATCC 13032::P,ysfeyfp and the
prophage-free strain MBOO1 carrying the corresponding gene
sequences of the small proteins on the pAN6 vector (under
control of P, ) was performed in CGXII-Kan,, medium with 2%
(w/v) glucose and 50 uM IPTG for 24 hr. All data represent mean
values with standard deviations from three independent biological
replicates (n = 3). (a) Growth curves of the prophage reporter
strain {C. glutamicum ATCC 13032::P,y5-eyfp) upon small protein
overproduction are based on the backscatter measurements in
the BioLector® microcultivation system. (b) Growth curves of the
prophage-free strain MBOO1 upon small protein overproduction
are based on the backscatter measurements in the BioLector®
microcultivation system. (c) Percentage of induced cells after

24 hr cultivation without and with 50 uM IPTG based on the flow
cytometric measurements of the prophage reporter strain C.
glutamicum ATCC 13032::P,y5-eyfp

microscopy of a C. glutamicum microcolony of the prophage reporter
strain, which was grown in a microfluidic chamber. Increased levels
of Cg1978 led to elongated cell morphology and a small fraction of
cells featuring a strongly increased output of the prophage reporter
(Figure 2c and Videos S1 and S2).

Measurement of the reporter output over time not only con-
firmed CGP3 induction but also revealed an induction of the cellular
SOS response (Figure 2b). Interestingly, the wild type-like and the
RecA-deficient prophage reporter strain showed nearly the same
percentage of induced cells upon cg1978 overexpression through-
out the entire measurement, reaching a peak value after 9.5 hr of
-eyfp: 4.6 + 0.7, P, -eyfp: 4.8 + 0.9). These re-

sults emphasize RecA-independent CGP3 induction as an indirect

cultivation {ArecA:P

lys lys

effect of cg1978 overexpression.

Remarkably, all reporter strains revealed an increasing fluores-
cence during the lag-phase, which decreased again upon transition
into the exponential growth phase (Figure 2b), suggesting the growth

of a subpopulation resistant to Cg1978 overproduction effects.

2.3 | Cg1978 directly interacts with gyrase subunit
A (GyrA)

To identify the direct cellular target of Cg1978, we performed anin
vitro pull-down assay. For this purpose, the small protein Cg1978
containing a C-terminal Strep-tag was overproduced in E. coli BL21
(DE3) and purified via affinity purification. The purified target pro-
tein was incubated with C. glutamicum cell extract and this sample
was again passed over a Strep-Tactin column to identify proteins
copurifying with Cg1978. SDS-PAGE analysis of proteins coelut-
ing with Cg1978 revealed an additional protein band at ~100 kDa
(Figure 3a). Analysis of the copurified protein via MALDI-TOF as
well as LC-MS/MS analysis of the whole elution fraction indicated
the copurification of Cg1978 with C. glutamicum (C.g.) DNA gy-
rase subunit A (~95 kDa), a subunit of the heterotetrameric ATP-
dependent DNA gyrase complex (A,B,). The DNA gyrase belongs
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FIGURE 2 Time-resolved measurement of reporter outputs upon Cg1978 overproduction in Corynebacterium glutamicum showed
activation of SOS response and RecA-independent prophage induction. Cultivation of an SOS reporter strain ATCC 13032::P, ,-venus, a
prophage reporter strain ATCC 13032::P,y57eyfp and an SOS-deficient prophage reporter strain ATCC 13032 ArecA::P,ysfeyfp carrying the
plasmids pAN6 or pAN6-cg1978 was performed in the BioLector® microcultivation system in CGXII-Kan,; medium with 2% (w/v) glucose
and 50 uM IPTG. All data represent mean values with SDs from three independent biological replicates (n = 3). (a) Growth curves based on
the backscatter measurements in the BioLector® microcultivation system. The elongated lag-phase of the Cg1978 overproducing strain is
marked in gray. (b) Percentage of induced cells based on the flow cytometric measurements of eYFP or Venus fluorescence of the reporter
strains. (c) Time-lapse fluorescence imaging of the C. glutamicum prophage reporter strain ATCC 13032::P1ys-eyfp carrying the pAN6-cg1978
plasmid. Cells were cultivated in PDMS-based microfluidic chip devices {Grinberger et al., 2015) using CGXII-Kan,; medium with 2% (w/v)
glucose. The medium was continuously supplied with a flow rate of 300 nl/min. Overexpression of cg1978 was induced by the addition of
50 uM IPTG. Fluorescent images represent cutouts from Videos S1 and S2
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FIGURE 3 Cg1978 directly interacts with the gyrase subunit A (GyrA) in vitro. (a) The small protein Cg1978 containing a C-

terminal Strep-tag was overproduced in Escherichia coli BL21 (DE3) and purified via affinity purification. For the pull-down assay, the
Corynebacterium glutamicum wild-type strain was cultivated in BHI medium until OD,,, of 6. The purified target protein was incubated with
C. glutamicum cell extract and again passed over a Strep-Tactin column aiming at the copurification of Cg1978 with possible interaction
partners. Proteins in the elution fractions were analyzed via SDS-PAGE using the Precision Plus Protein™ Dual protein marker as a
standard and further identified using LC-MS/MS and MALDI-TOF. Gels were spliced for labeling purposes. (b) Surface plasmon resonance
spectroscopy of GyrA-N-Strep binding to Cg1978-C-His (k,, association constant; k,, dissociation constant, KD, equilibrium dissociation
constant). The colored lines represent the experimental data, the dotted lines represent the fitted data using a 1:1 binding algorithm that
was the basis for the binding kinetics calculation
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FIGURE 4 Cg1978 inhibits gyrase supercoiling activity in vitro. The assay was conducted according to the manual of the Mycobacterium
tuberculosis Gyrase (HIS) Supercoiling Assay Kit from Inspiralis (Norwich, UK). (a) Cg1978 containing a C-terminal His-tag as well as gyrase
subunit A containing a C-terminal and subunit B containing an N-terminal Strep-tag were separately overproduced in Escherichia coli BL21
(DE3) and purified via affinity purification. (b) After formation of the heterotetrameric gyrase complex, the activity assay of the purified DNA
gyrase from Corynebacterium glutamicum ATCC 13032 was performed to identify the gyrase concentration required for maximal supercoiling
of 0.5 ug relaxed plasmid DNA, which was defined as 1 U. (c) Supercoiling inhibition assay to test the inhibitory effect of Cg1978 on 1 U of
the DNA gyrase from C. glutamicum ATCC 13032. Incubation of relaxed plasmid DNA with Cg1978 in the absence of DNA gyrase was used
as a negative control to screen for any nuclease activity. The known gyrase inhibitor Ciprofloxacin (CFX) served as a positive control for
efficient gyrase inhibition. Two agarose gels were compiled as indicated by the boundaries

to the subclass of type Il topoisomerases and plays a key role in affinity (Kp) of 5.4 nM (Figure 3b). Purification of Cg1978-C-His and

DNA metabolism as it is able to introduce negative supercoiling to GyrA-N-Strep for SPR analysis are shown in Figure S3.

double-stranded DNA in an ATP-dependent manner. Gyrase subu-
nit B was also detected in the elution fraction, but in a significantly
lower amount compared to GyrA rather suggesting unspecific
copurification.

2.4 | Cg1978 inhibits DNA supercoiling via
interaction with the DNA gyrase in vitro
As a next step, surface plasmon resonance spectroscopy was

used to examine the binding affinity of Cg1978 to GyrA. The sensor- Due to its essential role for cell survival, DNA gyrase represents

gram revealed a stable and specific 1:1 interaction between Cg1978
and GyrA with a high association rate (k, = 9.7 x 10* M s™%) and
a slow dissociation rate (kd =52x107* 5’1) resulting in an overall

an important drug target of antibiotics and protein-based inhibi-
tors (Collin et al., 2011). Based on the observed growth defect
upon Cg1978 overproduction and the interaction with GyrA, we
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further assessed the effect of Cg1978 on gyrase activity by per-
forming in vitro supercoiling inhibition assays with the purified
enzyme.

For this purpose, Cg1978-C-His, GyrA-C-Strep, and GyrB-N-
Strep from C. glutamicum were purified separately using affinity
chromatography (Figure 4a). The formation of the heterotetrameric
enzyme complex was obtained by incubating equimolar amounts of
both gyrase subunits on ice for 30 min. In the first step, the activity
of the purified C.g. DNA gyrase was measured by incubating 0.5 ug
relaxed pBR322 plasmid DNA with different C.g. gyrase concentra-
tions. The addition of increasing C.g. gyrase concentrations led to
an increase in supercoiling of the plasmid DNA resulting in maximal
supercoiling using 50 nM of C.g. gyrase. This concentration was de-
fined as 1 U (corresponding to a specific activity of 1.88 x 10° U/mg)
and was used for testing the potential inhibitory effect of Cg1978
(Figure 4b).

As shown in Figure 4c, incubation of increasing concentrations of
Cg1978 (0.2-60 uM) with 1 U C.g. DNA gyrase and relaxed plasmid
DNA resulted in a decreased supercoiling activity of the C.g. DNA
gyrase. Complete inhibition of the introduction of supercoils by DNA
gyrase was achieved by the addition of 10 uM Cg1978 leading to
an accumulation of the relaxed/nicked conformation. Therefore, we
named the gene product of cg1978 Gip (gyrase inhibiting protein).

As a negative control, Gip was incubated with relaxed plasmid
DNA in absence of DNA gyrase to visualize any potential nucle-
ase activity in the elution fraction of Gip. A slight band reflecting
linear DNA could be detected when adding 40 uM Gip. However,
incubating increasing concentrations of Gip with the C.g. DNA
gyrase did not lead to an accumulation of linear DNA. As a pos-
itive control, the known fluoroquinolone-based gyrase-inhibitor
ciprofloxacin {CFX) stabilizing the gyrase-DNA cleavage complex
(Drlica & Malik, 2003) was used showing significant inhibition of
the supercoiling activity of the C.g. gyrase at 50 uM (16.6 ug/ml).
This was in line with already published data for the DNA gyrase
of Mycobacterium smegmatis, which showed 50% inhibition of the
supercoiling activity of 1 U gyrase by the addition of 10 pg/ml CFX
(Manjunatha et al., 2002). As for Gip, inhibition of the DNA gy-
rase via CFX led to an accumulation of the relaxed/nicked plasmid
conformation.

To further investigate the activity profile of Gip, we determined
its effect on the DNA gyrases of Mycobacterium tuberculosis and
E. coli. Gyrase subunits A of the actinobacterial species C. glutam-
icum and M. tuberculosis (M.tb.) share a sequence identity of ~71%,
while GyrA of C. glutamicum and E. coli (E.c.) only show a ~45% se-
quence identity (Figures S4 and S5). As described previously for the
DNA gyrase of C. glutamicum, 1 U of the E.c. and M.tb. gyrases were
used to examine supercoiling inhibition via Gip. The supercoiling
assay showed no significant change in the supercoiling activity of the
respective gyrases when adding increasing concentrations of Gip.
In case of the M.th. gyrase, a slight shift from supercoiled plasmid
DNA to linear plasmid DNA could be detected by addition of 40 uM
Gip, which was even less pronounced for the E.c. gyrase. The corre-
sponding assays are shown in Figure Sé.
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2.5 | Compensatory expression of gyrAB and topA
as a response to gyrase inhibition via Gip

Supercoiling inhibition assays showed that Cg1978 (Gip) is a gyrase-
inhibiting protein. As the activity of DNA gyrase is indispensable for
bacterial growth, we investigated the impact of gip overexpression
on the transcriptome of C. glutamicum. Since the gip overexpress-
ing strain revealed a wild type-like growth rate after an elongated
lag-phase, we were especially interested to understand how the
bacterial host counteracts gyrase inhibition. For this purpose, com-
parative transcriptome analysis of the C. glutamicum ATCC 13032
strain containing the empty vector control and the strain contain-
ing the overexpression plasmid pAN6-gip was performed using DNA
microarrays. The shown transcriptomic changes are based on mRNA
levels of cells harvested at an OD,, of 6 in the mid-exponential
growth phase.

The gip overexpressing strain showed a partial upregulation of
CGP3 genes due to overexpression of gip (Table S4), confirming the
prophage induction also revealed by the above-described reporter
assays. Apart from the CGP3 region, overexpression of gip led to up-
regulation of 352 genes and downregulation of 333 genes reflecting
the high impact of gyrase inhibition on overall cell metabolism.

Interestingly, both gyrase subunits gyrA and gyrB were mark-
edly upregulated showing a more than 4-fold increase in expression
levels (Table 1). In contrast, topA coding for topoisomerase |, which
catalyzes the opposing reaction of DNA gyrase by removing nega-
tive supercoils, showed a reduced expression level. Moreover, the
expression of further genes involved in DNA metabolism was influ-
enced by gip overexpression including for example the reduced ex-
pression of genes coding for helicases (exemplarily cg0838, cg0842,
cg0843,cg0845, cg0889, and cg1498). Additionally, 10 targets of the
SOS key player LexA, for example, recN (DNA repair) and ftsK {(cell
division and chromosome segregation), showed an increased mRNA
ratio, which was in line with the high fluorescent outputs of the SOS
reporter strain upon Gip overproduction (Table 1, see Table S4 for

the complete list of genes with altered expression levels).

3 | DISCUSSION

In this study, a screening of small cytoplasmic proteins encoded
by the CGP3 prophage of C. glutamicum resulted in the identifica-
tion of the novel gyrase inhibitor protein Gip (Cg1978, 6.8 kDa).
Overproduction of Gip resulted in significant growth defects and
prophage induction in a subpopulation. Further characterization
of this small phagic protein confirmed a specific, stable, and high-
affinity interaction with the GyrA subunit and inhibition of the su-
percoiling activity of the DNA gyrase in vitro.

DNA gyrase possesses the unique ability to catalyze the ATP-
dependent negative supercoiling of double-stranded DNA by cleav-
ing and rejoining it (Bush et al., 2015). Supercoiling inhibition assays
showed that Gip-mediated gyrase inhibition resulted in the accumu-
lation of the nicked/relaxed plasmid conformation, while no more



Publications and manuscripts

274 | WiLEY

Gene locus

Genes coding for proteins involved in DNA metabolism

KEVER ET AL.
_— TABLE 1 Impactof gip {cg1978)
. m . overexpression on global expression levels
Gene name Annotation ratio

cg0015 gyrA DNA gyrase subunit A, DNA topoisomerase 6.23
1l

cg0007 gyrB DNA gyrase subunit B, DNA topoisomerase 4.44
1

cg0373 topA DNA topoisomerase | 0.40

cg0845 Putative superfamily Il DNA/RNA helicase, 0.49
SNF2 family

cg0889 Putative DNA helicase RecQ 0.48

cg0843 Putative helicase 0.45

cgl498 Putative RecG-like helicase 0.43

cg0842 Putative DNA helicase 0.39

cg0838 Putative helicase 0.22

LexA target genes

cgl602 recN DNA repair protein 10.96

cgl255 Putative HNH endonuclease, conserved 5.11

cgl977 Putative secreted protein 4.52

cg0470 htaB Secreted heme transport-associated protein 4.41

cg0738 dnak2 DNA polymerase Il subunit o 3.11

cg1288 Putative multidrug efflux permease of the 2.83
major facilitator superfamily

cgl1080 Putative multicopper oxidase 2.67

cg2158 ftsK Cell division protein 2.46

cg0713 Hypothetical protein 2.13

cg2114 lexA Transcriptional regulator, involved in SOS/ 2.09
stress response

cg2950 radA Putative ATP-dependent protease, DNA 0.48
repair

cg2381 Hypothetical protein 0.47

cg0834 tuse Bacterial extracellular solute-binding 0.34
protein, trehalose uptake system

cg0841 Hypothetical protein 0.31

cgl314 putP Proline transport system 0.30

cg3345 Hypothetical protein 0.24

Note: A genome-wide comparison of mMRNA levels of the Corynebacterium glutamicum ATCC
13032 strain overexpressing gip and the wild-type strain carrying the empty vector control was
performed. The shown mRNA ratios indicate mean values from three independent biological
replicates (n = 3). The strains were cultivated in CGXIlI-Kan,; minimal medium with 2% (w/v)
glucose and 50 uM IPTG and mRNA was prepared from cells harvested at an OD,, of 6. The
mRNA ratios were calculated by dividing the mRNA levels of the gip overexpressing strain by the
mMRNA levels of the strain carrying the empty vector control. The table includes selected genes
from a larger set which showed a changed mRNA level in all experiments (nRNA ratio >2.0:

upregulation [red] or <0.5: downregulation [green], p-value <0.05).

supercoiled plasmid DNA was detectable (Figure 4). Different mo-
lecular mechanisms of gyrase inhibition have been described so far.
Fluoroquinolones and the well-characterized proteinaceous bacte-
rial toxins Microcin B17 {(MccB17, 3.1 kDa) and CcdB (11.7 kDa) poi-
son the DNA gyrase by stabilizing the gyrase-DNA cleavage complex
leading to double-strand DNA breaks (Bernard et al., 1993; Drlica &
Malik, 2003; Pierrat & Maxwell, 2003). In contrast, aminocoumarins

(e.g. novobiocin) inhibit ATP hydrolysis as the binding site over-
laps with the ATP-binding pocket of the GyrB subunit (Maxwell &
Lawson, 2003). Further proteins targeting DNA gyrase are penta-
peptide repeat proteins (PRPs) like Qnr proteins or MfpA, whose in-
hibitory interaction is proposed to be based on DNA mimicry (Shah
& Heddle, 2014). However, no conserved domains of Gip with other
known proteinaceous gyrase inhibitors could be identified using the
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conserved domain database (CDD) with Reverse Position-Specific
BLAST (RPS-BLAST) {Lu et al., 2020). Accordingly, further studies
and structural analysis are required to elucidate the exact molecular
mechanism of Gip-mediated gyrase inhibition.

Investigations regarding the activity profile of Gip suggested that
the inhibitory activity seems to be highly specific for the DNA gyrase
of its bacterial host C. glutamicum, as the DNA gyrase of M. tubercu-
losis and E. coli were not significantly affected by Gip. Similar obser-
vations were made for the proteinaceous bacterial toxins Microcin
B17 {(MccB17, 3.1 kDa) and CcdB (11.7 kDa), which target the DNA
gyrase of their host E. coli in vitro, while no inhibition of the DNA gy-
rase of M. smegmatis could be detected (Chatterji et al., 2001). Even
though DNA gyrase is a conserved protein among bacteria, Gram-
positive and Gram-negative bacteria show substantial differences in
the amino acid sequence of GyrAB (Madhusudan & Nagaraja, 1996;
Manjunatha et al., 2000). Accordingly, the absence of specific target
residues potentially explains the different levels of susceptibility of
the DNA gyrases to proteinaceous toxins (Chatterji et al., 2001).

Reporter outputs of the RecA-dependent SOS reporter strain
and transcriptomic analysis of Gip overproducing cells revealed an
induction of the SOS response (Figure 2b, Table 1). These findings
are in agreement with already published data describing activation
of the SOS response as one of the pleiotropic effects of gyrase inhi-
bition {(Jeong et al., 2006). Stabilization of the gyrase-cleaved DNA
complex results in arrested replication forks and widespread DNA
damage by stimulating the formation of DNA breaks triggering the
SOS response (DeMarini & Lawrence, 1992; Dwyer et al., 2007).

Gip overproduction was further shown to activate the induction
of the CGP3 prophage. However, the fact that the observed growth
defect of Gip overproducing cells is independent of the presence of
the CGP3 prophage (Figure 1b) and that deletion of gip did not result
in altered inducibility of CGP3 {Figure S2) emphasize prophage ac-
tivation as an indirect effect of Gip overproduction. Recent studies
already confirmed that CGP3 is inducible in an SOS-dependent man-
ner as well as in an SOS-independent manner (Helfrich et al., 2015;
Nanda et al., 2014; Pfeifer et al., 2016). As the wild type and the
RecA-deficient prophage reporter strain revealed nearly identical
fluorescent outputs, we propose that prophage induction occurred
mainly in a RecA-independent manner. Here, influencing the intro-
duction of supercoils due to gyrase inhibition might be a possible
reason for CGP3 induction. The lysogenic state of CGP3 is main-
tained by the Lsr2-type silencer protein CgpS, which was shown
to target more than 35 AT-rich regions within the CGP3 element
(Pfeifer et al., 2016). The formation of this dense nucleoprotein com-
plex was shown to be crucial for efficient CgpS-mediated silencing
(Wiechert et al., 2020). Especially in the case of proteins-targeting
AT-rich DNA sequences, the topologic state of DNA can affect
protein-DNA interactions (Dorman & Dorman, 2016). Apart from
that, different studies already demonstrated an influence of DNA
supercoiling on the ) repressor and the lysogenic-lytic decision of
phage A {Ding et al., 2014; Norregaard et al., 2013, 2014).

In general, it is conceivable that the CGP3 prophage could have
an advantage from encoding a gyrase inhibitor as it might allow a
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more efficient phage DNA replication by modulating host gyrase
activity. Similar assumptions were recently made for the topo | in-
hibitor protein gp55.2 encoded by the T4 phage of E. coli. It was
hypothesized that modulating DNA relaxation activity of topo | is
required for an optimal phage yield during infection (Mattenberger
et al., 2015). Another example of a phage-encoded protein altering
DNA topology is represented by the gyrase-inhibiting peptide Igy
encoded by phage LUZ24 infecting Pseudomonas aeruginosa {De
Smet et al., 2021). Interaction of Igy with GyrB, possibly by function-
ing as a DNA mimicry protein, inhibits the DNA gyrase and LUZ24 in-
fection seems to be independent of a functioning host DNA gyrase.

Global topological alterations caused by Gip overproduction
were also reflected by the transcriptome analysis revealing a marked
impact on global gene expression patterns (Table 1). As DNA gyrase
is indispensable for replication and transcription by changing the to-
pological state of DNA, its inhibition was previously described to
globally affect the gene expression profile (Guha et al., 2018; Jeong
et al., 2006). Particularly noteworthy in this context are the signifi-
cantly increased mRNA levels of gyrA and gyrB as well as the down-
regulation of topA. The DNA topology modulatory proteins, gyrase
and topoisomerase | (topo 1), catalyze opposing reactions of DNA
supercoiling and relaxation (McKie et al., 2021). Previous studies al-
ready revealed that expression of the gyrAB and topA is controlled
in a supercoiling-sensitive manner: While increasing DNA relaxation
stimulates gyrAB expression (Menzel & Gellert, 1983), it represses
expression of topA allowing homeostatic maintenance of DNA topol-
ogy (Ahmed et al., 2016; Tse-Dinh, 1985). As gyrase inhibition blocks
the introduction of negative supercoils, increased expression levels
of gyrAB and a decreased expression level of topA upon Gip over-
production are most probably used to counteract gyrase inhibition.
The adaptation at the level of gene expression could then explain
the resumed growth of the gip expressing strain—reaching almost
wild type-like growth rates after a pronounced lag phase (Figure 1).

In summary, we identified Gip as a novel gyrase inhibitor protein
encoded by the CGP3 prophage of C. glutamicum. Gip was shown
to specifically inhibit the gyrase of its bacterial host C. glutamicum,
but further studies are required to decipher its impact on the phage
life cycle.

4 | EXPERIMENTAL PROCEDURES
4.1 | Bacterial strains and growth conditions

All bacterial strains and plasmids used in this study are listed in
Tables S1 and S2, respectively. Corynebacterium glutamicum ATCC
13032 (NCBI reference: NC_003450.3) was used as a wild-type
strain (lkeda & Nakagawa, 2003). For growth studies and fluores-
cence measurements as well as for transcriptome analysis, C. glu-
tamicum cells were precultivated in BHI {brain heart infusion, Difco
BHI, BD, Heidelberg, Germany) at 30°C for 8 hr. The preculture was
used to inoculate an overnight culture in CGXII minimal medium with
2% (w/v) glucose (Keilhauer et al., 1993), which was cultivated under
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the same conditions. The next day, the overnight culture was used to
inoculate the main culture in CGXIl minimal medium with 2% {(w/v)
glucose to an ODy,, of 1. All media contained kanamycin in a con-
centration of 25 pg/ml. Gene expression was induced using 50 uM
IPTG (Isopropyl B-D-1-thiogalactopyranoside). For standard cloning
applications, E. coli DH5a was cultivated in Lysogeny Broth (Difco
LB, BD, Heidelberg, Germany) medium containing 50 pg/ml kana-
mycin (LB Kangg) at 37°C and 170 rpm. For protein overproduction
and following purification, the E. coli BL21 (DE3) strain was used.
Precultivation was performed in LB Kan;, medium, which was incu-
bated overnight at 37°C and 120 rpm. The main culture was inocu-
lated in LB Kang, medium to an OD, of 0.1 using the pre-culture.
Atan OD,,, of 0.6 gene expression was induced using 100 uM IPTG.
Cells were harvested after additional 24 hr incubation at 16°C.

4.2 | Recombinant DNA work and
cloning techniques

All plasmids and oligonucleotides used in this study are listed in
Tables S2 and S3, respectively. Standard cloning techniques like
PCR and restriction digestion were performed according to standard
protocols (Sambrook & Russell, 2001). In all cases, Gibson assem-
bly was used for plasmid construction (Gibson, 2011). DNA regions
of interest were amplified via PCR using the chromosomal DNA of
C. glutamicum ATCC 13032 as a template. The plasmid backbone
was cut using the indicated restriction enzymes. Sequencing and
synthesis of oligonucleotides were performed by Eurofins Genomics
(Ebersberg, Germany). Genomic deletions were constructed using
the pK19mobsacB plasmid and the two-step homologs recombina-
tion method (Niebisch & Bott, 2001). The 500 bp up- and down-
stream regions of the respective gene were amplified using the
oligonucleotides listed in Table S3. Both PCR products and the di-
gested pK19mobsacB plasmid (with Hindlll, EcoRI) were assembled
via Gibson assembly (Gibson, 2011). The correct deletion was veri-
fied by sequencing of the colony PCR product with the indicated
oligonucleotides (Table S3).

4.3 | Microtiter cultivation and reporter assays

For growth experiments and fluorescence assays, the Biolector®
microcultivation system of m2p-labs (Aachen, Germany) was
used (Kensy et al., 2009). The main cultivation was executed in
FlowerPlates (MTP-48-B, m2p-labs) at 30°C and 1,200 rpm with a
starting ODyqq of 1 using 750 pl of CGXII minimal media with 2%
(w/v) glucose containing 50 uM IPTG and 25 pg/ml kanamycin.
During cultivation, biomass was measured as a function of back-
scattered light intensity with an excitation wavelength of 620 nm
(filter module: A, /Ag,.: 620 nm/620 nm, gain: 15). Data for biomass
measurements were baseline-corrected by subtracting the t, value
from all data points. The measurements of backscatter were taken
at 15 min intervals.

4.4 | Protein purification via affinity tags

For heterologous protein overproduction, E. coli BL21 (DE3) cells
containing the pET-cg1978-C-strep plasmid, the pET-gyrA-C-strep
plasmid, the pET-gyrA-N-strep plasmid, the pET-gyrB-N-strep plas-
mid, or the pET-cg1978-C-his plasmid were cultivated as described
in “Bacterial strains and growth conditions.”

Cell harvesting and disruption were performed as described by
Pfeifer et al. (2016). In case of Cg1978-C-Strep, buffer A (100 mM
Tris-HCI, pH 8.0) with cOmplete™ Protease inhibitor (Roche, Basel,
Switzerland) was used for cell disruption and buffer B (100 mM Tris-
HCI, 250 mM NaCl, pH 8.0) for purification. Purification of Strep-
tagged Cgl1978 was conducted by applying the supernatant to an
equilibrated 2 ml Strep-Tactin®—Sepharose® column (IBA, Géttingen,
Germany). After washing with 20 ml buffer B, the protein was eluted
with 6 ml buffer B containing 15 mM d-desthiobiotin (Sigma-Aldrich,
St. Louis, MO, USA). Purification of GyrA-C-Strep, GyrA-N-Strep, and
GyrB-N-Strep was conducted in the same way using an adjusted buffer
Bgy, for cell disruption and purification (buffer Bsyr: 20 mM Tris-HCl,
500 mM Nacl, 10% (w/v) glycerol, 5 mM EDTA, 1 mM DTT, pH 7.9).

For purification of Cg1978-C-His, the cell pellet was resus-
pended in 50 ml TNI20 buffer (20 mM Tris-HCI, 300 mM NacCl,
20 mM imidazole, and pH 8.0) with cOmplete™ Protease inhibitor
(Roche, Basel, Switzerland), and cells were disrupted as described
above. Purification of His-tagged Cg1978 was performed by apply-
ing the supernatant to an equilibrated 2 ml Ni-NTA Agarose column
(Invitrogen, California, USA). After washing with 30 ml TNI20 buf-
fer, the protein was eluted with increasing imidazole concentrations
using TNI buffer (20 mM Tris-HCI, 300 mM NaCl, pH 8.0) containing
50 mM, 100 mM, 200 mM, or 400 mM imidazole.

After purification, the elution fractions with the highest pro-
tein concentration were pooled and analyzed with SDS-PAGE
(Laemmli, 1970) using a 4%-20% Mini-PROTEAN® gradient gel (Bio-
Rad, Munich, Germany).

4.5 | In vitro pull-down assay and MALDI-
TOF analysis

Protein purification of Cg1978-C-Strep was conducted as described
above. The elution fractions showing the highest protein concentration
in a Bradford assay (Bradford, 1976) were pooled and purified with size-
exclusion chromatography using PD10 desalting columns (GE Healthcare,
Freiburg, Germany) and buffer B (100 mM Tris-HCI, 250 mM NaCl, pH
8.0) according to manufacturer's manual to remove excess desthiobiotin.
For the detection of possible interaction partners of the target proteinon
a protein-protein level, C. glutamicum ATCC 13032 wild-type cells were
cultivated in a BHI medium. At an ODy,, of 5 to 6, the cells were har-
vested at 11,325 gand 4°C for 15 min and cell pellet of 100 ml cell culture
was resuspended in 25 ml buffer A {100 mM Tris-HCI, pH 8.0) with cOm-
plete™ Protease inhibitor (Roche, Basel, Switzerland). Cell disruption was
performed using the French Press cell with a pressure of 172 mPA for
five passages followed by a centrifugation step at 5,000 g for 50 min.
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For copurification of possible protein interaction partners, the
purified target protein Cg1978 was incubated with the C. glutam-
icum crude extract at RT for 1 hr. After loading the mixture to the
StrepTactin column, the purification was performed as described
above. The elution fractions with the highest protein concentra-
tion were precipitated by the addition of 100% (w/v) trichloroacetic
acid {TCA) in a volume ratio of four units of protein to one unit
TCA (Sivaraman et al., 1997). After incubation at 4°C overnight, the
precipitation approach was centrifuged for 5 min at 14,000 g. The
supernatant was discarded and the pellet was washed with 200 pl
cold acetone twice. Afterward, the pellet was dried for 10 min at
95°C and resuspended in 30 pl 1.5 x SDS loading buffer for gel
electrophoresis or in 30 ul trypsin reaction buffer provided by the
Trypsin Singles, Proteomics Grade kit (Sigma-Aldrich) for LC-MS/
MS sample preparation. Analysis of elution fractions via SDS-PAGE
(Laemmli, 1970) was performed using a 4%-20% Mini-PROTEAN®
gradient gel {Bio-Rad, Munich, Germany). After staining the gel
with Coomassie dye-based RAPIDstain solution (G-Biosciences,
St. Louis, MO, USA) MALDI-TOF-MS measurements were per-
formed with an Ultraflex Il TOF/TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) for identification of the co-purified
proteins (Bussmann et al., 2010). Elution fractions were further an-
alyzed via LC-MS/MS.

4.6 | LC-MS/MS sample preparation and
measurement

LC-MS/MS was performed after TCA precipitation using the Trypsin
Singles, Proteomics Grade kit (Sigma-Aldrich, St.Louis, MO, USA)
according to the manufacturer's instruction. The prepared tryptic
peptide samples were separated chromatographically on a nanolLC
Eksigent ekspert™ 425 LC system in microLC modus (Sciex) coupled
with a 25 Micron ESI Electrode to a TripleTof™ 6600 mass spectrom-
eter (Sciex). As a trap, a YMC-Triart C18 column with the dimension
5% 0.5mm ID, 3 um, 12 nm (YMC) was used, combined with a YMC-
Triart C18 column with 150 x 0.3 mm ID, 12 nm, S-3 um (YMC) as an
analytical column. The column oven was set to 40°C.

For trapping, 2% acetonitrile in dd.H,O with 0.5% formic acid
served as a loading solvent, whereas 0.1% formic acid was used as
mobile phase A and acetonitrile with 0.1% formic acid {both LC-MS
grade, ROTISOLV®, 299.9%, Carl Roth) as mobile phase B. First, 10 pl
of each sample containing up to 8 ug of digested protein was loaded
from the cooled autosampler onto the trap column using 100% load-
ing solvent for 10 min at 10 ul/min for desalting and enrichment.

For the following separation of the peptides on the analytical
column, a linear gradient with increasing concentrations of mobile
phase B was used starting with 97% A and 3% B and a flow rate
of 5 ul/min as an initial condition. During Information-Dependent
Acquisition (IDA) and SWATH measurements, the following source
and gas settings were applied: 5,500 V spray voltage, 35 psi curtain
gas, 12 psiion source gas 1, 20 psi ion source gas 2, and 150°C inter-
face heater. Each sample was injected three times.
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For shotgun measurements, the mass spectrometer was oper-
ated with a “top 50” method: Initially, a 250-ms survey scan {TOF-MS
mass range m/z 400-1,500, high-resolution mode) was collected
from which the top 50 precursor ions were automatically selected
for fragmentation, whereby each MS/MS 97 Appendix event {mass
range m/z 170-1,500, in high-sensitivity mode) consisted of a 40 ms
fragment ion scan. For parent ion selection, the precursor ion in-
tensity served as the main selection criterion. lons with an intensity
exceeding 100 counts/s and with a charge state of 2+ to 5+ were
preferentially selected. Selected precursors were added to a dy-
namic exclusion list for 22 s and subsequently isolated using a quad-
rupole resolution of 0.7 amu and fragmented in the collision cell with
arolling collision energy (CE) of 10 eV. If <50 precursor ions fulfilling
the selection criteria were detected per survey scan, the detected
precursors were subjected to extended MS/MS accumulation time
to maintain a constant total cycle time of 2.3 s.

For data analysis, the IDA data were processed with
ProteinPilot™ (V5.01, Sciex, USA) using the ParagonTM Algorithm
for peptide identification and the ProGroupTM Algorithm for protein
identification.

4.7 | DNA microarrays

For a comparative transcriptome analysis of C. glutamicum ATCC 13032
carrying the empty pAN6 vector and cells carrying the pAN6-cg1978
vector, cultivation was performed as described in “Bacterial strains and
growth conditions” using CGXIl-Kan,; minimal media with 2% (w/v)
glucose and 50 uM IPTG. For both strains, cells were harvested at an
0Dy, of 6 in a reaction tube filled with ice (50 ml) for 5 min at 5,000 g
and 4°C. RNA purification was carried out using the “RNeasy Mini™-Kit
(QIAGEN, Hilden, Germany) according to the manufacturer's manual.
The preparation of labeled cDNA and DNA microarray analysis was
performed as described previously (Donovan et al., 2015). The data
processing was executed with in-house software according to (Polen
& Wendisch, 2004). Genes with an mRNA ratio (sample/neg. control)
of >2.0 {p-value <0.05) were classified as upregulated, whereas genes
with an mRNA ratio of <0.5 {p-value <0.05) were classified as down-
regulated. Array data were deposited in the GEO database {ncbi.nlm.
nih.gov/geo) with accession number GSE151224.

4.8 | Flow cytometry

Analysis of fluorescent reporter outputs at the single-cell level was per-
formed using the BD Accuri™ Cé flow cytometer (BD biosciences,
Heidelberg, Germany). The chromophore of the yellow fluorescent protein
eYFP or Venus was excited with a blue laser with an excitation wavelength
of 488 nm. The fluorescence emission of eYFP and Venus was measured
using a 530/30 nm standard filter. Particle size was detected using the for-
ward light scatter (FSC). The flow cytometer was started up by flushing
with filtered, dd.H,O for 10 min. For preparing flow cytometry samples,
cell cultures were mixed with 1 ml flow cytometric fluid (BD™ 342003
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FACSFlow™ Sheath Fluid). For every sample, 100,000 events were ana-
lyzed via BD Accuri Cé software {version 1.0.264.21).

4.9 | Cultivation and perfusion in microfluidic device

Single-cell analysis of cg1978 overexpressing cells was performed using
an in-house developed microfluidic platform (Griinberger et al., 2013,
2015; Helfrich et al., 2015). Cultivation and time-lapse imaging were
performed in CGXII minimal medium with 2% (w/v) glucose and 25 pg/
ml kanamycin as described by (Pfeifer et al., 2016). Overexpression of
cg1978 in the prophage reporter strain ATCC 13032::P,ys-eyfp carrying
the pAN6-cg1978 vector was induced by adding 50 uM IPTG to the
medium. An uninduced control served as a reference.

4.10 | Supercoiling inhibition assay

For the supercoiling inhibition assay, Cg1978 as well as both gy-
rase subunits (GyrA and GyrB) were purified by the means of a C-
terminal His-Tag for Cg1978, a C-terminal Strep-Tag for GyrA, and
an N-terminal Strep-Tag for GyrB as described above. Using PD10
desalting columns (GE Healthcare, Freiburg, Germany), the buffer of
Cg1978 was exchanged to PBS (137 mM NacCl, 2.7 mM KCI, 8 mM
Na,HPO, 1.5 mM KH,PO,, pH 7.4). In case of GyrA and GyrB, the
buffer was exchanged to 20 mM Tris-HCI, pH 7.9, 50% (w/v) glycerol,
0.5 M KCl, and 1 mM DTT. Formation of the heterotetramic gyrase
complex was obtained by incubating equimolar amounts of GyrA and
GyrB for 30 min on ice. The activity of the purified C. glutamicum (C.g.)
gyrase as well as its inhibition by Cg1978 were determined using
the M. tuberculosis Gyrase (HIS) Supercoiling Assay Kit (Inspiralis,
Norwich, UK) according to the manufacturer's manual. According to
the assay conditions, the C.g. gyrase concentration of 50 nM result-
ing in full supercoiling of 0.5 pg relaxed plasmid DNA after 30 min
of incubation at 37°C was determined as 1 U. Supercoiling inhibi-
tion of the C.g. gyrase was assayed by using 1 U of the C.g. gyrase
with increasing concentrations of Cg1978-C-His (0.02-60.0 uM).
Additionally, different concentrations of the known inhibitor cipro-
floxacin (10 and 50 uM) were used as a positive control.

Moreover, the inhibitory effect of Cg1978 on the M.tb and E.c. gy-
rase was investigated according to the M. tuberculosis and E. coli Gyrase
(HI1S) Supercoiling Assay Kits {Inspiralis, Norwich, UK) using 1 U of the
respective gyrases and the same Cg1978 concentrations as for the
C.g. gyrase. All reactions were stopped by adding 30 ul STEB buffer
(40% (w/v) sucrose, 100 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.5 mg/

ml Bromophenol Blue), and 30 pl chloroform/isoamyl alcohol {v:v, 24:1).

411 | Surface Plasmon Resonance Spectroscopy
(SPR)

For SPR analysis, Cg1978-C-His and GyrA-N-Strep were purified as
described above. After purification, the buffer of both proteins was

exchanged to PBS (137 mM NacCl, 2.7 mM KCl, 8 mM NazHPOAy
1.5 mM KH,PO,, pH 74) using PD10 Desalting columns (GE
Healthcare, Freiburg, Germany). The binding of His-tagged Cg1978-C-
His to GyrA-N-Strep was analyzed by SPR analysis in a Biacore 3000
device (GE Healthcare, Freiburg, Germany) using a Sensor Chip CM5
(GE Healthcare, Freiburg, Germany). As the first step, an anti-histidine
antibody (GE Healthcare, Freiburg, Germany) was immobilized to the
chip matrix using amino coupling chemistry. All experiments were car-
ried out in HBS-EP buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3mM
EDTA, 0.005% v/v Surfactant P20) at 25°C. Following the standard
coupling protocol for antibody immobilization, the mixture of 0.05 M
N-Hydroxysuccinimide (NHS) and 0.2 M 1-Ethyl-3-(3-dimethylami
nopropyl) carbodiimide hydrochloride (EDC) was injected for a total
contact time of 420 s to activate the matrix. Then, the anti-histidine
antibody (50 pg/ml) diluted in immobilization buffer (10 mM sodium
acetate, pH 4.5) was injected for 420 s. To deactivate the unbound
parts of the chip matrix, 1 M ethanolamine hydrochloride-NaOH (pH
8.5) was injected for 420 s. The flow rate was set to 10 pl/min dur-
ing this immobilization procedure. Approximately 8.000-10.000 re-
sponse units (RU) of the anti-histidine antibody were immobilized per
flow cell. For the binding analysis, 180-250 RU of Cg1978-C-His was
captured via injection of 40 pl (10 nM) at a flow rate of 5 ul/min fol-
lowed by 10 min of HBS-EP buffer to remove unbound protein from
the chip. The binding analysis between Cg1978-C-His and GyrA-N-
Strep was then performed by injecting 90 ul of GyrA-N-Strep (10-
250 nM) followed by a dissociation time of 300 s at a flow rate of
30 pl/min. After each cycle, the surface was regenerated by injection
of regeneration buffer (10 mM Glycine-HCI, pH 1.5) for 30 s, at a flow
rate of 30 pl/min. After the equilibration with three start up cycles
without the analyte, this was repeated for various concentrations of
GyrA-N-Strep (10-250 nM). Sensorgrams were recorded using Biacore
3000 Control Software 4.1.2 and analyzed with BlAevaluation soft-
ware 4.1.1 (GE Healthcare, Freiburg, Germany). The surface of flow
cell 1 immobilized with the anti-histidine antibody was used to obtain
blank sensorgrams for the subtraction of the bulk refractive index
background. The referenced sensorgrams were normalized to a base-
line of 0. Peaks in the sensorgrams at the beginning and the end of the
injection are due to the run-time difference between the flow cells
for the chip.
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ABSTRACT In response to viral predation, bacteria have evolved a wide range of
defense mechanisms, which rely mostly on proteins acting at the cellular level. Here, we
show that aminoglycosides, a well-known class of antibiotics produced by Streptomyces,
are potent inhibitors of phage infection in widely divergent bacterial hosts. We demon-
strate that aminoglycosides block an early step of the viral life cycle, prior to genome
replication. Phage inhibition was also achieved using supernatants from natural amino-
glycoside producers, indicating a broad physiological significance of the antiviral proper-
ties of aminoglycosides. Strikingly, we show that acetylation of the aminoglycoside anti-
biotic apramycin abolishes its antibacterial effect but retains its antiviral properties.
Altogether, our study expands the knowledge of aminoglycoside functions, suggesting
that aminoglycosides not only are used by their producers as toxic molecules against
their bacterial competitors but also could provide protection against the threat of phage
predation at the community level.

IMPORTANCE Predation by phages is a major driver of bacterial evolution. As a result,
elucidating antiphage strategies is crucial from both fundamental and therapeutic
standpoints. While protein-mediated defense mechanisms, like restriction-modifica-
tion systems or CRISPR/Cas, have been extensively studied, much less is known
about the potential antiphage activity of small molecules. Focusing on the model
bacteria Escherichia coli and Streptomyces venezuelae, our findings revealed signifi-
cant antiphage properties of aminoglycosides, a major class of translation-targeting
antibiotics produced by Streptomyces. Further, we demonstrate that supernatants
from natural aminoglycoside producers protect bacteria from phage propagation,
highlighting the physiological relevance of this inhibition. Suppression of phage
infection by aminoglycosides did not result from the indirect inhibition of bacterial
translation, suggesting a direct interaction between aminoglycosides and phage

components. This work highlights the molecular versatility of aminoglycosides, which Editor Gisela Storz, National Institute of Child
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bacterial antiviral strategies. Recent bioinformatics-guided screenings revealed a large
number of previously unknown antiviral defense systems (2, 3). However, the majority of
currently known prokaryotic defense systems rely on a wide range of molecular mecha-
nisms but are mediated mainly by protein or RNA complexes (4).

Environmental bacteria produce a wide range of small molecules, conferring pro-
ducer cells a specific fitness advantage in competitive or predatory interactions.
However, the potential antiphage role of this extensive chemical repertoire remains
largely unexplored. Recently, new types of defense systems that rely on small mole-
cules rather than on proteins or RNA have been discovered (5, 6). Anthracyclines are
secondary metabolites naturally produced by Streptomyces species and were shown to
inhibit infection by double-stranded-DNA (dsDNA) phages (5). These molecules act as
DNA-intercalating agents and block the replication of phage—but not bacterial—DNA.
Since these secondary metabolites are excreted by Streptomyces cells and are diffusible
molecules, their production may provide broad protection against dsDNA phages at
the community level.

In nature, producers of secondary metabolites are generally resistant to the mole-
cules they synthesize (7, 8). This feature is of special importance when screening small
molecules for antiviral properties, as toxic effects on bacterial growth would prevent
the appreciation of any inhibition of phage infection. In this study, we leveraged this
principle to look for phage inhibition by secondary metabolites, using bacterial hosts
resistant to the compounds tested.

Aminoglycosides are antibiotics well known for their bactericidal effect by targeting
the 30S subunit of the ribosome and thereby either directly inhibiting protein synthesis
or, for most aminoglycosides, promoting mistranslation. The aminoglycoside strepto-
mycin, discovered in 1943, was the first antibiotic active against Mycobacterium tuber-
culosis (9). Strikingly, we observed strong phage inhibition in the presence of amino-
glycosides when using strains resistant to the antibiotic. In agreement with this
observation, decades-old reports described the inhibition of various phages by strepto-
mycin (10-12). However, the biological significance of these observations was not
explored, and the underlying mechanism of action remains unclear. For these reasons,
we focused our efforts on aminoglycosides and set out to investigate their potential
antiphage properties.

In this study, we show that aminoglycoside antibiotics inhibit phages infecting the
actinobacterial model species Streptomyces venezuelae and Corynebacterium glutami-
cum as well as the A phage infecting Escherichia coli. Investigations of the mechanism
of action point toward a blockage of phage infection occurring after DNA injection but
before genome replication. Furthermore, the antiphage activity observed with the
purified aminoglycoside apramycin could be reproduced with supernatants from the
natural producer Streptoalloteichus tenebrarius, suggesting a broad physiological signif-
icance of the antiphage properties of aminoglycosides.

RESULTS

Aminoglycosides inhibit a broad range of phages. To investigate a potential anti-
viral activity of aminoglycosides, we first constructed resistant strains carrying a plas-
mid-borne resistance cassette encoding an aminoglycoside-modifying enzyme
(Table S1 and S2A). With respect to the aminoglycosides selected for this study, we
focused on antibiotics produced by Streptomyces species and included the atypical
aminoglycoside streptomycin, aminoglycosides containing a monosubstituted deoxy-
streptamine ring (apramycin and hygromycin), kanamycin (4,6-di-substituted deoxy-
streptamine ring), and the aminocyclitol spectinomycin (13, 14). We challenged the
aminoglycoside-resistant strains with a set of different phages using double-agar over-
lays with increasing aminoglycoside concentrations as screening platform (Fig. 1a). In
the screening, we included phages from three different viral realms (15): dsDNA viruses
from the order Caudovirales in Duplodnaviria (families Sipho-, Myo-, and Podoviridae),
single-stranded DNA (ssDNA) viruses from the family fnoviridae in Monodnaviria, and
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FIG 1 Aminoglycosides inhibit a wide range of phages. (a) Schematic representation of the screening for the antiphage effect of different
aminoglycosides. Strains resistant to the aminoglycosides were constructed using plasmid-borne resistance cassettes and subsequently challenged by
phages in the presence of increasing aminoglycoside concentrations. (b) Overview of the screening results, showing the log,, fold change in plague
formation by tested phages relative to the aminoglycoside-free control. Molecular structures of the aminoglycosides tested are indicated on the left.
High concentrations of aminoglycosides prevented in some cases either the formation of plague or lysis zone by the spotted phages (“no lysis”) or
bacterial growth (“no lawn”). n = 2 independent biological replicates. The different phage morphologies are depicted with icons according to the
following color scheme: blue, Siphoviridae; red, Myoviridae; green, Podoviridae; purple, Inoviridae; yellow, Leviviridae. (c) Exemplary pictures from
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ssRNA viruses from the family Leviviridae in Riboviria (Table S2B). The efficiency of plat-
ing comparing plaque formation under aminoglycoside pressure with aminoglycoside-
free conditions was calculated for phages infecting either the actinobacterial model
species Streptomyces venezuelae, Streptomyces coelicolor, and Corynebacterium glutami-
cum or the Gram-negative species Escherichia coli (Fig. 1b).

The extent of inhibition showed clear differences between the individual phages
and aminoglycosides. Remarkably, infection with some phages, namely, the virulent
phages Alderaan, Coruscant, and Spe2 as well as the temperate £ coli phage A, was
significantly impaired with increasing aminoglycoside concentrations. In contrast, all
phages infecting S. coelicolor, CL31 infecting C. glutamicum MBO0O1, and the T phages,
RNA phage MS$2, and filamentous phages M13 and fd infecting E. coli displayed no sus-
ceptibility to the tested aminoglycosides. The phages susceptible to aminoglycosides
infect widely divergent hosts and possess different lifestyles and types of genome
ends (Table S2B). However, they are all dsDNA phages belonging to the family
Siphoviridae, suggesting a specificity of aminoglycosides for this phage family.

In the case of S. venezuelae phages, we observed the strongest inhibition with the
aminocyclitol antibiotic apramycin. The S. venezuelae phage Alderaan showed the
highest susceptibility among all tested phages, leading to ~10°fold reduction in num-
bers of PFU for 25 pg/mL apramycin and a complete inhibition of cell lysis at 100 g/
ml. hygromycin or apramycin (Fig. 1b and ¢). This observation was in line with results
from infection assays in liquid culture revealing no more culture collapse when supple-
menting the respective aminoglycosides (Fig. 2a). The antiviral activity was further
demonstrated to be dose dependent, showing already an inhibition of infection at
1 ng/ml apramycin (Fig. S1). In contrast, no antiviral activity was detected for spectino-
mycin {Fig. 2a).

To visualize the effect of apramycin on infection dynamics using live-cell imaging, S.
venezuelae mycelium was grown from spores in a microfluidic device and infected with
the phage Alderaan. Addition of apramycin almost completely inhibited phage-medi-
ated lysis of Streptomyces mycelium, confirming the protective effect of apramycin
against phage infection (Fig. 2b and Video S1).

Infection of E. coli with the model phage A was also strongly impaired in the pres-
ence of aminoglycosides. Here, apramycin and kanamycin at concentrations as low as
25 pg/mL showed a protective effect in liquid cultures (Fig. 2c and Fig. S2a) as well as
an up to 1,000-fold reduction in numbers of PFU (Fig. 1b and c). Furthermore, this
effect was shown to be independent of the host strain used (Fig. S2b).

In the case of temperate phages such as A, an increased entry into the lysogenic
cycle could explain the absence of phage amplification in the presence of aminoglyco-
sides. To test this hypothesis, we conducted a reinfection experiment, in which cells
surviving the first round of infection were washed and exposed to the same phage
again. In the first infection round, cultures without apramycin showed a strongly
increasing phage titer associated with extensive lysis of the culture. In contrast, infec-
tion in the presence of apramycin was completely inhibited, showing no phage ampli-
fication during A infection and even an ~100-fold decrease in phage titers over time
for Alderaan (Fig. 2d and Fig. S2¢).

Interestingly, removal of the antibiotic and reinfection of celis from apramycin-
treated cultures resulted in similar amplification kinetics of Alderaan and A compared
to an untreated control. Hence, these results do not support the selection of geneti-
cally encoded resistance traits or, in the case of A, an increased formation of lysogens
but rather indicate a reversible antiphage effect of apramycin.

Since elevated Mg?" levels were previously shown to interfere with aminoglycoside
uptake (16) and streptomycin-mediated inhibition of phage infection (12), we exam-
ined whether the antiviral effect of apramycin is alleviated in the presence of MgCl,. As
shown in Fig. 2e, phage infection was completely restored by the addition of 5 mM
MgCl,, as evidenced by the strong growth defect and the increasing phage titer during
infection. Comparable results regarding the antagonistic effects of MgCl, were also
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FIG 2 Aminoglycosides strongly inhibit phage amplification in liquid cultures. (a) Infection curves for Streptomyces venezuelae
infected by phage Alderaan in the presence of different aminoglycosides (concentrations, in pg/mL, are indicated with subscripts; AB,
antibiotic). (b) Time-lapse micrographs of S. venezuelae cultivated in a microfluidics system and challenged with Alderaan (insets show
time after infection). (c) Infection curves for £. coli DSM 4230 infected by A in the presence of 25 ug/mL apramycin. (d) Phage titers
determined over two successive rounds of infection. A first infection round of S. venezuelae by Alderaan was performed in the
presence or absence of apramycin. At the end of the cultivation, surviving cells from the apramycin-treated cultures were collected
and exposed to phage Alderaan again, this time in the absence of apramycin. (e) Effect of MgCl, on infection of S. venezuelae by
Alderaan, assessed by infection curves and determination of the corresponding phage titers over time. (a, d, and e) Alderaan was
added to an initial titer of 107 PFU/mL; (c) A was added to an initial titer of 108 PFU/mL. For growth curves and phage titers in panels
a, ¢, d, and e, data are averages for three independent biological replicates (n = 3).

obtained for A (Fig. S2d). Overall, these results suggest that the antiviral effect of ami-
noglycosides is based on an interference with phage infection at the intracellular level,
probably during or shortly after phage DNA injection.

Spent medium of a natural aminoglycoside producer provides protection against
phage predation. As Streptomyces are the natural producers of aminoglycosides, we
examined whether infection of S. venezuelae in spent medium of the apramycin pro-
ducer Streptoalloteichus tenebrarius (formerly known as Streptomyces tenebrarius [17])
provides protection against phage predation. Alderaan infection was not impaired by
spent medium of S. tenebrarius harvested after 1 day of cultivation. In contrast, cultiva-
tion in spent medium taken after 2 days completely reproduced the antiviral effect
observed during experiments with supplemented purified apramycin, showing equiva-
lent growth of infected and uninfected cultures (Fig. 3a). Endpoint quantification of
extracellular phage titers confirmed this inhibition of infection, as no more infective
extracellular phages were detectable in the supernatants of the infected cultures
(Fig. 3b). Importantly, this protective effect of S. tenebrarius spent medium coincided
with the presence of apramycin in cultures, as determined by liquid chromatography-
mass spectrometry (LC-MS) (Fig. 3¢). While the phage-inhibitory effect of the superna-
tants is very likely to be caused by the native levels of apramycin, we cannot exclude
the possibility that this strain may produce other compounds with antiphage
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malt extract medium.

properties. Taken together, these data suggest that production of aminoglycoside anti-
biotics in natural environments might serve as a chemical defense providing protec-
tion against phage infection on a community level.

Aminoglycosides block an early step of phage infection. To decipher the mecha-
nism underlying the antiviral activity of aminoglycosides, we investigated the influence
of apramycin on the different steps of the phage infection cycle (Fig. 4a).

First, we determined the impact of apramycin on the adsorption step, by following
phage titers over time after performing an intense washing 15 min after phage addi-
tion to remove Alderaan phages that are only reversibly adsorbed to Streptomyces my-
celium (Fig. S3). We confirmed that this 15-min preincubation time was sufficient to
reach the stage of irreversible adsorption of phage particles, as the control without
apramycin showed strongly increasing titers following washing. Importantly, the out-
come of phage amplification was determined only in the presence of apramycin in the
main culture, as preincubation with apramycin had no influence on later phage titers.
Taken together with the adsorption assay performed in the presence of apramycin
(Fig. S4a), these data suggest that apramycin does not inhibit irreversible adsorption
but rather a later stage of the phage life cycle. In accordance with these findings, prein-
cubation of phage particles with apramycin showed no impact on phage infectivity at
physiologically relevant levels of 10 or 50 ug/mL apramycin (Fig. S5). In contrast,
higher concentrations (>500 wg/mL) strongly impacted phage infectivity, showing a
~100-fold reduction in PFU/mL after 24 h of incubation.

Next, we assessed phage DNA delivery and amplification by determining the level of
intracellular Alderaan DNA during infection via quantitative real-time PCR (gPCR). In the
absence of apramycin, the phage DNA levels increased exponentially until 360 min post-
infection, indicating active genome replication across several rounds of infection (Fig. 4b).
Simultaneous measurement of extracellular phage titers showed stable titers until
120 min, followed by a strong rise indicative of the release of new phage progeny after
cells lysis (Fig. 4c). Conversely, only a slight increase in intracellular DNA was obtained for
infection under apramycin pressure (Fig. 4b; note that measurement in the presence of
apramycin is close to the detection limit). Relative phage concentrations then declined
starting at 45 min and were even similar to those measured in the uninfected controls at
360 and 450 min, hinting at degradation of intracellular phage DNA. In the meantime,
extracellular phage titers of apramycin-treated cultures declined from 120 min (Fig. 4c).
Overall, these results suggest an inhibition of phage genome replication but do not
exclude an interference with the injection process in S. venezuelae.

Assuming that apramycin blocks an early step of phage infection prior to genome
replication, addition of the antibiotic after the replication phase would not interfere
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FIG 4 Apramycin blocks the phage life cycle at an early stage—before replication and transcription of phage DNA. (a)
Scheme of the phage lytic life cycle, highlighting the different steps which could be inhibited by antiphage
metabolites. (b) Infection of S. venezuelae by Alderaan; time-resolved quantification of phage DNA by gPCR in the
intracellular fraction. To quantify the relative concentration of phage DNA per host DNA, a gene coding for the minor
tail protein of Alderaan (HQ601_00028) and the housekeeping gene atpD of S. venezuelae were used. The
corresponding oligonucleotide sequences are provided in Table S2D. Data are means for three independent biological
replicates measured as technical duplicates. The range of relative concentrations measured for the uninfected controls
(measured 120 min postinfection) is marked in gray. Note that the values measured for apramycin-treated samples are
close to or even below the detection limit. (c) Time-resolved determination of Alderaan titers in the extracellular
medium via double-agar overlays. n = 3 independent replicates. (d) RNA-seq coverage of the Alderaan genome (39
kbp) during infection in the presence and absence of apramycin.

with the infection. This hypothesis was indeed confirmed by supplementation of the
aminoglycoside at different time points post infection (Fig. S4b). Corresponding infec-
tion assays indicated that apramycin addition 30 min after infection was sufficient to
prevent a reproductive Alderaan infection. The observed decrease in extracellular
phage titers is probably the result of adsorption and subsequent DNA injection of a
fraction of phages without release of new infective viral particles.

In contrast, no decrease in extracellular phage titers was observed when apramycin
was added 1 to 2 h after infection, indicating that the first phages were able to complete
their infection cycle before apramycin was added. Comparison of these results with the
quantification of intracellular phage DNA (Fig. 4b) further showed that this period corre-
sponds to the replication phase, indicating that replication is a sensitive time point for
the antiviral activity of aminoglycosides. In the case of the E. coli system, the measure-
ment of potassium efflux is an established approach to probe the successful delivery of
phage DNA into the bacterial cell (18). Applying this method to infection of E. coli with
phage A confirmed that the injection process was not impaired by apramycin (Fig. S2e).

Next, we examined the influence of apramycin on phage DNA transcription. RNA
sequencing revealed an increasing transcription of Alderaan DNA during phage infec-
tion under normal infection conditions, whereas addition of apramycin drastically hin-
dered phage gene expression (Fig. 4d and Fig. S4c). In accordance with the previous
results, these data suggest a blockage of phage infection prior to phage DNA replica-
tion and transcription, which is congruent with a recent report of inhibition of two
mycobacteriophages by streptomycin, kanamycin, and hygromycin (19).

To visualize intracellular phage infections in the presence and absence of apramycin,
we performed fluorescence in situ hybridization of phage DNA (phage-targeting direct-
geneFISH) using Alexa Fluor 647-labeled probes specific for the phage genome. In this
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assay, the formation of bright and distinct fluorescent foci is indicative of advanced viral
infections (20). When infecting E. coli with A, comparable amounts of injected phage DNA
were detected for both infection conditions after 30 min. This result is in line with the po-
tassium efflux assay described above, which showed similar injection kinetics in the pres-
ence of apramycin for E. coli {Fig. S2e). As the infection progressed, only samples without
apramycin exhibited a strong increase in fluorescence intensity 90 min and 180 min post-
infection, further hinting at an inhibited replication in the presence of apramycin (Fig. 5a).
For Alderaan, an increase in red fluorescence and thus intracellular phage DNA could be
observed 4 h after infection and was even more pronounced at 6 h, reflecting phage
DNA replication. In contrast, apramycin-treated samples showed only a very weak and
more diffuse red fluorescent signal in the 6-h samples (Fig. 5¢), which is overall consistent
with the quantification of intracellular phage DNA by gPCR (Fig. 4b). Plotting the distribu-
tion of fluorescence intensity per pixel confirmed that the massive increase in fluores-
cence at the last time point (180 min for A and 6 h for Alderaan, respectively) was inhib-
ited in the presence of apramycin, supporting the blockage of replication exerted by
apramycin (Fig. 5b and d; Fig. S6a and c). Interestingly, determination of the percentage
of A-infected E. coli cells over time showed a peak at 30 min in apramycin-treated sam-
ples followed by a decline down to almost no infected cell at 180 min (Fig. S6b). This ob-
servation suggests that intracellular phage DNA was degraded following the halt of the
phage life cycle caused by apramycin.

Acetylation of apramycin abolishes its antibacterial, but not antiphage properties.
Enzymatic modification of aminoglycosides is a major mechanism of bacterial resistance
to these antibiotics. Aminoglycoside-modifying enzymes are categorized in three major
classes: aminoglycoside N-acetyltransferases (AACs), aminoglycoside O-nucleotidyltrans-
ferases (ANTs), and aminoglycoside O-phosphotransferases (APHs) (13). Addition of an
acetyl, adenyl, or phosphoryl group at various positions of the aminoglycoside core scaf-
fold decreases the binding affinity of the drug for its primary ribosomal target, leading to
the loss of the antibacterial potency, with the modified aminoglycosides being described
as “inactivated.”

However, the impact of these modifications on the antiphage activity of aminogly-
cosides is unknown. We set out to answer this question using apramycin and the ace-
tyltransferase AAC(3)IV (21), also referred to as “Apr” in the literature. In the presence
of apramycin, AAC(3)IV catalyzes the acetylation of the 3-amino group of the deoxy-
streptamine ring, using acetyl coenzyme A (acetyl-CoA) as a cosubstrate (Fig. 6a).

Using purified AAC(3)IV enzyme, we performed an in vitro acetylation reaction of
apramycin. LC-MS analysis of the reaction mixtures revealed complete acetylation of
apramycin, as the peak of apramycin (m/z 540) disappeared in favor of the one corre-
sponding to acetylated apramycin (m/z 582) (Fig. 6b).

The efficiency of the acetylation reaction being confirmed, we tested the effect of
acetylated apramycin on phage infection in liquid medium, using wild-type S. venezuelae
(not carrying a plasmid-borne acetyltransferase gene) and its phage Alderaan. As
expected, apramycin fully prevented growth of S. venezuelae, while acetylated apramycin
did not show any toxicity effect. Strikingly, phage infection was completely inhibited in
the presence of acetylated apramycin, suggesting that acetylation of apramycin does
not interfere with its antiphage properties (Fig. 6¢). Plate assays showed a comparable
pattern: acetylation of apramycin suppressed its antibacterial effect but did not disrupt
its ability to inhibit phage infection (Fig. 6d). Altogether, these results suggest a decou-
pling of the antibacterial and antiphage properties of apramycin and further highlight
the distinct molecular target accounting for apramycin’s antiphage properties.

DISCUSSION

We have shown that aminoglycosides inhibit phage infection in a diverse set of bac-
terial hosts by blocking an early step of the phage life cycle prior to DNA replication.
These findings highlight the multifunctionality of this class of antibiotics, as they pos-
sess both antibacterial and antiviral properties. The dual properties of aminoglycosides
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FIG 5 Visualization of intracellular phage DNA by phage targeting direct-geneFISH. (a and c) Phage-targeting
direct-geneFISH micrographs of (a) E. coli DSM4230 infected with A and (c) S. venezuelae infected with Alderaan
in the presence and absence of 25 ng/mL and 10 ug/mL apramycin, respectively. (First and third rows) Phase-
contrast pictures merged with fluorescence signal from bacterial DNA (DAPI, blue) and phage DNA (Alexa647, red).
(Second and fourth rows) Fluorescence signal from phage DNA only (Alexa647, red). Bar, 10 um. (b and d)
Quantification of Alexa647 fluorescence in (b) E. coli cells infected with A and (d) S. venezuelae cells infected with
Alderaan, shown as density plots of pixel counts relative to their fluorescence intensity. Data are averages for
biological three independent biological replicates (n = 3); the data for all replicates are shown in Fig. S6a and b.

were first recognized in the 1950s and 1960s (10-12, 22), but mechanistic studies
about their impact on phage infection differed in their conclusions. Brock and col-
leagues proposed a 2-fold inhibition of streptomycin on Enterococcus faecium, where
streptomycin would be able to inhibit both genome injection and replication (12). In
the same year, it was proposed that streptomycin inhibits the process of injection of
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assessment of bacterial growth.

these phages by preventing proper unfolding of the phage genome through cross-
linking of the phage DNA (23). Recently, Jiang and colleagues reported the inhibition
of two M. tuberculosis phages by streptomycin, kanamycin, and hygromycin (19).
Following adsorption and quantifying of viral DNA, the authors proposed that the
blockage caused by aminoglycosides occurs between genome circularization and repli-
cation. Our results put forward different pictures depending on the bacterial host.
Infection with A and Alderaan phages seems to be blocked at the genome replication
stage by apramycin in both cases. However, we cannot exclude some additional inter-
ference with the injection step of phage Alderaan. This disparity presumably has its
roots in the major differences in cell wall architectures between Gram-positive and
-negative bacteria. Moreover, it opens the possibility that aminoglycosides exert a mul-
tilayered inhibition of phage infection in their natural producers.

More recently, sublethal aminoglycoside concentrations of aminoglycosides were
shown to inhibit phage infection in E. coli and Bacillus cereus (24). Interestingly, tetracy-
cline, another translation-inhibiting antibiotic binding to the 30S ribosome, was much
less effective at suppressing phage proliferation. This difference suggests a direct
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antiphage action of aminoglycosides and indicates that inhibition of phage replication
is not a common trait of antibiotics blocking protein synthesis.

One crucial question is that of which structural features or chemical groups of ami-
noglycosides are responsible for their antiphage properties. Our screening revealed
that aminoglycosides belonging to 3 of 4 subclasses showed antiphage activity, sug-
gesting that these properties are widespread among aminoglycosides and not limited
to one particular subclass. Furthermore, a potential antiviral activity is probably also
strongly influenced by the uptake and cell envelope structure of a particular host spe-
cies. However, thorough structure-function relationship studies are needed to address
this topic.

The versatility of aminoglycosides can be attributed to their ability to bind a wide
variety of molecules, including nucleic acids—DNA or RNA, biclogically or nonbiologi-
cally derived. The most prominent target of aminoglycosides is the 16S rRNA, account-
ing for the disruption of protein translation and hence their bactericidal properties
(13). Aminoglycosides have also been shown to bind to seemingly unrelated families
of RNA molecules such as group | introns (25), a hammerhead ribozyme (26), the trans-
activating response element (TAR) (27) and the Rev response element (RRE) of the
human immunodeficiency virus (HIV) (28-30). Interestingly, this effect on HIV is the
only report of a direct inhibition of eukaryotic viruses by aminoglycosides. Evidence of
indirect influence on infection by eukaryotic viruses comprises the activation of inter-
feron-based antiviral response following topical application of aminoglycosides (31),
and the enhancement of plaque formation by coxsackieviruses via increased diffusion
of virions in the extracellular matrix (32). Furthermore, in vitro studies showed conden-
sation of purified phage A DNA by aminoglycosides. It was proposed that the clamp
formed by aminoglycosides around the DNA double helix causes a bend responsible
for the formation of toroids and other structural deformations (33, 34).

Injected phage DNA is linear, in a relaxed state, and not protected by DNA-binding
proteins, and it is therefore probably highly sensitive to DNA-binding molecules.
Interestingly, anthracyclines—another class of secondary metabolites produced by
Streptomyces strains with antiphage properties—inhibit phage infection at a similar
stage (5). While the exact mechanism of action underlying phage inhibition by anthra-
cyclines and aminoglycosides remains elusive, these recent results suggest that already
injected but not yet replicating phage DNA is preferentially targeted by antiviral mole-
cules. Repeated efforts to isolate Alderaan clones that developed resistance to apramy-
cin were not successful, suggesting that phage inhibition by apramycin relies on struc-
tural properties of phage DNA that cannot be readily overcome by single-base
mutations or small structural variants.

Therapeutical use of phages—known as phage therapy—is often combined with an
antibiotic treatment due to the potentially synergistic effect between these two anti-
microbial agents. In contrast, we describe here an antagonistic impact of a common
antibiotic class on phages, which has important implications for phage-aminoglycoside
combination treatment. We propose that sensitivity of the phage to aminoglycosides
be assessed in vitro before administration of such combination therapy.

From a more fundamental perspective, these findings also shed new light on the
role of aminoglycosides in natural bacterial communities. While their use as antibiotics
for medical applications has been extensively documented, until now, relatively little
was known about their function in the natural setting. We posit that aminoglycosides
not only are used by their producers as a powerful weapon against bacterial competi-
tors but also protect them against phage predation at the community level. In strepto-
mycetes, antibiotic production happens mainly at later stages of development, typi-
cally during the formation of aerial hyphae (35-37), while phages preferentially attack
young mycelium (38). This clear difference in chronology may make secondary-metab-
olite-mediated antiphage defense seem irrelevant when studied in a laboratory setting.
However, this defense strategy takes its full meaning in the light of community
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ecology, where older fractions of an established microbial community could ensure a
protective “antiviral milieu” for their descendants.

Another key consideration to appreciate aminoglycoside antiviral properties in an eco-
logical context concerns the importance of the resistance mechanism to these antibiotics.
Using Streptomyces venezuelae and its phage Alderaan, we showed that acetylation of
apramycin led to a loss of its antibacterial properties, while leaving its ability to block
phage infection untouched. Assuming that this observation can be extended to more
phages and aminoglycoside-modifying enzymes, it raises the question of whether deflect-
ing the antibacterial effect of aminoglycosides while benefiting from their intracellular
protective effect against phages would be a strategy favored over antibiotic resistance by
efflux. Interestingly, unlike many antibiotic classes (39), efflux proteins reported to pump
out aminoglycosides are relatively rare and conferred only partial resistance to aminogly-
cosides (13). In contrast, aminoglycoside-modifying enzymes are widespread and found
in natural producers and clinical isolates alike (13, 40). Natural aminoglycoside producers
often encode a second line of resistance represented by 16S rRNA methyltransferases,
whose action makes their ribosomes insensitive to aminoglycosides without interfering
with the action of the latter on phages (40).

Considering the colossal number of molecules produced by environmental bacteria
whose physiological role is still unclear, we postulate that additional prokaryotic anti-
phage metabolites are to be discovered in the future, further underlining the extraordi-
nary diversity of strategies employed by bacteria against their viral predators.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All bacterial strains, phages, and plasmids used in this
study are listed in Table S2A, B, and C, respectively. For growth studies and double-agar overlay assays,
Streptomyces sp. cultures were inoculated from spore stocks and cultivated at 30°C and 120 rpm using
glucose-yeast extract-malt extract (GYM) medium for S. venezuelae and Streptoalloteichus tenebrarius
and yeast extract-malt extract (YEME) medium for S. coelicolor (35). E. coli was cultivated in lysogeny
broth (LB) medium at 37°C and 170 rpm, while C. glutamicum was grown in brain heart infusion (BHI)
medium at 30°C and 120 rpm.

For double-agar overlays, BHI agar for C. glutamicum, LB agar for E. coli, and GYM agar (pH 7.3) for all
Streptomyces species were used, with 0.4% and 1.5% agar for the top and bottom layers, respectively.
For quantification of extracellular phages, 2 ulL of the culture supernatants was spotted on a bacterial
lawn propagated on a double-agar overlay inoculated at an initial optical density at 450 nm (OD,;,) of
0.4 for Streptomyces spp., an ODg,, of 0.1 for E. coli, and an ODy,, of 0.7 for C. glutamicum. Both agar
layers were supplemented with antibiotics at the indicated concentrations.

For standard cloning applications, £. coli DH5« was cultivated in LB medium containing the appro-
priate antibiotic at 37°C and 120 rpm. For conjugation between Streptomyces spp. and E. coli, the conju-
gative E. coli strain ET12567/pUZ8002 was used (41).

Recombinant DNA work and cloning. All plasmids and oligonucleotides used in this study are
listed in Table S2C and D, respectively. Standard cloning technigues such as PCR and restriction diges-
tion were performed according to standard protocols (42). In all cases, Gibson assembly was used for
plasmid construction (43). DNA regions of interest were amplified via PCR using the indicated plasmid
DNA as the template. The plasmid backbone was cut using the listed restriction enzymes. DNA sequenc-
ing and synthesis of oligonucleotides was performed by Eurofins Genomics (Ebersberg, Germany).

Phage infection curves. For phage infection curves, the BioLector microcultivation system of m2p-
labs (Baesweiler, Germany) was used (44). Cultivations were performed as biological triplicates in
FlowerPlates (m2p-labs, Germany) at 30°C and a shaking frequency of 1,200 rpm. During cultivation, bio-
mass was measured as a function of backscattered light intensity with an excitation wavelength (A.,) of
620 nm (filter module: A, /A, 620 nm/620 nm; gain, 25 or 20 in Fig. 3a) every 15 min. All growth curves
are baseline corrected. Main cultures of Streptomyces spp. in 1 mL GYM medium containing the indi-
cated supplements were inoculated with overnight cultures in the same medium to an initial OD,;, of
0.15. Infection was performed by adding phages to an initial titer of 10’ PFU/mL. Supernatants were col-
lected in 2-h intervals to determine the time course of phage titer via double-agar overlays. Phage infection
curves in E. coli were done in the same way at 37°C and 1,200 rpm using an initial ODgy, of 0.1 in 1 mL LB
medium and an initial phage titer of 10% PFU/mL, resulting in a multiplicity of infection (MOI) of 1.

Phage infection curves in shaking flasks were performed analogously to the cultivation in microbior-
eactors using a shaking frequency of 120 rpm. To study phage infection and the influence of aminogly-
cosides in Streptomyces, we draw attention to the importance of ion content, e.g., of water used for me-
dium preparation.

Cultivation and perfusion in microfluidic devices. Single-cell analysis of S. venezuelae cells infected
with phage Alderaan in presence and absence of apramycin was performed using an in-house-devel-
oped microfluidic platform (45-47). Cultivation and time-lapse imaging were performed in three steps.
First, cultivation chambers in the microfluidic chip were inoculated with GYM medium containing an
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initial spore titer of 10° PFU/mL. During the following precultivation phase, cells in all chambers were
cultivated under continuous GYM medium supply supplemented with 2.5 wg/mL apramycin (flow rate,
300 nt/min) to allow comparable growth conditions. After 6 h of precultivation, cells were cultivated for
3 h in GYM medium containing one of the final apramycin concentrations (0, 5, or 10 ug/mL).
Subsequently, infection was initiated by a continuous supply of GYM medium containing the final apra-
mycin concentrations and Alderaan phages with a titer of 10° PFU/mL (flow rate, 200 nL/min). By using
disposable syringes (Omnifix-F tuberculin, 1 mL; B. Braun Melsungen AG, Melsungen, Germany) and a
high-precision syringe pump system (neMESYS; Cetoni GmbH, Korbussen, Germany), continuous me-
dium supply and waste removal were achieved. Phase-contrast images were obtained at 5-min intervals
{exposure time, 100 ms) by a fully motorized inverted Nikon Eclipse Ti microscope (Nikon Europe BV,
Amsterdam, Netherlands). During the complete cultivation, the temperature was set to 30°C using an in-
cubator system (PeCon GmbH, Erbach, Germany).

Cultivation in spent medium. For preparation of spent medium, cuitures of the natural apramycin
producer Streptoalloteichus tenebrarius were prepared by inoculating 50 mL of GYM medium to an initial
0D, of 0.1 and were cuitivated for 4 days. Spent medium of the culture was collected every day by cen-
trifugation and subsequent filtration of the supernatant. After adjustment of the pH to 7.3, GYM medium
and spent medium were mixed in a ratio of 4:1, so that spent medium accounted for 20% of the total
volume. Ten-times-concentrated GYM was added to keep the concentration of C sources equal to that
of fresh GYM medium. Cultivation and infection of the apramycin-resistant S. venezuelge/plJLK04 strain
in 20% spent medium was conducted in microbioreactors as describe above by using an initial 0D, of
0.5 and an initial phage titer of 10% PFU/mL.

LC-MS measurements of apramycin. Aminoglycosides were analyzed using an Agilent ultrahigh-per-
formance LC (UHPLC) 1290 Infinity system coupled to a 6130 Quadrupole LC-MS system (Agilent
Technologies, Waldbronn, Germany). LC separation was carried out using an InfinityLlab Poroshell 120 2.7-
pm EC-C,, column (3.0 by 150 mm; Agilent Technologies, Waldbronn, Germany) at 40°C. For elution, 0.1%
acetic acid (solvent A} and acetonitrile supplemented with 0.1% acetic acid (solvent B) were applied as the
mobile phases at a flow rate of 0.3 mL/min. A gradient elution was used, where the amount of solvent B
was increased stepwise: minutes 0 to 6, 10% to 25%; minutes 6 to 7, 25% to 50%; minutes 7 to 8, 50% to
100%; and minutes 8 to 8.5, 100% to 10%. The mass spectrometer was operated in the positive electrospray
ionization (ES!) mode, and data were acquired using the selected-ion-monitoring (SiM) mode. An authentic
apramycin standard was obtained from Sigma-Aldrich (Munich, Germany). Area values for [M+H]" mass
signals were linear for metabolite concentrations from 10 to 50 ug/ml.

Potassium efflux assays. Cultures of E. coli DSM 4230/pEKEx2.d were grown in LB medium supple-
mented with 50 pg/mL apramycin at 37°C and 170 rpm overnight. Fresh LB medium (50 ug/mL apramy-
cin if needed) was inoculated 1:100 from the overnight cultures and incubated at 37°C and 120 rpm for
1.5 h. The cultures were centrifuged at 5000 x g for 20 min, and the pellets were resuspended in SM
buffer (0.1 M NaCl, 8 mM MgS0,, 56 mM Tris-HCl [pH 7.51). The 0Dy, was measured and adjusted to 2.
The cultures were stored at 4°C and incubated at 37°C for 5 min directly before use. The measurements
were performed using an Orion potassium ion selective electrode (Thermo Fisher Scientific, Waltham,
MA, USA). Five microliters of the prepared cultures was mixed 1:50 with Orion ionic strength adjuster
(ISA) (Thermo Fisher Scientific, Waltham, MA, USA), and measurements were started immediately to
monitor the electric potential (in millivolts) every 5 s for a total of 60 min at room temperature with con-
stant stirring. If apramycin was needed, it was added in the beginning to a concentration of 100 pg/mL.
After 5.5 min, 100 ub of a polyethylene glycol (PEG)-precipitated A phage lysate in SM buffer (10" PFU/
mL) was added to the cultures.

Quantitative real-time PCR. Quantification of cell-associated Alderaan phages was performed via
quantitative real-time PCR. For this, infection of the apramycin-resistant strain S. venezuelge ATCC 10712
plLKO4 with Alderaan was performed as described in “Phage infection curves.” At the indicated time
points, 3 OD units of cells were harvested via centrifugation at 5,000 » g and 4°C for 10 min and washed
twice with phosphate-buffered saline (PBS) before being stored at —20°C. For quantification of intracel-
lular phage DNA in presence and absence of apramycin, cells were resuspended in 500 ul lysis buffer
(10 mM Tris, 50 mM NaCl [pH 7.0]), and cell disruption was performed using a Precellys instrument
(Bertin, Montigny Le Bretonneux, France) at 6,000 rpm three times for 40 s each. After centrifugation at
16,000 » g and 4°C for 10 min, DNA concentrations in the supernatants were determined via nanopho-
tometer (Implen, Munich, Germany) and adjusted to 1 ng/ul. Finally, 5 uL of the diluted supernatants as
the template DNA was mixed with 10 ul 2 Luna universal gPCR master mix (New England BioLabs,
Ipswich, MA, USA) and 1 uL of each oligonucleotide (Table 52D) (final oligonucleotide concentration,
0.5 pM) and adjusted to a final volume of 20 uL with double-distilled water (ddH,0). Measurements
were performed in 96-well plates in the TOWER 2.2 (Analytik Jena, Jena, Germany). For the determina-
tion of the relative concentration of cell-associated phages, the relative expression ratio of the phage
target phage gene (HQ601_00028, coding for the minor tail protein of Alderaan; PCR product, 144 bp)
to the S. venezuelae housekeeping gene atpD (coding for the ATP synthase beta subunit; PCR product,
147 bp) was calculated via the “Relative quantification method” function of the gPCRsoft 3.1 software
(Analytik Jena, Jena, Germany).

Transcriptomics via RNA sequencing. To compare transcription of phage and host DNA in pres-
ence and absence of apramycin, infection of the apramycin-resistant strain S. venezuelae ATCC 10712/
plJLKO4 with Alderaan was conducted as described in “Phage infection curves.” Cells were harvested
90 min and 180 min after infection on ice at 5000 x g and 4°C for 10 min. RNA purification was done
using the Monarch total RNA miniprep kit {(New England Biolabs, Ipswich, MA, USA) according to the
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manufacturer's manual. Depletion of rRNA, library preparation, and sequencing were conducted by
Genewiz (Leipzig, Germany).

After sequencing, all subsequent steps were conducted using CLC genomic workbench V. 20.0.4
software (Qiagen, Hilden, Germany). The initial quality check to analyze read quality and sequencing per-
formances was followed by a trimming step. This step was used to remove read-through adapter
sequences, leftover adapter sequences, low-quality reads (limit = 0.05), and ambiguous nucleotides.
Subsequently, the trimmed reads were mapped against the genomes of 5. venezuelae (accession no.
NC_018750.1) and the phage Alderaan (accession no. MT711975.1). Coverage plots were generated to
show the distribution of mapped reads on both genomes. Subsequently, transcripts-per-million (TPM)
values were calculated using the RNA-seq analysis tool of CLC genomics workbench (read alignment pa-
rameters: mismatch cost, 2; insertion cost, 3; deletion cost, 3; length fraction, 0.8; similarity fraction, 0.8;
strand specificity, both; maximum number of hits for a read, 10). A table containing these values and an
overview matrix containing all values were exported for each sample.

Phage targeting direct-geneFISH. Visualization and quantification of intracellular phage DNA dur-
ing the time course of infection were conducted via fluorescence in situ hybridization (FISH), following
the direct-geneFISH protocol {48), with modifications as described below.

Design of phage gene probes was done using the gene-PROBER {49). Sequences of the 200-bp polynu-
cleotides for Alderaan and 300-bp polynudieotides for A are provided in Table S3. Phage infection was per-
formed as described in “Phage infection curves” using 107 PFU/mL as the initial phage titer for both phages.
For infection of E. coli, the chemical labeling of polynudleotides with Alexa Fluor 647 dye (Thermo Fisher
Scientific, Waltham, MA, USA) as well as the “core” direct-geneFISH protocol for microscopic slides was con-
ducted as described previously using 0.5 mg/ml lysozyme for permeabilization and 35% (vol/vol) formam-
ide during the hybridization step. Imaging of cells was performed with an inverted time-lapse live cell
microscope (Nikon Europe B.V., Amsterdam, Netherlands) using a 100x oil immersion objective (CFI Plan
Apo Lambda DM; 100 oil; numerical aperture [NA], 1.45; Nikon Europe BV, Amsterdam, Netherlands) {45).
Fluorescence was recorded using the optical filters DAPI (4',6-diamidino-2-phenylindole) and CY5-4040C
{DAPI: excitation, 360/40 nm; dichroic, 400 nm; emission, 460/50 nm; exposure time, 500 ms; CY5: excitation,
628/40 nm; dichroic, 660 nm; emission, 692/40 nm; exposure time, 500 ms [AHF Analysentechnik AG,
Tubingen, Germanyl). Phase contrast was imaged with an exposure time of 500 ms.

For S. venezuelae infection, the protocol was adjusted as follows. Fixation of cells and phages was per-
formed in 50% ethanol overnight at 4°C. After washing and immobilization, permeabilization was per-
formed with 1.5 mg/ml lysozyme for 60 min at 37°C. Due to the high GC content of the phage Alderaan,
the formamide concentration in the hybridization buffer and in the humidity chamber was adjusted to 60%
{volfvol} and the NaCl concentration in the washing buffer was reduced to 4 mM. After counterstaining
with DAPI, imaging of cells was performed as described for E. cofi using the optical filters DAPI and CY5-
4040C with the indicated exposure times {DAPI: excitation, 360/40 nm; dichroic, 400; emission, 460/50 nm;
exposure time, 800 ms; CY5: excitation, 628/40 nm; dichroic, 660; emission, 692/40 nm; exposure time,
500 ms [AHF Analysentechnik AG, Tubingen, Germanyl). Phase contrast was imaged with an exposure time
of 500 ms. The images for phage signal quantification were taken at the same exposure times to enable
comparison; exposure times were adjusted to avoid overexposure of the signals. Preparation of image cut-
outs and adjustments of lookup tables (LUTs) were performed using NiS-Elements BR 5.30.03 (64 bit).

As a quantification of the microscopic analyses, plots showing the distribution of Cy5 signal inten-
sities for single microscopy images were generated. To this end, signal intensity of each pixel of the Cy5
channel images was determined using the software Fiji (50), and the frequency of occurrence of each in-
tensity was calculated and plotted using R with the Rstudio interface (51, 52). Fluorescence intensity pro-
files of single replicates are shown in Fig. Séa and c.

Purification of the AAC(3)IV apramycin acetyltransferase. For heterologous protein overproduc-
tion, £. coli BLZT(DE3) cells containing the pAN6_aac(3)iV_CStrep plasmid were cultivated as described
in “Bacterial strains and growth conditions.” Precultivation was performed in LB medium supplemented
with 50 ug/mL kanamycin (LB Kan,), which was incubated overnight at 37°C and 120 rpm. The main
culture in LB Kany, medium was inoculated to an 0D, of 0.1 using the preculture. At an OD,,, of 0.6,
gene expression was induced using 100 uM IPTG (isopropyl-8-p-thiogalactopyranoside). Cells were har-
vested after additional 24 h of incubation at 20°C.

Cell harvesting and disruption were performed as described earlier (53) using buffer A (100 mM Tris-HCl
[pH 8.0]) with cOmplete protease inhibitor (Roche, Basel, Switzerland) for cell disruption and buffer B
(100 mM Tris-HCl, 500 mM NaCl [pH 8.0]) for purification. Purification of the Strep-tagged AAC(3)IY apramy-
cin acetyltransferase was conducted by applying the supernatant to an equilibrated 2-mL Strep-Tactin-
Sepharose column (IBA, Gottingen, Germany). After washing with 20 mL buffer B, the protein was eluted
with 5 mL buffer B containing 15 mM p-desthiobiotin (Sigma-Aldrich, St. Louis, MO, USA).

After purification, the purity of the elution fractions was checked by SDS-PAGE (54) using a 4 to 20%
Mini-Protean gradient gel (Bio-Rad, Munich, Germany). The protein concentration of the elution fraction was
determined with the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA), and the elution fraction with the highest protein concentration was chosen for further use.

In vitro acetylation reaction of apramycin. Protein purification of the AAC(3)IV apramycin acetyl-
transferase was conducted as described above. Acetylation of apramycin was performed using a modi-
fied version of the protocol described by Magalhaes and Blanchard (21). Assay mixtures were composed
of 100 xL 100 mM Tris-HCI-500 mM NaCl (pH 8.0) containing the AAC(3)IV at a concentration of 10 ug/
mi, as well as 10 mM apramycin (approximately 5 mg/mL) and 10 mM acetyl-CoA sodium salt (Sigma-
Aldrich, St. Louis, MO, USA). The assay mixtures were incubated at 37°C for 20 min.
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Data availability. Raw data as well as processed tables were deposited in the GEO database under
the accession number GSE171784.
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Abstract

Multicellular development is one of the main characteristics of Streptomyces. However, its impact on the protection
against phage infection remains largely unclear. In this study, we observed that Streptomyces phage infection
significantly differs from infection of unicellular-growing bacteria. As exemplified by phage Alderaan infecting
Streptomyces venezuelae, infection experiments revealed a successful phage amplification followed by a significant
drop in infectious phage particles at later stages. This reduction in phage titer coincided with the re-growth of phage-
resistant mycelium. In the following, we systematically considered bacterial molecule secretion, medium acidification
and mycelial growth as potential influencing factors that could condition the reduction in infectious phage particles in
the supernatant. In addition to the first two factors showing a possible contribution to the observed phenotype, the
developmental state of the mycelium showed a strong impact on phage susceptibility. Besides Alderaan, we also
observed a significant reduction for other non-host phages. This effect was even enhanced upon overexpression of
bldN, which is involved in the formation of the hydrophobic protein sheath formed at later stages during mycelial
development. Overall, these results suggest that the multicellular development of Streptomyces might represent an
additional layer of the complex multicellular antiphage defense employed by these bacteria, which might have

substantial ecological implications for community interactions.
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Introduction | The Gram-positive soil bacterium
Streptomyces  represents the largest genus of
Actinobacteria (Anderson & Wellington, 2001). Besides
being a prolific producer of bioactive molecules
(Hopwood, 1999; Watve et al., 2001), Streptomyces spp.
differ significantly from other prokaryotes dividing by
binary fission as they possess a unique developmental
life cycle (Chater, 2016; Flardh & Buttner, 2009). Starting
with the germination of a spore, Streptomyces forms a
network of branching hyphae known as vegetative
mycelium. Unfavorable conditions such as nutrient
deficiency foster transition to reproductive growth with
erection of unbranched aerial hyphae and subsequent
compartmentalization into unigenomic, stress-resistant
spores (Flardh & Buttner, 2009; McCormick & Flardh,
2012). is preceded by an auto-
degradation of the first substrate mycelium serving as
nutrient source (Manteca et al., 2007; Miguélez et al.,
1999). The production of bioactive compounds is
intriguingly linked to this developmental program and is

This transition

typically triggered by nutrient starvation or stress stimuli
(Bibb, 2005).

The multicellular life style is regulated by a complex
hierarchical network, which is controlled by the c-di-
GMP-dependent activity of the master regulator BldD
(Bush et al., 2015; Tschowri et al.,, 2014). During
BIdD delays the
differentiation by repressing the key developmental bld

vegetative  growth, onset of
and whi genes (Bush et al.,, 2015; den Hengst et al.,
2010). Relieving repression by BIdD initiates the first
developmental transition from vegetative mycelium to
aerial hyphae, which is accompanied by a change from
hydrophilic to hydrophobic cell surface properties based
on the o®“N-regulated transcription of rodlin and chaplin
genes (Bibb et al., 2012; Claessen et al., 2003; Claessen
et al., 2002; Elliot et al., 2003). In case of S. venezuelae,
this so-called rodlet layer consists of three types of
rodlin proteins (RdIA-C) as well as six types of chaplin
proteins, two of them belonging to the group of long
chaplins (ChpB and C) and four of them being short
chaplins (ChpE-H) (Bibb et al., 2012). Together with the
surfactant protein SapB, these proteins allow the escape
of aerial hyphae from the aqueous environment into the
air (Elliot & Talbot, 2004; Willey et al., 2006).

Due to the constant threat of phage attacks in almost

every habitat, bacteria evolved multiple lines of

antiphage defense including the well-characterized
restriction-modification systems, CRISPR-Cas systems as
well as abortive infection strategies. This repertoire
experienced a significant expansion by the discovery of
a multitude of new defense mechanisms fostering the
notion of a prokaryotic immune system (Bernheim &
Sorek, 2020; Doron et al., 2018). Despite the resurgence
of phage research and the increasing amount of known
actinobacteriophages (Hatfull, 2020), less is actually
known about the extent to which Streptomyces can
employ its features of bioactive molecule production
and multicellular development as defense against viral
predators. Just bacterial small molecule
production was discovered as a new anti-viral strategy
as exemplified by Streptomyces-derived anthracyclins
and aminoglycoside antibiotics (Kever et al.,, 2022;
Kronheim et al., 2018). As important contributor of soil

biomass, the dense, partly hydrophobic mycelium might

recently,

represent a further layer of antiphage defense by
retaining phages, as it was already described for fungal
mycelia-phage-interactions (Ghanem et al., 2019).

Previous studies describing one-step infection curves
with Streptomyces revealed a distinct drop in infectious
phage particles at later stages of the experiment
indicating inactivation of released viruses (Hardy et al.,
2020). In this study, we dissected different parameters
contributing to the reduction
considering the impact of small molecule production,

medium acidification and mycelial growth as potential

in phage titer by

influencing factors using Streptomyces venezuelae as
model strain. Besides a potential impact of secreted
antiphage molecules and medium acidification, we
observed a high impact of the developmental stage of
mycelium on phage susceptibility as evidenced by the
transient phage tolerance of mature mycelium.
Interestingly, a significant decline in infectious
extracellular non-host phages during incubation with
Streptomyces mycelium was observed, which seemed to
coincide with the onset of differentiation. We could
envision that phages might be adsorbed by the
hydrophobic bacterial surface layer during hyphae-
spore transition. Overall, these findings emphasize a
contribution of multicellular development to antiphage
defense potentially providing a

protection on an interspecies level.

community-wide
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Results

Mycelial growth coincides with a significant reduction of
infectious phage particles |
different Streptomyces phages recently revealed a

Infection curves with

significant reduction in extracellular phage titers upon
re-growth of Streptomyces mycelium (Hardy et al.,
2020). To investigate if this phenotype can also be
observed during phage infection of non-filamentous
growing hosts, long-term infection was comparatively
performed for phages infecting different bacterial
species, including Alderaan infecting S. venezuelae
NRRL B-65442, CL31 infecting C. glutamicum MB0O01
and A infecting E. coli LE392. Phage titers were
quantified over time for an intermediate phage
pressure (Alderaan: 107 PFU/ml; CL31: 10* PFU/ml;
Lambda: 108 PFU/m).

Growth defects correlated well with applied initial
phage titers for all tested phage-host pairs, with high
titers

resulting in a significant culture collapse.

Accompanied quantification of the corresponding

phage titers over time revealed an initial increase within
the first hours of infection indicative for a successful
phage amplification (Figure 1). In case of Alderaan, this
~1000-fold increase in infectious phage particles was
followed by a decrease in extracellular titers starting
~48 h post infection. This temporally coincided with the
re-growth of Streptomyces mycelium, which was later
shown to be resistant towards re-infection with the
same phage at an initial phage pressure of 10® PFU/ml
(Figure S1a). In contrast, CL31 titers during re-growing
of C. glutamicum stayed almost constant. A comparable
time course of phage titer was also quantified during A
infection indicating a ~100-fold increase within the first
8 h of infection, before reaching a plateau. To conclude,
this phenotypic observation of declining phage titers
could not be seen for unicellular-growing bacteria as
exemplified by E. coli and C glutamicum phage
infection and thus might be conditioned by the
filamentous growth of Streptomyces.
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Figure 1: Emergence of phage-resistant Streptomyces mycelium results in a decrease in extracellular infectious phage particles. a) Infection curves
of S. venezuelae NRRL B-65442 infected by Alderaan, C. glutamicum MBOO1 infected by CL31 and E. coli LE392 infected by A. Cultivations were
conducted in the BioLector microcultivation systems (Beckman Coulter Life Sciences, Krefeld, Germany) using three different initial phage titers
as indicated (n=3 independent biological replicates). Phage titers were calculated over time via double-agar overlays for infection with an
intermediate phage pressure (see PFU/ml values in brackets; grey bars). b) Representative double-agar overlay assays of three independent
biological replicates.
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Contribution of bacterial molecule secretion and
medium acidification to phage inactivation | Phage
infection in Streptomyces spp. exemplified by Alderaan
infecting S. venezuelae exhibits an atypical time course
of phage titers showing a drop during re-growing of
phage-resistant Streptomyces mycelium. To
discriminate between a decrease in total extracellular
phage particles or rather in infectious phages, double-
agar overlays and gPCR were comparatively conducted
during the entire infection experiment. Calculation of
the end point fraction of remaining phages (72 h post
infection) to the maximum titer reached (8 h post
infection) showed a reduction in infectious phage
>99.9% for

quantification, whereas extracellular phage DNA-levels

particles  of double-agar overlay
measured via qPCR just exposed a decline of ~92-96%
(Figure 2a und Figure S1b and c). This hints on
combinatorial effects of factors causing a complete
removal/degradation of viral particles and further
factors contributing to the inactivation of remaining

particles.

In the following, different factors were considered for
their contribution to the decline in infectious phage
particles: (i) instability of phage particles due to
acidification of the culture supernatant, (ii) inactivation
of phages by production and secretion of antiphage
metabolites or proteins as well as (iii) adsorption of
phages to mycelial structures.

Growth of S. venezuelae in GYM medium can result in a
significant acidification of the medium reaching pH
values of ~4.5-5.0 (Figure S1d), most likely due to
secretion of organic acids (Ahmed et al., 1984; Madden
& Ison, 1996). Testing pH stability of phage Alderaan in
GYM medium adjusted to different pH values showed a
high pH stability at pH 5.0-9.0. At pH 4.0, a ~100-fold
reduction in infectious phage particles was detected
after 24 h of incubation. This was less pronounced than

the decline observed during long-term infection, even
at a lower pH value than usually reached during
cultivation in GYM medium (Figure Sle). Nevertheless,
to eliminate any influence of acidification, long-term
infection was repeated in GYM medium buffered with
100 mM MOPS (pH 7.3). Interestingly, bacteria showed
significantly faster re-growth of mycelium in buffered
conditions starting already at 18 h post infection, which
coincided with a less pronounced, but still distinct
reduction in infectious phage particles of ~10-fold
(Figure 2c). This could be explained by either
eliminating acidification itself as an influence factor or

of buffered
resulting in  an

by downstream effects cultivation

conditions  potentially altered

morphology or exo-metabolome.

Further, we tested the impact of secreted metabolites
or proteins on phage stability by incubating Alderaan in
either fresh GYM medium or in phage-free spent
medium (SM) of S. venezuelae. Additionally, the effect
of chloramphenicol (Cm) as a well-known antibiotic
produced by S. venezuelae (Vining & Stuttard, 1995)
was directly tested on Alderaan plaque formation. The
highest impact on infectious phage particles was
observed upon incubation in spent medium harvested
after 24 h of Streptomyces cultivation in unbuffered
conditions (pH 6.9) showing a decline in phage titers of
60-73%, while all other tested conditions showed no
substantial differences in infectious phage titers (Figure
2d and S1f). However, it should be noted that transient
production of antiphage molecules cannot be
completely ruled out and may not have been detected

in this experimental setup.

Altogether, these data already gave a first hint that
bacterial metabolite or protein secretion as well as
medium acidification could contribute to the observed
decline in infectious titers.
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Figure 2: Influence of acidification and molecule secretion on infectious Alderaan particles. a) Fraction of remaining Alderaan phages (t72/ts)
based on quantification of Alderaan genome equivalents via gPCR (three independent biological replicates (R1-R3) measured as technical
triplicates) and quantification of PFUs (three independent biological replicates R1-R3). Corresponding growth curves and time-resolved
measurements of phage DNA and PFUs are shown in Figure S1b and c. b) Schematic illustration of different influencing factors potentially
contributing to the observed decrease in extracellular phage titers. c) Infection S. venezuelae NRRL B-65442 infected by Alderaan in GYM
medium buffered with 100 mM MOPS (pH 7.3). Phage titers over time were calculated via double-agar overlays (grey bars) (n=3 independent
biological replicates). d) Influence of spent media and chloramphenicol on Alderaan plaque formation. Phage Alderaan was incubated in
different spent media of uninfected cultures under cultivation conditions for 48 h. Infectious phages were quantified via double-agar overlays
directly after and in the end of incubation to calculate the logio fold change (tss/to) (n=3 independent biological replicates). In case of
chloramphenicol (Cm) assays, plaque formation was counted on plates with and without 50 ug/ml Cm, shown as logio fold change (Cmso/Cmo).
For comparison, plague formation at further Cm concentrations is shown Figure S1f.
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Mature Streptomyces mycelium features a significant mycelium just starting to branch, which derived from
reduction in phage susceptibility | In addition to pre-cultures in the early exponential phase.

medium acidification and secreted bacterial molecules, . .
o ] ) In contrast, the mature, dense mycelium from mid
a potential impact of mycelial structures on the decline ) L
o ] ) ] exponential pre-cultures showed a significantly
in infectious phage particles was examined. Therefore, o )
o . enhanced phage tolerance as indicated by an omitted
phage susceptibility of different developmental stages ) ) ] ;
cell lysis at an intermediate phage pressure of 10

PFU/ml. Comparing phage amplification until 24 h post
infection revealed a ~1000-fold increase in extracellular

of S. venezuelae was investigated by using pre-cultures
of different growth phases to inoculate main cultures
for infection assays. The highest susceptibility towards . . )
) ) ) phage titers for stationary and early exponential pre-

Alderaan infection was observed for stationary pre- ) _ ) .
cultures when using an initial phage titer of 10’ PFU/ml

for infection. This differed significantly for mid

exponential cultures revealing no substantial phage

cultures containing already a high proportion of spore
chains. Upon inoculation of a fresh culture, spore
germination led to a significant culture collapse upon
addition of 107 and 108 PFU/ml of Alderaan (Figure 3a
and b). An almost equivalent extent of phage infection

amplification and even a slight decrease in infectious
Alderaan phages over time (Figure 3c and Figure S2).

on bacterial growth was obtained for young, vegetative

Sporulation (stationary) Mature mycelium (mid exp.) Young mycelium (early exp.)

1504 _._ control 7 7

10% PFU/mI
——10" PFU/mI
100 —— 108 PFUmI &

Backscatter (a.u.)

1 0 1 2 3 4
logyq fold change t,4 /ty

Figure 3: Influence of S. venezuelae developmental stage on phage susceptibility. a) Infection curves of S. venezuelae NRRL B-65442 infected
by Alderaan. Pre-cultures of different developmental stages were used to inoculate main cultures for conducting infection assays in microtiter
plates using three different initial phage titers as indicated (n=3 independent biological replicates) (early exp.: 16 h pre-cultivation, mid exp.:
20 h pre-cultivation, stationary: 30 h pre-cultivation). (b) Microscopy of S. venezuelae pre-cultures (scale bar = 10 pm, exposure time
=120 ms). (c) Loguo fold change of phage titers indicating the level of phage amplification until 24 h post infection. Phage titers over time
were calculated at an intermediate phage pressure of 107 PFU/ml via double-agar overlays (n=3 independent biological replicates).
Corresponding double-agar overlay assays are shown in Figure S2.
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Incubation with Streptomyces mycelium caused a
decline in non-host phage titers | Based on the high
phage tolerance of dense mycelium and the dropping
phage titer upon re-growth of phage-resistant
mycelium we hypothesized that the mycelial growth
might contribute to the observed phenotype by
efficiently adsorbing phages from the environment.

To prove this hypothesis, a broad set of phages infecting
different bacterial species and belonging to different
phage families was incubated with mycelium of
S. venezuelae: Endorl, A, T-phages, Langgrundblattl,
Pfeifenkraut, Athelas and CL31 as tailed dsDNA viruses
from the class of Caudoviricetes, M13 as filamentous
ssDNA viruses from the class of Faserviricetes and MS2
as ssRNA viruses from class of Leviviricetes (Table S2).
To eliminate pH effects on phage stability, GYM
medium was buffered with 100 mM MOPS (pH 7.3).
Calculating start and end titers of infectious phage
particles in the culture supernatants via double-agar
overlays revealed no substantial influence of growing
S. venezuelae mycelium on the majority of tested
phages. However, listed in descending order CL31
infecting C. glutamicum MBO0O01, T4 infecting E. coli B
and MS2 infecting E. coliW1485 exhibited a decrease in
extracellular phage titers upon incubation with
mycelium, while corresponding spent medium showed
no influence on phage infectivity (Figure 4a and Figure
S3a-c). In the following, the term ‘non-host phage’
refers to phages unable to infect S. venezuelae.

Focusing on the lytic siphophage CL31 as the most
affected one, incubation assays were repeated in a
time-resolved manner with simultaneous quantification
of CL31 DNA levels via gPCR. Continuously decreasing
quantities of infectious phage particles in culture
supernatant were detected from 6 h post inoculation,
which coincided with the simultaneous decrease in
CL31 DNA levels (Figure 4b). Microscopic analysis of
mycelium during this decrease exposed first spore
chains at 6 h and already a high proportion of spores at
9 h post inoculation. This indicates that a reduction in
infectious CL31 particles went along with a transition
from hyphal growth to sporulation suggesting an
impact of the developmental stage of mycelium on this
decrease. In contrast, spent medium taken at these
time points and addition of new phage particles to the
remaining ones showed no further decrease in
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infectious CL31 titers over 18 h, thereby widely
excluding spent medium as main influencing factor
(Figure 4c). However, attempts to get phages back in
culture supernatant via extensive shaking or
mechanical cell disruption as well as visualization of
CL31 particles at the mycelial surface via scanning
electron microscopy were not successful so far (Figure
S4a and b).

To further focus on the influence of the developmental
transition to spores on the decline in extracellular
phage titers, incubation assays with CL31 were
comparatively conducted with other microorganisms
unable to sporulate as well as different Streptomyces
species. Here, we included mycelium of S. coelicolor
and S olivaceus, the S.venezuelae developmental
mutants AbldD:apr (hypersporulation phenotype
(Tschowri et al., 2014)) and AbldN:apr {(only vegetative
growth (Bibb et al., 2012)), a couple of bacteria dividing
by binary fission comprising E.coli, P.putida and
B. subtilis as well as the haploid, yeast-like growing fungi
Ustilago cynodontis (Table S1). Addition of CL31 phages
to bacterial cultures of E. coli, P. putida and B. subtilis
exhibited no significant decline in extracellular
infectious CL31 particles (Figure 4d). The same applied
to incubation of CL31 with the fungi U. cynodontis,
which probably does not produce hydrophobicity-
mediating proteins in its haploid, yeast-like state
(Teertstra et al.,, 2006; Teertstra et al.,, 2009).
Additionally, a reduced decline was observed for
S. coelicolor and S. olivaceus, which — different from
S. venezuelae — revealed no sporulation during the
entire cultivation in submerged cultures (Glazebrook et
al., 1990; Manteca et al., 2008).

While the S. venezuelae wild type strain showed
significant effects on extracellular CL31 titers, this
decline was less pronounced during incubation with the
developmental mutants AbldD::apr and AbldN::apr
(Figure 4d). Deletion of bldD as the master regulator
repressing the key developmental genes results in a
hypersporulation phenotype forming premature spores
from vegetative mycelium (Bush et al., 2015; Tschowri
et al., 2014). Null mutants of o®N are restricted to
vegetative growth as they are unable to build up the
hydrophobic surface layer during aerial hyphae
formation by expression of rodlin and chaplin genes.
Although the formation of aerial mycelium is not
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relevant in submerged hyphae-spore

transition was proven to be still accompanied by

cultures,

expression of rodlin and chaplin genes (Bibb et al,,
2012).
mutants lead to the hypothesis that dense mycelial

Accordingly, results gained for these two

networks as well as hydrophobic surface structures
during late stages of Streptomyces development might
substantially influence extracellular titers of infectious

overproduction of the mature BIdN protein and
expected enhanced expression of rodlin and chaplin
genes (Bibb et al., 2012) accelerated the observed
decline in CL31 titers in direct comparison to the wild
type strain cultivated in the same batch of medium
(Figure 4e). This further strengthened the assumption
that the hydrophobic layer could be one factor
conditioning the drop in infectious phage particles

non-host phage particles. Consistent with this, (Figure 4f).
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Figure 4: Influence of Streptomyces mycelium on extracellular phage titers of non-related phages. a) Schematic presentation of phages showing
a reduction in titer upon incubation with S. venezuelae NRRL B-65442 mycelium and phages showing stable extracellular phage titers in
presence of mycelium. Corresponding double-agar overlays are shown in Supplementary Figure S3b and c. The different phage morphotypes
are illustrated as follows: blue - siphovirus; red - myovirus; green - podovirus; purple - inovirius; yellow — levivirus. b) Time-resolved
quantification of CL31 phage particles during incubation with S. venezuelae NRRL B-65442 mycelium via double-agar overlays (cyan bars, n =3
independent biological replicates) and via gPCR (reddisch dots, n = 6, three independent biological replicates measured as technical duplicates).
The detection limit for double-agar overlays is indicated by the dotted line; for gPCR, measurement points minimally outside of the standards
are marked by increased transparency (ts, ti2, tis). ¢) Microscopic images of S. venezuelae mycelium during declining CL31 titers at 6 hand 9 h
post inoculation (scale bar: 10 um, exposure time = 200 ms) and influence of incubation with corresponding spent medium on extracellular
CL31 titers. The yellow arrow points to the first spore chains detected after 6 h of incubation. d) Reduction in extracellular infectious CL31
particles during cultivation with different microorganism calculated via double-agar overlays, shown as logio fold change tis/to. In case of
incubation with S. venezuelae wild type, one replicate showed a logio fold change of ~-4, while two out of three replicates showed no more
plaque formation after 18 h of incubation. e) Time-resolved reduction in extracellular infectious CL31 particles during cultivation with the wild
type S. venezuelae NRRL B-65442 and S. venezuelae overexpressing bldN. f) Phenotype of the bldN overexpression strain in comparison to the
wild type — both cultivated in GYM medium supplemented with 100 mM MOPS (pH 7.3)
downstream effects of enhanced BIdN levels.

— with schematic representation of hypothetical
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Discussion | Phage infection of Streptomyces spp. was
shown to exhibit a unique time course of phage titers,
which is characterized by a drop in extracellular
infectious phage particles upon bacterial re-growth
after an initial successful phage amplification. Such
behavior markedly differs from prototypical infections
and was not observed for the unicellular-growing
bacteria included in our assays. Accordingly, we further
investigated this declining titer by focusing on the
potential contribution of mycelial growth of
Streptomyces, which could present a further layer of
antiphage defense.

Even when taking into account the different
measurement inaccuracies of phage quantification via
double-agar overlays and gPCR, we demonstrated that
extracellular levels of phage DNA remain above the
level of infectious phage particles. This suggests that
the observed phenotypic time course of infectious
phage particles is synergistically caused by a high
proportion of completely removed phages from the
extracellular fraction (~92-96% decrease in DNA levels)
and an  additional  minor  proportion  of
inactivated/partially ~ destroyed phages (>99.9%
decrease in PFU/ml). However, it should be noted that
an unknown amount of non-encapsulated phage DNA
deriving from lysed cells contributes to the quantified
DNA level as well, which might bias the ratio of reduced
infectivity versus DNA reduction. Another recent study
from our laboratory revealed comparable results when
quantifying the phage load from plaques of phage
Alderaan on S. venezuelae. Analogously to our results
gained for submerged cultures, plague diameters
started to decrease again after an initial cell lysis. Upon
reconquering of the lysis zone and plaque shrinkage, a
high reduction in infectious phage particles was
measured, which co-occurred with a less pronounced
decline in phage DNA levels. Additionally, reduction in
plague size was shown to be neglectable for
developmental mutants highlighting the significance of
the hyphal structures for containment of phage
infection (Luthe et al., 2023).

Approaching this phage inactivation in the extracellular
space in more detail revealed a high impact of the
developmental stage of mycelium on infection
dynamics. Mature, highly branched mycelium of
S. venezuelae exposed a transient tolerance towards
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Alderaan infection leading even to a decrease in
extracellular phage titers over time. However, the
molecular basis of this increased phage tolerance at
later stages during Streptomyces development was not
investigated in detail thus far, but could potentially
involve either a direct adsorption of phages to
mycelium without following phage amplification or a
shielding of phage receptors, which prevents phage
adsorption and may favors the targeting of phages by
extracellular phage-inactivating factors. The influence
of mycelium age on phage susceptibility was also
investigated in further studies. Exemplarily, mature
mycelium of Streptomyces albus showed an enhanced
adsorption capacity of actinophage Pal6 in comparison
to newly germinated spores leading also to a decline in
extracellular titers over time (Rosner & Gutstein, 1981).
Moreover, Luthe et al. (2023) demonstrated a decrease
in plaque diameter up to a complete prevention of
Alderaan plaque formation with increasing age of the
surface-grown mycelium used as bacterial lawn. They
proposed that a reduced diffusivity upon increasing
mycelial density significantly influenced spreading of
infection. Comparable results regarding the influence of
diffusivity were also published for E. coli biofilms serving
as a multicellular antiphage defense by trapping phages
in a curli fiber network (Bond et al., 2021; Vidakovic et
al., 2018). Interestingly, a decrease in unadsorbed
phages after initial phage amplification was also
detected in soil microcosms at later stages of S. lividans
infection with phage KC301. This was attributed to a
high adsorption of phages to vegetative mycelium of
mature colonies (Burroughs et al.,, 2000; Marsh &
Wellington, 1992).

Apart from a potential direct influence of mycelial
structures, an impact of medium acidification and
secreted metabolites or proteins on extracellular
infectious Alderaan particles was observed, but
appeared to be rather minor. However, it should be
noted that the current data just reflect the influence of
spent medium from uninfected cultures. Accordingly,
the transient production of antiphage molecules in
response to phage infection cannot yet be ruled out and
is an important aspect for further investigations,
although S. venezuelae is not capable of producing
aminoglycosides or anthracyclines as the two main
classes of antiphage metabolites currently known
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(Kever et al., 2022; Kronheim et al., 2018). Summarized,
all considered parameters might contribute to the
observed decline in infectious phage titers upon
bacterial re-growth, but to a yet unknown extent.
Another possible influencing factor, which requires
further consideration, is the release of extracellular
membrane vesicles, which has not yet been studied in
the context of Streptomyces phage infection (Frojd &
Flardh, 2019; Schrempf et al., 2011).

An inactivation of phages in the extracellular space by
hyphal structures was further analysed by tracking
titers  of phages during
cultivation with S. venezuelae mycelium over time.
Among the tested phages, CL31, T4 and MS2 revealed a
reduction in extracellular titers with T4 described to be
hydrophobic (Ghanem et al., 2019). Performing a time-

extracellular non-host

resoived quantification of CL31 titers as the most
affected phage revealed a simultaneous decrease in
infectivity and phage DNA content, which coincided
with the developmental transition to spores and thus
probably with the expression of the hydrophobic sheath
(Bibb et al., 2012). This sheath is composed of rodlin
and chaplin proteins (Claessen et al., 2003; Claessen et
al., 2002; Elliot et al., 2003), whose expression is
regulated by the o factor BIdN and anti-o factor RsbN
(Bibb et al., 2012). Although the levels of these
hydrophobic proteins actually produced under the
applied conditions were not determined so far, results
gained for bldN overexpression and bldN deletion
strains — showing either a faster or a less pronounced
decline in infectious phage particles, respectively —
refer to a direct involvement of hydrophobic
interactions. The hydrophobic proteins of Streptomyces
spp. harbor a comparable function as hydrophobins in
filamentous-growing fungi (Elliot & Talbot, 2004;
2001).

interactions between phages and fungal mycelium

Wasten, Interestingly, physiochemical
were already studied in a microfluidic platform by
Ghanem et al. (2019). Combining mycelium of highly
hydrophobic  Coprinopsis  cinerea or moderately
hydrophobic Pythium ultimum with two different
phages, hydrophobic T4 and more hydrophilic PSA-HS2,
revealed an increasing phage retention with increasing
hydrophobicity of the phage and the hyphae, the latter
having the higher impact (Ghanem et al., 2019). Fitting

to this, a general influence of hydrophobicity on phage

10

retention was described in various studies when
screening for phage adhesion to different solid surfaces
like aluminum oxide-coated sand or polypropylene
(Attinti et al., 2010; Dika et al., 2013; Farkas et al.,
2015). All in all, this supported our hypothesis that
switching from a hydrophilic to a hydrophobic surface
during hyphae-spore transition contributes to declining
extracellular titers of a non-host phage. Unfortunately,
attempts to detach phages from the mycelial fraction
failed, which accounts for a high affinity, irreversible
binding of phages to hyphae or degradation of the
phage particles. To finally confirm the interaction
between phage particles and the hydrophobic sheath
further investigations are required.

Altogether, this study emphasizes an important impact
of Streptomyces cellular development on phage
susceptibility.
Streptomyces has evolved a complex antiphage defense
with several components acting at the multicellular
level that may provide a community-wide protection

against phage predation.

Furthermore, we can deduce that
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Material and Methods

Microbial strains and growth conditions | All bacterial
strains, fungi and phages used in this study are listed in
Table S1 and S2. For growth studies and double-agar
overlay assays, Streptomyces cultures were inoculated
from spore stocks and cultivated at 30°C and 120 rpm
using glucose-yeast extract-malt extract (GYM) medium
containing 50% tap water, pH 7.3). For double-agar
overlays and phage titer determination, 2 ul of decimal
dilution series of culture supernatants in sodium
chloride/magnesium sulfate (SM) buffer (10 mM Tris-
HCl pH 7.3, 100 mM NaCl, 10 mM MgCl,, 2 mM CaCl,)
were spotted on a bacterial lawn propagated on a
double-agar overlay with the top layer inoculated at an
initial optical density (ODaso) of 0.3 in GYM soft-agar
(0.4% agarose).

Cultivation of Corynebacterium glutamicum MB001 and
quantification of phage CL31 was done analogously
using brain heart infusion (BHI) medium and BHI soft-
agar (0.4% agarose) inoculated to an ODego of 0.5.
Escherichia coli, Bacillus subtilis and Pseudomonas
putida were cultivated in lysogeny broth (LB) medium.
E. coli infecting phages were quantified using LB soft-
agar (0.4% agarose) inoculated to an ODeoo of 0.2. For
the plant pathogens Pseudomonas syringae pv. lapsa
and Xanthomonas translucens pv. translucens nutrient
broth (NB) medium (pH 7.0) and NB soft-agar (0.4%
agarose, ODeoo of 0.2) served as cultivation medium for
phage titer determination. The haploid, yeast-like
growing fungi Ustilago cynodontis NBRC 9727 was
inoculated in Modified Tabuchi Medium (MTM) (Geiser
et al., 2014) containing 200 g/| glucose. All cultivations
were performed at 30 °C.

E. coli DH5a cultivated at 37°C and 120 rpm in LB
medium containing the appropriate antibiotic was
utilized for standard cloning application. For
conjugation E. coli strain ET12567/pUZ8002 was used.

Recombinant DNA work and cloning | All plasmids and
oligonucleotides used in this study are listed in Table S3.
Standard cloning techniques such as PCR, restriction
digestion with indicated restrictions enzymes and
Gibson
standard protocols (Gibson, 2011; Sambrook & Russell,

assembly were performed according to

2001). For amplification via PCR, genomic DNA of
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S. venezuelae NRRL B-65442 was used as template. DNA
sequencing and synthesis of oligonucleotides was
Genomics

performed by Eurofins

Germany).

(Ebersberg,

Phage propagation | For amplification of phage
Alderaan, S. venezuelae main cultures in GYM medium
(pH 7.3, 50% tap water) were inoculated from overnight
cultures after ~16 h of cultivation to an ODaso of 0.15.
Phages were added to an initial phage titer of
~5*107 PFU/ml. Cultivation at 30 °C and 120 rpm was
performed until complete lysis. After harvesting of
supernatants via centrifugation at 5.000 g for 10 min
and following sterile filtration, spent medium was
exchanged by SM buffer using Amicon Ultra Filter
falcons with a 30 kDa cutoff membrane
(MerckMillipore, Burlington, MA, USA). For CL31, phage
amplification in C. glutamicum MB001 was done as
described previously by Hinnefeld et al. (2021) using a

starting ODeoo of 0.5 and an MOI of 0.1.

Phage infection curves in microcultivation systems |
Phage infection curves were performed in the BioLector
microcultivation system (Beckman Coulter Life Sciences
(formerly m2p-labs), Krefeld, Germany) (Kensy et al.,
2009) using a cultivation temperature of 30°C and
shaking frequency of 1200 rpm. Biomass was measured
as a function of backscattered light intensity with an
excitation wavelength of 620 nm (filter module: Ag/
Aem: 620 nm/ 620 nm, gain: 25) from three independent
biological replicates. All growth curves are baseline
corrected with respect to the backscatter values at time
point to.

Main cultures of S. venezuelae in 1 ml GYM medium (pH
7.3, 50% tap water) were inoculated with overnight
cultures to an initial ODaso of 0.15. Infection was
performed by adding phages to the indicated initial
phage titers (10° — 10® PFU/ml). Phage infection curves
in E. coli LE392 and C. glutamicum MBOQO1 were done in
the same way using an initial ODeoo of 0.15 in 1 ml LB
medium or 1 ml BHI medium, respectively, and the
indicated

collected in specific time intervals to quantify plaque

initial phage titers. Supernatants were
forming units (PFU) via double-agar overlay assays over

time.
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Re-infection experiments | To investigate, if re-grown
Streptomyces mycelium is resistant towards re-
infection with the same phage, mycelium was
harvested after 72 h of infection by centrifugation at
16,000 g for 5 min and washed two times with fresh
GYM medium (pH 7.3, 50% tap water) to remove
residual extracellular phages. After re-suspending in
fresh GYM medium again, ODaso was determined and
new cultures were inoculated to an initial ODaso of 0.15.
Cultivation was performed as described in ‘Phage
infection curves’ as biological triplicates. Infection was
conducted by adding 10% PFU/ml as initial phage titer,
while uninfected samples served as a growth control.
Additionally, mycelium which was not infected in the
first infection cycle was re-inoculated and infected

analogously serving as a control for successful infection.

Incubation with  Streptomyces
mycelium | To investigate the adsorption capacity of
S. venezuelae mycelium on phages, pre-cultures were

assays of phages

inoculated from spore stocks and grown in GYM
medium (pH 7.3, 50% tap water) to be subsequently
used to inoculate main cultures in the same medium to
an ODasso of 1.2. To eliminate pH effects on phage
stability, GYM medium was supplemented with 100 mM
MOPS (pH 7.3). Finally, 20 pl of the different phage
stocks were incubated with 700 ul of resuspended
mycelium, which was done in biological triplicates.
Cultivation was conducted in Flower plates (Beckman
Coulter Life Sciences (formerly m2p-labs), Krefeld,
Germany) at 900 rpm and 30°C. Extracellular phage
titers were quantified via double-agar overlays after
18 h, which were performed as described in ‘Microbial
strains and growth conditions’, while pH values were
measured via pH indicator stripes (Carl Roth, Karlsruhe,
Germany). As control, phage titers were also tracked
upon incubation in S. venezuelae spent medium
harvested after 18 h of cultivation under the same
conditions.

The same set-up was used for investigating the
influence of other Streptomyces strains on infectious
CL31 phage particles. Incubation of CL31 phages with
B. subtilis, P. putida and E. coli was done analogously
using LB medium with a starting ODsoo of 1.2, while
incubation with U. cynodontis was conducted in MTM
medium with 200 g/ glucose.

12

Stability assays in spent medium | To determine
spent (secreted
metabolites and proteins) on infectious phage particles,

potential effects of medium
S. venezuelae main cultures were inoculated in GYM
medium (pH 7.3, 50% tap water) with overnight
cultures to an initial ODasso of 0.15 and cultivated at
30 °C and 120 rpm. Spent medium was harvested via
centrifugation at 5,000 g for 10 min and subsequent

sterile filtration at the indicated time points.

In case of Alderaan stability assays, spent medium of
uninfected S. venezuelae cultures was collected at 8 h,
24 h and 48 h post inoculation in buffered and
unbuffered medium and subsequently used for
incubation with ~108 PFU/ml Alderaan particles at

cultivation conditions at 30 °C and 900 rpm.

For CL31, spent medium of S. venezuelae was taken
during the decrease in infectious CL31 particles 6 h and
9 h post infection. After sterile filtration, ~ 10° PFU/ml
of fresh CL31 particles were added to the remaining
ones still present in the spent medium and incubated
30 °C and 900 rpm. Extracellular phage titers of
Alderaan and CL31 were tracked over time via double-
agar overlay assays.

For investigating the influence of chloramphenicol on
Alderaan plaque formation, a decimal dilution series of
phage Alderaan in SM buffer (10 mM Tris-HCl pH 7.3,
100 mM NacCl, 10 mM MgCl,, 2 mM CaCly) was directly
spotted on a bacterial lawn propagated on double-agar
overlays containing either 0, 10, 50 or 200 pg/ml
chloramphenicol in both agar layers.

pH stability assays | To examine the pH stability of
phage Alderaan, GYM medium (50% tap water) was
adjusted to different pH values (pH 4.0-9.0) using HCl or
NaOH. Subsequently, Alderaan particles were added to
these media using an initial phage titer of 10° PFU/ml
and incubated at cultivation conditions at 30 °C and
900 rpm for 24 h in DeepWell plates. Phage titers were
tracked over time via double-agar overlays as described
in ‘Microbial strains and growth conditions’.
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Determining extracellular phage titers via quantitative
PCR | In addition to spot assays, extracellular phage
titers were further quantified via quantitative PCR to
inactivation and total
removal/degradation of phage particles. To do so, 5 pl

discriminate between an

of supernatants (1:10 or 1:100 diluted in phage buffer
for quantification of CL31 and Alderaan phages,
respectively) as template DNA were mixed with 10 ul 2x
Luna® Universal gPCR Master Mix (New England
Biolabs, Ipswich, MA, USA) and 0.5 pl of each
oligonucleotide (Table S3, oligonucleotide
concentration: 0.25 pM), before adjusting to a final
volume of 20 pl with dd. H,O. Quantification was
performed in 96-well plates in the qTOWER 2.2
(Analytik Jena, Jena, Germany).

final

For determining the absolute concentration of

extracelluiar phage DNA, amplification of the phage
target gene HQ601_00028 (coding for the minor tail
protein of Alderaan, PCR product: 144 bp) was
calculated via the 'Absolute quantification method” of
the gPCRsoft 3.1 software
Germany). A decimal dilution series of the phage stock

with known phage titer was used as standard.

(Analytik Jena, Jena,

Quantification of extracellular CL31 phages was done
analogously based on the phage target phage gene
clg56 (coding for the minor tail protein of CL31, PCR
product: 150 bp).

In case of Alderaan, the fraction of remaining phages
and the corresponding deviation was calculated as
follows:

t72

¢remaining =

A
‘( t72
tg

Ats) t72
fte), 72
t72 tg

tg

t,: Mean concentration calculated via
'Absolute quantification method’ of qPCRsoft 3.1

A¢, : Standard deviation calculated via
’Absolute quantification method’ of qPCRsoft 3.1
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Microscopy | Analysis of the developmental level of
Streptomyces cultures was conducted via microscopic
Z-stack imaging using the Axio Imager M2 phase
contrast microscope (Zeiss, Germany) with the
indicated exposure time (120 or 200 ms). Images were
taken using the AxioVision 4.8.2 software (Zeiss, Jena,
Germany) and subsequently stacked via Imagel
(Schneider et al., 2012) and the Extended Depth of Field
Plugin (Forster et al., 2004).

Scanning electron microscopy (SEM) | Incubation of
CL31 particles with S.
conducted as described in ‘Incubation assays of phages
with Streptomyces mycelium’ using GYM medium (50%
tap water, pH 7.3) supplemented with 100 mM MOPS.
At the decline in infectious phage particles at 9 h post

venezuelae mycelium was

inoculation, S. venezuelae mycelium was diluted with
fresh medium to an ODaso of ~1 in a total volume of
3.6ml and fixed via addition of 400 pul 25%
glutaraldehyde and 1 ml 25% paraformaldehyde. As
control, a phage-free sample was handled in the same
way. Scanning electron microscopy was conducted at
the ZEIM department (Central Facility for Microscopy)
in the Helmholtz center for infection research (HZI,
Braunschweig, Germany).
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Abstract:  Streptomyces are well-known antibiotic producers, also characterized by a complex
morphological differentiation. Streptomyces, like all bacteria, are confronted with the constant
threat of phage predation, which in turn shapes bacterial evolution. However, despite significant
sequencing efforts recently, relatively few phages infecting Streptomyces have been characterized
compared to other genera. Here, we present the isolation and characterization of five novel Streptomyces
phages. All five phages belong to the Siphoviridae family, based on their morphology as determined
by transmission electron microscopy. Genome sequencing and life style predictions suggested that
four of them were temperate phages, while one had a lytic lifestyle. Moreover, one of the newly
sequenced phages shows very little homology to already described phages, highlighting the still
largely untapped viral diversity. Altogether, this study expands the number of characterized phages
of Streptomyces and sheds light on phage evolution and phage-host dynamics in Strepromyces.

Keywords: phage isolation; phage genomics; Streptomyces; Siphoviridae; actinobacteriophages;
actinorhodin

1. Introduction

Streptomyces is a genus of Gram-positive bacteria belonging to the order of Actinobacteria that
exhibit a high GC-content (on average about 73 mol% G + C). Streptomyces are prolific producers of
natural products with a wide range of biological activities. This repertoire of bioactive molecules
has been harnessed for medical and agricultural purposes, as for example 2/3 of known antibiotics of
microbial origin are produced by Streptomyces [1-3].

Another distinctive feature of Streptomyces is their complex developmental cycle. Unlike most
bacteria—that divide by binary fission, Streptomyces development is instead centered on the formation
of spores. Germinating spores first form a network of interconnected cells, called vegetative mycelium.
The vegetative mycelium later serves as a basis for the coordinated erection of an aerial mycelium.
This is followed by the segmentation of these aerial filaments into spores, which can then start a new
cycle [3-5].

Phages infecting Streptomyces were described at a quick pace in the 1970-1980s, but most of them
were not sequenced later [6-8]. The phage phiC31 represents a notable exception to this trend, as it was
used to develop crucial genetic tools for Streptomyces before being sequenced in 1999 [9-11]. Phages R4,
SV1, VP5 were also the subject of numerous studies, but the latter was not sequenced [12,13].

Streptomyces peculiarities were studied in the context of phage infection. For example, adsorption
to mycelium of phage Pal6 was shown to differ depending on the stage of development of

Viruses 2020, 12, 1065; doi:10.3390/v12101065 www.mdpi.com/journal/viruses
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Streptomyces albus [14]. In this instance, phage adsorption was found to be maximal for germinating
spores. Combined with the chservation that germinating spores showed an intense average metabolic
activity, this suggests that spore germination represents the most sensitive development stage for
phage infection.

Conversely, the recent years have seen a sustained effort into the isolation and sequencing
of Streptomyces phages, notably by the Science Hducation Alliance-Phage Hunters Advancing
Genomics and Evolutionary Science (SEA-PHAGES; https://seaphages.org/) program in the USA [15].
However, few of these phages were extensively characterized.

Here, we report the isolation, characterization and genome analysis of five novel Streptomyces
phages. Two of them {Alderaan and Coruscant) were isolated using 5. venezuelne, the remaining
three (Dagobah, Endorl and Endor2) were isolated using S. coelicolor. Observation with transmission
electron microscopy showed that all five phages belong to the Siphoviridae family. Lifestyle prediction
with the complete nucleotide sequences revealed that four (Alderaan, Dagobah, Endorl and Endor2)
are probably temperate, while Coruscant was predicted to be a virulent phage. Alderaan, Coruscant,
Endorl and Endor2 show close relatedness to already described Streptomyces phages—Endor] and
Endor2 being highly homologous to each other. In contrast, Dagobah showed very little relatedness to
any sequenced phage, highlighting the still massively untapped viral diversity.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Streptomyces venezuelpe ATCC 10712 [16] and Streptomyces coelicolor M600 [17] and strain M145 [18]
were used as main host strains in this study. Cultures were started by inoculating spores from spore
stocks stored in 20% glycerol at —20 °C [19]. S. venezuelne was grown in liquid Glucose Yeast Malt
extract (GYM) medium, while S. coelicolor was grown in liquid Yeast Extract Malt Extract (YEME)
medium. Unless otherwise stated, cultivation was carried out at 30 “C. For double agar overlays, GYM
agar was used for both species, with 0.5% and 1.5% agar for the top and bottom layers, respectively.

2.2. Phage Isolation and Propagation

Phages wereisolated from soil samples taken near the Forschungszentrum Jilich {Jlich, Germany).
Phages contained in soil samples were resuspended by incubation in sodium chloride/magnesium
sulfate (SM) buffer (10 mM Tris-HCl pH 7.3, 100 mM NaCl, 10 mM MgSO,, 2mM CaClp) for 2 h.
The samples were centrifuged at 5000 g for 10 min to remove solid impurities. The supernatants were
filtered through a 0.22-um pore-size membrane filter to remove bacteria. For each sample, 1 mL of
filtered supernatant was mixed with 3 mL of liquid medium inoculated with 107 Streptomyces spores.

After overnight incubation, the culture supernatant was collected by centrifugation at 5000 ¢ for
10 min and filtered through a 0.22-pum pore-size membrane filter. Serial dilutions of the filtrate were
then spotted on a bacterial lawn propagated by mixing 200 uL of Streptomyces overnight culture with
4 mL top agar, according to a modified version of the double agar overlay method [20]. Plaques were
visualized after overnight incubation at 30 °C.

Purification of the phage samples was carried out by restreaking single plaques twice [20].
Phage amplification was achieved by mixing 100 uL of the purified phage lysate into top agar to obtain
confluent lysis on the plate. After overnight incubation, 5 mL of SM buffer were used to soak the plates
and resuspend phages. The resulting phage lysate was centrifuged, and the supernatant was filtered
to obtain the high-titer phage solution used for downstream processes.

To assess presence of actinorhodin, the plates were inverted and exposed to ammonia fumes for
15 min by placing 5 mL of 20% ammonium hydroxide solution on the inner surface of the lid.
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2.3. Electron Microscopy Observation of Fhage Virions

For electron microscopy, 5 ulL of purified phage suspension were deposited on a glow-discharged
formvar carbon-coated nickel grids (200 mesh; Maxtaform; Plano, Wetzlar, Germany) and stained
with 0.5% (wifrol) uranyl acetate. After air drying, the sample was observed with a TEM LEO 906
(Carl Zeiss, Oberkochen, Germany) at an acceleration voltage of 60 kV.

2.4. Phage Infection Curves

Growth experiments were performed in the BioLector® microcultivation system of m2p-labs
(Aachen, Germany). Cultivation was performed as biological triplicates in 48-well FlowerPlates
(m2plabs) at 30 °C and a shaking frequency of 1200 rpm [21]. Backscatter was measured by scattered
light with an excitation wavelength of 620 nim (filter module: Ap/Apm: 620 nm/620 nim, gain: 25) every
15 min. Each well contained 1 mL YEME or GYM medium and was inoculated using an overnight
culture of 5. coelicolor or S. venezuelae, respectively, to an initial ODysy of 0.1. Phages were directly
added to an initial titer of 10°, 10 or 107 PFU/mL, and sampling was performed at the indicated time
peints. Subsequently, 2 uL of the supernatants were spotted on a lawn of S. coelicolor or S. venezuelae
propagated on a double overlay of GYM agar inoculated at an initial ODysp = 0.5.

2.5, Host Range Determination

The host range of our phages was determined for the following Streptermyces species: S. rimosus
(DSM 40260), 5. scabiei (DSM 416568), 5. griseus (DSM 40236), S. platensis (DSM 40041), S. xanthochromogenes
(DSM 40111), S. mirabilis (DSM 40553), S. lividans TK24 [22], S. olivaceus (DSM 41536) and 5. cyancofuscatus
(DSM 40148). The different Strepfomyces species were grown in GYM medium, to which glass beads
were added to favor dispersed growth.

The host range was determined by spotting serial dilutions of phage solution on lawns of the
different Streptomyces species, in duplicates. A species was considered sensitive to a given phage only if
single plaques could be detected; we further indicated if the phages are able to lyse a species (Table 1).

2.6. DNA Isolation

For isolation of phage DNA, 1 uL. of 20 mg/mL RNAse A and 1 U/ul. DNAse (Invitrogen,
Carlsbad, CA, USA) were added to 1 mL of the filtered lysates to limit contamination by host nucleic
acids. The suspension was incubated at 37 °C for 30 min. Then, EDTA, proteinase K and 5DS were
added to the mixture at final concentrations of 50 ug/mL (EDTA and proteinase K) and 1% SDS
(wyD), respectively. The digestion mixture was incubated for 1 h at 56 °C, before adding 250 uL of
phenol:chloroform:isopropancl. The content was thoroughly mixed before centrifugation at 16,000 g
for 4 min.

The upper phase containing the DNA was carefully transferred to a clean microcentrifuge tube
and 2 volumes of 100% ethanol were added as well as sodium acetate to a final concentration of 0.3 M.
After centrifugation at 16,000 g for 10 min, the supernatant was discarded, and the pellet washed
with 1 mL 70% ethanol. Finally, the dried pellet was resuspended in 30 uL DNAse-free water and
stored at 4 °C until analyzed.

2.7. DNA Sequencing and Genome Assembly

The DINA library was prepared using the NEBNext Ultra IT DNA Library Prep Kit for Illumina
according to the manufacturer’s instructions and shotgun-sequenced using the llumina MiSeq platform
with a read length of 2 x 150 bp {Illumina). In total, 100,000 reads were subsampled for each phage
sample, and de novo assembly was performed with Newbler (GS De novo assembler; 454 Life Sciences,
Branford, CT, USA). Finally, contigs were manually curated with Consed version 29.0 [23].
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2.8. Gene Prediction and Functional Annetation

Open reading frames (ORFs) in the phage genomes were identified with Prodigal v2.6.3 [24] and
functionally annotated using an automatic pipeline using Prokka 1.11 [25]. The functional annotation
was automatically improved and curated with hidden Markov models (HMMs), and Blastp [26] searches
against different databases (Prokaryotic Virus Orthologous Groups (pVOGs) [27], viral proteins and
Conserved Domain Database CDD [28]), with the e-value cutoff 10710,

The annotated genomes were deposited in GenBank under the following accession numbers:
MT711975 (Alderaan), MT711976 (Coruscant), MT711977 (Dagobah), MT711978 (Endor1) and MT711979
(Endor2). The ends of the phage genomes were determined with PhageTerm [29] using default
parameters. Phage lifecycle was predicted with PhageAl [30] using default parameters.

2.9. Geneme Comparison and Classification

To classify the unknown phage genomes at the nucleotide level, 31 complete reference actinophage
genomes belonging to different known clusters were downloaded from the Actinobacteriophage
Database [31]. Pairwise average nucleotide identities (ANT) were calculated with the five unknown
Streptomyces phages and the 31 reference genomes using the python program pyani 0.2.9 [32] with
ANIb method. The output average percentage identity matrix file generated from pyani was used for
clustering and displayed using the ComplexHeatmap package in R [33]. Phage genome map with
functional annotation was displayed using the gggenes package in R.

2.10. Profein Domain-Based Classification

An alternative approach was used to classify newly sequenced phages based on conserved protein
domains [28]. RPS-BLAST (Reverse PSI-BLAST) searches were performed with e-value cutoff 0.001
against the Conserved Domain Database [28] using the 2486 complete reference actinophages [31],
including the newly sequenced phage genomes. Identified Pfam protein domains output files from each
phage genome were merged and converted into a numerical presence-absence matrix. The hierarchical
clustering dendrogram was constructed with the help of the ward.2 method using the R platform.
The resulting dendrogram was visualized using ggtree [34].

3. Results

3.1. Phage Isolation and Virion Morphelogy

Five novel phages infecting Streptomyces were isolated from scil samples close to the
Forschungszentrum Jiilich in Germany. The phages Alderaan and Coruscant were isolated using
Streptomyces venezuelne ATCC 10712, Alderaan formed small, transparent, and round plaques of
approximately 2 mm of diameter, while the plaques formed Coruscant were very small (<1 mm) and
were fully visible only after 2 days of incubation (Figure 1A).

The phages Dagobah, Endorl and Endor2 were isolated using Streptontyces coelicolor M600 as a host
strain. Dagobah’s plaques were very small (<1 mm) and were completely formed only after 2 days of
incubation. Endorl and Endor2 formed plaques of 2 mm in diameter with a distinct turbid zone in the
center. Additionally, colored halos circling the plaques appeared after 3 days of incubation (Figure 1B).
These halos were mostly brownish in the case of Dagobah, and reddish for Endorl and Endor2.
Exposure to ammonia fume resulted in a pronounced blue coloration around plaques, confirming that
the halos surrounding plaques contained actinorhodin (Figure S1) [35].

TEM observation of the phage particles revealed that all five phages exhibit an icosahedral capsid
and a non-contractile tail (Figure 1C). Based on the morphology, the phages were classified as members
of the Siphoviridae family.
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A Alderaan Coruscant Dagobah Endoril Endor2

M 5

c Alderaan Coruscant _ Pagobah'

Figure 1. Morphology observation of five novel Streptomyces phages. (A) Plaque morphologies of
the five phages. Double agar overlays were performed to infect S. venezuelae ATCC 10712 with the
phages Alderaan and Coruscant, and S. coelicolor M600 with the phages Dagobah, Endor1, and Endor2.
Plates were incubated overnight at 30 °C and another day (3 days in the case of Dagobah) at room
temperature to reach full maturity of the bacterial lawn. (B) Close-ups of phage plaques imaged using
a stereomicroscope Nikon SMZ18. S. coelicolor M145 was infected by phages using GYM double agar
overlays. The plates were incubated at 30 °C overnight and then kept at room temperature for two
(Endorl and Endor2) or three days (Dagobah). Scale bar: 1 mm. (C) Transmission electron microscopy
(TEM) of phage isolates. The phage virions were stained with uranyl acetate. Scale bar: 150 nm.

3.2. Infection Curves and Host-Range Determination

Phage infection in liquid cultures was performed to assess infection dynamics. Due to the complex
developmental cycle of Streptomyces, standard one-step growth curves could not be performed. Instead,
we cultivated S. coelicolor and S. venezuelae in microtiter plates in presence of phage challenge, and cell
growth was monitored over a 24 h time period using continuous backscatter measurements. In both
cases, phage titer was measured over time to estimate the production of phage progeny.

Infection of S. venezuelae with Alderaan showed a marked culture collapse at the highest initial
phage load (10”7 PFU/mL), and a plateauing of cell biomass at a significantly reduced level for the
intermediate phage challenge (10° PFU/mL). In contrast, addition of Coruscant causes only a mild but
initial titer-dependent growth delay of the cultures (Figure 2A). For both phages, phage titers peaked
at 6 h at the higher initial phage titer (107 PFU/mL), and at the intermediate phage challenge, phage
amplification was delayed or very weak for Alderaan and Coruscant, respectively.

As for the S. coelicolor phages (Figure 2B), infection with Dagobah caused a mild growth delay,
visible especially when 107 PFU/mL was initially added. In parallel, the phage titers either declined over
time or grew moderately (10-fold increase between 0 and 8 h) for initially intermediate (10° PFU/mL)
or high (107 PFU/mL) phage challenge, respectively. Infection with Endorl and Endor2 showed a
similar behavior and caused a stronger growth delay than Dagobah, even for the intermediate initial
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phage burden (1 0% PFU/mL). The phage titers showed concordant behavior, with a strong increase in

60f15

titers for both Endorl and Endor2 until 10 h, followed by a marked decline up to 24 h.

Altogether, infection curves revealed that all five phages can successfully propagate in liquid
cultures at the expense of their host. Surprisingly, the titers of all phages dropped after an initial
increase, which needs further investigation.
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Figure 2. Infection curves of the five phages infecting S. venezuelae (A) and S. coelicolor (B). S. venezuelne

or S. coelicolor were inoculated to GYM or YEME medium, respectively, and grown in microtiter plates,

to which phages were added at the indicated initial phage titers. Backscatter was measured over time

(left panels), in parallel to phage titers (right panels).
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While phages usually have a relatively narrow host range, some phages can sometimes infect
many strains of the same species and even distinct species. We assessed the host-range of our phages
by spotting them on lawns of different Streptenyces species (Table 1).

Table 1, The host range of the five phages was assessed by spotting serial dilutions of these phages on
lawns of different Streptomyces species propagated on GYM medium. The outcome of the spot assays is
reported as follows: plaque formation (green), clearance of the bacterial lawn without visible plaques
(vellow), no plaque or lysis visible (no color). The efficiency of plating (EOP) of a phage on a given
strain relative to the host used for isolation is indicated, when plaques are countable.

Alderaan Coruscant Dagobah Endorl Endor2

S. venezuelne
S. coelicolor M600
S. coelicolor M145 1 1 1

5. rimosus subsp. rimosus

S. scabiei

5. griseus

S. platensis

S. xanthochromogenes

S. lividans 0.2
S, olivaceus 4
5. cyaneofuscatus 0.08 0.4

5. coelicolor M145 showed the same sensitivity pattern than the M600 strain. M145 and M600 are
both plasmid-free derivatives of A3(2) and mainly differ from each other in the length of their direct
terminal repeats [17].

Beside S. venezuelae and S. coelicolor, 5. lividans showed plaque formation by phage Dagcbah.
Endorl and Endor2 also formed plaques on S. ofivaceus and S. cyanofuscatus. Alderaan, Endorl and
Endor2 caused indefinite clearance of the bacterial lawn of several species, but higher dilutions did not
reveal distinct, single plaques. For these species, the phage lysates could have inhibitory effects on
growth or cause non-productive infection [36,37].

In summary, Endorl and Endor2 showed the broadest host range, but overall, the five phages
we isolated feature a relatively modest host range, as they are only able to infect few other
Streptomyces species.

3.3. Genome Sequencing and Genome Features

All phages were sequenced using short-read technology (Illumina Mi-5eq). Each genome could
be assembled to a single contig, to which >80% of the reads could be mapped confirming the purity of
the samples.

The genome features of the five phages are summed up in Table 2. Briefly, they show diverse
genome sizes (39 to 133 kbh), GC-contents (48 to 72%) and ORFs numbers (51 to 290). The phage
Coruscant differed from other phages, in that its genome is significantly larger than the other phages
and exhibits a markedly low GC content (48%), in comparison to the one of its host (72%). The genomic
ends were predicted using PhageTerm, which detects biases in the number of reads to determine DNA
termini and phage packaging mechanisms [29]. Alderaan, Endorl and Endor2 showed a headful
packaging mechanism where the phage genomes have a fixed start at the pac site, but the end of
the genome is variable. In contrast, phages Coruscant and Dagobah have direct terminal repeats
(DTR). These DTR were identified in the initial assembly by an approximately 2-fold increase in
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coverage clearly delimitated at single base positions. Phage lifecycle was predicted using PhageAl,
which developed a lifecycle classifier based on machine learning and natural language processing [30].

Table 2, Basic genome features of the five phages. Open reading frames (ORFs) were predicted using
Prokka [25] and were later manually curated. Protein domains encoded in ORFs were identified using
RPS-BLAST against the Conserved Domain Database (CDD). The type of genome ends was determined
using Phage Term [29]. The lifestyle of each phage was predicted by the machine-learning based
program PhageAl [30].

Phage Accession Reference Genome Co(flint ORF %:;1112?1:; Lifestyle
Name Number Host Size (kb) o Number Prediction
(%) Class
Streptormyces
Alderaan  MT711975 venezvelae 39 721 51 H?;;gu'l Temperate
ATCC 10712
Streptormyces 133
Coruscant ~ MT711976 venezuelae 12 kb DTR 48.4 290 DTR (long) Virulent
ATCC 10712 ( )
Streptonyces 47 kb DTR
Dagobah ~ MT711977 coelicolor M600 (1 kb DTR) 689 93 (short) Temperate
Streptomyces Headful
Endorl MT711978 coelicolor M&0O 49 65.8 75 (pac) Temperate
Streptonyces Headful
Endor2 MT711979 coelicolor MEQO 48 65.1 75 (pac) Temperate

Phage genes involved in the same function are usually clustered together, forming functional
modules (Figure 3) [38,39]. These modules fulfil the basic functions necessary for production of
progeny phages, including DNA/RNA metabolism, DNA replication and repair, DNA packaging,
virion structure and assembly (tail and capsid), regulation, lysogeny (in the case of temperate phages)
and lysis.

Interestingly, Coruscant’s large genomes is paralleled by a high genome complexity. It contains
no less than 41 copies of tRNAs, covering 19 different amino acids—all standard amino acids except
valine. Coruscant has also a relatively high fraction of coding sequences for which no function could
be predicted (155 hypothetical proteins out 290 CDS compared to 16/51 for Alderaan).

The phages were also found to encode homologs of bacterial regulators that are typically used
by Streptomyces to control sporulation and overall development. For example, whiB (found in
Alderaan, and Coruscant) and ssgA (found in Dagobah) are both essential for sperulation of
Streptomyces [40,41]. Three phages (Coruscant, Enderl and Endor2) also encode Lsr2-like proteins,
which are nucleoid-associated proteins functioning as xenogeneic silencing proteins and are conserved
throughout Actinobacteria [42].

Additionally, despite overall high synteny and homology, the phages Endorl and Endor2 showed
sequence variations in the tail fiber proteins, tapemeasure and endolysin. In particular, the region
encoding distal elements of the tail (ORF_00022 to ORF_00025 in Endorl, ORF_00023 to ORF_00026 in
Endor2) displays reduced similarity at the nucleotide level (Supplementary Table 51). The resulting
differences at the protein level could potentially account for the differences in host range between these
two phages, e.g., infectivity on S. olivaceus (Table 1).
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Figure 3. Genome map of the five Streptomyces phages. Open reading frames (ORFs) were identified with
Prodigal and functionally annotated using an automatic pipeline based on Prokka [25]. The functional
annotation was automatically improved and curated using hidden Markov models (HMMs), and Blastp
searches [26] against different databases (Prokaryotic Virus Orthologous Groups (pVOGs) [27],
viral proteins and Conserved Domain Database (CDD) [28]. Genome maps were created using
the R package gggenes.
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3.4. Average Nucleofide Identity (ANI) Analysis

We established the sequence relationship between the newly sequenced Streptomyces phages and
the selected genomes from the representative group members of actinophages.

The Average nucleotide identity (ANI) based clustering dendrogram analysis showed that four
(Endorl, Endor2, Alderaan, and Coruscant) out of five phage genomes clustered confidently with the
members of already known clusters (Endorl/Endor2: BD, Coruscant: BE, and Alderaan: BC) (Figure 4).
However, one of the phage genomes (Dagobah) does not share sufficient similarity and was therefore
clustered as an unresolved group. Calculation of virus intergenomic similarities using VIRIDIC [43]
showed congruent results to the ANI-based clustering (Figure 52), providing further support to the
clustering shown in Figure 4. Altogether, the overall analysis showed that except Dagobah, all four
phages show close relatedness to Streptomyces phages.
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Figure 4. Average nucleotide-based dendrogram analysis using 38 actinophage genomes. These 38
genomes include 31 genomes downloaded from the Actinophage Database (https:/phagesdb.org/),
two genomes from NCBI based on close relatedness, and the five newly sequenced phages. The group
of each phage, as defined by the Actinophage Database, is indicated.

3.5. Protein Domain-Based Analysis

Sequence relationship between the phage genomes is most commonly determined with the help of
genome-wide similarity or average nucleotide identity-based analysis. However, a traditional method
such as phylogeny with single genes is challenging because of the high variability and lack of universal
genes across the phage genomes. Thus, we used additional phyletic-based analysis to establish a
sequence relationship between the phage genomes. The hierarchical clustering dendrogram based
on the identified 703 Pfam domains presence-absence matrix confidently clusters newly sequenced
phages with known actinophages (Figure 5).
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Figure 5. Protein domain-based hieratchical clustering. The dendrogram was constructed based
on the presence-absence matrix of the >700 Pfam protein domains identified from 2486 actinophage
genomes. Phages ate color-coded according to known groups from the Actincbacteriophage Database
(https//rhagesdb.org/y [31]. The overlapping labels of the outer ring were metged to improve the
figure's readability. The pozition of the five new phage genotres is indicated as black text.

In comparison to ANI-based analysis, hierarchical clustering showed congruent topelogy for
the four newly sequenced Streptomyces phage genomes (Endorl and Ender2: BD cluster, Alderaan:
BC cluster, and Coruscant: BE cluster) (Supplementary Figures 53-56). It also resolved polytomy
between the unresolved groups and showed that Dagobah comes under the singleton group, consisting
of highly divergent phages. Morecver, a high level of congruence was observed between already
known groups and the groups identified by cur hierarchical clustering. Thus, our results strongly
suggest domain-based phyletic or hierarchical clustering analysis as an alternate way of classification
of newly sequenced phage genomes.

4, Discussion

In this study, we report the isolation and characterization of five novel Strepfomyces phages.
Alderaan and Coruscant were isolated using S. venezueale, while 5. coelicelor was the host used for
isolation of Dagobah, Endorl and Endor2.

The machine-learning based lifestyle prediction tool PhageAl suggested a temperate lifestyle for
four of the phages (Alderaan, Dagobah, Endorl and Endor2) and a virulent lifestyle for Coruscant.
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These results were congruent with the lifestyle indicated by PhagesDB of phages belonging to the same
cluster, as shown by the protein domain-based hierarchical clustering (Supplementary Figures 53-56).
However, unlike the other members of the BC cluster, Alderaan does not seem to have any integrase
domain or gene. Together with the clear plaques it forms, this suggests that this phage potentially lost
its integrase and therefore adopted a lytic lifestyle. Such events alter only slightly the overall genome
landscape, be it at the nucleotide or protein level, and could thereby explain why whole-genome
based predictions like PhageAl or protein domain-based clustering still predict Alderaan as temperate.
These discongruencies, however, highlight the requirement of further experimental validation.

In contrast to the other four phages, Coruscant exhibits a large genome (superior to 130 kb) with
massive direct terminal repeats (12 kb) and a low GC content (48%), in comparison to the 72% of its
Streptomyyces host. Coruscant also encodes 41 copies of tRNA genes, spanning 19 of the 20 standard
amino acids. This large tRINA gene repertoire could be used to optimize gene expression in hosts
that have differing codon usage patterns or to counteract potential tRNA-based degradation defense
systems [44]. Altogether, the combination of a low GC content and a substantial tRNA equipment
suggests a recent adaptation of the phage Coruscant to Streptommyces.

ANT and hierarchical clustering analysis revealed that Alderaan, Coruscant and Endorl/Endor2
belong to clusters BC, BE and BD defined by PhagesDB [31], respectively. In contrast, Dagobah showed
very little homology with described phages, and was thus considered as a singleton. This finding
highlights the largely untapped phage diversity, making the isolation of entirely “novel” phages
still possible.

Streptomyces are characterized by their complex lifestyle and cellular differentiation. Interestingly,
the isolated actinophages also encode homologs of SsgA, WhiB and Lsr2 proteins—regulatory proteins
typically encoded by their hosts. The s5¢A gene product was previously shown to be necessary for
proper sporulation of Streptenmyces coelicelor [41]; whiB is also essential for sporulation of Streptomyces
and was already reported to be found in several actinophages [45-47]. Interestingly, the WhiB-like
protein of mycobacteriophage TM4, WhiBry, was shown to inhibit the transcription of Mycobacterium
whiB2. Expression of WhiBrng4 in M. smegmatis led to hindered septation resembling a WhiB2 knockout
phenotype, highlighting how phage can interfere with their host’s development [46].

Lsr2-like proteins are nucleoproteins conserved in Actinobacteria. In Streptomyces, they were
recently shown to silence cryptic specialized metabolic clusters [48]. The first example of a
phage-encoded Lsr2-like protein is the prophage-encoded Lsr2-like protein Cgp$S in Corynebacterium
glutamicum [49]. CgpS was shown to maintain the lysogenic state of the prophage on which it
resides, Further bioinformatic searches revealed that Lsr2-like proteins are abundant in actinophages,
with almost 20% of Streptomyces phages encoding such proteins [42]. However, their role in the
coordination of the phage life cycle still remains unclear. Altogether, these chservations suggest that
phages manipulate their host development, by interfering with central processes such as sporulation
and antibiotic production.

More generally, the specificities of Streptomyces—especially its morphological complexity—impact
the phage isolation and characterization process. For example, the mycelial nature of streptomycetes
complicates quantitative studies. The notion of MOl loses a lot of its significance once mycelium has
formed, as the network structure originating from one spore has greatly increased phage adsorption but
would still be counted as one CFU [14,50]. Furthermore, the formation of clumps, although mitigated
by the addition of glass beads or increase of csmotic pressure [51], makes accurate monitering of cell
growth (based on optical density or backscatter) difficult.

S. coelicolor was established as a model system for the Streptomyces genus partly because of its
prolific pigment production [52]. Interestingly, we observed colored halos around the plaques formed
by the 5. ceelicolor phages. Exposure to ammonia fume confirmed that these colored halos contain
actinorhodin. This observation suggests that Streptomyces release metabolites in reaction to phage
predation, some of which may potentially have anti-phage properties as it was shown recently with
anthracyclines in Streptomsyces peucetius [53].
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Understanding the processes governing phage infection has the potential to illuminate the basic
physiology of their hosts. Therefore, phages can serve as a basis to study Streptomyces’ specific traits—its
complex reproduction cycle and abundant production of secondary metabolites—in the context of
phage infection.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/10/1065/s1,
Figure 51: Close-ups of phage plaques imaged using a Nikon SMZ18 stereomicroscope, before (upper row)
and after (lower row) exposure to ammonia fumes. Figure 52: VIRIDIC generated heatmap showing the
intergenomic similarities of the newly sequenced phages with reference phages. Figure 53: Subclade dendrogram
with Streptomyces phage Alderaan and its closely related actinophages. Figure 54 Subclade dendrogram
with Streptomyces phage Coruscant and its closely related actinophages. Figure S5: Subclade dendrogram
with Streptomyces phage Dagobah and its closely related actinophages. Figure 56: Subclade dendrogram with
Streptomyces phages Endorl and Endor2 and their closely related actinophages. Supplementary Table S1: List of
the functional annotation of proteins ORFs within phage genomes.
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Bacterial populations face the constant threat of viral predation exerted by
bacteriophages (‘phages’). In response, bacteria have evolved a wide range
of defense mechanisms against phage challenges. Yet the vast majority of
antiphage defense systems described until now are mediated by proteins or
RNA complexes acting at the single-cell level. Here, we review small molecule-
based defense strategies against phage infection, with a focus on the antiphage
molecules described recently. Importantly, inhibition of phage infection by
excreted small molecules has the potential to protect entire bacterial communities,
highlighting the ecological significance of these antiphage strategies. Considering
the immense repertoire of bacterial metabolites, we envision that the list of
antiphage small molecules will be further expanded in the future.

Bacteriophages (or phages for short) are viruses preying on bacteria and are considered to be tr

tities in the biosphere [1]. They represent a ubiquitous feature of bacterial existence as there is
virtually no ecosystem where bacteria do not coexist with phages infecting them [1]. The strong
aunh tinnan preqarire imnpnaead hy phage predatinn hac led tn a anphicticatad arcanal ~f
antiphage strategies, which have been extensively reviewed elsewhere [2-5]. The repertoire
of known defense systems has been significantly expanded through large-scale bioinformatics
screenings followed by experimental validation [6,7]. In addition to the already known defense
systems, such as restriction-modification systems, CRISPR-Cas, or abortive infection (Abi),
antiviral strategies now include the use of cyclic nucleotides as signaling molecules (CBASS (8],
Pycsar [9]) and NAD+ depletion as a widespread response to viral infection [10-13]. Scrutiny of
these novel antiphage defense systems revealed striking similarities to eukaryotic immune
systems, suggesting that a previously underappreciated fraction of eukaryotic immunity
evolved from prokaryotic antiphage defenses [8,10,14-16]. With the accelerating pace of
discovery of new antiphage systems, keeping an overview of the currently known antiviral
prokaryotic arsenal has become increasingly difficult but has been facilitated by the develop-
ment of tools aimed at systematic and comprehensive identification of defense systems
in prokaryotic genomes [17,18]. The notion of a bacterial pan-immune system has been
recently proposed to recognize phage defense as a community resource distributed between
closely related bacteria via horizontal gene transfer (HGT) [19].

In nature, bacteria live in complex, spatially structured and multispecies communities [20], which
highlights the need to consider antiphage strategies at the community level. These mechanisms
include the release of extracellular vesicles [21,22], formation of protective biofilm structures
[23,24], or quorum sensing [25-27]. Chemical inhibition of phages using small molecules
secreted in the extracellular space represents another effective multicellular strategy against
phage infection, which, unlike most defense systems described until now, does not rely on
proteins or RNA.

Trends in Microbiology, Month 2022, Vol. xx, No. xx

Highlights

Bacteria are prolific metabolite pro-
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The direct inhibition of phage infection by bacterial small molecules was an intense research field
in the 1950s and 1960s and has recently regained significant attention. Here, we aim at summa-
rizing the extensive but largely overlooked body of research in the field of antiphage molecules
and present the latest developments in this emerging research area. Furthermore, we outline
future perspectives for the discovery of novel antiphage metabolites and discuss the ecological
significance of this defense strategy.

The present review aims at presenting small molecules, other than RNAs and proteins, that are
produced by bacteria and confer protection against phage infection. As a result, antibiotics
preventing phage infection by a primary action on the bacterium are not included.

Chemical defense against phage infection

Overall, the study of antiphage molecules has known two distinct periods of interest — the first one
spanning the third quarter of the 20th century while the second started only a few years ago. The
interest to find new compounds active against phages was very strong in the 1950s [28-30],
with, in some cases, heroic screening efforts such as those performed by Schatz and Jones
or Asheshov and colleagues — who assessed the antiphage activity of more than 170 and
1000 strains of actinomycetes, respectively [28,29]. In these screenings, the supernatants of
29% (49/176) and 17% (144/1000) of the tested actinomycete isolates caused an inhibition of
plaque formation, suggesting that the release of antiphage metabolites is not uncommon in
actinobacteria. These two screenings led to the description in follow-up studies of four antiphage
compounds (chrysomycin, phagolessin A58, nybomycin, and aklavin), the latter being shown to
be a close congener of the anthracycline (see Glossary) aclacinomycin A [31]. The primary goal
of these screenings was, however, not to understand how bacteria defend themselves against
phages but rather to find new antiviral drugs usable in a clinical or agricultural setting [30]. An ad-
ditional focus was put on substances able to specifically prevent phages from infecting Strepto-
myces griseus because of the risk phages posed to industrial production of streptomycin by this
important production host [32].

Over the decades, a significant number of molecules were described to have antiphage properties.
We listed these antiphage compounds in Table 1, which includes the phages inhibited and their
bacterial hosts. In the following, we focus on the three main classes of antiphage small molecules
described to date: anthracyclines, aminoglycosides, and modified nucleotides produced by
prokaryotic viperins.

Anthracyclines

Anthracyclines are secondary metabolites naturally produced by Streptomyces —a common
genus of soil-dwelling bacteria. Chemically speaking, anthracyclines belong to the family of
type Il aromatic polyketides and feature an aglycone scaffold decorated by a sugar residue
[58]. Soon after their discovery, anthracyclines were shown to possess potent antitumor
activity and have since been used to treat a wide range of cancers [59]. They are still among
the most effective anticancer treatments ever developed [60-62]. The precise mechanism
behind their cytotoxic effect in eukaryotic cells is still subject to debate. However, their antitumor
activity can be broadly attributed to their ability to intercalate into the DNA helix and/or bind
covalently to proteins involved in DNA replication and transcription [63]. The DNA-damaging
properties of anthracyclines also affect their producer, which, as a result, evolved several
self-resistance mechanisms. In the case of Streptomyces peucetius, the toxic effects of
daunorubicin and doxorubicin are mitigated by a combination of active efflux by DrrA and
DrrB, extracellular sequestration to prevent reimport, and dislodgement of intercalated
anthracyclines by DrrC [64-66].
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Glossary

Aminoglycosides: antibacterials
naturally produced by Streptomyces
and Micromonosporas species. They
target bacterial translation by binding to
the 308S ribosomal subunit. Besides their
antibacterial action, additional antiphage
properties were recently discovered.
Anthracyclines: DNA-intercalating
antibiotics produced by Streptomyces
having antitumor as well as antiphage
properties.

Bioactivity-guided fractionation:
chromatographic separation of extracts
aiming at the isolation of a pure
biologically active compound
Chemical defense: protection against
phage infection via bacterial small
molecules.

Streptomyces: a genus of
Gram-positive bacteria of the phylum
Actinobacteria. Streptomyces species
are found mainly in the soil and are
characterized by mycelial development
as well as by their complex secondary
metabolism. Streptomyces is one of the
most important producers of bioactive
molecules.

Viperins: virus-inhibitory proteins in
eukaryotes which convert
ribonucleotides into chain terminators,
thereby preventing transcription of viral
genes. Viperin homologs are found in
prokaryotes and are known as
prokaryotic viperins (pVips). pVips inhibit
phage infection by a mode of action
similar to that of their eukaryotic
counterparts.
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Table 1. Small molecules with known antiphage properties®
Class Compound Phages affected Bacterial host Phage family Genome Refs

DNA-intercalating agents

Alkaloid Ellipticine A Escherichia coli Siphoviridae Linear dsDNA [33]
Fluorochrome Propidium iodide A E. coli Siphoviridae Linear dsDNA [33]
fScoe2 Streptomyces Siphoviridae Linear dsDNA
coelicolor
fScoe25 S. coelicolor Siphoviridae Linear dsDNA
Acridine tamily compounds Acriflavine A E. colt Siphoviridae Linear dsDNA 133]
fScoe2 S. coelicolor Siphoviridae Linear dsDNA
fScoe25 S. coelicolor Siphoviridae Linear dsDNA
Ethacridine A E. colf Siphoviridae Linear dsDNA
lactate
Polypeptide antibiotic Actinomycin D T2r E. coli Myoviridae Linear dsDNA [34]
T4 E. coli Myoviridae Linear dsDNA [35]
Anthracyclines Rutilantin Various phages infecting both Gram + and Gram — [29]
Aclacinomycin X174 E. coli Microviridae Gircular ssDNA [36]
Snk;ag;”g A A E coli Siphoviriciae Linear dsDNA [37]
Various phages infecting both Gram + and Gram — [38]
Daunorubicin X174 E. coli Microviridae Circular ssDNA [36]
(el A E coli Siphoviridae Linear dsDNA [33]
T E. coli Siphoviridae Linear dsDNA [39]
T3 E. coli Autographiviridae  Linear dsDNA [39]
T4 E. coli Myoviridae Linear dsDNA [39]
T5 E. coli Siphoviridae Linear dsDNA [33]
T6 E. coli Myoviridae Linear dsDNA [33,39]
T7 E. coli Autographiviridae  Linear dsDNA [33]
JBD26 Pseudomonas Siphoviridae Linear dsDNA [33]
aeruginosa
JBD30 P. aeruginosa Siphoviridae Linear dsDNA [33]
fScoe2 S. coelicolor Siphoviridae Linear dsDNA [33]
1Scoe25 S. coelicolor Siphoviridae Linear dsDNA [33]
Doxorubicin X174 E. coli Microviridae Gircular ssDNA [36]
(lizinyeliy A E coli Siphoviridae Linear dsDNA [33]
fScoe2 S. coelicolor Siphoviridae Linear dsDNA [33]
Scoe25 S. coelicolor Siphoviridae Linear dsDNA [33]
PBS1 Bacillus subtilis Myoviridae Linear dsDNA [40]
SP10 B. subtiis Myoviridae Linear dsDNA [40]
fScoe2 S. coelicolor Siphoviridae Linear dsDNA [33]
fScoe25 S. coelicolor Siphoviridae Linear dsDNA [33]
Cosmomycin D fScoe2 S. coelicolor Siphoviridae Linear dsDNA [33]
1Scoe25 S. coelicolor Siphoviridae Linear dsDNA
Epirubicin A E. coli Siphoviridae Linear dsDNA [33]
Idarubicin A E. coli Siphoviridae Linear dsDNA [33]
Mitoxantrone A E. coli Siphoviridae Linear dsDNA [33]
{continued on next page)
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Table 1. (continued)
Class Compound Phages affected Bacterial host Phage family Genome Refs

Protein biosynthesis inhibitors™

Aminoglycosides Streptomycin MS-2 E. col Leviviridae Linear ssRNA [41]
P9 Streptococcus Siphoviridae Linear dsDNA [42,43]
fascium
f2 E. coli Leviviridae Linear ssRNA [44]
p2 E. coli Leviviridae Linear ssRNA [44]
fd E. coli Inoviridae Circular ssDNA [44]
F-WJ-l - - - [45]
Legendre Mycobacterium Siphoviridae Linear dsDNA [45]
smegmatis
Clark M. smegmatis Siphoviridae Linear dsDNA [45]
D29 M. smegmatis Siphoviridae Linear dsDNA [45,46]
PhAE159 M. smegmatis Phasmid (derived Gircular dsDNA [46]
from TM4 phage}
Kanamycin D29 M. smegmatis Siphoviridae Linear dsDNA [46]
phAE159 M. smegmatis Phasmid {derived Circular dsDNA [46]
from TM4 phage)
Spe2 Corynebacterium Siphoviridae Linear dsDNA [47]
glutaricum
A E. coli Siphoviridae Linear dsDNA [46]
T3 E. coli Autographiviridae  Linear dsDNA [48]
WSP E. coli — — [48]
BSP Bacillus cereus - — [48]
Hygromycin D29 M. smegmatis Siphoviridae Linear dsDNA [46]
pPhAE159 M. smegmatis Phasmid (derived Gircular dsDNA [46]
from TM4 phage}
Alderaan Streptomyces Siphoviridae Linear dsDNA [47]
venezuelae
Apramycin Alderaan S. venezuelae Siphoviridae Linear dsDNA [47]
A E. coli Siphoviridae Linear dsDNA
Neomycin 80 Staphylococcus Siphoviridae Linear dsDNA [49]
aureus
T3 E. coli Autographiviridae  Linear dsDNA [48]
WSP E. coli = = [48]
BSP B. cereus = = [48]
Others
Di-benzimidazole Ro 90-7501 A E. coli Siphoviridae Linear dsDNA [33]
Quaternary ammonium Dequalinium A E. coli Siphoviridae Linear dsDNA [33]
chloride
A ‘Phagostatin’ T3 E. coli Autographiviridae  Linear dsDNA [50]
Cyclopentenone Sarkomycin f2 E. coli Leviviridae Linear ssRNA [51]
Naphthocoumarin Chrysomycin Diverse phages [52]
A ‘Phagocidin’ T3 E. coli Autographiviridae  Linear dsDNA [63,54]
Pyrrolobenzodiazepine Tomaymycin T E. coli Siphoviridae Linear dsDNA [55]
T3 E. coli Autographiviridae  Linear dsDNA
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Table 1. (continued)

Class Compound Phages affected Bacterial host Phage family Genome Refs
M2 B. subtiis Podoviridae Linear dsDNA
SP10 B. subtiis Myoviridae Linear dsDNA
Heterocyclic anthracene Nybomycin 15/60 phages tested [56]
A ‘Phagolessin A58"  T1 E. coli Siphoviridae Linear dsDNA [57]
T3 E. coli Autographiviridae  Linear dsDNA
T7 E. coli Autographiviridae  Linear dsDNA
Modified ribonucleotides ddhCTP, T7 E. coli Autographiviridae  Linear dsDNA [14]
3sgl;§d oy el Enysiie e, GERUIT> P1 E. coli Myoviridae Linear dsDNA
A E. coli Siphoviridae Linear dsDNA

AThe classification of aminoglycosides as protein synthesis inhibitors is based on their antibacterial action.

Multiple reports described the inhibition of phage infection by anthracyclines such as daunorubicin,
doxorubicin, or cosmomycin (Table 1). Parisi and Soller assessed the impact of daunomycin on the
steps of the lytic cycle and showed a strong impairment of phage DNA synthesis during phage
infection, suggesting a blockage occurring during replication or between injection and replication [39].

A major step forward in the understanding of both the mechanism and biological significance of
the antiphage properties of anthracyclines was made more than 40 years later by Kronheim and
colleagues [33]. In this study, the authors show that daunorubicin inhibits phage A in Escherichia
coli as well as several double-stranded DNA (dsDNA) phages infecting E. coli, Streptomyces
coelicolor, or Pseudomonas aeruginosa and encompassing the three main families of tailed
phages (Siphoviridae, Podoviridae, and Myoviridae). The exact mechanism of action remains
unclear, but inhibition by daunorubicin takes place at an early stage of the infection cycle, namely,
after injection of the phage genome but before phage replication (Figure 1). All dsDNA phages
tested — whose incoming genome is linear — are inhibited by daunorubicin. In contrast, the
filamentous M13 phage, whose single-stranded DNA (ssDNA) genome enters as a circular
molecule, is not, suggesting that the circularization of incoming linear dsDNA could be the step
blocked by daunorubicin. The anthracyclines doxorubicin and cosmomycin D were also shown
to have antiphage properties. Importantly, the inhibition of phage infection could be reproduced
with supernatants from natural producers of these anthracyclines (S. peucetius for daunorubicin
and doxorubicin; strains of the WAC collection [67] for cosmomycin D, respectively). This
observation suggests that phage inhibition by anthracyclines is physiologically relevant in the
natural environment.

Kronheim and colleagues also reported the antiphage properties of synthetic DNA-intercalating
agents such as propidium iodide or acridine derivatives [33]. Further, the inhibition of E. coli
phage T2 by actinomycin D — another DNA-intercalating agent produced by Streptomyces —
was already described in 1961 [34]. Altogether, this suggests that intercalation into phage DNA
is probably a widespread antiphage strategy (Table 1).

Aminoglycosides

Aminoglycosides are bactericidal antibiotics that are active against Gram-negative and Gram-
positive organisms [68,69]. As their name suggests, aminoglycosides are pseudosaccharides
that possess several amino and hydroxy functionalities and most of them share a core 2-
deoxystreptamine ring [70]. Since the amine groups are typically protonated under physiologically
relevant conditions, these antibiotics can be considered as polycationic species featuring a
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Figure 1. Mechanism of action of antiphage molecules anthracyclines, aminoglycosides, and modified
nucleotides produced by prokaryotic viperin homologs (pVips). The phage replication cycle comprises several
steps, some of which are targeted by antiphage molecules. Unlike the modified ribonucleotides produced by pVips,
anthracyclines and aminoglycosides are secreted by producer cells and can be taken up by neighboring cells.

binding affinity for nucleic acids. In bacteria, they disrupt protein biosynthesis by targeting the 30S
subunit of the ribosomes, which, in turn, leads to complete blockage of translation or promotes
mistranslation [71]. Aminoglycosides were originally isolated from actinomycetes belonging to
the genera Streptomyces and Micromonospora [72]. In nature, aminoglycoside producers are
resistant to these molecules, which is a feature important to keep in mind when screening
aminoglycosides — and small molecules in general — for antiviral properties.

Using bacterial hosts expressing plasmid-borne aminoglycoside-resistance cassettes, aminogly-
cosides were recently shown to inhibit phages infecting the Gram-negative bacterium E. coli as
well as Gram-positive bacteria such as Corynebacterium glutamicum and Streptomyces
venezuelae [47]. Experiments aiming at shedding light on the molecular mechanism of phage
infection inhibition revealed that phage DNA was present inside cells in the presence of aminogly-
cosides. Together with the observation that amplification of phage DNA was strongly impaired,
these results suggest that the blockage exerted by aminoglycosides occurs mostly after DNA
injection but before genome replication (Figure 1). These results are in line with those obtained
by Jiang and colleagues, who reported the inhibition of the two mycobacteriophages phAE159
and D29 by kanamycin, hygromycin, and streptomycin [46]. Following the impact of streptomycin
on phage adsorption and amplification of phage DNA, the authors propose that the blockage
caused by aminoglycosides occurs between genome circularization and replication.
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One important question is whether this inhibition of phage infection by aminoglycosides is relevant
in a physiological context. In the case of apramycin, inhibition of the Streptomyces phage
Alderaan could be reproduced with supernatants of the natural producer of apramycin [47],
Streptoalloteichus tenebrarius (formerly known as Streptomyces tenebrarius [73)). Appearance
of the antiphage effect of supernatants coincided with the detection of apramycin in the culture
supernatants. In combination with the antiphage effect of purified apramycin, these data strongly
suggest that the main molecule behind the antiphage properties of the supernatants of
S. tenebrarius is apramycin [47]. Additionally, it indicates that aminoglycosides are secreted by
producers at levels which prevent infection in neighboring bacteria, opening the door to
community-wide protection.

In a natural context, most bacteria do not possess aminoglycoside-resistance genes, and resid-
ual concentrations of antibiotics are pervasive across man-shaped and natural environments
alike. Zuo and colleagues studied the impact of sublethal concentrations of aminoglycosides
on phage infection in aminoglycoside-sensitive hosts [48]. Phage amplification was strongly
impeded by concentrations as low as 3 mg/l. Interestingly, tetracycline, another antibiotic
which blocks protein synthesis by binding to the 30S ribosomal subunit, had a significantly
reduced impact on phage proliferation. These results suggest that blockade of translation
alone is not sufficient to efficiently prevent phage replication. Alternatively, the mechanism of
translation inhibition may be of importance, and the mistranslation caused by tetracycline could
participate in the difference of impact observed with aminoglycosides [418].

Although the action of aminoglycosides on the phage life cycle in vivo is not fully understood yet,
independent in vitro studies provide further hints about the basis of aminoglycosides’ antiphage
properties. Exposure of purified phage A DNA to aminoglycosides leads to condensation of DNA,
presumably coated by aminoglycoside fibers [74]. The same authors later proposed that
aminoglycosides form a clamp around the DNA double helix, causing a bend responsible for
the formation of structural deformations such as toroids [75].

In vivo mechanistic studies about the inhibition of phage infection by aminoglycosides are scarce, but
Brock and his collaborators contributed work worthy of attention. Using Streptococcus faecium and
its phage P9, Brock and Wooley investigated the inhibition of phage infection by streptomycin [42].
The authors used resistance to shearing forces as an indicator for DNA injection, under the assump-
tion that the formation of a plague from an initially infected cell subjected to shearing implies a
successful delivery of the phage genome. Using this technique, they proposed that streptomycin in-
hibits phage infection at an early stage of the phage infection cycle, namely, the DNA injection step.
They further hypothesized that streptomycin exerts its inhibition by binding phage DNA in the capsid,
thus preventing its unfolding necessary for infection. It is, however, important to note that,
although phage infection could already be inhibited by a concentration of 100 pg/ml, high concentra-
tions of streptomycin were used (1 mg/ml) in most experiments. Such high concentrations could
cause nonspecific effects such as phage precipitation potentially not present at lower concentra-
tions. Moreover, the streptomycin-resistant bacterial host was reported to bind very low amounts
of streptomycin, which suggests modifications of the cell surface that could, in turn, influence the
antiphage properties of streptomycin. In another study, Brock demonstrated the inhibitory effect
of streptomycin on the E. coli RNA phage MS-2 [41]. Streptomycin inhibited the formation of
phage progeny very early in the replication cycle (5—10 min after infection), and no impact of
streptomycin was noticed when added shortly after injection had occurred.

The fact that aminoglycosides have both antibacterial and antiviral properties raises the question
of the interplay between these two facets. In the case of apramycin, acetylation of one of its amino
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groups by the well-studied apramycin acetyltransferase AAC(3)IV abolished its impact on bacte-
rial growth, while fully retaining its protective effect against phages [47]. This observation suggests
that the antibacterial and antiviral actions of apramycin, and potentially further aminoglycosides,
could be decoupled from one another and that the respective molecular targets are distinct.

Taken together, these studies suggest that aminoglycosides are used by their producers not only
as toxic molecules against bacterial competitors but also as a protection against the threat of
phage predation at the community level.

Modified ribonucleotides produced by prokaryotic viperins

Viperins are important players of the innate antiviral response in eukaryotes [76]. They produce
ddhCTP, a modified ribonucleoside lacking the 3'-hydroxyl group necessary for elongation of
the nascent viral MRNA; hence, they act as chain terminators [77].

Viperin-like genes were known to be present in prokaryotes too, but the function of these
prokaryotic viperin homologs (pVips) remained unknown. Recently, they were shown to pro-
tect archaea and bacteria from viral infection and displayed a remarkable conservation
between the eukaryotic and prokaryotic kingdoms [14]. Indeed, pVips use a mode of action
similar to that of their eukaryotic homologs to inhibit viral transcription (Figure 1) — except that
pVips produce a wider range of modified ribonucleotides (ddhCTP, but also ddhGTP and
ddhUTP) [14]. Strikingly, the human viperin, when expressed in E. coli, conferred resistance
to phage infection, which underlines inhibition of viral transcription as a broad antiviral
strategy. Interestingly, inhibition of phage infection was also observed with phages like P1
and A which do not encode their own RNA polymerases and rely instead on the host polymerase
to complete transcription. This raises the possibility that pVips also exert their antiviral activity
independently of premature termination of viral transcripts, via mechanisms which remain to be
elucidated.

Mirroring the absence of toxic effects caused by human viperin in human cells, expression of
pVips in E. coli had no effect on host transcription and did not cause toxicity. This observation
hints that the bacterial RNA polymerase may be less sensitive than the phage RNA polymerase
to ddh-ribonucleotides, as self-resistance to the ddh-ribonucleotides would be favored during
coevolution of bacterial RNA polymerase and pVips. In contrast to anthracyclines and aminogly-
cosides, the modified nucleotides synthesized by viperins do not show antibacterial activity.
Additionally, they are not secreted, and protection is thus conferred only to producer cells.

Perspectives

Discovery of novel antiphage small molecules

Until now, the antiphage effects of most molecules were either discovered empirically or based
on earlier reports describing antiphage properties of the same or closely related molecules.
However, recent progress in the fields of genomics, metabolomics, and automation has the
potential to greatly accelerate the discovery of new antiviral molecules.

Automated screening allows high-throughput testing of the antiphage properties of molecule
libraries (Figure 2). To this end, bacteria are cultivated in microtiter plates, either alone, in the
presence of phages, or together with both phages and the compounds to be tested. If the
addition of a given compound suppresses the phage-mediated lysis of the culture, this hit indi-
cates a probable inhibition of phage infection by this molecule, warranting further investigation.
This strategy was successfully used with £. coli and phage A to reveal the antiphage activity of
anthracyclines and other DNA-intercalating agents [33]. One major limitation of this approach is

8 Trendsin Microbiology, Month 2022, Vol. xx, No. xx

132



Publications and manuscripts

Trends in Microbiology

® — @50, -

OO, —
% © < @
®_0 ‘ 0

0
=
o Identification of BGC via
Targeted bioinformatic screening
e Definition of

Pure molecules
i + enomic signatures
o Fractionation 9 9
e Large-scale screening

5 \

//\/7;\ ; 1[“1[
(o &% /i iy
(%% V .. m” I
=] ‘

Culture supernatants

Untargeted

©e®0®
eee

\~/ e3 ~

Antiphage
effect

=

e [
e E )
Nosntphage /\ oy
effect 0"
[ \ e Identification
via LC-MS

o Inhibitory fraction
Trende InMicroblology

Figure 2. Discovery strategies for the identification of new antiphage molecules. Bioinformatic prediction of
candidate biosynthetic gene clusters (BGCs) whose products may act against phages (1} inform large-scale testing of
small molecule libraries as well as complex supernatants (2). The elucidation of the antiphage compounds can be
achieved by bioactivity-guided fractionation (3,4} followed by analytic techniques such as liquid chromatography-mass
spectrometry (LC-MS) (5). Results of the screening efforts can then be fed back to the bioinformatic screening to help
define genomic features of antiphage BGCs (6).

that the compounds tested need to not interfere with the growth of the bacterium, since strong
growth defects would prevent the detection of antiphage effects.

Alternatively, spotting the molecules of interest on a phage-infected bacterial lawn represents an-
other screening strategy with potential for automation and upscaling (Figure 2). This technique
has been used for decades to assess antibacterial activity of antibiotics and has been hamessed
by phage researchers too [56,78,79]. It enables the appreciation of antiphage effects (or, on the
contrary, phage—antibiotic synergy) despite inhibition of bacterial growth, as shown by rings
devoid of plagque formation — or displaying larger plaques, respectively — around the zone of
growth inhibition caused by the candidate molecule.

These two strategies are not restricted to pure compounds and can also be used with complex
supernatants from bacterial hosts, enabling the exploration of a vaster metabolic landscape as
well as of potential synergistic interactions between candidate molecules. In the case where a
supernatant inhibits phage infection, bioactivity-guided fractionation followed by liquid
chromatography—mass spectrometry (LC-MS) can narrow the antiphage properties of the super-
natant down to one or a few compounds [33].

These screening approaches are likely to have alow discovery rate due to their untargeted nature.
Screening can be narrowed down by testing in priority metabolites released in reaction to phage
infection. For example, phage infection in S. coelicolor leads to the formation of colored halos
around phage plaques. The presence of pigmented compounds at the infection interface
suggests that Streptomyces reacts to phage infection by releasing these molecules, making
them interesting candidates for further analysis [80].
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In silico prediction of gene clusters involved in chemical antiphage defense would allow rational
identification and validation of candidate molecules. However, antiphage biosynthetic gene clus-
ters (BGCs) such as the ones encoding aminoglycosides and anthracyclines are not detected
using the now well-established ‘guilty-by-association’ approach. This discovery strategy is
based on the observation that defense systems are clustered in genomic ‘defense islands’.
Genes markedly enriched in the vicinity of known defense genes are therefore assumed to be
also involved in antiphage defense [6]. The use of this concept has led in recent years to a consid-
erable expansion of the known repertoire of antiphage defense systems [6,7,14]. It is, however,
biased towards small and very well-conserved genes, explaining why this approach did not detect
large and genus- or sometimes even species-specific BGCs as putative novel antiphage defense
systems. Now that tools systematically screening for known defense systems are available [17,18],
combining detection of phage defense systems and prediction of BGCs could reveal interesting
patterns of co-occurrence and help to define genomic features of antiphage BGCs. In the case
of antiphage metabolites fulfilling several roles (e.g., antibacterial and antiviral), such as aminoglyco-
sides, these supplementary functions likely impose further genomic and evolutionary constraints,
hindering the establishment of genomic signatures for gene clusters encoding multifunctional
molecules.

Importantly, empirical approaches and in silico screening are not mutually exclusive; uncovering
more antiphage secondary metabolites will help to define genomic signatures for antiphage
molecules. Streptomyces species are considered to encode the largest biosynthetic diversity
across bacterial genera, and actinobacteria at large show remarkable diversity in their secondary
metabolism [81]. Yet these findings are presumably biased by the extensive knowledge we
already have about actinobacteria. Less-well-studied bacterial phyla, such as myxobacteria
[82,83] or planctomycetes [84,85], to name only a few, also have elaborate BGC arsenals
which represent promising sources for the discovery of novel antiviral molecules.

Ecological relevance

The ecological significance of antiphage molecules was mostly ignored in the first wave of research
focusing on antiphage molecules and has only been recently appreciated. When considering the
ecological relevance of antiphage molecules, one key question is: is the antiphage molecule
secreted? If yes, are the concentrations reached high enough to block phage amplification? With
the evidence currently available, we can answer in the affirmative to these two questions regarding
both anthracyclines and aminoglycosides. Indeed, anthracyclines and aminoglycosides are
typically exported from producer cells by ABC-type transporters [66,86], and culture supernatants
of producers were shown to inhibit phage replication [33,47].

Contrary to most protein-based defense systems, antiphage molecules described so far display
rather broad inhibitory abilities. Anthracyclines and aminoglycosides inhibit seemingly very
disparate phages infecting diverse bacteria, Gram-positive and -negative alike. So far, the rules
behind the sensitivity of a given phage to these two classes of compounds remain unclear, the
only common feature of the inhibited phages being their dsDNA genome and tailed morphology.
This broad range of inhibition has important ecological implications: depending on their local
concentrations and diffusion, these antiphage compounds could serve as ‘public goods’ and
protect not only producer cells but also neighboring, unrelated cells — provided they are resistant
to these compounds (Figure 3). The fact that nonrelatives could benefit from antiphage molecules
is debatable under the light of sociomicrobiology. We can imagine that spatial structure and
biofilms play a key role in restricting the access to these molecules primarily to genetic kin. Alter-
natively, the substantial metabolic costs associated with the production of complex compounds
like aminoglycosides and anthracyclines, combined with the genomic instability in Streptomyces
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Figure 3. Ecological significance of the dual properties of aminoglycosides in a bacterial community.
Aminoglycoside producers release aminoglycosides {(purple} in their environment. Aminoglycosides kill sensitive bacteria
(antibacterial effect, A) while they may protect neighboring bacteria from phage infection (antiviral effect, B}, provided they
are resistant to these molecules, for example, via prior horizontal gene transfer (HGT) of resistance genes from producer
cells (C). Bystander microorganisms not affected by aminoglycosides are shown in gray.

[87], may lead to a partial or complete loss of the corresponding BGCs in certain subpopulations,
following a division of labor strategy. This loss of BGCs following genetic instability could be offset
by the gene flow from related bacteria. For instance, actinobacteria like Salinispora maintain a
pool of BGCs at the population level which are shuffled between strains through HGT, following
a ‘plug-and-play’ strategy [88].

The dual function of certain antiphage molecules adds another layer of complexity. For instance,
aminoglycosides represent a remarkable example of molecular multitasking, with the same
molecules exerting two seemingly unrelated effects — inhibition of bacterial translation and of
phage replication.

Furthenmore, acquisition of resistance to aminoglycosides by initially sensitive cells is highly beneficial
for two reasons: not suffering from their antibacterial effect anymore while benefiting from the
inhibition of phage infection. Naturally, the mode of resistance to these antibiotics is of particular
importance. Considering that aminoglycosides are thought to act intracellularly to block phage
infection, resistance mechanisms based on decreased aminoglycoside intracellular concentration —
such as decreasing uptake or expressing efflux pumps — would confer resistance to the antibiotic at
the expense of the loss of its protective antiphage effect. Conversely, resistance to aminoglycosides
mediated by aminoglycoside-modifying enzymes has the potential to inactivate aminoglycosides’
antibacterial activity without reducing intracellular concentrations. With the aminoglycoside
apramycin, it was shown that acetylation of one of its amino groups suppresses its antibacterial
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effect while retaining its antiphage properties [47]. Whether this example is a unique case oris a gen-
eral feature of aminoglycoside modifications remains to be determined. However, this observation
could potentially be one factor contributing to the wide distribution of aminoglycoside-modifying
enzymes catalyzing, for example, the acetylation, phosphorylation, or adenylation of amino or
hydroxyl groups at various positions of the aminoglycoside scaffold [89].

While secreted antiphage metabolites raise important ecological questions, keeping antiphage
compounds strictly intracellularly also provides the producer with special advantages. From a
metabolic point of view, this obviously suppresses the costs associated with exporting the mol-
ecules and the problematics of re-entry in neighboring cells. Privatizing the antiviral molecules
also prevents nonrelated bacteria occupying the same niche from benefiting from this resource.
Moreover, the modified ribonuclectides produced by pVips necessitate a single enzyme, which
greatly facilitates the spread of this antiviral strategy by HGT as reflected by the scattered phylo-
genetic distribution of pVips across the main bacterial clades [14]. Lastly, the substrates of
viperins (ribonucleotides) are so pervasive across life-forms that this antiviral mechanism is appli-
cable against a wide range of viruses, prokaryotic and eukaryotic alike [14]. We anticipate that
bacteria have evolved further defense mechanisms acting as molecular ‘grains of sand’ jamming
key steps of the viral machinery such as replication or translation.

To fully appreciate the ecological significance of chemical defense against phages, moving
away from the traditional ‘one phage — one bacterium’ approach represents a key step. Building
simplified, synthetic communities by increasing phage and/or bacterial diversity can provide
decisive insights into the physiology of antiphage defense strategies, as shown, for example,
with the importance of CRISPR-mediated phage resistance over modifications of the phage
receptor in complex microbial communities [90]. Yet, additional mechanistic insights are required
to understand the impact of antiphage molecules on community interactions.

Finally, one further direction worthy of investigation is the study of the interplay between the differ-
ent defense systems — small molecule- and protein-based. Producers of antiphage molecules
also encode other defense systems, and certain secondary metabolites could serve as a trigger
for other defense strategies. For instance, it was recently shown that the transcription-inhibiting
antibiotic rifampicin activates nucleotide-depletion defense, even in the absence of phages [91].
Our current knowledge about how prokaryotes coordinate these diverse antiphage strategies
to mount efficient antiviral responses is still in its infancy and needs to be advanced to provide
an integrated view of the prokaryotic immune system.

Concluding remarks

Phage defense systems are often considered at the level of the individual cell, where it is mech-
anistically described how they protect a bacterium from being infected by an incoming phage.
By acting at the single-cell level, antiphage strategies prevent the spread of the infection and
thereby protect the broader bacterial community. However, some mechanisms specifically pro-
tect several cells or the entire population simultaneously. One of these consists in the release of
small molecules into the extracellular environment. The antiphage metabolites described until
now predominantly correspond to anthracyclines and aminoglycosides, both inhibiting the early
steps of the phage infection cycle. Interestingly, aminoglycosides are well-known antibacterial
agents, but were also shown to be potent inhibitors of phage infection, suggesting that evolution-
ary constraints allowed the development of two seemingly very distinct functions.

From a therapeutic standpoint, antiviral metabolites in bacteria have the potential to fuel the
discovery pipeline for novel antiviral drugs in humans. For example, synthetic nucleoside chain
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Outstanding questions
What is the molecular mechanism of
action underlying the antiviral activity of
anthracyclines and aminoglycosides?

How did the dual antibacterial and
antiviral functions of aminoglycosides
shape the evolution of these molecules?

To what extent do secreted antiphage
molecules confer protection at the
community level?

Can genomic signatures be determined
for antiphage biosynthetic gene clusters?

Is chemical defense against phages a
conserved defense strategy across
bacteria?

Are there strategies involved in the
conditional privatization of secreted
antiviral molecules?

How does the production of antiphage
molecules interact with other antiviral
defenses in prokaryotic immune
systems?
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terminators are widely used in conditions such as HIV [92,93] or infection with herpes viruses [94],
and chain terminators produced by pVips could represent new avenues for treatments of viral in-
fections in humans [14]. Knowledge gained about small molecule-mediated inhibition of phage
infection is also relevant for phage therapy, for example, to avoid antagonistic effects when ad-
ministering phage-antibiotic combination treatments.

The repertoire of bacterial secondary metabolites is extremely large, and the physiological func-
tion of many of these compounds remains unclear. We can thus hypothesize that the number
of described antiphage molecules will keep growing in the future (see Outstanding questions).
For example, molecules triggering death of parts of the bacterial population represent promising
candidates as their release in reaction to phage predation would mimic the effect of protein-
mediated Abi systems.

Phages have developed ways to circumvent most bacterial defense strategies, as part of the
arms race in which they are engaged with their bacterial hosts. Itis therefore plausible that phages
have evolved means to overcome this metabolite-based defense system. Elucidating these ad-
aptations could illuminate phage biology by attributing a function to certain already known
phage features and further our understanding of the intricate relationships between phages
and their bacterial hosts in the context of chemical defense.
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Figure S1: Screening of small phagic proteins regarding their impact on cellular growth
and CGP3 induction in C. glutamicum. The cultivation of C. glutamicum ATCC 13032::Pys
eyfp strains carrying the corresponding gene sequences of the small proteins on the pANG6
vector (under control of P:) was performed in CGXIl minimal medium with 2 % (w/v) glucose
and 50 uM IPTG for 24 h. (A,B) Growth curves upon small protein overproduction are based
on the backscatter measurements in the BiolLector® microcultivation system. All data
represent mean values with standard deviations from three independent biological replicates

(n=3). As the backscatter values were measured with two different BioLector® devices, data
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are represented in two separated graphs.
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Figure S2: Cell growth and prophage inducibility in the Acg1914 or Acg1978 mutant
strain. Cultivation of the C. glutamicum ATCC 13032 Acg1914 strain, the C. glutamicum ATCC
13032 Acg1978 strain and the C. glutamicum ATCC 13032 wild type strain carrying the
plasmid-based prophage reporter pJC1-Pyslys™-venus was performed in the BiolLector®
microcultivation system in CGXII minimal medium with 2 % (w/v) glucose. All data represent
mean values with standard deviations from three independent biological replicates (n=3). (A)
Growth curves based on the backscatter measurements in the BioLector® microcultivation
system. (B) Percentage of induced cells after 24 h cultivation based on the flow cytometric

measurements of the plasmid-based prophage reporter.
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Figure S3: Purification of proteins for surface plasmon resonance analysis of protein-
protein interaction. Cg1978 containing a C-terminal His-tag and GyrA containing a N-terminal
Strep-tag were overproduced in E. coli BL21 (DE3) and purified via affinity purification. The gel
electrophoresis was performed with 4-20 % gradient gels at 120 V for 60 min using the

Precision Plus Protein™ Dual protein marker as a standard.
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Sequence alignment GyrA (E: E. coli, C: C. glutamicum, M: M. tuberculosis)
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Figure S4: Sequence alignment of the DNA gyrase subunit A from C. glutamicum (C),
M. tuberculosis (M) and E. coli (E). The multiple sequence alignment was conducted by
using the Clustal Omega platform (Sievers et al., 2011). The output file was further transformed

using Boxshade (https://embnet.vital-it.ch/software/BOX form.html). The sequence similarity

of the DNA gyrase subunit A between C. glutamicum (UniProtKB - Q8NUC6) and
M. tuberculosis (UniProtKB - POWGA47) is 71.34 %, the one between C. glutamicum and E. coli

(UniProtKB - POAES4) is 45.17 %.
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Sequence alignment GyrB (E: E. coli, C: C. glutamicum, M: M. tuberculosis)
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Figure S5: Sequence alignment of the DNA gyrase subunit B from C. glutamicum (C),
M. tuberculosis (M) and E. coli (E). The multiple sequence alignment was conducted by
using the Clustal Omega platform (Sievers et al., 2011). The output file was further transformed

using Boxshade (https://embnet.vital-it.ch/software/BOX form.html). The sequence similarity

of the DNA gyrase subunit B between C. glutamicum (UniProtkKB - AOABL2RK64) and
M. tuberculosis (UniProtKB - POWG45) is 73.92 %, the one between C. glutamicum and E. coli

(UniProtKB - POAESS) is 53.77 %.
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M.tb. gyrase neat enzyme: 5900 nM
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Figure S6: Gyrase activity and supercoiling assays. (A) Different gyrase concentrations of
the M. tuberculosis (M.tb.) gyrase and (B) the E. coli (E.c.) gyrase were tested to determine
the concentration required for maximal supercoiling of 0.5 ug relaxed plasmid DNA. The assay
was conducted according to the manual of the Gyrase Supercoiling Inhibition Assay Kit from
Inspiralis (Norwich, UK). Subsequently, 1 U of the respective gyrases were used to investigate
a potential inhibitory activity of Gip on the supercoiling activity. Different agarose gels were

compiled as indicated by the boundaries.
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Table S1: Bacterial strains used in this study

Strain

Genotype and relevant characteristics

Reference

E. coli BL21 (DE3)

F-ompT hsdSs(rs™ ms ~) gal dem A(DE3)

(Studier & Moffatt, 1986)

E. coli DH5a

supE44 AlacU169 (¢80lacZDM15) hsdR17 recA1
endA1 gyrA96 thi-1 relA1

Invitrogen

C. glutamicum ATCC 13032

Biotin-auxotrophic wild type (NC_003450.3)

(Ikeda & Nakagawa,
2003)

ATCC 13032::Pys-eyfp

ATCC 13032 with promoter fusion Pys-eyfp
integrated into the intergenic region of cg1121 and
cg1122

(Helfrich et al., 2015)

ATCC 13032 ArecA::Pys-

eyfp

ATCC 13032::Pys-eyfp with in-frame deletion of
ATPase domain of recA (cg2141)

(Helfrich et al., 2015)

ATCC 13032::Preca-venus

ATCC 13032 with promoter fusion Preca-venus
integrated into the intergenic region of cg1121 and
cg1122

(Helfrich et al., 2015)

MBO001

ATCC 13032 ACGP1 (cg1507-cg1524), ACGP2
(cg1746-cg1752) and ACGP3 (cg1890-cg2071) (BA
strain)

(Baumgart et al., 2013)

ATCC 13032 Acg1914

ATCC 13032 with partial in-frame deletion of cg1914

This work

ATCC 13032 Acg1978
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Table S2: Plasmids used in this study. Numbers represent oligonucleotides used for
amplification of the insert DNA (Table S3) using the C. glutamicum genome as template. The
vectors were linearized with the indicated restriction enzyme and plasmids were constructed
using Gibson assembly. Sequencing was performed using the listed oligonucleotides.

Plasmids ‘ Template ‘ Primer ‘ Vector ‘ Restriction Sequ.encmg
enzymes primer
Dlacmide fAr Aavarnradiiatinn Af emall neataine in © Aaliifarminiim
iaoiinuvue 1vi vvel Hlvuu\lllvll Vi oInnian Plvlcllle mni w. y'u‘al"’\ru"'
ANG KanR; C. glutamicum/ E. coli shuttle vector for regulated gene expression; derivative
P of pEKEX2 (Ptec, lacl?, pBL1 oriVcyg., pUC18 oriVec.) (Frunzke et al., 2008)
KanR; pANG derivative containing a truncated variant of the cgpS gene under control
PANG-cgpS-N of Prac (Pfeifer et al., 2016)
PAN6-cg 1902 C. glutamicum 1+2 PANG Ndel + EcoR| 45 + 46
chromosome
PANG-cg1910 C. glutamicum 3+4 PANG Ndel + EcoR| 45 + 46
chromosome
PAN6-cg1914 C. glutamicum 5+6 PANG Ndel + EcoRl 45 + 46
chromosome
PAN6-cg1924 C. glutamicum 7+8 PANG Ndel + EcoR| 45 + 46
chromosome
pANB-cg1925 C. glutamicum 9+10 PANG Ndel + EcoRI 45 + 46
chromosome
C. glutamicum
pANB-cg1971 peamo 11+ 12 pANG Ndel + EcoRI 45 + 46
pANG-cg1978 / C. glutamicum | 434 14 PANG Ndel + EcoR| 45 + 46
pANB-gip chromosome
PANG-cg2026 C. glutamicum | 45, 46 PANG Ndel + EcoR| 45 + 46
chromosome
PANG-cg2035 C. glutamicum | 45, 4g PANG Ndel + EcoR| 45 + 46
chromosome
PAN6-cg2045 C. glutamicum | 44, g PANG Ndel + EcoR| 45 + 46
chromosome
PAN6-cg2046 C. glutamicum | 5, o PANG Ndel + EcoRl 45 + 46
chromosome

Plasmids for overproduction of proteins with affinity tags in E. coli

pET24b

KanR; E. coli vector for regulated gene expression; derivative of pBR322 (P17, /ac/, f1
ori, pPBR322 ori, T7 terminator) (Novagen)

pET2b-Cstrep

pET24b derivative with TEV cleavage site and C-terminal Strep-tag
(Davoudi, unpublished)

pET2b-Nstrep

pET24b derivative with TEV cleavage site and N-terminal Strep-tag
(Davoudi, unpublished)
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PET2b-Chis pET24b derivative with TEV c_Ieavage _5|te and C-terminal His-tag
(Davoudi, unpublished)
pET24b-cg1978-C- C. glutamicum 23+ 24 pET24b- Ndel + Nhel 47 + 48
strep chromosome Cstrep
PET24b-cg1978-C-his | C gMtamicum | oq, 5g PET24b- Ndel + Nhel 47 + 48
chromosome Chis
ET24b-gvrA-C-st C. glutamicum 27 + 28 pET24b- Ndel + Nhel 47 + 48
P ~GyrA-L-strep chromosome Cstrep e e 49 + 50
~ N C. glutamicum pET24b- 47 + 48
pET24b-gyrA-N-strep chromosome 29+ 30 Nstrep Blpl + Nhel 49 + 50
C. glutamicum pET24b- 47 + 48
pET24b-gyrB-N-strep chromosome 31+ 32 Nstrep Blpl + Nhel 51 + 52

Plasmids for construction of deletion mutants

Plasmid containing a negative (sacB) as well as a positive selection marker (kan®) for

pK19mobsacB allelic exchange in C. glutamicum (pK18 oriVe., sacB, lacZa)
(Schéfer et al., 1994)
pK19mobsacB- C. glutamicum 33+ 34 . 41 + 42
Acg1914 chromosome 35+36 | PK19mobsacB | EcoRI+ Hindlll 53 + 54
pK19mobsacB- C. glutamicum 37 + 38 . 43 + 44
Acg1978 chromosome 39+40 | PK19mobsacB | EcoRl+ Hindlll 53 + 54
Reporter plasmids
pJC1 KanR, AmpR, C. glutamicum shuttle vector (Cremer et al., 1990)

Prophage reporter plasmid carrying the gene coding for the fluorescent protein Venus

PICT-Pyslys -venus under control of the Pys promotor (Hiinnefeld et al., 2019)
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Table S3: Oligonucleotides used in this study

Eroi-mer Oligonucleotide name Sequence (5’ 2 3’)
Construction of plasmids for overproduction of small proteins in C. glutamicum
1 pAN6_cg1902_fw CAGAAGGAGATATACATATGATGATTAAGAGACTGGCTGCAGG
2 pANG6_cg1902_rv AAACGACGGCCAGTGAATTCTTATACAACTTGAATAGCCGTACCTG
3 pAN6_cg1910_fw CAGAAGGAGATATACATATGTTGGAGTTTATTTTATTTTTTGCACTT
4 pAN6_cg1910_rv AAACGACGGCCAGTGAATTCCTATTTTTCCAACTTGTCGCTCTTAC
5 pAN6_cg1914_fw CAGAAGGAGATATACATATGATGAACTGCCCAAACTGCTC
6 pANG_cg1914_rv AAACGACGGCCAGTGAATTCTTACAGTACTTCGATATATCCGCAGTC
7 pAN6_cg1924_fw CTGCAGAAGGAGATATACATATGTACTCGACATCATCATTTACC
8 pAN6_cg1924_rv AAACGACGGCCAGTGAATTCTTACTGCTCATTATGAGGTGCC
9 pAN6_cg1925_fw CTGCAGAAGGAGATATACATATGGTGGTGTGCGGC
10 pAN6_cg1925_rv AAACGACGGCCAGTGAATTCTTACGGCTGTCGAGCTG
11 pAN6_cg1971_fw CTGCAGAAGGAGATATACATATGTCTAATCTCGGCACATACTATG
12 pAN6_cg1971_rv AAACGACGGCCAGTGAATTCTCAGAAACCAGGCTGTTGAGAC
13 pAN6_cg1978_fw CAGAAGGAGATATACATATGATGGCTAAAGAATTCGAATTCACC
14 pAN6_cg1978_rv AAACGACGGCCAGTGAATTCTTACTCGACGATGACGTAGGG
15 pAN6_cg2026_fw CAGAAGGAGATATACATATGATGACCAAGCGAAATATCACTACTGT
16 pAN6_cg2026_rv AAACGACGGCCAGTGAATTCTCAGCCCTTAGGTGGGTG
17 pAN6_cg2035_fw CTGCAGAAGGAGATATACATATGTCAATCAATGCGTTCTGG
18 pAN6_cg2035_rv AAACGACGGCCAGTGAATTCTCAGGCACCTAGATATGTGATTAC
19 pAN6_cg2045_fw CAGAAGGAGATATACATATGATGCCTCAACGCGAAAAGC
20 pAN6_cg2045_rv AAACGACGGCCAGTGAATTCTTAGCTGTCCACAAGAATGCC
21 pAN6_cg2046_fw CTGCAGAAGGAGATATACATATGGGGTACCTGGGAATTGATAG
22 pANG6_cg2046_rv AAACGACGGCCAGTGAATTCTTAGATATCGACTCCTAGCGCTC
Construction of plasmids for overproduction of proteins with affinity tags in E. coli
23 cg1978_C-Strep_pET_fw AAGAAGGAGATATACATATGATGGCTAAAGAATTCGAATTCACCATC
24 cg1978_C-Strep_pET_rv AAATACAGGTTCTCGCTAGCCTCGACGATGACGTAGGG
25 cg1978_C-His_pET_fw AAGAAGGAGATATACATATGATGGCTAAAGAATTCGAATTCACCATC
26 cg1978_C-His_pET_rv AAATACAGGTTCTCGCTAGCCTCGACGATGACGTAGGG
27 gyrA_C-Strep_pET_fw AAGAAGGAGATATACATATGGTGAGCGACGACAATACCGGAC
28 gyrA_C-Strep_pET_rv AAATACAGGTTCTCGCTAGCTTCCTCGCCGTTTTCGTCG
29 gyrA_N-Strep_pET_fw TGTATTTTCAGGGCGCTAGCGTGAGCGACGACAATACC
30 gyrA_N-Strep_pET_rv TATGCTAGTTATTGCTCAGCTTATTCCTCGCCGTTTTCGTCG
31 gyrB_N-Strep_pET_fw TGTATTTTCAGGGCGCTAGCGTGGCAAACACTGAACACAATTATG
32 gyrB_N-Strep_pET_rv TATGCTAGTTATTGCTCAGCTTAGATATCGAGGAAACGAACATCCTTG
Construction of plasmids for genomic deletion in C. glutamicum
33 LF_fw_cg1914 CCATGATTACGCCAAGCTTGTCTGTGGACATCATGAAAAACG
34 LF_rv_cg1914 GTCTGTAACCGAGCATCTCTCGATGATCTCCTTTTAAGGGATTGAGGTG
35 RF_fw_cg1914 GAGAGATGCTCGGTTACAGACCACGTCTGCAGCGACTG
36 RF_rv_cg1914 AACGACGGCCAGTGAATTCGGACCATGAGCGGCCGGTT
37 LF_fw_cg1978 ACCATGATTACGCCAAGCTTGACCAAATCGGCGATGTGTTTG
38 LF_rv_cg1978 GTCTGTAACCGAGCATCTCTCAATAAGTGTTCTTTCTTATGCGAGGTG
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39 RF_fw_cg1978 GAGAGATGCTCGGTTACAGACAGGCGTTTCTTTTTCTCCCCC

40 RF_rv_cg1978 AAAACGACGGCCAGTGAATTGCCCGTGAGGTCACCCTTAT
Sequencing primer

41 Acg1914_fw_seq AGGTGTGTATAACACCCGACAAG

42 Acg1914_rv_seq ATGCGACGCAAATTTTGGACC

43 Acg1978 fw_seq TCCGACATCATTCACATGACTGAC

44 Acg1978_rv_seq TCGTCAAGGTAGAGAGACATAAGTTATGTAG

45 pAN6_fw_seq GATATGACCATGATTACGCCAAGC

46 pAN6_rv_seq CGGCGTTTCACTTCTGAGTTCGGC

47 pET24b_fw_seq CGATATAGGCGCCAGCAACC

48 pET24b_rv_seq CCTCAAGACCCGTTTAGAGG

49 gyrA-C/N-strep _fw_seq GGCTGACGCAATTCTGGCAATG

50 gyrA-C/N-strep _rv_seq CAGCTCATCGCGAACGATGG

51 gyrB-N-strep _fw_seq CGAGGAAGGTTTCCGCTCTG

52 gyrB-N-strep _rv_seq GGAAATAACCGCGGACAGGC

53 pK19mobSacB_fw_seq AGCGGATAACAATTTCACACAGGA

54 pK19mobSacB_rv_seq CGCCAGGGTTTTCCCAGTCACGAC
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Table S4: Impact of gip (cg1978) overexpression on global expression levels. A genome-
wide comparison of mRNA levels the C. glutamicum ATCC 13032 strain overexpressing gip
and the wild type strain carrying the empty vector control was performed. The shown mRNA
ratios indicated mean values from three independent biological replicates (n=3). The strains
were cultivated in CGXIl minimal medium with 2 % (w/v) glucose and mRNA was prepared
from cells at an ODeno of 6. The mMRNA ratios were calculated by dividing the mRNA levels of
the gip overexpressing strain by the mRNA levels of the strain carrying the empty vector
control. The table includes all genes which showed a changed mRNA level in all experiments

(mRNA ratio > 2.0: upregulation (red) or < 0.5: downregulation (green), p-value < 0.05).

The table is provided in a separate file (Table S4_Complete Microarray Data).
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Table S4: Impact of gip (cg1978) overexpression on global expression levels. A genome-wide comparison of mRNA
levels the C. glutamicum ATCC 13032 strain overexpressing gip and the wildtype strain carrying the empty vector
control was performed. The shown mRNA ratios indicated mean values from three independent biological replicates
(n=3). The strains were cultivated in CGXIl minimal medium with 2 % (w/v) glucose and mRNA was prepared from
cells at an ODsoo of 6. The mRNA ratios were calculated by dividing the mRNA levels of the gip overexpressing strain
by the mRNA levels of the strain carrying the empty vector control. The table includes all genes which showed a
changed mRNA level in all experiments (mRNA ratio > 2.0: upregulation (red) or < 0.5: downregulation (green), p-

value < 0.05).
Gene mBNA P- Gene name Annotation Categorization
ratio value
cg0001 0,60 0,02 | dnaa dnaA( chromosomal replication initiation DNA repl|cat|9n, recombination, repair,
protein and degradation
cg0004 0,70 0,02 | dnaN dnaN, DNA polymerase Ill subunit beta DNA repllcatlfm, recombination, repair,
and degradation
cg0007 4,44 0,01 rB rB, DNA topoisomerase IV subunit B DNA replication, recombination, repair,
g ! ! 9y BYre, P and degradation
cg0008 0,59 0,01 hypot-hetlcal protein cg0008 | hypothetical General function prediction only
protein cg0008
¢g0009 0,77 0,01 uncharacterized membrane protein Unknown function
cg0010 1,64 0,04 hypothetical protein cg0010 Unknown function
cg0012 6,95 0,00 |ssuR SsuR, SL-J|p-hOnate sulphur utilization Signal transduction mechanisms
transcriptional regulator SsuR
cg0013 1,16 0,00 bacterial regulatory proteins, TetR family Signal transduction mechanisms
. DNA replication, recombination, repair,
cg0015 6,23 0,00 |gyrA gyrA, DNA gyrase subunit A and degradation
cg0016 2,41 0,00 putative integral membrane protein Unknown function
cg0018 9,84 0,00 hypothetical membrane protein Unknown function
cg0025 1,18 0,04 | ccdA2 pytat\ve {ntegral»membrane cytochrome Protein turnover and chaperones
biogenesis protein
cg0033 0,65 0,04 putative secreted protein Unknown function
cg0038 0,44 0,00 | ohr organic hyd roperox!de res!stance prote!n | General function prediction only
organic hydroperoxide resistance protein
cg0040 0,57 0,02 putative secreted protein Inorganic fon transport, metabolism, and
storage
rbsB, ABC transporter/periplasmic D-ribose-
cg0044 0,32 0,00 | rbsB binding protein .l rbsB,-ABC- - Carbon source transport and metabolism
transporter/periplasmic D-ribose-binding
protein
cg0045 0,38 0,00 probable ABC transport protein, membrane Carbon source transport and metabolism
component
cg0046 0,81 0,01 S;?:S:Le ABC transport protein, ATP-binding Carbon source transport and metabolism
cg0047 0,67 0,02 hypothetical protein cg0047 Unknown function
cg0054 0,42 0,04 cytoplasmic siderophore-interacting protein Lr:grragzglc fon transport, metabolism, and
¢g0055 0,82 0,01 |crgA crgh, .o.rt.holog of RvOQllc, member.of the Cell division, chromosome partitioning
cell division complex in mycobacteria
cg0057 0,62 0,00 | pknB p_knB, eukaryotic-type serine/threonine Post-tranélationa\ mo_dification; Signal
kinase transduction mechanisms
. . . Post-translational modification; Signal
cg0059 0,77 0,03 | pknA pknA, serine/threonine protein kinase X R
transduction mechanisms
pbpA, D-alanyl-D-alanine carboxypeptidase | . .
cg0060 0,54 0,00 | pbp2b (pbpA) pbpA, D-alanyl-D-alanine carboxypeptidase Cell wall/membrane/envelope biogenesis
cg0061 0,58 0,00 | rodA rodA, putapve FTSW/RODA/SPOVE family cell Cell division, chromosome partitioning
cycle protein
. Post-translational modification; Signal
cg0062 0,62 0,02 | ppp ppp, protein phosphatase transduction mechanisms
cg0063 0,61 0,00 | fhaB secreted protein General function prediction only
hypothetical protein cg0064 | hypothetical . .
cg0064 0,66 0,05 | fhaA protein cg0064 General function prediction only
cg0065 0,78 0,04 haem peroxidase superfamily General function prediction only
gabD3, succinate-semialdehyde . . "
cg0067 0,54 0,00 |gabD3 dehydrogenase (NADP+) Amino acid transport and metabolism
cg0071 0,58 0,02 metallo-beta-lactamase superfamily General function prediction only
cg0072 0,57 0,03 hypothetical protein cg0072 Unknown function
cg0073 0,44 0,02 sulfurtransferase General function prediction only
cg0075 0,92 0,03 hypothetical protein cg0075 Unknown function
cg0076 0,37 0,04 hypothetical protein cg0076 Unknown function
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CorA-like Mg2+ transporter protein | CorA-

Inorganic ion transport, metabolism, and

Y 0,82 0,01 like Mg2+ transporter protein storage
cg0081 1,77 0,03 putative tautomerase Carbon source transport and metabolism
cg0082 0,74 0,04 voltage gated chloride channel Inorganic ion transport, metabolism, and
storage
cg0088 0,53 0,00 ZEAH”)(CKP’ citH, citrate transporter Carbon source transport and metabolism
cg0090 0,55 0,01 |citB citB, two-component response regulator CitB | Signal transduction mechanisms
cg0095 0,56 0,03 | bioB bioB, biotin synthase Coenzyme transport and metabolism
hypothetical protein cg0097 | hypothetical .
A0 0,72 0,04 protein cg0097 | hypothetical protein cg0097 Unknown function
cg0104 1,87 0,00 | codA codA, creatinine deaminase Amino acid transport and metabolism
cg0107 0,65 0,00 secreted protein Unknown function
cg0109 4,16 0,00 |lip1 triacylglycerol lipase precursor Lipid transport and metabolism
cg0111 0,82 0,02 hypothetical protein cg0111 Unknown function
cg0112 1,51 0,03 | ureR ;Jar:]}?l,ybacterlal regulatory protein, MarR Signal transduction mechanisms
cg0113 1,35 0,01 |ureA ureA, probable urease gamma subunit Transport and metabolism of further
metabolites
cg0117 1,45 0,02 | ureF ureF, urease accessory protein Transport and metabolism of further
metabolites
cg0122 1,51 0,01 putative glycerol 3-phosphate Lipid transport and metabolism
dehydrogenase
cg0123 0,45 0,00 | htpG putative heat shock protein (HSP90-family) Protein turnover and chaperones
cg0128 0,71 0,01 secreted protein, signal peptide Unknown function
cg0131 0,70 0,03 pu_tat\ve oxidoreductase | putative General function prediction only
oxidoreductase
cg0133 0,21 0,00 |[abgT p-aminobenzoyl-glutamate transporter Amino acid transport and metabolism
cg0134 0,25 0,00 | abgB hydrolase, AMA/HIPO/HYUC family Amino acid transport and metabolism
cg0135 0,41 0,00 putative inner membrane protein Unknown function
cg0136 0,48 0,01 hypothetical protein cg0136 Unknown function
cg0138 1,81 0,01 ATP/GTP-binding protein Unknown function
cg0144 0,62 0,04 |rbtT rbtT, putative ribitol transporter Carbon source transport and metabolism
cg0148 0,41 0,00 | panC panC, pantoate--beta-alanine ligase protein Coenzyme transport and metabolism
panB, 3-methyl-2-oxobutanoate .
cg0149 0,51 0,03 | panB hydroxymethyltransferase Coenzyme transport and metabolism
cg0150 0,68 0,01 bacterial regulatory protein Signal transduction mechanisms
cg0156 2,39 0,00 |cysR cysR, transcrlp.t.lonjcﬂ regulator involved in Signal transduction mechanisms
sulphonate utilisation
cg0158 0,51 0,00 putative membrane transport protein General function prediction only
80159 0,42 0,02 hypot'hetlcal protein cg0159 | hypothetical Unknown function
protein cg0159
cg0161 0,60 0,00 putative secreted or membrane protein Unknown function
cg0162 0,53 0,00 membrane spanning protein Unknown function
cg0163 0,64 0,00 N-acetylglucosaminyltransferase General function prediction only
cg0165 0,72 0,05 ABC-2 type transporter General function prediction only
cg0170 1,36 0,02 probable transmembrane protein Unknown function
cg0171 1,39 0,00 secreted protein Unknown function
Amino acid transport and metabolism;
cg0172 1,76 0,03 | panD panD, aspartate 1-decarboxylase precursor Coenzyme transport and metabolism
cg0174 0,49 0,00 putative transport protein Unknown function
cg0176 0,69 0,02 permease Unknown function
cg0180 0,38 0,00 | maa maa, maltose O-acetyltransferase Carbon source transport and metabolism
cg0182 0,44 0,02 | tagaz tagA2, probable DNA-S-methyIadenlne DNA repllcatpn, recombination, repair,
glycosylase | protein and degradation
cg0183 0,42 0,01 putative lyse type translocator Amino acid transport and metabolism
cg0184 1,65 0,01 hypothetical protein cg0184 Unknown function
cg0185 1,79 0,01 glyox?las?/b\eomycm resistance General function prediction only
protein/dioxygenas
cg0186 0,67 0,02 methylated-DNA--protein-cysteine DNA repllcatl?n, recombination, repair,
methyltransferase and degradation
cg0191 0,36 0,00 translation initiation inhibitor General function prediction only
cg0193 0,50 0,01 | pepO pepO, endopeptidase O Protein turnover and chaperones
iolC, -Inositol cataboli bohydrat
cg0197 1,22 0,02 |iolC ::i)na’sr:yo nositol catabolism, carbohydrate Carbon source transport and metabolism
cg0198 0,82 0,03 hypothetical protein cg0198 Carbon source transport and metabolism
cg0199 0,68 0,02 |iolA iolA, myo-Inositol catabolism, aldehyde Carbon source transport and metabolism
dehydrogenase
cg0201 0,49 0,01 |iolB iolB, enzyme involved in inositol metabolism | Carbon source transport and metabolism
cg0202 0,50 0,00 |iolD iolD, putative acetolactate synthase protein Carbon source transport and metabolism
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cg0203 0,50 0,00 |iolE iolE, 2-Keto-myo-inositol dehydratase Carbon source transport and metabolism

¢g0205 0,63 0,00 |iolH iolH, myo-inositol catabolism protein Carbon source transport and metabolism

cg0207 0,54 0,03 | oxiA OX!I' myo-Inositol dehydrogenase, Carbon source transport and metabolism
oxidoreductase

cg0208 1,75 0,02 hypothetical protein cg0208 Unknown function

¢g0209 1,73 0,01 hypothetical protein cg0209 Unknown function

cg0211 0,54 0,00 | oxiB putative oxidoreductase General function prediction only

cg0212 0,67 0,03 phosphate isomerase/epimerase General function prediction only

cg0214 0,70 0,04 hypothetical protein cg0214 Unknown function
cspA, cold-shock protein CSPA | cspA, cold- Transcription including sigma factors, RNA

cg0215 0,28 0,01 | cspA shzck protein CSFE)A oo processiig and modiﬁiatigon

cg0217 0,68 0,02 bacterial regulatory protein, ArsR family Signal transduction mechanisms

cg0218 1,71 0,00 O-methyl transferase (N-terminal fragment) | General function prediction only

cg0219 2,18 0,00 0O-methyl transferase (C-terminal fragment) General function prediction only

cg0220 0,65 0,01 acetyltransferase, GNAT family General function prediction only

cg0222 0,65 0,03 membrane protein Unknown function

cg0223 0,34 0,01 |iolT1 IOITl.’ myo-Inositol transporter | iolT1, myo- Carbon source transport and metabolism
Inositol transporter

20228 0,26 0,00 | hkm sensor histidine kinase of two-component Post-tran§|ationa\ mo.dification; Signal
system, fragment transduction mechanisms

cg0229 0,37 0,02 |gitB gltl?, glutamine 2-oxoglutarate Amino acid transport and metabolism
aminotransferase large SU

cg0230 0,31 0,01 |gitD gltl?, glutamine 2-oxoglutarate Amino acid transport and metabolism
aminotransferase small SU

cg0232 0,54 0,00 hypothetical secreted protein Unknown function

cg0233 0,61 0,01 hypothetical protein cg0233 Unknown function

cg0236 0,73 0,00 | aftA aftA,-arabmofuranosyltransferase | afta, Cell wall/membrane/envelope biogenesis
arabinofuranosyltransferase

cg0241 1,35 0,01 hypothetical protein cg0241 Unknown function

cg0243 0,73 0,01 membrane protein Unknown function

cg0244 0,73 0,01 membrane protein Unknown function

cg0245 0,70 0,05 hypot'hetical protein cg0245 | hypothetical Unknown function
protein cg0245

cg0246 0,63 0,02 glycosyl transferase General function prediction only

cg0247 0,76 0,03 hypothetical protein cg0247 Unknown function

cg0249 1,57 0,01 polysaccharide/polyol phosphate export General function prediction only
systems, permease component

cg0250 1,34 0,01 aminotransferase General function prediction only

cg0252 0,55 0,01 membrane protein Unknown function

cg0254 0,43 0,01 amino acid carrier protein (sodium/alanine Amino acid transport and metabolism
symporter)

cg0255 0,51 0,00 hypothetical protein cg0255 Unknown function

cg0256 0,45 0,02 hypothetical protein cg0256 Unknown function

cg0257 1,60 0,01 | moeB molybdopterin biosynthesis protein MoeB Coenzyme transport and metabolism

cg0259 1,72 0,02 [ moaB $Z?:,nmolybdenum cofactor biosynthesis Coenzyme transport and metabolism

cg0260 0,73 0,02 | moaC moaC-, molybdenum cofactor biosynthesis Coenzyme transport and metabolism
protein C

cg0262 1,30 0,03 [ modB modB, sulfate/molybdate transport system, Coenzyme transport and metabolism
permease component

cg0264 0,57 0,01 putative molybdopterin converting factor Coenzyme transport and metabolism

cg0266 0,84 0,02 membrane protein Unknown function

cg0272 1,41 0,02 bacterial regulatory protein, LysR family Signal transduction mechanisms

cg0273 0,57 0,03 probable alcohol dehydrogenase General function prediction only

cg0274 0,54 0,01 [ maoA putative oxidoreductase protein Carbon source transport and metabolism

cg0275 0,62 0,01 | mgtE2 mgtE2, mg2+ transporter Inorganic ion transport, metabolism, and

storage

dccT, dicarboxylate uptake system (succinate,
fumarate or L-malate) | dccT, dicarboxylate

cg0277 0,29 0,00 | dccT (dcsT) uptake system (succinate, fumarate or L- Carbon source transport and metabolism
malate) | dccT, dicarboxylate uptake system
(succinate, fumarate or L-malate)

cg0279 1,21 0,03 | tyrA tyrA, prephenate dehydrogenase Amino acid transport and metabolism

cg0283 0,55 0,02 membrane protein Unknown function

. R Transcription including sigma factors, RNA

cg0285 0,69 0,01 |tgt tgt, putative trna-guanine transglycosylase processing and modification

cg0286 0,63 0,02 hypothetical protein cg0286 Unknown function

cg0287 0,43 0,01 similar to malic enzyme General function prediction only

cg0291 1,65 0,02 3,.4-d|oxygenase beta su-bunlt |3,4- General function prediction only
dioxygenase beta subunit
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DNA replication, recombination, repair,

cg0292 0,63 0,03 |tnpl6a tnpl6a(ISCgl6a), transposase and degradation
cg0293 0,49 0,00 hypothetical protein cg0293 Unknown function
cg0294 0,87 0,01 | aspT (aspB) aspT, aspartate aminotransferase Amino acid transport and metabolism
cg0295 0,80 0,03 hypothetical protein cg0295 Unknown function
cg0297 3,71 0,03 hypothetical protein cg0297 Unknown function
recR, recombination protein RecR | recR - - .
’ ’ DNA replicat binat
cg0298 3,51 0,00 | recR recombination protein RecR | recR, replication, recomboination, repatr,
L . and degradation
recombination protein RecR
cg0300 1,38 0,02 hypot_hetlcal tr_|pept|de synthase involved in Cell wall/membrane/envelope biogenesis
murein formation
cg0303 0,80 0,05 | /leuA !GUA’ 2-isopropylmalate synthase | leus, 2- Amino acid transport and metabolism
isopropylmalate synthase
cg0304 2,53 0,00 membrane protein | membrane protein Unknown function
¢g0305 0,85 0,01 [#NV hypothetical protein cg0305 #NV
cg0306 2,53 0,00 |[/lysC lysC, aspartate kinase Amino acid transport and metabolism
cg0307 2,66 0,01 |asd asd, aspartate-semialdehyde dehydrogenase | Amino acid transport and metabolism
cg0308 2,39 0,00 hypothetical protein cg0308 Unknown function
cg0310 2,15 0,01 | katA katA, catalase | katA, catalase Inorganic ion transport, metabolism, and
storage
brnF, branched chain amino acid exporter,
cg0314 8,35 0,01 | brnF large subunit | brnF, branched chain amino Amino acid transport and metabolism
acid exporter, large subunit
cg0315 5,93 0,00 | brnE brnE, branched chain amino acid exporter, Amino acid transport and metabolism
small subunit
cg0317 2,48 0,02 |[arsR2 arsR2, arsenate/arsenite regulatory protein | Signal transduction mechanisms
cg0318 0,77 0,04 | arsC1 (arsB2) arsB2, arsenite permease Inorganic ion transport, metabolism, and
storage
cg0321 0,52 0,02 | mrpG1 (mnhG) | Na+/H+ antiporter subunit L:s:fg:c fon transport, metabolism, and
cg0322 0,42 0,01 | mrpF1 (mnhF) | predicted conserved membrane protein IST:E;SIC fon transport, metabolism, and
cg0323 0,58 0,01 | mrpE1 (mnhE) | conserved hypothetical secreted protein Isrsg:gggm fon transport, metabolism, and
— P
cg0324 0,42 0,00 | mrpD1 (mnhD) | mnhD, NADH dehydrogenase subunit N Is:zrrggglc fon transport, metabolism, and
cg0325 0,40 0,01 | mrpC1 (mnhC) | hypothetical protein cg0325 ISTZE;SIC fon transport, metabolism, and
cg0326 0,43 0,01 mipAl nuol, NADH-quinone oxidoreductase chain 5 Inorganic fon transport, metabolism, and
(mnhAB) storage
cg0327 0,36 0,04 membrane protein | membrane protein Unknown function
cg0332 0,76 0,00 secreted protein Unknown function
cg0333 1,07 0,02 possible membrane protein Unknown function
cg0334 0,75 0,02 secreted phosphohydrolase General function prediction only
cg0335 0,46 0,00 conse.rved hypothetical protein, GatB/Ygey Unknown function
domain
cg0336 2,23 0,00 | pbpla ponA, penicillin-binding protein 1B Cell wall/membrane/envelope biogenesis
cg0337 0,88 0,01 | whcA (whiB4) Wh,CA' ?egatlve role in Sigh-mediated Cell wall/membrane/envelope biogenesis
(oxidative) stress response
hypothetical protein cg0338 | hypothetical .
CLHEELD 178 0,03 protein cg0338 | hypothetical protein cg0338 Unknown function
cg0339 2,74 0,02 translation initiation inhibitor General function prediction only
cg0340 0,51 0,01 | phdT z:’g?;\r’f integral membrane transport Carbon source transport and metabolism
cg0343 0,50 0,02 | phdR putative transcription regulator protein, Signal transduction mechanisms
MarR fam
fabG1, 3-oxoacyl-(acyl-carrier protein)
reductase | fabG1, 3-oxoacyl-(acyl-carrier )
cg0344 0,62 0,00 | phdB (fabG1) protein) reductase | fabG1, 3-oxoacyl-(acyl- Carbon source transport and metabolism
carrier protein) reductase
cg0345 0,47 0,02 | phdC grdtal-dependent hydrolase of the TIM-barrel Carbon source transport and metabolism
cg0346 0,47 0,01 | phdD (fadE) fadE, glutaryl-CoA dehydrogenase Carbon source transport and metabolism
cg0347 0,57 0,01 | phdE (hdtz) hdtZ, 3-hydroxyacyl-thioester dehydratase Carbon source transport and metabolism
gIxR, cAMP-dependent transcriptional
cg0350 0,59 0,01 |g/xR regulator | gIxR, cAMP-dependent Signal transduction mechanisms
transcriptional regulator
cg0352 0,69 0,05 putative secreted protein Unknown function
cg0353 0,62 0,00 |nth nth, probable endonuclease Ill protein General function prediction only
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cg0354 0,49 0,01 thioredoxin-related protein, secreted Inorganic on transport, metabolism, and
storage
cg0355 0,51 0,00 pyrophosphohydrolase General function prediction only
cg0356 0,50 0,02 putative serine protease, membrane protein | General function prediction only
cg0358 0,76 0,01 hydrolase or acyltransferase General function prediction only
cg0360 1,62 0,02 putative phosphatase General function prediction only
cg0365 1,71 0,01 membrane protein Unknown function
80370 118 0,01 DEAD/DEAH box helicase | DEAD/DEAH box Transcri_ption includi»n_g sigma factors, RNA
helicase processing and modification
cg0371 0,56 0,01 | cspA2 cspA2, cold-shock protein CSPA Transcr\.pt\on |nc|ud|.n-g S|gma factors, RNA
processing and modification
cg0372 0,50 0,03 hypothetical protein cg0372 Unknown function
cg0373 0,40 0,00 | topA topA., DNA topoisomerase | | topA, DNA DNA replicati9n, recombination, repair,
topoisomerase | and degradation
cg0374 0,48 0,03 hyptheticaI protein cg0374 | hypothetical Unknown function
protein cg0374
20376 0,72 0,02 | dnax dnaX, 'putative DNA polymerase lll, delta DNA replicatifm, recombination, repair,
subunit and degradation
cg0378 0,64 0,02 putative phage-associated protein General function prediction only
cg0384 037 0,00 | riuct rluC1, ribosomal large subunit pseudouridine Translati(')n, ribosomal structure and
synthase C biogenesis
cg0386 0,38 0,05 bglS bglS, beta-glucosidase-C-terminal domain Carbon source transport and metabolism
cg0388 0,61 0,04 Zn-dependent hydrolase General function prediction only
cg0389 0,89 0,01 short chain dehydrogenase General function prediction only
cg0390 0,44 0,00 permease, major facilitator family General function prediction only
cg0393 0,75 0,02 hypothetical protein cg0393 Unknown function
cg0394 0,71 0,00 glycosyl transferase General function prediction only
cg0395 0,61 0,00 hypothetical protein cg0395 Transcr\vpt\on |nc|ud|.n'g sgma factors, RNA
processing and modification
cg0396 0,57 0,02 glycosyl transferase General function prediction only
cg0398 4,30 0,00 hypothetical protein predicted by Glimmer Unknown function
cg0399 4,61 0,00 hypothetical protein cg0399 Unknown function
¢g0400 4,14 0,00 | adhC adhC, alcohol dehydrogenase, class C | adhC, Carbon source transport and metabolism
alcohol dehydrogenase, class C
rmlCD, dTDP-4-dehydrorhamnose 3,5-
cg0402 1,28 0,04 | rmiCD epimerase, dTDP-dehydrorhamnose Nucleotide transport and metabolism
reductase
cg0403 1,72 0,02 | rmiB1 rmiB1, dTDP-glucose 4,6-dehydratase Nucleotide transport and metabolism
cg0404 1,70 0,05 nitroreductase family General function prediction only
cg0407 0,48 0,01 secreted protein Unknown function
cg0408 0,59 0,02 membrane protein Unknown function
cg0410 0,54 0,00 putative prolyl endopeptidase Protein turnover and chaperones
cg0411 0,53 0,01 hypothetical protein cg0411 Unknown function
cg0413 1,55 0,02 | cmtl cmtl, trehalose corynomycolyl transferase Cell wall/membrane/envelope biogenesis
cg0418 0,67 0,04 putative aminotransferase Cell wall/membrane/envelope biogenesis
cg0422 0,68 0,05 [ murA murA, UPP-N-acetngIucosamme L Cell wall/membrane/envelope biogenesis
carboxyvinyltransferase
cg0424 0,69 0,03 putative glycosyltransferase General function prediction only
tnp17a(lSCg17a), transposase-fragment DNA replication, recombination, repair,
cg0426 187 0,00 | tnpl7a tnSl7aIISC§17a;, transzosase-fragment | and degpradation i
cg0431 3,23 0,01 hypothetical protein cg0431 General function prediction only
cg0432 1,83 0,01 E:Jeta\ct(\,\:ira;cly;rzgts;?nrzzec,eer;(pre55|on Is under Cell wall/membrane/envelope biogenesis
cg0435 2,46 0,01 |udgA1 zjgﬁi: ng:i:tzzzz g:jz:;::g::::: l Nucleotide transport and metabolism
cg0436 1,50 0,04 hypothetical protein cg0436 Unknown function
Central carbon metabolism; Anaerobic
cg0445 0,27 0,01 | sdhCsdhCD sdhC, succinate dehydrogenase metabolism; Respiration and oxidative
phosphorylation
Central carbon metabolism; Anaerobic
cg0446 0,18 0,00 |sdhA sdhA, succinate dehydrogenase metabolism; Respiration and oxidative
phosphorylation
. Central carbon metabolism; Anaerobic
cg0447 0,21 0,00 |sdhB Sth.’ succinate dehydrogenase | sdhB, metabolism; Respiration and oxidative
succinate dehydrogenase .
phosphorylation
. . . Central carbon metabolism; Anaerobic
cg0448 0,35 0,00 hypthet|caI protein cg0448 | hypothetical metabolism; Respiration and oxidative
protein cg0448 .
phosphorylation
cg0450 2,40 0,00 hypothetical protein cg0450 Unknown function
cg0452 1,35 0,03 hypothetical protein cg0452 Unknown function
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cg0453 1,76 0,00 predicted membrane protein Unknown function
cg0455 1,36 0,03 permease, major facilitator superfamily General function prediction only
cg0456 1,66 0,01 permease, major facilitator superfamily General function prediction only
Coenzyme transport and metabolism;
cg0457 1,49 0,03 | purt purU, formyltetrahydrofolate deformylase Nucleotide transport and metabolism;
Carbon source transport and metabolism
. Central carbon metabolism; Nucleotide
cg0458 1,46 0,01 | deoC deoC, deoxyribose-phosphate aldolase X
transport and metabolism
cg0462 0,87 0,01 hypothetical protein cg0462 Unknown function
R . Signal transduction mechanisms; Inorganic
cg0463 5,77 0,00 | csoR hypothetical protein cg0463 ion transport, metabolism, and storage
cg0a64 7,03 0,00 COpA (ctpA, CtpA, copper-traqsportmg ATPase | ctpA, Inorganic ion transport, metabolism, and
ctpV) copper-transporting ATPase storage
c20466 0,55 0,00 | htaa htaA, 'secreted heme-transport associated Transport and metabolism of further
protein metabolites
80467 0,57 0,03 | hmut hmuT, hemin-binding periplasmic protein Transport and metabolism of further
precursor metabolites
cg0468 0,66 0,00 | hmuu hmuL!, hemin transport system, permease Transport and metabolism of further
protein metabolites
80469 0,86 0,04 | hmuv hmu\{, hemin transport system, ATP-binding Transport and metabolism of further
protein metabolites
c20470 4,01 0,04 |htas htaB, 'secreted heme transport-associated Transpm"t and metabolism of further
protein metabolites
hypothetical protein cg0472 | hypothetical -
L e 0,00 protein cg0472 | hypothetical protein cg0472 Unknown function
cg0474 0,53 0,01 hypothetical protein cg0474 Unknown function
cg0476 1,55 0,02 | murB2 murB, UDP-N-acetylenolpyruvoylglucosamine Cell wall/membrane/envelope biogenesis
reductase
cg0480 2,20 0,02 | fadD5 (fcs) fadD5, acyl-coA synthase Carbon source transport and metabolism
cg0481 1,55 0,00 | mshA mshA, glycosyltransferase Transport and metabolism of further
metabolites
cg0482 0,74 0,02 [ gpmA gpmA, phosphoglyceromutase Central carbon metabolism
cg0488 0,49 0,02 | ppx1 ppx1, exopolyphosphatase LTZ:S;:C ion transport, metabolism, and
cg0489 0,41 0,00 hypothetical membrane protein Unknown function
cg0490 0,38 0,01 |proC proC, pyrroline-5-carboxylate reductase Amino acid transport and metabolism
cg0491 0,47 0,03 hypothetical protein cg0491 Unknown function
extremely conserved possible DNA-binding N — .
cg0492 0,38 0,00 protein | extremely conserved possible DNA- DNA repllcatlfm, recombination, repatr,
- . and degradation
binding protein
cg0493 0,48 0,02 hypothetical protein predicted by Glimmer Unknown function
cg0494 0,61 0,01 extremely conserved hypothetical protein Unknown function
cg0499 1,95 0,00 hypothetical protein cg0499 Unknown function
cg0500 0,55 0,00 | gsuR bacterial regulatory protein, LysR family Signal transduction mechanisms
¢g0501 0,51 0,00 |gsuA Elrg?;\;e integral membrane transport Amino acid transport and metabolism
cg0502 0,54 0,00 | gsuB phosphate !somerase/ep!merase | Amino acid transport and metabolism
phosphate isomerase/epimerase
cg0504 0,65 0,01 | gsuD (aroE) an NAD-dependent guinate dehydrogenase Amino acid transport and metabolism
¢g0505 0,85 0,04 putative ribosomal protein L7/L12 family T_ranslatl(_m, ribosomal structure and
biogenesis
¢g0506 0,22 0,02 ATP-binding protein of ABC transporter General function prediction only
cg0507 0,18 0,00 permease of ABC transporter General function prediction only
cg0508 0,19 0,00 secreted substrate-binding lipoprotein General function prediction only
20510 0,46 0,01 | hemp hemD, uroporphyrinogen Il Transport and metabolism of further
synthase/methyltransferase metabolites
cg0512 0,62 0,01 | hemB hemB, delta-aminolevulinic acid dehydratase Transport and metabolism of further
metabolites
cg0513 0,63 0,01 hypothetical membrane protein Unknown function
cg0514 0,55 0,01 hypothetical membrane protein Unknown function
cg0522 1,42 0,01 |cesa CCSA, cytochrome' ¢ biogenesis protein, Transpol"t and metabolism of further
membrane protein metabolites
80523 145 0,03 rTTembrane'protem required for cytochrome ¢ Transport and metabolism of further
biosynthesis metabolites
cg0530 1,35 0,03 hypothetical protein cg0530 Unknown function
cg0532 0,64 0,05 putative glycosyltransferase General function prediction only
bable ketoglutarat ialdehyd
cg0535 1,31 0,04 probable ketoglutarate semiaicenyae Carbon source transport and metabolism
dehydrogenase
cg0536 1,87 0,04 putative 5-dehydro-4-deoxyglucarate Carbon source transport and metabolism

dehydratase
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cg0537 2,61 0,01 putative transcriptional regulator lysr-type signal transduction mechanisms
cg0550 1,47 0,03 | pepE2 putative peptidase E | putative peptidase E Protein turnover and chaperones
cg0551 0,64 0,01 [ menC menC, O-succinylbenzoate synthase Coenzyme transport and metabolism
cg0552 0,59 0,02 | menD menD, 2-oxoglutarate decarboxylase Coenzyme transport and metabolism
cg0553 0,63 0,00 hypothetical protein cg0553 Unknown function
mgtA, alpha-mannosyltransferase (add . .
cg0554 0,84 0,05 | mgtA mannose to GIcAGroAc?) Cell wall/membrane/envelope biogenesis
cg0555 0,53 0,03 amino acid permease Amino acid transport and metabolism
80559 0,60 0,02 |ispB ispB, putative qctaprenyl-dlphosphate Transport and metabolism of further
synthase protein metabolites
80563 037 |001 | ik rplK, 508 ribosomal protein L11 Translation, ribosomal structure and
biogenesis
cg0564 0,41 0,00 |rplA rplA, 50S ribosomal protein L1 T.ra”S'at"_’”' ribosomal structure and
biogenesis
Carbon source transport and metabolism;
cg0569 29,82 (0,00 cation-transporting ATPase Inorganic ion transport, metabolism, and
storage
cg0570 8,16 0,00 putative dehydrogenase General function prediction only
cg0571 1237 | 0,00 hypot-hetlcal protein cg0571 | hypothetical Unknown function
protein cg0571
. . Translation, ribosomal structure and
cg0573 0,61 0,03 | rpiL rplL, 508 ribosomal protein L7/L12 X K
biogenesis
cg0579 1,47 0,02 transcriptional regulator signal transduction mechanisms
cg0581 0,59 0,05 | rpsL rpsL, 30S ribosomal protein $12 T.ranslatu.)n, ribosomal structure and
biogenesis
i i t
cg0582 0,59 0,04 | rpsG rpsG, 30S ribosomal protein S7 Translatln?n, ribosomal structure and
biogenesis
cg0583 0,67 0,00 | fusA fusA, elongation factor EF-2 T.ranslatlgn, ribosomal structure and
biogenesis
cg0587 0,59 0,00 | tuf tuf, elongation factor Tu T.ranslatu.)n, ribosomal structure and
biogenesis
cg0588 0,92 0,04 hypothetical protein cg0588 Unknown function
cg0592 0,59 0,02 putative butyryl-CoA:acetate coenzyme A Carbon source transport and metabolism
transferase
i i t
cg0594 0,45 0,04 | rpiC rplC, 50S ribosomal protein L3 Translatln?n, ribosomal structure and
biogenesis
cg0596 0,40 0,00 | rpip r_pID, 50S rlbosomal protein L4 | rplD, 50S T.ranslatlgn, ribosomal structure and
ribosomal protein L4 biogenesis
cg0597 0,50 0,00 | rpiw rplW, 50S ribosomal protein L23 Translatpn, ribosomal structure and
biogenesis
cg0598 0,55 0,03 [ rpiB rplB, 50S ribosomal protein L2 Translatpn, ribosomal structure and
biogenesis
. . Translation, ribosomal structure and
cg0599 0,50 0,01 | rpsS rpsS, 30S ribosomal protein S19 X .
biogenesis
. . Translation, ribosomal structure and
cg0600 0,42 0,01 |rplv rplV, 50S ribosomal protein L22 X .
biogenesis
. . Translation, ribosomal structure and
cg0601 0,50 0,00 |rpsC rpsC, 30S ribosomal protein S3 . K
biogenesis
. . Translation, ribosomal structure and
cg0602 0,60 0,01 | rplP rplP, 50S ribosomal protein L16 X A
biogenesis
. . Translation, ribosomal structure and
cg0603 0,46 0,00 | rpmC rpomC, 50S ribosomal protein L29 X .
biogenesis
. . Translation, ribosomal structure and
cg0604 0,51 0,04 | rpsQ rpsQ, 30S ribosomal protein S17 biogenesis
cg0606 2,40 0,00 hypothetical membrane protein Unknown function
cg0607 3,88 0,00 hypothetical secreted protein Unknown function
cg0608 043 [001 |rpiv rpIN, 505 ribosomal protein L14 Translation, ribosomal structure and
biogenesis
. . Translation, ribosomal structure and
cg0609 0,42 0,01 |rpiX rplX, 50S ribosomal protein L24 . K
biogenesis
cg0610 0,41 0,01 | rplE rplE, 50S ribosomal protein L5 Translatpn, ribosomal structure and
biogenesis
cg0611 0,62 0,00 secreted protein Unknown function
cg0617 0,84 0,02 Eil:::;r‘}ve molybdopterin-guanine dinucleotide Carbon source transport and metabolism
cg0620 0,49 0,01 secreted protein Unknown function
cg0621 0,49 0,03 |cbrT subsFrate-spemflc (fomponent 502325 of Coenzyme transport and metabolism
predicted cobalamin ECF transporter
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duplicated ATPase component SC02324 of

cg0622 0,36 0,00 |cbrU energizing module of predicted cobalamin Coenzyme transport and metabolism
ECF transporter
transmembrane component SC02323 of
cg0623 0,29 0,00 | cbrv energizing module of predicted cobalamin Coenzyme transport and metabolism
ECF transporter
cg0624 0,29 0,00 secreted oxidoreductase General function prediction only
cg0625 0,37 0,00 secreted protein Unknown function
cg0628 0,35 0,01 | rpsH rpsH, 30S ribosomal protein S8 Translatl(-)n, ribosomal structure and
biogenesis
cg0629 0,32 0,02 | rplF rplF, 50S ribosomal protein L6 Translatpn, ribosomal structure and
biogenesis
cg0630 0,29 0,01 |rpiR rplR, 50S ribosomal protein L18 Translatlgn, ribosomal structure and
biogenesis
cg0631 0,29 0,01 |rpst rpsE, 30S ribosomal protein S5 T_ranslatpn, ribosomal structure and
biogenesis
cg0632 0,28 0,00 |rpmD rpomD, 50S ribosomal protein L30 T.ra”S'a“‘.’”' ribosomal structure and
biogenesis
. . Translation, ribosomal structure and
cg0634 0,51 0,01 |rpiO rplO, 50S ribosomal protein L15 . N
biogenesis
betB, putative betaine aldehyde .
cg0637 0,89 0,01 | creC (betB) dehydrogenase (BADH) oxidoreductase Carbon source transport and metabolism
cg0638 0,86 0,00 |creD HD superfamily hydrolase Carbon source transport and metabolism
cg0639 0,80 0,04 | creE ferredoxin reductase Carbon source transport and metabolism
cg0640 0,65 0,01 | creF (fdxB) fdxB, ferredoxin Carbon source transport and metabolism
cg0641 0,69 0,02 | creG (fabG2) Za;k;?ezt,ezrobable short-chain dehydrogenase, Carbon source transport and metabolism
cg0644 0,68 0,01 |crel E?/r::;i‘fgte phosphate dikinase, PEP/pyruvate Carbon source transport and metabolism
cg0647 2,83 0,00 [ secy secY, preprotein translocase SecY Protein secretion
cg0648 1,78 0,01 | adk adk, adenylate kinase Nucleotide transport and metabolism
cg0650 0,73 0,01 secreted protein Unknown function
cg0651 067 |002 |infA infA, translation initiation factor IF-1 Translation, ribosomal structure and
biogenesis
cg0653 0,55 0,04 | rpsk rpsK, 30S ribosomal protein S11 Translatlgn, ribosomal structure and
biogenesis
. . Translation, ribosomal structure and
cg0654 0,57 0,03 | rpsD rpsD, 30S ribosomal protein S4 X A
biogenesis
cg0655 0,45 0,02 | rpoa rpoA, !)NA-dlrected RNA polymerase alpha Transcr\.pt\on |nc|ud|.n-g S|gma factors, RNA
subunit processing and modification
. . Translation, ribosomal structure and
cg0656 0,51 0,03 | rplQ rplQ, 50S ribosomal protein L17 biogenesis
cg0658 0,60 0,01 | rptA rptA, terminal Rhamnopyranosyltransferase | Cell wall/membrane/envelope biogenesis
cg0659 0,77 0,02 acetyltransferase, GNAT family General function prediction only
cg0661 0,38 0,03 hypothetical protein cg0661 Unknown function
cg0662 2,07 0,01 FAD/FMN-containing dehydrogenase General function prediction only
cg0672 0,70 0,03 hypothetical protein cg0672 Unknown function
cg0673 0,35 0,01 |rpiM rplM, 50S ribosomal protein L13 Translatlgn, ribosomal structure and
biogenesis
T lati ib | struct d
cg0674 034 |0,01 |rpsi rpsl, 305 ribosomal protein 59 ransiation, ribesomat structure an
biogenesis
cg0675 0,43 0,00 | mrsA mrsA, phosphoglucosamlne mutase / Cell wall/membrane/envelope biogenesis
phosphoacetylglucosami
hypothetical protein cg0678 | hypothetical .
cg0678 0,46 0,03 protein cg0678 | hypothetical protein cg0678 Unknown function
cg0679 0,57 0,03 hypothetical protein cg0679 Unknown function
cg0681 0,78 0,01 |alr alr, alanine racemase Amino acid transport and mgtabohsrn; Cell
wall/membrane/envelope biogenesis
cg0682 0,55 0,00 ATPase or kinase General function prediction only
cg0683 0,50 0,03 permease General function prediction only
cg0684 0,48 0,00 | papA papA, prolyl aminopeptidase A Protein turnover and chaperones
h | f metal-d dent prot
cg0685 0,41 0,00 omq 0g of metar-cependent protease, Protein turnover and chaperones
putative molecular chaperone
cg0686 0,40 0,00 acetyltransferase, GNAT family General function prediction only
gep, probable O-sialoglycoprotein Carbon source transport and metabolism;
T 0,64 0,00 | gep endopeptidase Amino acid transport and metabolism
cg0688 0,61 0,02 hypothetical protein cg0688 Unknown function
cg0689 0,41 0,00 hypothetical protein cg0689 Unknown function
cg0690 2,82 0,01 | groES groES, chaperonin 10 Kd subunit Protein turnover and chaperones
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groEL, 60 KDA chaperonin (protein CPN60) .
cg0691 2,58 0,03 | groEt (HSPGO)-N-terminal fragment Protein turnover and chaperones
DNA replication, recombination, repair,
0692 0,81 0,02 | tnpl tnplc(1SCglc), t
cgl , X nplc nplc(1SCglc), transposase and degradation
groEL, 60 KDA chaperonin (protein CPN60)
{groel protein) C-terminal fragment | groEL,
60 KDA chaperonin (protein CPN60) (groel .
cg0693 2,44 0,02 groEL protein) C-terminal fragment | groEL, 60 KDA Protein turnover and chaperones
chaperonin (protein CPN60) (groel protein) C-
terminal fragment
cg0696 1,85 0,02 |sigD sigD, RNA polymerase sigma-70 factor Transcr\_pt\on |nc|ud|_n_g slgma factors, RNA
processing and modification
cg0697 1,23 0,05 hypothetical protein cg0697 Unknown function
cg0699 0,61 0,03 | guaB2 guab, inositol-5-monophosphate Carbon source transport and metabolism
dehydrogenase
cg0700 0,60 0,01 | guaB3 guaB3, inositol-5-monophosphate Carbon source transport and metabolism
dehydrogenase
cg0704 2,04 0,00 hypothetical protein cg0704 Unknown function
cg0705 1,34 0,03 hypothetical protein predicted by Glimmer Unknown function
cg0706 2,84 0,00 conserved hypotetical membrane protein Unknown function
cg0710 0,72 0,03 membrane protein Unknown function
cg0711 0,54 0,02 membrane protein Unknown function
cg0712 0,41 0,00 secreted protein Unknown function
cg0713 2,13 0,00 hypothetical protein cg0713 Unknown function
cg0715 0,46 0,02 secreted protein Unknown function
cg0717 1,46 0,04 | crtEb (ubiA) crtEb, hypothetical protein cg0717 Transport and metabolism of further
metabolites
cg0719 2,08 0,04 | crtYe crtYe, C50 carotenoid epsilon cyclase Transport and metabolism of further
metabolites
cg0720 2,38 0,01 |crt/ crtl2, phytoene dehydrogenase (desaturase) Transport and metabolism of further
metabolites
80721 2,92 0,01 |crts crtB2, phytoene synthetase | crtB2, Transport and metabolism of further
phytoene synthetase metabolites
. Transport and metabolism of further
cg0722 3,29 0,00 drug exporter, RND superfamily metabolites
Transport and metabolism of further
0723 3,65 0,01 tE tE, | |- hosphate syth
cgl . X cr crtE, geranylgeranyl-pyrophosphate sythase | - L
cg0726 1,66 0,02 secreted lipoprotein Unknown function
TR DNA replication, recombination, repair,
cg0728 0,38 0,00 | phr phr, deoxyribodipyrimidine photolyase and degradation
cg0730 0,65 0,03 glycosyl transferase General function prediction only
cg0733 0,70 0,03 putative ABC transporter ATP-binding protein | General function prediction only
cg0735 0,76 0,04 | met! ABC transporter, transmembrane component | Amino acid transport and metabolism
cg0737 0,63 0,01 [ metQ ABC-typevtransport system, secreted Amino acid transport and metabolism
lipoprotein component
dnaE2, DNA polymerase Ill subunit alpha | DNA replication, recombination, repair,
CLATED R 0,02 | dnat2 dnaE2, DNA polymerase Ill subunit alpha and degradation
cg0739 1,32 0,02 putative integral membrane protein Unknown function
cg0741 1,35 0,02 [ mntR SirR, iron repressor protein signal transduction mechanisms
cg0742 0,60 0,00 putative integral membrane protein Unknown function
cg0745 0,60 0,00 NAD-dependent deacetylase General function prediction only
cg0747 0,58 0,01 cytidine and deoxycytidylate deaminase Nucleotide transport and metabolism
cg0749 0,62 0,01 | spou spoU,- putative tRNA/rRNA methyltransferase T.ranslatlgn, ribosomal structure and
protein biogenesis
cg0751 0,69 0,02 membrane protein Unknown function
cg0752 1,89 0,02 putatfve secreted or membrane prote!n | Unknown function
putative secreted or membrane protein
cg0753 4,29 0,00 secreted protein Unknown function
cg0754 4,88 0,00 | metA (metX) metA, homoserine O-acetyltransferase Amino acid transport and metabolism
cg0755 2,63 0,01 | metY metY, O-acetylhomoserine sulfhydrylase Amino acid transport and metabolism
cg0758 0,50 0,01 hypothetical protein predicted by Glimmer Unknown function
cg0759 0,28 0,01 |prpD2 prpD2, 2-methycitrate dehydratase Carbon source transport and metabolism
cg0760 0,25 0,01 | prpB2 prpB2, 2-methylisocitrate lyase Carbon source transport and metabolism
cg0762 0,26 0,02 | prpC2 prpC2, 2-methylcitrate synthase Carbon source transport and metabolism
cg0764 1,62 0,00 putative GntR-family transcriptional signal transduction mechanisms
regulator
cg0765 2,45 0,02 secreted protein Unknown function
cg0766 1,58 0,02 |icd icd, isocitrate dehydrogenase Central carbon metabolism
cg0772 1,50 0,01 sugar efflux permease Carbon source transport and metabolism
8! I3 P o
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DNA replication, recombination, repair,

cg0773 1,09 0,04 putative exodeoxyribonuclease and degradation
cg0774 0,65 0,01 membrane protein Unknown function
Inorganic ion transport, metabolism, and
cg0776 0,59 0,03 secreted siderophore-binding lipoprotein storage; Transport and metabolism of
further metabolites
. . Inorganic ion transport, metabolism, and
cg0777 0,87 0,04 smierqphore ABC transporter, ATP-binding storage; Transport and metabolism of
protein .
further metabolites
80779 0,58 0,03 | tros trpS, tryptophanyl-tRNA synthetase | trpsS, Translatlgn, ribosomal structure and
tryptophanyl-tRNA synthetase biogenesis
cg0780 1,63 0,02 g;rinlsrane protein ribonuclease BN-like General function prediction only
cg0782 0,63 0,01 | pbp4 (dac) dac, D-alanyl-D-alanine carboxypeptidase Cell wall/membrane/envelope biogenesis
cg0783 0,59 0,00 hypothetical protein cg0783 Unknown function
cg0786 0,47 0,02 |upp upp, uracil phosphoribosyltransferase Nucleotide transport and metabolism
cg0787 0,37 0,00 transcriptional regulator signal transduction mechanisms
cg0788 1,77 0,01 | pmmB pmme, Carbon source transport and metabolism
phosphoglucomutase/phosphomannomutase
cg0791 0,31 0,00 |pyc pyc, pyruvate carboxylase Central carbon metabolism
cg0792 0,34 0,00 thioredoxin domain-containing protein Unknown function
80795 0,52 0,01 FAD-de_pende_nt pyridine nucleotide- Inorganic ion transport, metabolism, and
disulphide oxidoreductase storage
cg0797 0,53 0,03 | prpB1 prpB1, 2-methylisocitrate lyase Carbon source transport and metabolism
cg0798 0,70 0,01 | prpC1 prpC1, 2-methycitrate synthase Carbon source transport and metabolism
cg0800 2,00 0,00 | prpR transcriptional regulator, MerR family signal transduction mechanisms
cg0801 0,72 0,01 hypothetical protein cg0801 Unknown function
cg0803 0,50 0,01 |thtR thtR, thiosulfate sulfurtransferase Inorganic ion transport, metabolism, and
storage
cg0808 0,51 0,01 | wbpC wbpC, lipopolysaccharide biosynthesis Cell wall/membrane/envelope biogenesis
acyltransferase, m
maf, Maf-like protein | maf, Maf-like protein - .
cg0809 0,75 0,03 | maf | maf, Maf-like protein Cell division, chromosome partitioning
cg0810 0,55 0,03 | accE hypothetical protein cg0810 Lipid transport and metabolism
dtsR2, acetyl/propionyl CoA carboxylase,
cg0811 0,55 0,02 | dtsR2 (accD2) | beta subunit | dtsR2, acetyl/propionyl CoA Cell wall/membrane/envelope biogenesis
carboxylase, beta subunit
cg0814 1,53 0,01 | birA birA, biotin--protein ligase Coenzyme transport and metabolism
cg0815 0,67 0,00 membrane protein Unknown function
cg0821 0,66 0,01 hypothetical protein cg0821 Unknown function
cg0822 0,75 0,02 hypothetical protein cg0822 Unknown function
DNA replication, recombination, repair,
cg0824 0,73 0,04 | tnp5a tnp5a(1SCg5a), transposase and degradation
cg0828 1,48 0,00 putative dihydrofolate reductase Coenzyme transport and metabolism
cg0829 1,42 0,00 lactoylglutathione lyase or related lyase General function prediction only
cg0830 0,79 0,01 membrane protein Unknown function
cg0831 0,56 0,02 | tusG Ltizféiugar ABC transporter, permease Carbon source transport and metabolism
cg0832 0,48 0,00 | tusF tusk, ABC transporter, membrane spanning Carbon source transport and metabolism
protein, trehalose uptake system
cg0833 0,42 0,00 putative membrane protein, involved in Carbon source transport and metabolism
trehalose uptake system
cg0834 0,34 0,02 | tusE tust, pacterlal extracellular solute-binding Carbon source transport and metabolism
protein, trehalose uptake system
cg0835 0,65 0,00 | tusk (msik2) tusk, ABC-type sugar transport systems, Carbon source transport and metabolism
trehalose uptake system
cg0837 0,36 0,03 hypothetical protein cg0837 Unknown function
(80838 0,22 0,01 putative helicase DNA repllcatlfm, recombination, repair,
and degradation
cg0839 0,30 0,01 hypothetical protein cg0839 Unknown function
cg0841 0,31 0,02 hypothetical protein cg0841 Unknown function
cg0842 039 |o01 putative DNA helicase DNA replication, recombination, repatr,
and degradation
cg0843 0,45 0,02 putative helicase DNA repllcatlfm, recombination, repair,
and degradation
type Il restriction enzyme, methylase subunit s A .
cg0844 0,45 0,01 | type Il restriction enzyme, methylase DNA repllcatpn, recombination, repatr,
. and degradation
subunit
cg0845 0,49 0,00 putative superfamily Il DNA/RNA helicase, DNA replication, recombination, repair,

SNF2 family

and degradation
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cg0847 0,74 0,03 [ /cpA putative transcriptional regulator Cell wall/membrane/envelope biogenesis
cg0848 0,74 0,04 | whblL wbbl, putative rhamnosyl transferase WhbL | Cell wall/membrane/envelope biogenesis
cg0849 0,59 0,04 | manC(rmiA2) | rmlA2, GDP-mannose pyrophosphorylase Cell wall/membrane/envelope biogenesis
cg0850 0,59 0,00 | wheD (whiB2) | whiB2, transcription factor whib signal transduction mechanisms
cg0851 0,77 0,01 hypothetical protein cg0851 Unknown function
cg0853 0,63 0,02 hypothetical protein cg0853 Unknown function
cg0854 1,48 0,05 | manB (pmmA) | pmmA, phosphomannomutase Carbon source transport and metabolism
cg0859 0,40 0,00 hypothetical protein cg0859 Unknown function
cg0860 0,45 0,01 |sahH sahH, S-adenosyl-L-homocysteine hydrolase | Amino acid transport and metabolism
cg0861 0,35 0,00 [tmk tmk, thymidylate kinase Nucleotide transport and metabolism
cg0862 0,76 0,04 [ mtrA mtrA, response regulator Signal transduction mecham.sms; Ce!l
wall/membrane/envelope biogenesis
cg0864 0,76 0,01 (mtrB mtrB, signal transduction histidine kinase Signal transduction mechanl.sms; Ce!l
wall/membrane/envelope biogenesis
cg0871 0,87 0,01 hypothetical protein cg0871 Unknown function
cg0876 191 0,01 |sigH sigH, RNA polymerase sigma-70 factor Transcr\.pt\on |nc|ud|.nyg 5|gma factors, RNA
processing and modification
T iption including si factors, RNA
cg0877 2,03 0,00 | rshA putative anti-sigma factor ranscr\_p fon ey |_n_g y_gma actors,
processing and modification
cg0878 4,17 0,01 | whcE (whiB1) whet, POSI.tlve role in survival under (heat Signal transduction mechanisms
and oxidative) stress
cg0879 2,73 0,00 membrane protein Unknown function
cg0880 1,55 0,01 secreted protein Unknown function
cg0881 1,57 0,02 | rhie rhlE, Probable ATP-dependent RNA helicase Transcr\.pt\on |nc|ud|.n-g 5|gma factors, RNA
protein processing and modification
cg0882 1,13 0,00 hypothetical protein cg0882 Unknown function
cg0885 0,40 0,02 helicase, UvrD/Rep family General function prediction only
probable DNA helicase Il protein | probable . o
cg0886 0,39 0,00 DNA helicase Il protein General function prediction only
cg0887 0,41 0,01 |cgik cglK, major potassium uptake system Is:s:fzglc fon transport, metabolism, and
cg0888 0,51 0,02 NTP pyrophosphohydrolase General function prediction only
cg0889 048 |0,00 putative DNA helicase RecQ DNA replication, recombination, repair,
and degradation
cg0892 3,30 0,01 hypothetical protein cg0892 Unknown function
cg0894 0,73 0,01 conserved hypothetical protein, possibly Unknown function
secreted
cg0895 0,63 0,02 hypothetical protein cg0895 Unknown function
cg0896 1,24 0,05 hypothetical protein cg0896 Unknown function
cg0897 1,74 0,01 | pdxR pdxR, pyr|dox.|ne biosynthesis transcriptional Signal transduction mechanisms
regulator, aminotransferase
cg0898 0,85 0,01 | pdxS pdxS, pyridoxine biosynthesis enzyme Coenzyme transport and metabolism
cg0899 0,52 0,00 | pdxT pdxT, pyridoxine biosynthesis enzyme Coenzyme transport and metabolism
cg0903 0,79 0,01 hypot'hetlcal protein ¢g0803 | hypothetical Unknown function
protein cg0903
cg0905 0,77 0,03 | psp2 psp2, putative secreted protein Unknown function
c80906 1,80 0,00 hypot'hetlcal protein cg09806 | hypothetical Unknown function
protein cg0906
cg0907 3,02 0,01 hypothetical protein cg0907 Unknown function
cg0908 3,05 0,00 putative secreted protein Unknown function
c80909 3,39 0,00 hypot'hetlcal protein cg0909 | hypothetical Unknown function
protein cg0909
cg0911 1,42 0,02 inositol monophosphatase Carbon source transport and metabolism
cg0913 1,63 0,04 |prfB prfB, peptide chain release factor 2 Translatpn, ribosomal structure and
biogenesis
cg0918 0,75 0,02 putative uroporphyrin-Ill C- Transport and metabolism of further
methyltransferase metabolites
Inorganic ion transport, metabolism, and
cg0924 0,29 0,01 secreted siderophore-binding lipoprotein storage; Transport and metabolism of
further metabolites
. Inorganic ion transport, metabolism, and
d hore ABC t t
cg0926 0,45 0,02 sicerophore ransparter, permease storage; Transport and metabolism of
protein s
further metabolites
. Inorganic ion transport, metabolism, and
d hore ABCt t
cg0927 0,38 0,01 siaerophore ransporter, permease storage; Transport and metabolism of
protein .
further metabolites
. . Inorganic ion transport, metabolism, and
cg0928 0,53 0,02 5|der9phore ABC transporter, ATP-binding storage; Transport and metabolism of
protein N
further metabolites
cg0932 3,34 0,01 membrane protein Unknown function
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DNA or RNA helicase of superfamily Il | DNA . o
cg0933 2,65 0,02 or RNA helicase of superfamily I General function prediction only
cg0936 0,54 0,04 | rpf1 rpfl, resuscitation promoting factor Cell wall/membrane/envelope biogenesis
cg0939 0,67 0,05 secreted protein Unknown function
cg0944 0,67 0,01 xanthine/uracil permeases family Nucleotide transport and metabolism
cg0949 0,47 0,00 |gitA gltA, citrate synthase Central carbon metabolism
cg0950 0,79 0,03 | fkpA oA, Probable FKBP-type peptidyl-prolyl cis- Protein turnover and chaperones
trans isome
cg0952 0,37 0,00 [ mctB putative integral membrane protein Unknown function
cg0953 0,35 0,00 | mctC mctC, monocarboxylic acid transporter Carbon source transport and metabolism
cg0957 1,40 0,01 | fas-IB fas-IB, fatty acid synthase | fas-IB, fatty acid Lipid transport and metabolism
synthase
cg0958 0,35 0,00 secreted protein Unknown function
cg0960 0,44 0,00 hypothetical protein predicted by Glimmer Unknown function
cg0961 0,39 0,01 homoserine O-acetyltransferase Amino acid transport and metabolism
cg0962 3,08 0,01 secreted protein Unknown function
cg0964 2,04 0,01 | mrx1 glutaredoxin or related protein Transport and metabolism of further
metabolites
cg0965 2,33 0,00 | folA folA, dihydrofolate reductase Coenzyme transport and metabolism
cg0966 2,78 0,00 [thyA thyA, thymidylate synthase Nucleotide transport and metabolism
. Amino acid transport and metabolism;
cg0967 2,35 0,00 |cysQ cysQ, 3-phosphoadenasine 5-phosphosulfate Inorganic ion transport, metabolism, and
(PAPS) 3-phosphatase
storage
cg0968 0,66 0,01 putative ATP-dependent helicase General function prediction only
cg0970 2,78 0,01 membrane protein Unknown function
cg0972 0,74 0,02 | cynx cyanate permease Inorganic ion transport, metabolism, and
storage
cg0973 0,51 0,00 |pgi pgi, glucose-6-phosphate isomerase Central carbon metabolism
cg0974 0,76 0,03 hypothetical protein cg0974 Unknown function
cg0975 1,47 0,05 chorismate mutase Amino acid transport and metabolism
cg0976 0,57 0,01 | pcrA pcrA, ATP-dependent helicase PCRA General function prediction only
ABC-type transport system, involved in
cg0977 0,76 0,03 lipoprotein release, permea%e compqnent l Protein secretion
ABC-type transport system, involved in
lipoprotein release, permease component
cg0979 1,38 0,00 transcriptional regulator PadR-like family Signal transduction mechanisms
cg0982 0,49 0,00 membrane protein Unknown function
cg0983 0,51 0,00 |purN purN, phosphoribosylglycinamide Nucleotide transport and metabolism
formyltransferase
cg0985 0,61 0,01 |citE citE, citryl-CoA lyase beta subunit homolog Carbon source transport and metabolism
cg0986 0,62 0,00 [amtR amtR, master regulator of nitrogen control Signal transduction mechanisms
cg0987 0,57 0,03 hypothetical protein cg0987 Unknown function
cg0988 0,47 0,02 |rpsR rpsR, 30S ribosomal protein S18 T.ranslatlgn, ribosomal structure and
biogenesis
cg0989 0,47 0,00 | rpsh rPsN, 30Sri boso.mal protein S14 | rpsN, 30S Translatu?n, ribosomal structure and
ribosomal protein S14 biogenesis
cg0990 0,44 0,00 [rpmG rom@G, 50S ribosomal protein L33 Translatl(?n, ribosomal structure and
biogenesis
. . Translation, ribosomal structure and
cg0991 0,66 0,04 | rpmB romB, 50S ribosomal protein L28 X .
biogenesis
cg0992 0,65 0,02 | sutp sulfate pe.rmease or related transporter (MFS | Inorganic ion transport, metabolism, and
superfamily) storage
cg0994 0,61 0,01 |rpmE rpmeE, 50S ribosomal protein L31 Translatlgn, ribosomal structure and
biogenesis
T lati ib | struct d
cg0995 0,61 0,00 | rpmF romF, 50S ribosomal protein L32 _ra”S a |c_m, ribosomal structure an
biogenesis
cgtR2, putative two component response . . R
cg0996 1,29 0,01 | cgtR2 Signal transduction mechanisms
regulator
cg0998 2,24 0,00 | pepD trypsin-like serine protease Protein turnover and chaperones
cg1000 1,48 0,04 hypothetical protein cg1000 Unknown function
mscl, large conductance mechanosensitive Carbon source transport and metabolism;
cg1001 0,33 0,03 | mscL chan;el 8 Inorganic ion transport, metabolism, and
storage
cg1005 1,21 0,04 | moeA2 g;zf:i’ molybdenum cofactor biosynthesis Coenzyme transport and metabolism
cg1006 1,06 0,01 |act1 acetyltransferase General function prediction only
cg1007 0,64 0,00 hypothetical protein cg1007 Unknown function
cg1009 0,72 0,02 putative integral membrane transporter Isrt]s:fzglc fon transport, metabolism, and
cgl1010 1,31 0,04 hypothetical protein cg1010 Unknown function
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cgl1012 2,28 0,03 | cdaS cyclomaltodextrinase | cyclomaltodextrinase | Carbon source transport and metabolism
cgl014 0,88 0,00 |pmt pmt, glycosyltransferase Cell wall/membrane/envelope biogenesis
cgl016 0,25 0,00 | betP betP, glycine betaine transporter Transport and metabolism of further
metabolites
probable ATP-dependent DNA helicase
cgl1018 0,33 0,00 protein | probable ATP-dependent DNA General function prediction only
helicase protein
cg1019 0,80 0,00 predicted metal-dependent hydrolase General function prediction only
DNA replication, recombination, repair,
cg1022 1,67 0,04 | tnp6a tnp6a(lSCgba), transposase and degradation
Carbon source transport and metabolism;
cgl027 1,69 0,02 |did dld, D-lactate dehydrogenase N A .
Respiration and oxidative phophorylation
cg1032 1,24 0,04 | cadR bacterial regulatory protein, ArsR family Signal transduction mechanisms
cgl037 0,27 0,00 |rpf2 rpf2, resuscitation promoting factor Cell wall/membrane/envelope biogenesis
cgl044 1,28 0,04 hypothetical protein cgl044 Unknown function
cg1046 0,38 0,00 | ppk2A (ppk2) ppk2A, polyphosphate kinase ISTZ:S;!:C fon transport, metabolism, and
cgl1048 0,69 0,01 P:rl:i?;ld dehalogenase/epoxide hydrolase Carbon source transport and metabolism
cg1049 0,42 0,02 enoyl-CoA hydratase Carbon source transport and metabolism
cg1051 1,40 0,03 hypthet|caI protein cg1051 | hypothetical Unknown function
protein cg1051
. menG, ribonuclease activity regulator protein S .
cg1055 0,39 0,01 rroA (menG is RraA | mengG, ribonuclease activity regulator Transcr\.pt\on |nc|ud|.n.g sgma factors, RNA
cg0556) A processing and modification
protein RraA
cg1056 0,60 0,04 hypothetical protein cg1056 Unknown function
cg1062 0,48 0,02 |urts urtB, ABC-type urea uptake system, Transport and metabolism of further
permease subunit metabolites
cg1064 0,67 0,03 |urtc urtC, ABC-type urea uptake system, Transport and metabolism of further
permease subunit metabolites
cg1065 0,34 0,03 |(urtD urtD, ABC-type urea uptake system Transport and metabolism of further
metabolites
cg1067 085 |005 |pth2 th2, peptidyl-tRNA hydrolase Translation, ribosomal structure and
24 : ) p pth2, peptidy V! biogenesis
cg1068 1,31 0,05 probable oxidoreductase General function prediction only
gapX, glyceraldehyde-3-phosphate .
cg1069 0,49 0,01 | gapB (gapX) dehydrogenase Central carbon metabolism
cg1070 0,69 0,00 hypothetical protein cg1070 Unknown function
cgl072 0,58 0,02 | rply rplY, 50S ribosomal protein L25 Translatpn, ribosomal structure and
biogenesis
cg1073 5,40 0,00 pred!cted Iactoylglutath!one lyase | Transport and metabolism of further
predicted lactoylglutathione lyase metabolites
cgl074 0,60 0,00 hypothetical protein cgl074 Unknown function
Amino acid transport and metabolism;
cg1075 0,54 0,02 | prsA prsA, ribose-phosphate pyrophosphokinase Nucleotide transport and metabolism;
Coenzyme transport and metabolism
cg1080 2,67 0,01 putapve multlc'opper oxidase | putative General function prediction only
multicopper oxidase
cg1081 3,90 0,00 ABC-type multidrug transport system, ATPase General function prediction only
component
cg1082 3,56 0,00 hypothetical protein cg1082 Unknown function
cg1083 3,39 0,00 | cgtsio cgtSlO, probable two component sensor Post-translatlona\ mo_d|f|cat[on; Signal
kinase transduction mechanisms
cgl1084 2,34 0,01 | cgtR10 cgtR10, putative two component response Signal transduction mechanisms
regulator
cg1085 0,58 0,01 hypothetical protein cg1085 Unknown function
cg1087 0,72 0,01 hypothetical protein cgl087 Unknown function
cg1088 0,66 0,01 ABC-type multidrug/protein/lipid transport General function prediction only
system, ATPase component
cg1089 0,74 0,01 ABC-type multidrug/protein/lipid transport General function prediction only
system, ATPase component
cg1090 0,32 0,00 | ggtB ggtB, probable gan."lma- Transport and metabolism of further
glutamyltranspeptidase precursor PR metabolites
DNA replication, recombination, repair,
cg1094 1,40 0,01 | tnp3a tnp3a(ISCg3a), transposase and degradation
hypothetical protein ¢g1095 | hypothetical
protein cg1095 | hypothetical protein cg1095 .
H0EE 186 0,03 | hypothetical protein cg1095 | hypothetical Unknown function
protein cg1095
cg1096 1,97 0,00 hypothetical protein cg1096 Unknown function
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cgl1097 0,82 0,04 hypothetical protein cg1097 Unknown function
cg1098 1,66 0,00 bacterial regulatory proteins, TetR family Signal transduction mechanisms
cg1099 1,34 0,00 | mfd mfd, putative transcription-repair coupling Transcr\.pt\on |nc|ud|.n.g S|gma factors, RNA
factor processing and modification
cg1100 2,13 0,00 ABC transporter transmembrane component | General function prediction only
cgl101 2,73 0,02 ABC-type multidrug/protein/lipid transport General function prediction only
system, membrane component
cg1103 2,33 0,00 hypothetical protein cg1103 Unknown function
cg1104 3,23 0,00 predicted esterase, membrane protein General function prediction only
cg1105 1,56 0,02 | lys! lysl, L-lysine permease Amino acid transport and metabolism
cgl1107 0,66 0,05 predicted pyrophosphatase General function prediction only
cg1108 0,44 0,01 | porC porC,'putatNe secreted.protem | porC, Unknown function
putative secreted protein
| iciont t taboli d
cg1109 0,46 0,01 | porB porB, anion-specific porin precursor norganic ion transport, metabolism, an
storage
cgl112 0,61 0,04 septum formation initiator, secreted protein | Cell division, chromosome partitioning
cgl117 0,89 0,04 hypothetical protein cg1117 Unknown function
cgll121 4,64 0,00 permease of the major facilitator superfamily | General function prediction only
cgl122 1,53 0,02 putative secreted protein Unknown function
cgl123 1,92 0,03 |greA greA, transcription elongation factor GreA Transcr\.pt\on |nclud|.n.g S|gma factors, RNA
processing and modification
cgl125 4,05 0,00 hypothetical protein cg1125 Unknown function
cgl127 1,40 0,02 | meca uncharacterized proteins, LmbE homolog Transport and metabolism of further
metabolites
cgl128 0,77 0,00 similar to ribosomal protein S2 Unknown function
cgl129 1,45 0,03 | aroF aroF, 3-deoxy-7-phosphoheptulonate Amino acid transport and metabolism
synthase
cgl132 0,65 0,05 | coaA coaA, pantothenate kinase Coenzyme transport and metabolism
branched-chain amino acid
cgl135 0,80 0,03 | pabC aminotransferase/4-amino-4- Amino acid transport and metabolism
deoxychorismate lyase
cg1136 0,55 0,01 hypthetlcaI protein cg1136 | hypothetical Unknown function
protein cg1136
cgl139 0,51 0,00 allophanate hydrolase subunit 2 Transport and metabolism of further
metabolites
T t and metaboli f furth
cg1140 0,53 0,00 allophanate hydrolase subunit 1 ransport and metanolism ot further
metabolites
cgl141 0,61 0,00 hypothetical protein cg1141 Carbon source transport and metabolism
N li N thoth t rt
a+/pro |n_e, a+/panthothenate symporter Amino acid transport and metabolism;
cgl142 0,48 0,00 | Na+/proline, Na+/panthothenate .
Coenzyme transport and metabolism
symporter
cgl1143 0,76 0,04 putative GntR-family transcriptional Signal transduction mechanisms
regulator
cgl145 5,29 0,00 | fumC (fum) fumC, fumarate hydratase Central carbon metabolism
ssul, FMN-binding protein required for
sulfonate and sulfonate ester utilization | Transport and metabolism of further
cgl147 7,00 0,00 | ssul ssul, FMN-binding protein required for metabolites
sulfonate and sulfonate ester utilization
NADPH-dependent FMN reductase | NADPH-
cg1150 2,63 0,01 dependent FMN reductase | NADPH- General function prediction only
dependent FMN reductase
cg1151 4,50 0,00 |seua se.u.A, rponooxygenase for sulfonate ester Transport and metabolism of further
utilization metabolites
cgl152 3,20 0,02 | seus se.u.B, monooxvgenase for sulfonate ester Transport and metabolism of further
utilization metabolites
cg1153 3,66 0,00 | seuc se}J.C, r'f\onooxygenase for sulfonate ester Transport and metabolism of further
utilization metabolites
cg1156 6,64 0,00 | ssub2 ss&JPZ,hmonooxygenase for sulfonate Transpm-'t and metabolism of further
utilization metabolites
cgl157 3,08 0,00 |fbp fbp, class ll, essential for gluconeogenesis Central carbon metabolism
cgl1158 1,22 0,00 putative secreted protein Unknown function
cgl1160 3,27 0,00 similar to arabinose efflux permease Unknown function
cgl162 2,41 0,00 | xseB xseB, exodeoxyribonuclease VIl small subunit DNA repllcat|9n, recombination, repatr,
and degradation
DNA replicati binati i
cgl163 2,81 0,01 | xseA xseA, exodeoxyribonuclease VIl large subunit repiication, recomboination, repatr,
and degradation
cgl166 1,27 0,00 hypothetical protein cgl166 Unknown function
cgl167 0,29 0,01 | metS putative secreted protein Amino acid transport and metabolism
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Na+-dependent transporters of the SNF
cgl169 0,32 0,01 | metP family | Na+-dependent transporters of the Amino acid transport and metabolism

SNF family
cgl1170 0,54 0,01 |ecmt5 cmts, corynomycolyl transferase | cmts, Cell wall/membrane/envelope biogenesis

corynomycoly! transferase
cgll172 0,78 0,05 hypothetical protein cg1172 General function prediction only

arcB, probable ornithine
cgll74 1,40 0,01 |arcB carbamoyltra.nsferase protein | arcB, Amino acid transport and metabolism

probable ornithine carbamoyltransferase

protein

DNA replication, recombination, repair,
cgl1178 0,58 0,03 | tnpYa tnp9a(ISCg9a), transposase and degradation
cg1182 1,78 0,02 hypothetical protein cg1182 Unknown function
cg1183 1,55 0,02 predicted dinucleotide-utilizing enzyme Unknown function
DNA replication, recombination, repair,
cgl184 1,40 0,02 | tnpl0c tnp10c(I1SCg10a), transposase-fragment and degradation
cg1185 1,55 0,04 | tnp10b tnp10b(ISCg10a), transposase-fragment DNA replication, recombination, repair,
8 ! ! P P 8:0a), P 8 and degradation
cgl187 5,59 0,00 |tnp10a tnp10a(ISCg10a), transposase-fragment DNA replication, recombination, repair,
8 ! ! P P g ! P e and degradation
cgl1189 1,91 0,03 hypothetical protein cg1189 Unknown function
cg1190 4,28 0,00 hypothetical protein cg1190 Unknown function
cgl1191 0,77 0,01 hypothetical protein cg1191 Unknown function
cgl1193 0,54 0,02 carboxymuconolactone decarboxylase Carbon source transport and metabolism
Ifat lated t ter (MFS
cg1195 1,90 0,01 suiate pe»rmease or related transporter ( General function prediction only
superfamily)

ABC-type transport systems, involved in . .
cgl197 0,46 0,00 lipoprotein release, ATPase component Cell wall/membrane/envelope biogenesis
cg1203 1,90 0,01 Mg-chelatase subunit Chll Inorganic ion transport, metabolism, and

storage
cg1205 2,02 0,00 hypothetical protein cg1205 Unknown function
cg1206 1,86 0,00 PEP phosphonomutase or related enzyme | Transport and metabolism of further

PEP phosphonomutase or related enzyme metabolites
cg1208 1,28 0,01 hypothetical protein cg1208 Unknown function
cgl211 1,74 0,02 putative MarR-family transcriptional Signal transduction mechanisms

regulator

DNA replication, recombination, repair,
cgl213 0,78 0,05 |tnpla tnpla(lSCgla), transposase and degradation
cgl1215 1,52 0,00 | nadC nadC, quinolinate phosphoribosyltransferase | Coenzyme transport and metabolism
cgl216 1,86 0,01 | nadA nadA, guinolinate synthetase Coenzyme transport and metabolism
cgl218 4,35 0,01 | ndnR ndnR, t.ranscrlpt{.onal repressor of NAD de Signal transduction mechanisms

novo biosynthesis genes
cgl1219 1,39 0,04 hypothetical protein cg1219 Unknown function
cg1220 2,77 0,00 predicted Zn-dependent hydrolase of the General function prediction only

beta-lactamase fold
cgl221 1,35 0,02 hypothetical protein cg1221 Unknown function
cgl222 1,67 0,00 | /plA IplA, lipoate-protein ligase Coenzyme transport and metabolism
cg1224 6,69 0,00 | phna2 phnB2, S|m|la.r\ty to aIkyIpho.sphonat.e uptake Transport and metabolism of further

operon protein PhnB-Escherichia coli metabolites

benk3 tative b te t t
cgl225 1,80 0,00 | benk3 (pcak) ents, putative enzo'a € transpor Carbon source transport and metabolism

transmembrane protein

pobB, 4-hydroxybenzoate 3-monooxygenase
cgl226 0,36 0,00 | pobB (pobA) | pobB, 4-hydroxybenzoate 3- Carbon source transport and metabolism

monooxygenase

ykoE, substrate-specific component YkoE of
cgl227 3,12 0,00 | ykoE thiamin-regulated ECF transporter for Coenzyme transport and metabolism

hydroxymethylpyrimidine

ykoD, duplicated ATPase component YkoD of

energizing module of thiamin-regulated ECF
cgl1228 1,51 0,00 koD transporter for hydroxymethy! | ykoD, Coenzyme transport and metabolism

g ! ! y duplicated ATPase component YkoD of ¥ P
energizing module of thiamin-regulated ECF
transporter for hydroxymethyl
| iciont t, metaboli d
cg1231 1,76 | 0,01 |choa chaA, Ca2+/H+ antiporter norganic fon transport, metabolism, an
storage
cgl232 2,20 0,00 hypothetical protein cg1232 Unknown function
cg1233 1,82 0,01 hypothetical protein cg1233 Unknown function
cg1234 1,81 0,02 putative e_xcinuclease ATPase subunit-UvrA- | DNA replicatifm, recombination, repair,
like protein and degradation
. ) Transport and metabolism of further
cg1236 1,26 0,01 | tpx (prx) tpx, thiol peroxidase metabolites
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cgl1237 0,39 0,03 hypothetical protein cg1237 Unknown function
cgl239 0,71 0,03 2-dehydropantoate 2-reductase Coenzyme transport and metabolism
cgl241 1,24 0,05 hypothetical protein cgl241 Unknown function
cgl242 1,77 0,05 hypothetical protein cg1242 Unknown function
secreted trypsin-like serine protease, contain . o
cgl243 2,97 0,00 C-terminal PDZ domain General function prediction only
cgl244 2,65 0,02 |ars¢4 arsC4, arsenate reductase Inorganic ion transport, metabolism, and
storage
cg1245 2,33 0,04 hypothetical protein cg1245 Unknown function
cgl246 3,94 0,01 hypothetical protein cg1246 Unknown function
cgl247 3,95 0,00 putative secreted protein Unknown function
cg1248 1,52 0,04 GTPase involved in stress response General function prediction only
IpgW, homologe to Rv1166 lipoprotein
cgl249 1,67 0,00 |/pgW reguired to channel PIM4 into LAM synthesis, | Cell wall/membrane/envelope biogenesis
cell envelope
cg1250 1,36 0,04 | mshB mshB, deacetylase Cell wall/membrane/envelope biogenesis
cgl1251 1,44 0,00 hypothetical protein cg1251 Unknown function
cg1252 0,53 | 0,02 |faxc fdxC, ferredoxin Transport and metabolism of further
metabolites
cg1253 0,56 0,00 | dapC daPC’ N-succinyl-2,6-diaminopimelate Amino acid transport and metabolism
aminotransferase
cgl254 0,63 0,03 hypothetical protein cgl254 Unknown function
cgl1255 5,11 0,01 putative HNH endonuclease, conserved General function prediction only
cg1259 2,34 0,00 | dapD2 dappz’ similar to tetrahydrodipicolinate N- Amino acid transport and metabolism
succinyltransferase
cgl261 0,82 0,03 lysine decarboxylase family protein Amino acid transport and metabolism
cgl264 4,08 0,00 hypothetical protein cg1264 Unknown function
cgl265 5,41 0,00 hypothetical protein cg1265 Unknown function
cgl1266 5,75 0,00 [rrmA rrmA, rRNA guanine-N1-methyltransferase Translatu?n, ribosomal structure and
biogenesis
cg1268 0,54 0,00 |glgA E\I(i/i;‘i\;cogen synthase | glgA, glycogen Carbon source transport and metabolism
cgl1269 0,43 0,00 |glgC glgC, ADP-glucose pyrophosphorylase Carbon source transport and metabolism
cg1271 3,26 0,00 |sige sigE, RNA polymervase sigma-70 factor | sigE, Transcr\vpt\on |nc|ud|vn'g sgma factors, RNA
RNA polymerase sigma-70 factor processing and modification
cgl272 4,85 0,01 |cseE hypothetical protein cg1272 Transcr\.pt\on |nclud|.n-g slgma factors, RNA
processing and modification
cgl273 5,24 0,00 |tatB tatB, sec-independent translocase Protein secretion
cgl274 1,27 0,02 [ mmp mrp{ /-&TFtase nvolved in chromosome Cell division, chromosome partitioning
partitioning
cgl275 2,16 0,01 hypothetical protein cgl275 Unknown function
81276 2,89 0,00 |mgte1 mgtE1l, Mg/C9/N\ transporter MgtE (contains | Inorganic ion transport, metabolism, and
CBS domain) intracellular storage
cgl277 6,31 0,00 hypothetical protein cgl277 Unknown function
cgl1278 3,60 0,00 conserved hypothetical secreted protein Unknown function
cg1280 0,70 0,04 | odhA odhA, 2-oxoglutarate dehydrogenase Central carbon metabolism
cg1284 2,26 0,00 |lipT lipT, type B carboxylesterase Lipid transport and metabolism
cg1285 1,40 0,02 hypothetical protein cg1285 Unknown function
cg1286 3,09 0,00 hypothetical protein cg1286 Unknown function
cgl1287 0,42 0,01 hypothetical protein cg1287 Unknown function
cg1288 2,83 0,00 put.at\ve r}n.ultldrug efflux permease of the General function prediction only
major facilitator superfamily
metE, 5-
cg1290 0,19 0,02 | metE methyltetrahydropteroyltriglutamate-- Amino acid transport and metabolism
homocysteine methyltransferase
hypothetical protein cg1291 | hypothetical
cgl291 8,05 0,00 ypo' etica) protein cg | hypothetica Unknown function
protein cg1291
cg1292 0,34 0,01 flavin-containing monooxygenase 3 General function prediction only
cg1293 0,53 0,01 putative secreted protein Unknown function
predicted hydrolase or acyltransferase . A
cgl1295 2,35 0,01 (alpha/beta hydrolase superfamily) General function prediction only
cydB, cytochrome D terminal oxidase . A .
cg1300 0,73 0,02 | cydB polypeptide subunit Respiration and oxidative phosphorylation
cg1304 0,49 0,02 putative secreted protein Unknown function
cg1305 0,70 0,04 | pheP L-phenylalanine transporter Amino acid transport and metabolism
superfami 1l DNA and RNA helicase || 18IS FE 0 AR CER
cgl1307 2,31 0,00 superfamily Il DNA and RNA helicase | siema fi\ctors Rl\,lA rocesiin and g
superfamily Il DNA and RNA helicase e o P g
modification
cg1310 0,76 0,02 | rolM (tfdF) tfdF, maleylacetate reductase Carbon source transport and metabolism
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cgl311 0,56 0,01 | rolD (catA2) cata2, catecho'l 1,2-dioxygenase | catA2, Carbon source transport and metabolism
catechol 1,2-dioxygenase
cgl1313 0,41 0,02 putative secreted lipoprotein Unknown function
cgl314 0,30 0,00 | putP putP, proline transport system Amino acid transport and metabolism
DNA replication, recombination, repair,
cg1316 1,42 0,03 supgrfamﬂy Il DNA/RNA helicases, SNF2 a-nd degradation; Transcr\pF]on including
family sigma factors, RNA processing and
modification
cgl317 1,25 0,04 putative 2-oxo acid dehydrogenase General function prediction only
DNA replicati inati i
cg1319 0,56 0,02 ATPase involved in DNA repair replica I?n’ recombination, repatr,
and degradation
cg1320 0,66 0,01 | /ipP lipP, lipase Lipid transport and metabolism
tati t - ivet ipti |
cgl1325 1,64 0,00 Putative stress-responsive transcriptiona Signal transduction mechanisms
regulator
cg1328 1,97 0,02 putative copper chaperone Protein turnover and chaperones
cgl1329 2,28 0,04 | ctpC ctpC, cation transport ATPase Inorganic ion transport, metabolism, and
storage
cgl1333 0,44 0,01 |args args, arginyl-tRNA synthetase Translatlgn, ribosomal structure and
biogenesis
cg1334 0,36 0,00 [ lysA lysA, diaminopimelate decarboxylase Amino acid transport and metabolism
cg1335 0,62 0,02 hypothetical protein cg1335 Unknown function
cgl1337 3,08 0,01 | hom hom, homoserine dehydrogenase Amino acid transport and metabolism
cg1338 3,19 0,02 |thrB thrB, homoserine kinase Amino acid transport and metabolism
cgl341 0,42 0,00 | nar! zs:i,nrespwatory nitrate reductase 2 gamma Respiration and oxidative phosphorylation
cgl342 0,38 0,00 | nars narJ, nitrate reductase delta chain Respiration and oxidative phosphorylation
cgl343 0,48 0,00 | narH na.rH, probable respiratory nitrate reductase Respiration and oxidative phosphorylation
oxidoreduct
cgl344 0,31 0,01 | narG narG, nitrate reductase 2, alpha subunit Respiration and oxidative phosphorylation
cg1345 0,55 001 | nark nark, putat!ve n!trate/n!trﬁte transporter | Inorganic ion transport, metabolism, and
narK, putative nitrate/nitrite transporter storage
mog, putative molybdopterin biosynthesis .
cgl346 0,53 0,03 [ mog MOG protein Coenzyme transport and metabolism
cgl1347 0,66 0,02 secreted phospholipid phosphatase Cell wall/membrane/envelope biogenesis
cgl1349 1,32 0,02 membrane protein containing CBS domain Unknown function
cgl1351 0,71 0,03 | moeA3 moeA3, molybdopterin biosynthesis protein | Coenzyme transport and metabolism
cgl1352 2,98 0,01 | mooA moaA, molybdenum cofactor biosynthesis Coenzyme transport and metabolism
protein A
cgl354 0,66 0,02 |rho rho, transcription termination factor Rho Transcr\vpt\on |nc|ud|vn'g 5|gma factors, RNA
processing and modification
cg1355 0,58 0,00 |prfA prfA, peptide chain release factor 1 T.ranslatlgn, ribosomal structure and
biogenesis
membrane protein, UDP-N-acetylmuramyl
cg1359 0,80 0,01 pentapeptide phosphotransferase/UDP-N- Cell wall/membrane/envelope biogenesis
acetylglucosamine-1-pho
cg1360 0,63 0,03 hypothetical protein cg1360 Unknown function
cgl361 1,52 0,01 | atp/ hypothetical protein cg1361 Inorganic ion transport, metabolism, and
storage
cg1362 0,88 0,00 |atpB atpB, ATP synthase subunit A Respiration and oxidative phosphorylation
cg1368 0,70 0,03 | atpD atpD, ATP synthase subunit B Respiration and oxidative phosphorylation
cgl372 0,55 0,02 hypothetical protein cg1372 Unknown function
cgl1373 0,34 0,01 glyoxalas?/b\eomycm resistance/dioxygenase General function prediction only
superfamily protein
cg1375 0,83 0,03 putative thioredoxin General function prediction only
cgl376 2,20 0,01 |ssubD1 ssuD1, alkanesulfonate monoxygenase Transport and metabolism of further
metabolites
81377 312 0,00 |ssuc ssuC, aliphatic su\fonates transmembrane Transport and metabolism of further
ABC transporterprotein metabolites
cg1379 2,97 0,00 |ssus ssuB, aliphatic su!fonates ATP-binding ABC Transport and metabolism of further
transporterprotein metabolites
cg1380 2,35 0,01 | ssuA ssuA, aliphatic sulfonate binding protein Transport and metabolism of further
metabolites
cg1381 0,80 0,04 |glgB glgB, glycogen branching enzyme Carbon source transport and metabolism
cg1383 0,57 0,01 ABC-type molybdenum transport system, Coenzyme transport and metabolism
ATPase component
cg1384 1,63 0,02 putative NUDIX hydrolase General function prediction only
cg1385 0,77 0,01 SAM-dependent methyltransferase General function prediction only
fixA, putative electron transfer flavoprotein,
cg1386 2,53 0,01 | etfB (fixA) beta subunit | fixA, putative electron transfer | Respiration and oxidative phosphorylation
flavoprotein, beta subunit
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fixB, putative electron transfer flavoprotein,

cgl387 2,16 0,02 | etfA (fixB) alpha subunit Respiration and oxidative phosphorylation
nifS1, probable pyridoxal-phosphate-

cg1388 1,48 0,03 | nifS1 dependent aminotransferase/cysteine Amino acid transport and metabolism
desulfinase

cgl1391 1,28 0,02 u.ncharacte_nzed protein related to capsule General function prediction only
biosynthesis enzyme

cg1394 1,61 0,01 | spe2 putat\\'/e'sperm\dme synthase | putative Transpm"t and metabolism of further
spermidine synthase metabolites

cg1395 193 0,01 hypthetlcaI protein cg1395 | hypothetical Unknown function
protein cg1395

cg1396 3,37 0,00 hypothetical protein cg1396 Unknown function

81397 171 0,02 | trmu tRNA (.S-methylamlnomethyl-z- Translatlgn, ribosomal structure and
thiouridylate)-methyltransferase biogenesis

cg1398 1,27 0,02 hypothetical protein cg1398 Unknown function

cg1399 0,71 0,01 permease of the major facilitator superfamily | General function prediction only

cg1400 0,33 0,00 DNA polymerase Ill subunit epsilon DNA repl|cat|f>n, recombination, repatr,

and degradation

cg1404 0,86 0,04 |gata gatA, glutamyl-tRNA amidotransferase Translatpn, ribosomal structure and
subunit A biogenesis

cg1409 1,24 0,04 | pfkA (pfk) pfkA, 6-phosphofructokinase Central carbon metabolism

cgl1410 0,68 0,02 |rbsR rbsR, transcriptional repressor of ribose Signal transduction mechanisms
transport

cgla1l 0,40 0,01 |rbsA ABC-type sugar (aldose) transport system, Carbon source transport and metabolism
ATPase component

cgl412 0,52 0,01 |rbsC ribose/xylose/arabinose/galactoside ABC- Carbon source transport and metabolism
type transport system, permease component

cgl413 0,43 0,01 |rbsB secreted sugar-binding protein Carbon source transport and metabolism

cglal14d 0,41 0,00 |rbsD uncharacterized component of ribose/xylose Carbon source transport and metabolism
transport systems

cgl417 2,67 0,00 [act2 acetyltransferase General function prediction only

cg1420 1,54 0,00 |gats gat?, aspartyl/glutamyI-FRNA Translatlgn, ribosomal structure and
amidotransferase subunit B biogenesis

cgla21 2,00 0,00 putative dinucleotide-binding enzyme General function prediction only
putative oxidoreductase (related to aryl-

cgl423 2,57 0,00 aIc.0h0I dehydrogenase) | putative General function prediction only
oxidoreductase (related to aryl-alcohol
dehydrogenase)

cg1426 1,74 0,01 | gst putat\v? glutathione S-transferase | putative Transport and metabolism of further
glutathione S-transferase metabolites
yggB, small-conductance mechanosensitive
channel | yggB, small-conductance . . R

cgla34 2,22 0,02 | yggB (mscCG) mechanosensitive channel | yggB, small- Amino acid transport and metabolism
conductance mechanosensitive channel

cglada 0,48 0,00 putative flavoprotein oxygenase General function prediction only

cg1452 1,34 0,00 hypothetical protein cgl452 Unknown function
predicted signal-transduction protein . . R

cgl456 0,77 0,04 containing cAMP-binding and CBS domain Signal transduction mechanisms

cg1457 0,34 0,01 |dnaqz dnan, DNA polymerase lll, epsilon subunit, DNA repllcatlfm, recombination, repair,
putative and degradation

cgl1458 0,49 0,00 | odx odx, oxaloacetate decarboxylase Central carbon metabolism
SAM-dependent methyltransferase | SAM-

cgl1459 0,61 0,03 dependent methyltransferase | SAM- General function prediction only
dependent methyltransferase

cgl464 1,87 0,00 putative transcriptional regulatory protein Signal transduction mechanisms

cgl1465 2,34 0,00 hypothetical protein cg1465 Unknown function

cgl1468 0,77 0,02 hypothetical protein cg1468 Unknown function

cgla76 1,56 0,02 | thiC thiC, thiamine biosynthesis protein ThiC Coenzyme transport and metabolism

cg1478 215 0,01 hypthet|caI protein cg1478 | hypothetical Unknown function
protein cg1478
malP, maltodextrin phosphorylase | malP,

cgl479 0,59 0,00 | maiP (glgP1) maltodextrin phosphorylase | malP, Carbon source transport and metabolism
maltodextrin phosphorylase

cgl481 2,00 0,01 hypothetical protein cg1481 Unknown function

cgl1482 3,39 0,00 Zn-dependent hydrolase, including General function prediction only
glyoxylases

cg1483 2,60 0,01 hypot'hetlcal protein cg1483 | hypothetical Unknown function
protein cg1483

cgl487 1,50 0,05 |/leuC Iseuub(lij,r:istopropylmalate Isomerase large Amino acid transport and metabolism

cgl1491 0,67 0,03 hypothetical protein cg1491 Unknown function
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cg1492 0,46 0,02 | gpsA gpsA, NAD(P)H-dependent glycerol-3- Central carbon metabolism
phosphate dehydrogenase
cg1493 0,71 0,04 | ddl ddl, D-alanylalanine synthetase Cell wall/membrane/envelope biogenesis
cgl1497 0,83 0,01 Eir::;;ted kinase related to dihydroxyacetone General function prediction only
cg1498 0,43 0,02 putative RecG-like helicase DNA repllcatl?n, recombination, repatr,
and degradation
cg1502 0,90 0,02 ABC-type polar amino acid transport system, Amino acid transport and metabolism
ATPase component
cg1505 1,34 0,02 putative secreted protein Unknown function
cg1508 0,67 0,04 hypothetical protein predicted by Glimmer Prophage genes
cgl511 2,40 0,01 hypothetical protein cg1511 Prophage genes
cgl1512 2,61 0,00 hypothetical protein cg1512 Prophage genes
Prophage genes, DNA replication,
cgl515 0,67 0,01 |tnp24a tnp24a(lSCg24a), transposase-fragment recombination and repair
hypothetical protein cg1516 | hypothetical
cgl516 0,67 0,04 protein cg1516 Prophage genes
cgl1517 0,59 0,03 putative secreted protein Prophage genes
cgl1519 1,33 0,02 hypothetical protein cg1519 Prophage genes
cg1520 0,70 0,02 putat[ve secreted protein | putative secreted Prophage genes
protein
cgl524 0,79 0,04 hypothetical protein cg1524 Prophage genes
DNA replication, recombination, repair,
cgl525 1,45 0,00 [ polA polA, DNA polymerase | and degradation
cgl527 1,20 0,02 hypothetical protein cg1527 Signal transduction mechanisms
cgl531 0,62 0,02 |rpsA rpsA, 30S ribosomal protein S1 T_ranslatlc_m, ribosomal structure and
biogenesis
ptsG, glucose-specific enzyme 11 BC N
cgl537 0,32 0,00 | ptsG component of PTS | ptsG, glucose-specific C-arbon source transport am-:I metabolism;
signal transduction mechanisms
enzyme |l BC component of PTS
cg1540 0,56 0,04 putative secreted protein Unknown function
cgl542 1,30 0,04 hypothetical protein cg1542 Unknown function
cgl1546 1,16 0,04 | rbsK1 rbsK1, putative ribokinase protein Nucleotide transport and metabolism
cg1548 0,55 0,01 hypothetical protein cg1548 Unknown function
cgl1549 0,61 0,00 hypothetical protein cg1549 Unknown function
DNA replicati binati i
cg1550 2,58 0,00 | uvrB uvrB, excinuclease ABC subunit B replication, recomboination, repair,
and degradation
uspA1l, universal stress protein UspA and DNA replication, recombination, repair,
(LR 149 0,00 | uspAl related nucleotide-binding proteins and degradation
DNA replication, recombination, repair,
cgl555 2,45 0,00 superfamily | DNA or RNA helicase a-nd degradation; Transcr\pF]on including
sigma factors, RNA processing and
modification
cg1556 2,32 0,01 hypothetical protein cg1556 Unknown function
cg1560 1,99 0,00 |[uvrA uvrA, excinuclease ABC subunit A DNA repllcatl?n, recombination, repair,
and degradation
. R I . Translation, ribosomal structure and
cgl563 0,52 0,05 |infC infC, translation initiation factor IF3 protein X K
biogenesis
. . Translation, ribosomal structure and
cgl564 0,46 0,04 | roml rpml, 508 ribosomal protein L35 X .
biogenesis
. . Translation, ribosomal structure and
cg1565 0,37 0,02 |rpiT rplT, 50S ribosomal protein L20 . K
biogenesis
cgl567 1,66 0,01 hypothetical protein cg1567 Unknown function
cg1568 2,04 0,01 [ ugpA ugpA, sn-glycerol-3-pho§phate transport Carbon source transport and metabolism
system permease protein
cg1570 2,13 0,00 | ugpB u.ng_, secrete_d sn-glycerol-3-phosphate- Carbon source transport and metabolism
binding protein
cgl572 0,54 0,03 | glpQ2 glpQ2, put.at\ve glycerophosphoryl diester Carbon source transport and metabolism
phosphodiesterase
cg1574 2,77 0,02 | phes pheS, phenylalanyl—tRNA synthetase alpha Translatpn, ribosomal structure and
subunit biogenesis
cgl577 0,53 0,05 putative secreted hydrolase General function prediction only
cgl1578 0,40 0,00 acyltransferase family, membrane protein General function prediction only
cg1579 0,62 0,02 putatﬁve secreted protein | putative secreted Unknown function
protein
cg1580 4,17 0,02 | argC argC, N-acetyl-gamma-glutamyl-phosphate Amino acid transport and metabolism
reductase
cg1589 1,65 0,04 putative secreted protein Unknown function
cg1590 2,05 0,00 secreted Mg-chelatase subunit IS:ZE:SIC fon transport, metabolism, and
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cgl1591 2,27 0,01 putative secreted protein Unknown function
cg1592 3,15 0,03 hypothetical protein cg1592 Unknown function
cg1594 254|001 |tyrs tyrs, tyrosyl-tRNA synthetase Translation, ribosomal structure and
biogenesis
cg1597 1,50 0,01 hypothetical protein cg1597 Unknown function
cg1598 1,24 0,03 sugar phosphatase of the HAD superfamily General function prediction only
cg1602 10,96 |[0,00 |recN recN, DNA repair protein RecN DNA repllcatlsm, recombination, repatr,
and degradation
cg1603 0,49 0,00 hypothetical protein cg1603 Unknown function
Ortholog of M, tub, outer membrane protein, . A
cgl604 0,61 0,00 porin General function prediction only
cg1606 3,66 0,00 |pyrG pyrG, CTP synthetase Nucleotide transport and metabolism
cg1607 1,27 0,03 NTP pyrophosphohydrz?lase including DNA repllcat|9n, recombination, repair,
oxidative damage repair enzyme and degradation
cgl6l2 0,15 0,01 acetyltransferase | acetyltransferase General function prediction only
cg1615 0,55 0,02 | riua 16S rRNA uridine-516 pseudoyndylate Translatlc?n, ribosomal structure and
synthase or related pseudouridylate synthase | biogenesis
cgl6l6 0,49 0,01 |cmk cmk, cytidylate kinase Nucleotide transport and metabolism
cgl617 0,64 0,01 GTP-k?lndlng protein EngA | GTP-binding General function prediction only
protein EngA
cgl618 3,55 0,00 hypothetical protein cg1618 Unknown function
cgl619 2,93 0,00 putative DNA gyrase inhibitor Transcr\.pt\on |nc|ud|.n.g S|gma factors, RNA
processing and modification
cgl621 0,57 0,03 ABC-type multidrug/protein/lipid transport General function prediction only
system, ATPase component
cgl1622 0,56 0,01 ABC-type multidrug/protein/lipid transport General function prediction only
system, ATPase component
cgl626 8,48 0,00 hypothetical protein cgl626 Unknown function
cgl1628 15,59 | 0,00 hydrolase of the alpha/beta superfamily General function prediction only
cg1632 1,54 0,00 hypothetical protein cg1632 Unknown function
cgl633 0,57 0,01 predicted transcriptional regulator Signal transduction mechanisms
cg1638 0,67 0,01 hypothetical protein cg1638 Unknown function
cgl1639 0,72 0,02 membrane protein containing CBS domain Unknown function
cg1643 2,76 0,00 | gnd gnd, 6-phosphogluconate dehydrogenase Central carbon metabolism
cg1645 0,67 0,01 SAM-dependent methyltransferase General function prediction only
cgl646 3,05 0,00 ABC-type multidrug transport system, ATPase General function prediction only
component
cglea7 4,37 0,00 ABC-type multidrug transport system, General function prediction only
permease component
pgpl, putative phosphoglycolate Transport and metabolism of further
IR 0,62 0,01 | peth (pgp1) phosphatase metabolites
cg1655 0,67 0,00 | thiM thiM, hyd roxye-thylthla.zole kinase | thiM, Coenzyme transport and metabolism
hydroxyethylthiazole kinase
cgl656 0,67 0,01 | ndh ndh, NADH dehydrogenase | ndh, NADH Respiration and oxidative phosphorylation
dehydrogenase
ufaA, putative cyclopropane fatty acid
synthase (cyclopropane-fatty-acyl-
phospholipid synthase) | ufaA, putative . .
cgl657 0,73 0,03 | ufaA cyclopropane fatty acid synthase Cell wall/membrane/envelope biogenesis
(cyclopropane-fatty-acyl-phospholipid
synthase)
permease of the major facilitator superfamily
cgl658 1,60 0,01 | permease of the major facilitator General function prediction only
superfamily
gpt, purine phosphoribosyltransferase | gpt,
cgl1659 2,65 0,01 |gpt purine phosphoribosyltransferase | gpt, Nucleotide transport and metabolism
purine phosphoribosyltransferase
cgl1662 3,11 0,00 putative secreted protein Unknown function
81665 0,47 0,00 putatlve secreted protein | putative secreted Unknown function
protein
cgl1668 1,93 0,02 hypothetical protein cg1668 Unknown function
cgl1669 2,78 0,00 putative secreted protein Unknown function
cgl670 2,24 0,00 hypothetical protein cg1670 Unknown function
cgl671 3,58 0,00 putative membrane-associated GTPase Unknown function
cgl672 0,74 0,01 | ppmC (ppm1) sfnr?sés;;olypreny] monophosphomannose Cell wall/membrane/envelope biogenesis
apolipoprotein N-acyltransferase, ortholog of ) .
cgl673 2,54 0,01 | ppmN (ppm2) mycobacterium MSMEG_3860 Cell wall/membrane/envelope biogenesis
cgl675 2,74 0,00 hypothetical protein cg1675 Unknown function
cgl676 2,17 0,00 |/ip3 lip, putative lipase Lipid transport and metabolism
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cgl678 2,08 0,02 | cobl cobl, precorr|r1-6Y €5,15-methyltransferase Coenzyme transport and metabolism
(decarboxylating)
cg1680 0,53 0,00 hypothetical protein cg1680 General function prediction only
cgl1681 0,50 0,00 | pepE (pepQ?) | pepE, proline dipeptidase Protein turnover and chaperones
cg1682 1,57 0,04 trypsin-like serine protease Protein turnover and chaperones
cg1683 1,38 0,03 superfamily Il DNA and RNA helicase General function prediction only
cg1685 1,88 0,05 |[tatA tatA, twin argininte translocase protein A Protein secretion
cg1688 0,68 | 002 |pafa(pagaz) | P3M proteasome accessory factor A, Post-translational modification
pupylation machinery
. . Post-translational modification; Protein
cgl691 1,45 0,01 | arc(mpa) arc, AAA+ ATPase ARC, pupylation machinery turnover and chaperones
cg1693 2,12 0,01 | pepC pepC, putative aminopeptidase 2 Protein turnover and chaperones
cgl1694 0,46 0,01 |recB recB, RecB family exonuclease DNA repllcatl?n, recombination, repair,
and degradation
cgl1695 0,49 0,00 put?t\ve plasm.|d maintenance system General function prediction only
antidote protein
permease of the major facilitator superfamily
cg1696 2,68 0,02 | permease of the major facilitator General function prediction only
superfamily
cgl1697 3,25 0,00 | aspA aspA, aspartate ammonia-lyase (aspartase) Amino acid transport and metabolism
cg1698 6,21 0,00 | hisG hisG, ATP phosphoribosyltransferase Amino acid transport and metabolism
cg1699 6,41 0,00 | hise hisk, phosphoribosyl-ATP pyrophosphatase Amino acid transport and metabolism
cg1700 1,97 0,02 putative phosphatase/phosphohexomutase | General function prediction only
cgl1701 3,56 0,01 | metH metH, homocysteine methyltransferase Amino acid transport and metabolism
cg1702 2,15 0,02 hypothetical protein cg1702 Unknown function
cgl706 0,77 0,02 |arsC1 arsC1, arsenate reductase Inorganic ion transport, metabolism, and
storage
mshC, ligase, cysteinyl-tRNA synthetase | Transport and metabolism of further
cg1709 1,97 0,01 | mshC mshC, ligase, cysteinyl-tRNA synthetase metabolites
uppP, undecaprenyl pyrophosphate . .
cgl710 1,71 0,01 | uppP (bacA) phosphatase Cell wall/membrane/envelope biogenesis
cgl712 2,70 0,00 |/ppL IppL, secreted lipoprotein Cell wall/membrane/envelope biogenesis
cgl713 1,99 0,00 | pyrD pyrD, dihydroorotate dehydrogenase Nucleotide transport and metabolism
cg1715 0,55 0,03 hypothetlcal protein cg1715 | hypothetical Unknown function
protein cg1715
tnp16b(ISCgl6b), transposase | DNA replication, recombination, repair,
AL 051 0,03 | tnp16b tnp16b(ISCg16b), transposase and degradation
cgl717 0,73 0,00 hypothetical protein cgl717 Unknown function
cg1719 123 0,02 | tets tetB, ABC-type multidrug/protein/lipid Transport and metabolism of further
transport system, ATPase component metabolites
N-acetylglutamate synthase activity,
cgl722 7,23 0,00 | act3 complements arginine-auxotrophic argJ Amino acid transport and metabolism
strain
cg1724 0,31 0,00 | meas meaB, accessory protein of Amlno acid transport and m.etabollsm;
methylmalonylCoA mutase Lipid transport and metabolism
cgl725 0,26 0,00 | mutA (memB) | mutA, methylmalonyl-CoA mutase, subunit A.m,mo acid transport and mgtabohsm;
Lipid transport and metabolism
81726 0,27 0,01 | muts (mema) mutB,'methylmalonyI-CoA mutase, small A'm'lno acid transport and m?tabollsm;
subunit Lipid transport and metabolism
cgl728 0,87 0,03 hypothetical protein cg1728 Unknown function
cgl730 3,83 0,01 secrete'd proteése'subunlt, Protein turnover and chaperones
stomatin/prohibitin homolog
cgl731 2,68 0,00 membrane protein |mp||cang In regulation Protein turnover and chaperones
of membrane protease activity
cgl732 1,48 0,02 hypothetical protein cgl732 Unknown function
cgl734 3,36 0,00 | hemH hemH, ferrochelatase precursor Transport and metabolism of further
metabolites
cgl735 0,29 0,01 s.ecret.ed cell wyl—assouatz.ed hydrolase Cell wall/membrane/envelope biogenesis
{invasion-associated protein)
cg1736 0,63 0,00 hypthet|caI protein cg1736 | hypothetical Unknown function
protein cg1736
cgl737 0,52 0,01 |acn acn, aconitate hydratase Central carbon metabolism
cgl738 0,82 0,04 |acnR acan transcriptional regulator, represses Signal transduction mechanisms
aconitase
Amino acid transport and metabolism;
cgl739 2,55 0,02 |gat glutamine amidotransferase Nucleotide transport and metabolism;
Coenzyme transport and metabolism
cgl740 1,28 0,02 pu.tat\ve nucleoside-diphosphate-sugar Nucleotide transport and metabolism
epimerase
cgl741 2,01 0,04 hypothetical protein cgl741 Unknown function
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cgl742 0,66 0,01 hypothetical protein cg1742 Unknown function
cgl743 0,45 0,00 hypothetical protein cgl743 Unknown function
cgl744 1,61 0,00 | pacl pacl, cation-transporting ATPase Inorganic on transport, metabolism, and
storage
cgl750 0,66 0,02 hypothetical protein cg1750 Prophage genes
ATPase component of ABC transporters with . .
cgl753 2,25 0,00 duplicated ATPase domains General function prediction only
cgl758 1,98 0,00 hypothetical protein cg1758 Unknown function
cgl762 1,52 0,05 |[sufC sufC, Fe-S cluster assembly ATPase Coenzyme transport and metabolism
cgl763 1,82 0,04 |sufp ;l:(f,?'e;e-s cluster assembly membrane Coenzyme transport and metabolism
sufR, transcriptional regulator of suf operon | | .. . .
cgl765 191 0,02 | sufR " Signal transduction mechanisms
sufR, transcriptional regulator of suf operon
cgl766 1,88 0,01 | mptB mptB, Mannosyltransferase Cell wall/membrane/envelope biogenesis
cgl767 1,23 0,05 ABC-type multidrug transport system, ATPase General function prediction only
component
cgl768 1,67 0,01 ABC-type multidrug transport system, General function prediction only
permease component
cgl769 6,28 0,01 |ctaA ctaA, cytochrome oxidase assembly protein Protein turnover and chaperones
ctaB, hypothetical protein cg1773 | ctaB, .
cgl773 2,82 0,00 |ctaB hypothetical protein cg1773 Protein turnover and chaperones
cgl779 0,73 0,02 | opcA OPCA, putative subunit of glucose-6-P Central carbon metabolism
dehydrogenase
cg1780 0,74 0,02 | pgi(devB) devB, 6-phosphogluconolactonase Central carbon metabolism
cgl781 0,63 0,05 SOXA SoxA, sarcosine oxidase-fragment Carbon source transport and metabolism
DNA replication, recombination, repair,
cgl782 0,26 0,00 |tnp13b tnp13b(ISCg13b), transposase and degradation
cgl783 0,70 0,05 [soxA SOXA, sarcosine oxidase-N-terminal fragment | Carbon source transport and metabolism
cgl785 1,67 0,03 | amtA (amt) amt, high-affinity ammonia permease IS:ZE;]QIC fon transport, metabolism, and
cgl786 3,14 0,00 | secG secG, protein-export membrane protein Protein secretion
cg1790 1,36 0,02 | pgk pgk, phosphoglycerate kinase Central carbon metabolism
cgl792 2,61 0,01 putative transcriptional regulator-WhiA Signal transduction mechanisms
homolog
cgl1793 2,65 0,01 hypothetical protein cg1793 Unknown function
cgl794 2,31 0,00 hypothetical protein cg1794 General function prediction only
cg1795 1,57 0,00 | uvrC uvrC, excinuclease ABC subunit C DNA repllcatlfm, recombination, repair,
and degradation
cgl799 1,60 0,03 | ribC ribC, riboflavin synthase subunit alpha Coenzyme transport and metabolism
cg1800 1,53 0,02 |ribG ribG, Putatlve bifunctional riboffavin-specific Coenzyme transport and metabolism
deaminase/reductase
cg1801 1,37 0,02 | rpe rpe, ribulose-phosphate 3-epimerase Central carbon metabolism
cg1802 146 0,00 | fmu fmu, putative 16S rRNA m(5)C 967 Translatlgn, ribosomal structure and
methyltransferase biogenesis
cg1803 1,33 0,00 |fmt fmt, methionyl-tRNA formyltransferase Translatl(-)n, ribosomal structure and
biogenesis
cg1804 2,01 0,00 | def2 def, peptide deformylase Post-translational modification
cg1805 0,89 0,04 | priA priA, primosome assembly protein PriA Transcr\.pt\on |nclud|.n-g sgma factors, RNA
processing and modification
cg1806 1,66 0,04 [ metk metK, S-adenosylmethionine synthetase Amino acid transport and metabolism
dfp, phosphopantothenoylcysteine R
cg1807 0,74 0,01 |dfp synthase/decarboxylase Coenzyme transport and metabolism
cg1808 1,21 0,02 | #NV hypothetical protein predicted by Glimmer #NV
cg1809 1,69 0,05 DNA-d.|rected RNA polymerase omega Transcr\.pt\on |nc|ud|.n-g S|gma factors, RNA
subunit processing and modification
cg1812 0,42 0,00 |pyrF pyrF, orotidine 5-phosphate decarboxylase Nucleotide transport and metabolism
carB, carbamoyl-phosphate synthase large Amino acid transport and metabolism;
cgl1813 0,52 0,04 |carB - yl-phosp ¥ g Nucleotide transport and metabolism;
subunit .
Coenzyme transport and metabolism
cgl1819 1,57 0,00 nucle05|d?-d|phosphate sugar epimerase Nucleotide transport and metabolism
(SUlA family)
cgl821 1,56 0,02 hypothetical protein cg1821 Unknown function
cgl1822 1,56 0,01 hypothetical protein cg1822 Unknown function
cg1823 1,25 0,05 hypothetical protein cg1823 Unknown function
nusB, transcription antitermination protein AT -
cgl824 0,60 0,02 | nusB NusB | nusB, transcription antitermination Transcr\_pt\on |nc|ud|_n_g S|gma factars, RNA
. processing and modification
protein NusB
cgl1825 0,55 0,00 |efp efp, elongation factor p gsg:f:;:’ ribosomal structure and
cg1826 0,81 0,04 | pepQ pepQ, XAA-pro aminopeptidase Protein turnover and chaperones
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cg1829 1,57 0,01 | aroC aroC, chorismate synthase Amino acid transport and metabolism
cg1831 1,06 0,05 bacterial regulatory protein, ArsR family Signal transduction mechanisms
Inorganic ion transport, metabolism, and
cg1833 1,21 0,04 secreted substrate-binding lipoprotein storage; Transport and metabolism of
further metabolites
Inorganic ion transport, metabolism, and
cgl834 0,48 0,02 ATP-binding protein of ABC transporter storage; Transport and metabolism of
further metabolites
cg1835 0,34 0,02 | aroE3 aroE3, shikimate 5-dehydrogenase Amino acid transport and metabolism
cg1836 0,34 0,00 secreted solute-k?md]ng p“’te'f" General function prediction only
aminodeoxychorismate lyase-like
cg1837 0,55 0,04 holliday junction resolvase-like protein DNA repllcatlfm, recombination, repatr,
and degradation
cg1838 0,60 0,00 |alaS alas, alanyl-tRNA synthetase TranslatK.)n, ribosomal structure and
biogenesis
uncharacterized ATPase related to the DNA replication, recombination, repair
cg1839 1,18 0,04 helicase subunit of the holliday junction Y ! !
and degradation
resolvase
asps, aspartyl-tRNA synthetase | aspS, Translation, ribosomal structure and
cgl84l 1,48 0,00 | asps aszartyl?tRN\;A syntheZase o biogenesis
cgl844 0,49 0,00 membrane protein Unknown function
coenzyme F420-dependent N5,N10-
methylene tetrahydromethanopterin
cg1848 1,63 0,00 Li‘i‘;z:ﬁ;zi;g?{;:g;ﬁ!;;ﬁgﬁfg l Coenzyme transport and metabolism
methylene tetrahydromethanopterin
reductase or related flavin-depende
cg1849 1,50 0,03 hypothetical protein cg1849 Unknown function
cg1852 2,66 0,01 | sdaA sdah, serine deaminase | sdaA, serine Amino acid transport and metabolism
deaminase
cg1855 1,35 | 0,02 |hiss hiss, histidyl-tRNA synthetase Translation, ribosomal structure and
biogenesis
cg1856 2,55 0,00 Zn-dependent hydrolase | Zn-dependent General function prediction only
hydrolase
cg1857 0,65 0,02 | ppiB pp!B’ pept!dyl-pronJ c!s-trans !somerase | Protein turnover and chaperones
ppiB, peptidyl-prolyl cis-trans isomerase
cg1859 1,44 0,01 putative secreted protein Unknown function
cg1860 2,24 0,00 hypothetical protein cg1860 Unknown function
cgl1861 0,54 0,03 |rel rel, ppGpp synthetase, ppGpp Signal transduction mechanisms
pyrophosphorylase
cg1862 0,69 0,05 | apt apt, adenine phosphoribosyltransferase Nucleotide transport and metabolism
secF, protein export protein SecF | secF,
cg1865 0,70 0,00 | secF protein export protein SecF | secF, protein Protein secretion
export protein SecF
secD, protein export protein SecD | secD,
cg1867 0,64 0,03 | secD protein export protein SecD | secD, protein Protein secretion
export protein SecD
. . . . DNA replication, recombination, repair,
cg1869 0,74 0,00 |ruvB ruvB, holliday junction DNA helicase RuvB .
and degradation
cg1870 0,64 0,01 |ruva ruvA,'hoHidayjunction DNA helicase motor DNA replicati9n, recombination, repair,
protein and degradation
cgl872 0,94 0,04 hypothetical protein cg1872 Unknown function
cgl876 1,13 0,02 glycosyl transferase | glycosyl transferase General function prediction only
pgsAl, phosphatidylglycerophosphate
synthase | pgsAl,
cg1878 0,81 0,03 | pgsAl g;::??;ﬂg!:ﬂ;::ﬁzg:z;z;:z:;ﬂz:se l Cell wall/membrane/envelope biogenesis
synthase | pgsAl,
phosphatidylglycerophosphate synthase
cg1891 2,12 0,02 | alpA hypothetical protein cg1891 Prophage genes
cg1893 4,49 0,00 |act4 acetyltransferase Prophage genes
cg1894 0,49 0,01 hypothetical protein cg1894 Prophage genes
cg1896 1,79 0,00 putative secreted protein Prophage genes
cg1897 2,90 0,00 putative secreted protein Prophage genes
cg1898 1,53 0,02 hypothetical protein cg1898 Prophage genes
cg1899 2,92 0,01 hypothetical protein cg1899 Prophage genes
¢g1900 1,60 0,03 hypothetical protein cg1900 Prophage genes
cg1901 3,62 0,00 hypothetical protein cg1901 Prophage genes
cg1902 4,13 0,01 putative secreted protein Prophage genes
cg1903 1,67 0,01 ABC-type multidrug transport system, ATPase Prophage genes
component
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cg1904 1,96 0,01 hypothetical protein cg1904 Prophage genes
hypothetical protein cg1905 | hypothetical
cg1905 0,68 0,02 p\r/gtein cgl9C§)5 & I hyp Prophage genes
cg1909 1,52 0,00 hypothetical protein cg1909 Prophage genes
cg1912 1,53 0,00 hypothetical protein cg1912 Prophage genes
hypothetical protein cg1913 | hypothetical
cg1913 1,48 0,01 p\r/c‘:tein cg191p3 | hypo%heticall p:/c’:tein cg1913 Prophage genes
cgl1914 3,51 0,03 hypothetical protein predicted by Glimmer Prophage genes
cg1915 2,85 0,02 hypothetical protein cg1915 Prophage genes
cgl1916 2,24 0,02 hypothetical protein cg1916 Prophage genes
cg1918 1,70 0,04 putative secreted protein Prophage genes
cgl919 2,94 0,02 hypothetical protein cg1919 Prophage genes
cg1920 3,09 0,02 hypothetical protein ¢g1920 Prophage genes
cgl1921 3,15 0,01 hypothetical protein cg1921 Prophage genes
cgl1922 4,47 0,01 hypothetical protein cg1922 Prophage genes
cg1923 3,25 0,01 hypothetical protein cg1923 Prophage genes
cg1924 2,55 0,01 hypothetical protein cg1924 Prophage genes
cg1928 1,80 0,05 hypothetical protein cg1928 Prophage genes
cg1931 1,26 0,01 putative secreted protein Prophage genes
cgl934 4,49 0,01 hypothetical protein cg1934 Prophage genes
cg1937 2,31 0,01 putative secreted protein Prophage genes
cg1940 2,97 0,02 putative secreted protein Prophage genes
cg1941 2,65 0,00 putative secreted protein Prophage genes
81942 0,59 0,02 putat?ve secreted protein | putative secreted Prophage genes
protein
cgl1943 0,63 0,01 hypothetical protein cg1943 Prophage genes
cgl944 1,58 0,02 hypothetical protein cg1944 Prophage genes
cg1947 0,68 0,02 hypothetical protein cg1947 Prophage genes
cg1949 1,73 0,01 ;\l’/gtc::ec'(lgclegfgrotem cg1949 | hypothetical Prophage genes
cg1950 1,79 0,03 |tnpl4b tnp14b(ISCgl4a), transposase Prophage genes
cgl951 2,10 0,02 |[tnpl4a tnpl4a(lSCgl4a), transposase Prophage genes
cgl1954 0,46 0,02 hypothetical protein cg1954 Prophage genes
cg1956 10,31 | 0,00 |recs rec), single-stranded-DNA-specific Prophage genes
exonuclease
hypothetical protein cg1957 | hypothetical
cgl957 1,77 0,00 ngtein cg195p7 & I hyp Prophage genes
cg1959 3,85 0,01 | priP priP, prophage DNA primase Prophage genes
cg1960 3,09 0,00 hypothetical protein cg1960 Prophage genes
cgl1961 4,40 0,00 hypothetical protein predicted by Glimmer Prophage genes
cg1962 0,13 0,00 hypothetical protein cg1962 Prophage genes
cg1963 4,51 0,00 superfamily Il DNA/RNA helicase Prophage genes
cgl1964 4,02 0,00 hypothetical protein cg1964 Prophage genes
cg1965 246 0,01 :\‘irinsilarity to hypothetical protein gp57-phage Prophage genes
cg1966 1,52 0,02 | cgpS hypothetical protein cg1966 Prophage genes
cgl1967 2,70 0,00 hypothetical protein cg1967 Prophage genes
cg1968 2,56 0,00 hypothetical protein cg1968 Prophage genes
cg1969 2,24 0,00 hypothetical protein cg1969 Prophage genes
cg1970 2,92 0,00 hypothetical protein cg1970 Prophage genes
cgl1971 2,13 0,01 hypothetical protein predicted by Glimmer Prophage genes
81972 0,75 0,04 :)(;J_trigzz)translat|on elongation factor Prophage genes
cgl974 1,41 0,05 putative lysin Prophage genes
cgl975 2,67 0,01 hypothetical protein cg1975 Prophage genes
cgl976 2,87 0,01 hypothetical protein cgl976 Prophage genes
cgl977 4,52 0,00 putative secreted protein Prophage genes
cgl1978 135,36 | 0,00 hypothetical protein cg1978 Prophage genes
cg1980 4,28 0,00 MoxR-like ATPase Prophage genes
cg1981 3,46 0,01 hypothetical protein cg1981 Prophage genes
cg1982 436 0,00 ATPas_e with chaperone activity, ATP-binding Prophage genes
subunit
cg1983 2,87 0,00 hypothetical protein cg1983 Prophage genes
cg1984 4,47 0,00 hypothetical protein cg1984 Prophage genes
cg1985 1,98 0,02 superfamily | DNA or RNA helicase Prophage genes
cg1986 2,35 0,01 ;Zgg:i;iﬂ;gmem cg1986 | hypothetical Prophage genes
cg1987 2,68 0,01 hypothetical protein cg1987 Prophage genes
cg1988 2,20 0,01 hypothetical protein cg1988 Prophage genes
cg1989 2,24 0,00 hypothetical protein cg1989 Prophage genes
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cg1990 1,59 0,04 NUDIIX hydrolase Prophage genes
cg1991 2,51 0,02 similar to gp52-bacterophage PHIC31 Prophage genes
cg1992 2,53 0,01 hypothetical protein predicted by Glimmer Prophage genes
hypothetical protein cg1993 | hypothetical
1993 3,08 0,00 Proph
8 ! ! protein cg1993 ropnage genes
cg1994 4,80 0,01 hypothetical protein cg1994 Prophage genes
cg1996 0,34 0,01 | cgliM cglIM, modification methylase Prophage genes
cgl1997 0,41 0,01 | cgliR cglIR, type Il restriction endonuclease Prophage genes
81998 0,58 0,02 |cgltir chIIR{ restriction endonuclease CGLIIR Prophage genes
protein
hypothetical protein cg1999 | hypothetical
cg1999 1,79 0,04 protein cg1999 Prophage genes
hypothetical protein cg2001 | hypothetical
€g2001 2,11 0,03 protein cg2001 Prophage genes
cg2002 1,80 0,00 hypothetical protein cg2002 Prophage genes
€g2003 1,46 0,04 hypothetical protein ¢g2003 Prophage genes
similar to 232 protein-lactobacillus
€g2004 3,18 0,04 bacteriophage gle Prophage genes
cg2005 0,73 0,01 conserved hypothetical protein-plasmid Prophage genes
encoded
cg2008 1,31 0,04 hypothetical protein cg2008 Prophage genes
cg2009 1,47 0,01 putative CLP-family ATP-binding protease Prophage genes
cg2010 1,29 0,02 permease of the major facilitator superfamily | Prophage genes
hypothetical protein ¢g2011 | hypothetical
cg2011 1,47 0,04 protein cg2011 Prophage genes
cg2014 2,77 0,00 hypothetical protein cg2014 Prophage genes
hypothetical protein cg2015 | hypothetical
cg2015 1,50 0,02 protein cg2015 Prophage genes
cg2017 1,41 0,05 hypothetical protein cg2017 Prophage genes
cg2020 1,92 0,03 hypothetical protein cg2020 Prophage genes
cg2023 1,92 0,02 hypothetical protein cg2023 Prophage genes
82024 1,60 0,03 putative nuclease subunit of the excinuclease Prophage genes
complex
cg2026 0,58 0,01 hypothetical protein predicted by Glimmer Prophage genes
cg2028 3,39 0,00 hypothetical protein cg2028 Prophage genes
cg2029 4,66 0,00 hypothetical protein predicted by Glimmer Prophage genes
cg2030 3,03 0,02 hypothetical protein predicted by Glimmer Prophage genes
cg2031 2,76 0,00 hypothetical protein cg2031 Prophage genes
hypothetical protein cg2032 | hypothetical
€g2032 1,60 0,01 protein cg2032 Prophage genes
cg2033 1,41 0,02 putative secreted protein Prophage genes
cg2035 2,03 0,03 putative methyltransferase Prophage genes
cg2037 2,30 0,01 hypothetical protein cg2037 Prophage genes
cg2038 2,91 0,00 hypothetical protein predicted by Glimmer Prophage genes
cg2039 1,84 0,01 hypothetical protein cg2039 Prophage genes
€g2040 1,85 0,00 putative transcriptional regulator Prophage genes
cg2041 1,43 0,04 hypothetical protein predicted by Glimmer Prophage genes
cg2042 0,84 0,03 putative secreted protein Prophage genes
cg2046 3,21 0,00 hypothetical protein cg2046 Prophage genes
cg2047 1,66 0,04 putative secreted protein Prophage genes
cg2051 1,68 0,00 hypothetical protein cg2051 Prophage genes
cg2052 0,65 0,01 putative secreted protein Prophage genes
cg2053 4,51 0,00 hypothetical protein cg2053 Prophage genes
cg2054 16,97 | 0,00 hypothetical protein cg2054 Prophage genes
cg2055 19,69 | 0,00 hypothetical protein cg2055 Prophage genes
cg2056 3,52 0,01 hypothetical protein cg2056 Prophage genes
cg2057 3,31 0,00 putative secreted protein Prophage genes
hypothetical protein predicted by Glimmer
cg2058 3,63 0,00 and Critica Prophage genes
€g2059 274 0,01 putatﬁve secreted protein | putative secreted Prophage genes
protein
hypothetical protein cg2060 | hypothetical
cg2060 1,75 0,01 protein cg2060 Prophage genes
cg2061 0,38 0,00 | psp3 psp3, putative secreted protein Prophage genes
cg2062 1,57 0,04 similar to plasmid-encoded protein PX02,09 | Prophage genes
cg2063 1,26 0,00 hypothetical protein cg2063 Prophage genes
cg2064 1,89 0,04 DNA.topmsomerase | (omega-?roteln) | DNA Prophage genes
topoisomerase | (omega-protein)
superfamily Il DNA or RNA helicase |
cg2065 0,75 0,03 superfamily Il DNA or RNA helicase Prophage genes
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int2, putative phage integrase (C-terminal

cg2070 4,49 0,00 int2 fragment) Prophage genes
cg2071 3,05 0,00 [int2 ;:;érr?:r::)twe phage integrase (N-terminal Prophage genes
hypothetical protein cg2074 | hypothetical
protein cg2074 | hypothetical protein cg2074 .
LAVE: 0,60 0,01 | hypothetical protein cg2074 | hypothetical Unknown function
protein cg2074 | hypothetical protein cg2074
hypothetical protein cg2075 | hypothetical .
AT O 0,03 protein cg2075 | hypothetical protein cg2075 Unknown function
cg2076 1,67 0,04 | ribD ribD, hypothetical protein cg2076 Transport and metabolism of further
metabolites
cg2078 1,62 0,01 | msrB f;ztgﬁdeijtt:;:mne sulfoxide recuctase- Amino acid transport and metabolism
cg2079 2,03 0,01 hypothetical protein cg2079 Inorganic ion transport and metabolism
cg2080 0,42 0,00 hypothetical protein cg2080 Unknown function
rnd, probable ribonuclease D protein | rnd, Transcription including sigma factors, RNA
cg2081 1,90 0,00 | rnd probable ribonuclease D protein processing and modification
cg2084 0,77 0,04 putative RNA methyltransferase Transcr\.pt\on |nc|ud|.n.g 5|gma factors, RNA
processing and modification
dut, d idine 5-triphosphat
cg2086 0,59 0,00 | dut nEclle:t?;(Z::/Id:‘ZTase riphosphate Nucleotide transport and metabolism
cg2087 2,46 0,02 hypothetical protein cg2087 Unknown function
cg2088 0,77 0,02 hypothetical protein cg2088 Unknown function
cg2095 1,79 0,00 ;Zgg:i;%gmem cg2095 | hypothetical Unknown function
cg2096 1,75 0,01 hypothetical protein cg2096 Unknown function
cg2098 0,97 0,01 hypothetical protein cg2098 Unknown function
€g2101 0,72 0,03 D-tyrosyl-tRNA deacylase T.ranslatlc?n, ribosomal structure and
biogenesis
. . . Transcription including sigma factors, RNA
€g2102 3,65 0,01 |sigB sigB, RNA polymerase sigma factor processing and modification
cg2103 4,54 0,01 [ dtxR dtxR, diphtheria toxin repressor Signal transduction mechanisms
cg2104 2,56 0,01 | galE galE, UDP-glucose 4-epimerase Carbon source transport and metabolism
cg2105 1,58 0,02 ;Zgg:f;iggmem cg2105 | hypothetical Unknown function
cg2106 3,13 0,00 hypothetical protein cg2106 Unknown function
cg2107 0,56 0,04 superfamily Il DNA or RNA helicase General function prediction only
cg2110 1,82 0,00 hypothetical protein cg2110 Unknown function
2111 173 001 | hroa hrpA, probable ATP-dependent RNA helicase | Transcription including sigma factors, RNA
€ ! ! p protein processing and modification
cg2112 1,59 0,05 | nrdR nrdR, t.ranscr|pt|or1al rggulator of Signal transduction mechanisms
deoxyribonucleotide biosynthesis
cg2113 1,32 0,05 |divS divS, suppressor of cell division Signal transduction mechanisms
transcriptional repressor/regulator, involved . . .
cg2114 2,09 0,01 |/exA in SO/stress response, LexA-family Signal transduction mechanisms
cg2116 0,76 0,00 putative phosphofructokinase Central carbon metabolism
cg2117 0,58 0,00 | pts/ SLS;ISS:Ztsl?a\hnc;?glzfgrsl;::zs:f:\;mei Carbon source transport and metabolism
t iptional lator of
cg2118 0,40 0,03 | fruR ;\z:;;zz;:]nzgsﬁi;m?@o sugar Signal transduction mechanisms
cg2119 0,29 0,00 | pfkB (fruk) pfkB, 1-phosphofructokinase protein Central carbon metabolism
cg2120 0,30 0,00 | ptsF ptsF, sugar spegﬁc PTS §Y5tem, . Carbon source transport and metabolism
fructose/mannitol-specific transport protein
cg2125 1,36 0,02 | urcA uraA, putative uracyl permease Nucleotide transport and metabolism
22126 319 0,00 | hfix GTPase Translation, ribosomal structure and
g ! ! biogenesis
cg2127 3,20 0,02 hypothetical protein cg2127 Unknown function
cg2128 0,60 0,05 putative secreted or membrane protein Unknown function
cg2129 1,65 0,00 | dapF dapF, diaminopimelate epimerase Amino acid transport and metabolism
cg2131 0,43 0,01 hypothetical protein cg2131 Unknown function
cg2132 0,78 0,04 hypothetical protein cg2132 Unknown function
cg2133 0,69 0,02 acetyltransferase, GNAT family General function prediction only
cg2134 1,46 0,01 hypothetical protein cg2134 Unknown function
cg2135 1,37 0,02 | miaB miaB, trna methylthiotransferase Translatpn, ribosomal structure and
biogenesis
|uA, glutamate uptak tem ATP-bindi
cg2136 0,31 0,01 | gluA irl:)tleignu amate uptake system INAINE | Amino acid transport and metabolism
cg2137 0,30 0,00 |gluB gluB, glutamate secreted binding protein Amino acid transport and metabolism
cg2138 0,33 0,00 |gluC gluC, glutamate permease Amino acid transport and metabolism
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cg2139 0,35 0,01 |[g/uD gluD, glutamate permease Amino acid transport and metabolism
cg2141 0,73 0,04 |recA recA, recombinase A DNA repllcatlfm, recombination, repair,
and degradation
cg2145 3,55 0,01 hypothetical protein cg2145 Unknown function
cg2146 1,23 0,02 hypothetical protein cg2146 Unknown function
cg2147 2,47 0,00 | bioY b!OY.' substrate-specific component BioY of Coenzyme transport and metabolism
biotin ECF transporter
. bioM, ATPase component BioM of energizing .
€g2148 1,51 0,00 | bioM module of biotin ECF transporter Coenzyme transport and metabolism
. bioN, transmembrane component BioN of .
cg2149 1,55 0,03 | bioN energizing module of biotin ECF transporter Coenzyme transport and metabolism
cg2151 2,91 0,02 similar to phage Sh.OCk protein A | similar to General function prediction only
phage shock protein A
cg2152 2,99 0,01 |clgR clgR, transcriptional regulator Signal transduction mechanisms
cg2153 2,03 0,00 §|m|lar to com.petence-and mitomycin- General function prediction only
induced protein
pgsA2, CDP-diacylglycerol--glycerol-3-
phosphate 3-phosphatidyltransferase | . .
cg2154 2,00 0,01 | pgsA2 pgsA2, CDP-diacylglycerol--glycerol-3- Cell wall/membrane/envelope biogenesis
phosphate 3-phosphatidyltransferase
cg2155 0,64 0,01 hypothetical protein cg2155 Unknown function
cg2157 1,50 0,01 |terC terC, tellurium resistance membrane protein | Inorganic ion transport and metabolism
cg2158 2,46 0,01 | ftsk ft.sK,'ce\I division protein, requ.\lted.for cell Cell division, chromosome partitioning
division and chromosomepartitioning
cg2159 1,34 0,04 hypothetical protein cg2159 Unknown function
cg2163 2,12 0,04 | dapB dapB, dihydrodipicolinate reductase Amino acid transport and metabolism
€g2165 3,23 0,02 putative secreted protein Unknown function
cg2167 0,41 0,01 | rpsO rps0O, 30S ribosomal protein S15 T.ranslatlgn, ribosomal structure and
biogenesis
cg2169 1,32 0,02 | ribF ribF, hypothetical protein cg2169 Coenzyme transport and metabolism
truB, tRNA pseudouridine synthase B | truB, | Translation, ribosomal structure and
(LY 0,71 0,04 | trub tRNA pseudouridine synthase B biogenesis
cg2175 1,22 0,03 | rbfA rbfA, ribosome-binding factor A T.ranslatu.)n, ribosomal structure and
biogenesis
nusA, transcription elongation factor NusA | . L
cg2178 0,27 0,02 | nusA nusA, transcription elongation factor NusA | Transcr\.pt\on |nc|ud|.n.g 5|gma factors, RNA
. R processing and modification
nusA, transcription elongation factor NusA
cg2179 0,54 0,01 hypothetical protein cg2179 Unknown function
ABC-type peptide transport system, secreted "
€g2181 0,30 0,03 | oppA component | ABC-type peptide transport Transport and metabolism of further
metabolites
system, secreted component
82182 0,35 0,01 | opps ABC-type peptide transport system, Transport and metabolism of further
permease component metabolites
ATPase component of peptide ABC-type
transport system, contains duplicated ATPase .
cg2184 0,61 0,00 |(oppD domains | ATPase component of peptide Transport and metabolism of further
X metabolites
ABC-type transport system, contains
duplicated ATPase domains
€g2185 1,75 0,01 | proS proS, prolyl-tRNA synthetase T.ranslatlc.m, ribosomal structure and
biogenesis
82186 123 0,03 hypot'hetlcal protein cg2186 | hypothetical Unknown function
protein cg2186
cobA, uroporphyrinogen Il Transport and metabolism of further
(A 0,71 0,03 | cobA (cysG) synthase/methyltransferase metabolites
€g2190 0,81 0,02 hypothetical protein cg2190 Unknown function
. . Central carbon metabolism; Respiration
cg2192 2,47 0,02 | mgo mgo, malate:quinone oxidoreductase and oxidative phosphorylation
cg2193 0,60 0,02 putative lysophospholipase Cell wall/membrane/envelope biogenesis
€g2195 1,79 0,01 putative secreted or membrane protein Unknown function
cg2196 1,54 0,03 putative secreted or membrane protein Unknown function
cg2197 1,40 0,04 hypothetical protein cg2197 Unknown function
cg2198 2,52 0,00 | map2 map2, methionine aminopeptidase Protein turnover and chaperones
pbp, penicillin-binding protein, putative D- . .
€g2199 0,55 0,01 | pbp2a alanyl-D-alanine carboxypeptidase Cell wall/membrane/envelope biogenesis
€g2200 0,71 0,02 | chrA (cgtR8) cgtR8, two-component system, response Signal transduction mechanisms
regulator
cgtS8, two-component system, signal Post-translational modification; Signal
e 0,79 0,03 | chrs (cgtss) transduction histidine kinase transduction mechanisms
82202 0,61 0,04 | hrtB hrtB, ABC-type transport system, permease Transport and metabolism of further
component metabolites
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hrtA, ABC-type transport system, ATPase

Transport and metabolism of further

€g2204 0,68 0,04 | hrtA -
component metabolites
82206 1,64 0,03 |ispG |s.pG, 4-hydroxy-3-methylbut-2-en-1-yl Transport and metabolism of further
diphosphate synthase metabolites
82208 1,40 0,01 | dxr dxr, l—d?oxy-D—xyIquse 5-phosphate Transport and metabolism of further
reductoisomerase metabolites
€g2213 0,82 0,01 ABC-type multidrug transport system, ATPase General function prediction only
component
cg2214 1,52 0,04 predicted Fe-S-cluster redox enzyme General function prediction only
cg2215 3,48 0,00 hypothetical protein cg2215 General function prediction only
€g2221 0,72 0,01 |tsf tsf, elongation factor Ts T.ranslatlc.m, ribosomal structure and
biogenesis
T lati ib | struct d
€g2222 0,54 0,01 |rpsB rpsB, 30S ribosomal protein S2 ,ra”S @ K.m’ ribosomastructure an
biogenesis
€g2230 2,77 0,00 | rnhB rnhB, ribonuclease Hll Transcr\.pt\on |nc|ud|.n-g S|gma factors, RNA
processing and modification
€g2232 2,00 0,00 |/lepB lepB, probable signal peptidase | (spase 1) Protein secretion
cg2237 0,69 0,01 |thio thic, putat}ve D-'-amlno acid oxidase Coenzyme transport and metabolism
flavoprotein oxidoreductase
. thiS, sulfur transfer protein involved in .
cg2238 0,71 0,05 | thiS . R . Coenzyme transport and metabolism
thiamine biosynthesis
cg2239 0,71 0,01 |thiG thiG, thiazole synthase Coenzyme transport and metabolism
thiF, molybdopterin biosynthesis protein
€g2240 0,65 0,04 | thiF MoeB | thiF, molybdopterin biosynthesis Coenzyme transport and metabolism
protein MoeB
cg2281 1,19 0,01 | tex putatwye t.ranscr|pt|onal accessory protein, Transcr\.pt\on |nc|ud|.n.g 5|gma factors, RNA
RNA binding processing and modification
putative transcription regulation repressor,
€g2242 0,41 0,01 Lacl family | putative transcription regulation | Signal transduction mechanisms
repressor, Lacl family
cg2248 0,86 0,04 hypothetical protein cg2248 Unknown function
82249 1,15 0,03 | trmp trmD, tRNA (guanine-N(1)-)- Translatpn, ribosomal structure and
methyltransferase biogenesis
€g2250 1,56 0,00 putative secreted lipoprotein Unknown function
€g2251 0,56 0,00 | rimM rimM, 16S rRNA-processing protein Translatu?n, ribosomal structure and
biogenesis
€g2252 4,03 0,01 double-stranded beta-helix domain Unknown function
82253 0,50 0,02 | rosp rPsP, 308 r|boso.mal protein $16 | rpsP, 30S Translatu?n, ribosomal structure and
ribosomal protein S16 biogenesis
cg2257 1,19 0,05 |srp srp, signal recognition particle GTPase Translatm'm, ribosomal structure and
biogenesis
cg2258 0,61 0,01 |ginD gInD, Pl uridylyl-transferase Signal transduction mechanisms
cg2261 1,88 0,01 | amtB amtB, low affinity ammonium uptake protein | Inorganic ion transport and metabolism
ftsY, signal recognition particle GTPase | ftsY,
signal recognition particle GTPase | ftsY, Translation, ribosomal structure and
REZERE 051 0,01 | fisy signal recognition particle GTPase | ftsY, biogenesis
signal recognition particle GTPase
hypothetical protein cg2263 | hypothetical .
LA 141 0,02 protein cg2263 | hypothetical protein cg2263 Unknown function
€g2265 0,54 0,02 |smc sm, chromosome segregatlon ATPase | smc, Cell division, chromosome partitioning
chromosome segregation ATPase
82267 213 0,01 hypothetlcal protein cg2267 | hypothetical Unknown function
protein cg2267
82272 1,54 0,02 | mutm1 mutM1, formamidopyrimidine-DNA DNA repllcatpn, recombination, repair,
glycosylase and degradation
cg2275 1,97 0,02 putative FOF1-type ATP synthase b subunit Cell division, chromosome partitioning
ABC-type multidrug/protein/lipid transport
system, transmembrane ATPase component . .
cg2277 0,64 0,02 | ABC-type multidrug/protein/lipid transport General function prediction only
system, transmembrane ATPase component
ABC-type multidrug/protein/lipid transport
system, transmembrane ATPase component - .
€g2279 0,56 0,03 | ABC-type multidrug/protein/lipid transport General function prediction only
system, transmembrane ATPase component
€g2280 0,71 0,01 |gdh gdh, glutamate dehydrogenase Amino acid transport and metabolism
. . Amino acid transport and metabolism;
€g2282 1,21 0,01 |gixk glxK, putative glycerate kinase Lipid transport and metabolism
cg2284 0,44 0,01 |galT galactose-1-phosphate uridylyltransferase Carbon source transport and metabolism
cg2285 0,78 0,02 | hipO hipO, putative hippurate hydrolase protein Amino acid transport and metabolism
cg2286 0,60 0,02 hypothetical protein cg2286 General function prediction only
cg2287 0,72 0,02 hypothetical protein cg2287 Unknown function
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glgP2, alpha-glucan phosphorylase, glycogen
€g2289 1,98 0,01 |glgP phosphorylase | glgP2, alpha-glucan Carbon source transport and metabolism
phosphorylase, glycogen phosphorylase
€g2290 1,78 0,03 glyoxalas?/b\eomycm resistance/dioxygenase General function prediction only
superfamily protein
€g2293 0,75 0,01 putative indole-3-glycerol phosphate Amino acid transport and metabolism
synthase
€g2294 1,48 0,01 hypothetical protein cg2294 Unknown function
€g2296 1,51 0,03 | his/ hisl, phosphoribosyl-AMP cyclohydrolase Amino acid transport and metabolism
. impA, myo-inositol-1(or 4)- ) .
€g2298 1,43 0,02 [impA monophosphatase family protein Cell wall/membrane/envelope biogenesis
€g2299 1,44 0,02 | hisA hisA, 1-(5-phosphoribosyl)-5- Amino acid transport and metabolism
hisH, imidazole gl | phosphat th
€g2300 2,62 0,00 | hisH bl |'rm 'azo € glycerol phosphate synthase Amino acid transport and metabolism
subunit HisH
cg2302 0,73 0,01 hypothetical protein cg2302 Unknown function
cg2303 0,67 0,01 | hisB hisB, imidazoleglycerol-phosphate Amino acid transport and metabolism
dehydratase
cg2304 0,75 0,03 | hisC hisC, histidinol-phosphate aminotransferase | Amino acid transport and metabolism
cg2308 1,82 0,02 putative secreted protein Unknown function
. bacterial regulatory proteins, TetR family | ) : :
cg2309 0,67 0,04 | bioQ bacterial regulatory proteins, TetR family Signal transduction mechanisms
cg2310 0,50 0,00 | glgx glgX, glycogen debranching enzyme Carbon source transport and metabolism
cg2311 3,08 0,01 SAM-dependent methyltransferase General function prediction only
cg2313 1,87 0,02 [idhA3 idhA3, myo-inositol 2-dehydrogenase Cell wall/membrane/envelope biogenesis
cg2315 1,21 0,02 ATP-binding protein of ABC transporter Carbon .so-urce transport and metabf?llsm;
Inorganic ion transport and metabolism
cg2317 1,62 0,00 permease of ABC transporter Carbon .So.urce transport and metabt?llsm;
Inorganic ion transport and metabolism
82318 176 0,01 putat\ve s_ecreted vitamin B12-binding Carbon §0}Jrce transport and metab(?hsm;
lipoprotein Inorganic ion transport and metabolism
€g2320 2,54 0,00 predicted transcriptional regulator Signal transduction mechanisms
82321 0,72 0,05 DNA polymerase Ill epsilon subunit or related | DNA repllcatpn, recombination, repair,
3-5 exonuclease and degradation
cg2323 1,86 0,01 |trey treY, maltooligosyl trehalose synthase Carbon source transport and meFaboIlsrT\;
Cell wall/membrane/envelope biogenesis
cg2324 1,55 0,02 hypothetical protein cg2324 Unknown function
coenzyme F420-dependent N5,N10-
cg2329 1,33 0,01 methylene tetrahydromethanopterin Coenzyme transport and metabolism
reductase or related flavin-dependent
ribosome-associated heat shock protein Translation. ribosomal structure and
cg2330 2,89 0,00 implicated in the recycling of the 50S subunit | . o
biogenesis
(S4 paralog)
cg2331 2,63 0,01 hypothetical protein cg2331 Unknown function
82333 214 0,00 |trez treZ, malto-oligosyltrehalose Carbon source transport and me'tabollsrr'n
trehalohydrolase Cell wall/membrane/envelope biogenesis
cg2334 1,87 0,00 |ilvA ilvA, threonine dehydratase Amino acid transport and metabo.hsm;
Coenzyme transport and metabolism
cg2338 3,58 0,00 | dnaE1 dnaE1, DNA polymerase Il subunit alpha DNA repl|cat|f>n, recombination, repair,
and degradation
cg2339 2,92 0,01 predicted permease General function prediction only
predicted Co/Zn/Cd cation transporter | . R
cg2341 1,81 0,03 predicted Co/Zn/Cd cation transporter Inorganic ion transport and metabolism
cg2342 3,12 0,00 dehydrogenase General function prediction only
cg2348 0,60 0,00 putative secreted protein Unknown function
ATPase component of ABC transporters with . -
cg2349 2,34 0,02 duplicated ATPase domains General function prediction only
cg2352 1,30 0,01 [ansA ansA, L-asparaginase | ansA, L-asparaginase | Amino acid transport and metabolism
82353 124 0,02 hypothetical protein disrupted by insertion of Unknown function
I1SCg2e
permease of the drug/metabolite transporter . .
cg2356 0,57 0,02 (DMT) superfamily General function prediction only
cg2357 0,76 0,04 bacterial regulatory proteins, MerR family Signal transduction mechanisms
cg2358 0,79 0,01 hypothetical protein cg2358 Unknown function
cg2359 0,84 0,02 |ileS ileS, isoleucyl-tRNA synthetase T.ranslatu.)n, ribosomal structure and
biogenesis
cg2362 1,67 0,04 hypothetical protein cg2362 Unknown function
cg2363 0,48 0,00 hypthetlcaI protein cg2363 | hypothetical Cell division, chromosome partitioning
protein cg2363
ftsz, cell divisi tein FtsZ | ftsz, cell
cg2366 1,24 | 0,04 |ftsz 52, Cell alvision protein Fts | ftsz, ce Cell division, chromosome partitioning
division protein FtsZ
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murC, UDP-N-acetylmuramate--L-alanine

cg2368 1,49 0,00 [ murC ligase Cell wall/membrane/envelope biogenesis
cg2369 1,50 0,03 | murG murG, N-acetylglucosaminyl transferase Cell wall/membrane/envelope biogenesis
cg2370 1,54 0,02 | ftsW ]::(:/Ye'ﬁaﬁe”al cell division membrane Cell division, chromosome partitioning
mraY, phospho-N-acetylmuramoyl- . .
cg2372 1,18 0,05 | mraY N Cell wall/membrane/envelope biogenesis
pentapeptide-transferase
murE, UDP-N-acetylmuramoylalanyl-D- . .
cg2374 1,51 0,01 | murE glutamate--2,6-diaminopimelate ligase Cell wall/membrane/envelope biogenesis
cg2378 0,50 0,00 | mraZ mraZ, hypothetical protein cg2378 Signal transduction mechanisms

cg2380 2,43 0,00 hypothetical protein cg2380 Unknown function

cg2381 0,47 0,02 hypothetical protein cg2381 Unknown function

cg2382 1,55 0,00 | act5 GCN5-related N-acetyltransferase General function prediction only

cg2383 0,51 0,01 | metF metF, 5,10-methylenetetrahydrofolate Amino acid transport and metabolism
reductase

cg2384 1,65 0,00 |idsA idsA, putative geranylgeranyl pyrophosphate Transpol:t and metabolism of further
synthase metabolites

cg2385 1,24 0,00 [ mptA mptA, alpha-1,6-mannopyranosyltransferase | Cell wall/membrane/envelope biogenesis

€g2390 4,52 0,00 hypothetical protein cg2390 Unknown function

cg2391 0,40 0,01 | aroG ::’;Jj;s:ospho-2-dehydro-3-deoxyheptonate Amino acid transport and metabolism

cg2393 1,70 0,04 hypothetical protein cg2393 Unknown function

cg2394 0,69 0,03 | cmt4 cmtd, corynomycolyl transferase Cell wall/membrane/envelope biogenesis

cg2397 0,89 0,04 hypothetical protein cg2397 Unknown function

€g2400 1,30 0,00 pimB, Ac1PIM1 mannosyltransferase General function prediction only
nlpC, putative secreted cell wall peptidase | . .

€g2402 0,63 0,01 | nipC nlpC, putative secreted cell wall peptidase Cell wall/membrane/envelope biogenesis

cg2407 0,61 0,03 [ #NV hypothetical protein cg2407 #NV

cg2408 0,51 0,01 | ctaF ctaF, cytochrome aa3 oxidase SU IV Respiration and oxidative phosphorylation
ctaC, cytochrome C oxidase chain Il | ctaC, N A .

cg2409 0,52 0,01 |ctaC cytochrome C oxidase chain Il Respiration and oxidative phosphorylation
ItsA, glutamine-dependent amidotransferase
involved in formation of cell wall and L-

82410 0,44 0,03 |itsa glutamate b|osynthe5|s | ItsA,.qutamln.e— Amino acid transport and mgtabohsrn; Cell
dependent amidotransferase involved in wall/membrane/envelope biogenesis
formation of cell wall and L-glutamate
biosynthesis

cg2411 1,87 0,02 hypothetical protein HesB/YadR/YfhF family | Unknown function
cobU, cobinamide kinase / cobinamide

cg2413 0,66 0,04 | cobU ph0§phaFe gu-anylyltrans.feras-e | cobU, Coenzyme transport and metabolism
cobinamide kinase / cobinamide phosphate
guanylyltransferase
cobT, nicotinate-nucleotide--
dimethylbenzimidazole

cg2414 0,47 0,00 | cobT phosPhorlbosyItra?sferase | cobT, Coenzyme transport and metabolism
nicotinate-nucleotide--
dimethylbenzimidazole
phosphoribosyltransferase

cg2415 0,72 0,04 | cobS cobs, cobalamin synthase | cobs, cobalamin Coenzyme transport and metabolism
synthase

cg2417 2,20 0,00 short chain dehydrogenase | short chain General function prediction only
dehydrogenase
ilvE, branched-chain amino acid

cg2418 0,56 0,01 |ilvE aminotransferase | ilvE, branched-chain Amino acid transport and metabolism
amino acid aminotransferase
pepB, leucyl aminopeptidase | pepB, leucyl

cg2419 0,57 0,05 | pepB aminopeptidase | pepB, leucyl Protein turnover and chaperones
aminopeptidase

cg2420 2,15 0,00 hypothetical protein cg2420 Unknown function

cg2423 1,41 0,01 |lipA lipA, lipoyl synthase Coenzyme transport and metabolism

cg2424 0,70 0,02 hypothetical protein cg2424 Unknown function

82428 2,04 0,01 hypot-hetmal protein cg2428 | hypothetical Unknown function
protein cg2428

cg2429 2,99 0,00 | g/hA gInA, glutamine synthetase | Amino acid transport and metabolism

€g2430 0,47 0,00 hypothetical protein cg2430 Unknown function

cg2431 0,73 0,04 putative transcriptional regulator Signal transduction mechanisms

cg2437 1,72 0,03 | thrC thrC, threonine synthase | thrC, threonine Amino acid transport and metabolism
synthase

cg2438 0,50 0,02 hypothetical protein predicted by Glimmer Unknown function

cg2440 0,83 0,04 permease of the major facilitator superfamily | General function prediction only
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cg2444 116 0,03 hypot'hetlcal protein cg2444 | hypothetical Unknown function
protein cg2444
cg2445 0,64 0,01 | hmuo hmuO, heme oxygenase | hmuO, heme Transport and metabolism of further
oxygenase metabolites
cg2446 0,52 0,01 |glnE gInE, glutamate-ammonia-ligase Post-translational modification
adenylyltransferase
cg2447 0,61 0,01 | g/hA2 glnA2, glutamine synthetase 2 Amino acid transport and metabolism
cg2449 0,66 0,04 hypothetmal protein cg2443 | hypothetical General function prediction only
protein cg2449
cg2450 1,46 0,02 putative pyridoxine biosynthesis enzyme Coenzyme transport and metabolism
cg2451 3,43 0,00 hypothetical protein cg2451 Unknown function
cg2453 1,44 0,01 puta_t\ve exoribonuclease | putative DNA repllcat|9n, recombination, repair,
exoribonuclease and degradation
cg2454 0,61 0,01 |[#NnV hypothetical protein cg2454 #NV
cg2458 0,48 0,01 | pgp2 pgp2, predicted phosphatase, HAD family Carbon source transport and metabolism
DNA replication, recombination, repair,
cg2461 0,41 0,01 | tnp4a tnp4a(lSCg4a), transposase and degradation
cg2464 0,53 0,00 hypothetical protein cg2464 Unknown function
cg2466 0,73 0,04 | aceE aceE, pyruvate dehydrogenase subunit E1 Central carbon metabolism
cg2467 0,27 0,01 ABC transporter ATP-binding protein Amino acid transport and metabolism
€g2468 0,33 0,01 branched-chain amino acid ABC-type Amino acid transport and metabolism
transport system, permease component
cg2470 0,27 0,00 ;i;:sd ABC transporter substrate-binding Amino acid transport and metabolism
cg2471 2,45 0,00 weakly conserved hypothetical protein Unknown function
ATPase component of ABC transporters with . A
cg2475 1,76 0,00 duplicated ATPase domains General function prediction only
cg2478 0,64 0,01 | pbp6 putative penicillin binding protein General function prediction only
cg2482 1,57 0,03 hypothetical protein cg2482 Unknown function
cg2483 0,61 0,04 hypothetical protein cg2483 Unknown function
€g2484 0,63 0,05 hypothetical protein cg2484 Unknown function
82485 0,57 0,01 | phod phoD, secreted alkaline phosphatase Post-tran§lat|ona\ mo.d|f|cat\on; Signal
precursor transduction mechanisms
cg2487 0,85 0,01 hypothetical protein cg2487 Unknown function
€g2490 1,62 0,00 secreted guanine-specific ribonuclease Transcr\.pt\on |nc|ud|.n.g 5|gma factors, RNA
processing and modification
cg2495 1,16 0,03 hypothetical protein cg2495 Unknown function
cg2497 1,22 0,01 hypothetical protein cg2497 Unknown function
Translation, ribosomal structure and
€g2499 1,33 0,02 |glys glyS, glycyl-tRNA synthetase biogenesis
cg2502 2,14 0,02 | zur (fur) zur, zinc-dependent transcriptional regulator | Signal transduction mechanisms
cg2507 0,80 0,00 hypothetical protein cg2507 Unknown function
cg2509 0,70 0,02 | recO recO, DNA repair protein RecO DNA replmatu_m, recombination, repair,
and degradation
cg2510 0,61 0,01 | era (bex) era, GTP-binding protein Era Cell division, chromosome partitioning
cg2516 1,60 0,03 | hrcA hrcA, heat-inducible transcription repressor | Signal transduction mechanisms
cg2519 0,53 0,00 hypothetical protein cg2519 Unknown function
€g2520 0,71 0,01 hypothetical protein cg2520 Unknown function
cg2523 1,88 0,00 | malQ malQ, 4-alpha-glucanotransferase Carbon source transport and metabolism
putative beta (1-->2) glucan export
cg2524 2,04 0,02 composite transmembrane/ATP-binding Carbon source transport and metabolism
protein
cg2527 0,72 0,00 | dcp dcp, probable peptidyl-dipeptidase A protein | Protein turnover and chaperones
82529 1,93 0,00 | tres treS, trehalose synthase (maltose alpha-D- Carbon source transport and mgtabollsrr};
glucosyltransferase) Cell wall/membrane/envelope biogenesis
Carb: t t and metabolism;
€g2530 2,16 0,00 | treX treX, probable trehalose synthase arbon source transport and metabolism;
Cell wall/membrane/envelope biogenesis
€g2536 0,57 0,00 | metC (aceD) metc, c-yst.athlonlne beta-lyase | metC, Amino acid transport and metabolism
cystathionine beta-lyase
cg2537 0,48 0,01 | brnQ lc);:r%rbranched-chaln amino acid uptake Amino acid transport and metabolism
cg2538 1,41 0,02 alkanal monooxygenase alpha chain General function prediction only
ectP, ectoine/proline/glycine betaine carrier
€g2539 0,45 0,00 | ectP EctP | ectP, ectoine/proline/glycine betaine | Amino acid transport and metabolism
carrier EctP
cg2542 0,71 0,04 predicted permease Carbon source transport and metabolism
cg2545 0,64 0,01 putative secreted or membrane protein Unknown function
cg2546 0,51 0,01 hypothetical protein cg2546 Carbon source transport and metabolism
cg2548 1,91 0,00 [#NV putative secreted protein H#NV
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ABC-type dipeptide/oligopeptide/nickel

cg2549 0,58 0,00 transport system, secreted component General function prediction only
€g2550 0,42 0,00 ABC-type dipeptide/oligopeptide/nickel General function prediction only
transport system, permease component
cg2551 0,51 0,01 ABC-type dipeptide/oligopeptide/nickel General function prediction only
transport system, permease component
ATPase component of ABC-type transport
system, contains duplicated ATPase domain | . .
€g2552 0,48 0,00 ATPase component of ABC-type transport General function prediction only
system, contains duplicated ATPase domain
cg2553 2,07 0,01 2-5 RNA ligase Transcr\.pt\on |nc|ud|.n-g S|gma factors, RNA
processing and modification
cg2554 3,62 0,00 | rbsk2 rbskK2, probable ribokinase protein Nucleotide transport and metabolism
82556 2,95 0,00 uncharactenzed iron-regulated membrane Unknown function
protein
cg2557 0,26 0,00 predicted Na+-dependent transporter General function prediction only
€g2558 1,16 0,02 related to aldose 1-epimerase General function prediction only
cg2559 0,55 0,02 | aceB aceB, malate synthase Central carbon metabolism
€g2560 0,20 0,00 | aceA aceA, isocitrate lyase Central carbon metabolism
IcoP, ectoine betaine transporter | IcoP, .
cg2563 1,44 0,01 |/coP ectoine betaine transporter | IcoP, ectoine Transport and metabolism of further
. metabolites
betaine transporter
cg2564 3,33 0,01 hypothetical protein cg2564 Unknown function
cg2565 0,66 0,01 hypothetical protein cg2565 Unknown function
cg2572 3,02 0,00 hypothetical protein cg2572 Unknown function
cg2573 0,39 0,00 |rpsT rpsT, 30S ribosomal protein S20 Translatlgn, ribosomal structure and
biogenesis
cg2574 1,50 0,00 lyse type translocator Amino acid transport and metabolism
cg2576 0,74 0,01 DNA polymerase Ill subunit delta DNA repllcatl?n, recombination, repatr,
and degradation
82578 0,69 0,05 s?cr?ted DNAuptake protein or related DNA- | DNA repllcatu_)n, recombination, repair,
binding protein and degradation
cg2579 0,46 0,01 protein DegV family Unknown function
cg2581 0,47 0,00 putative fructose-2,6-bisphosphatase Central carbon metabolism
cg2582 0,47 0,03 hypothetical protein cg2582 Unknown function
cg2584 0,79 0,04 | nadD nad, nicotinic acid mononucleotide Coenzyme transport and metabolism
adenyltransferase
cg2585 0,68 0,03 putative secreted protein Unknown function
cg2586 1,54 0,01 | proA proA, gamma-glutamyl phosphate reductase | Amino acid transport and metabolism
cg2587 1,44 0,02 phosphoglycerate dehydrogenase or related General function prediction only
dehydrogenase
cg2588 1,49 0,01 | proB proB, gamma-glutamyl kinase Amino acid transport and metabolism
€g2589 1,67 0,03 predicted GTPase General function prediction only
cg2591 2,26 0,01 | dkgA dkgA, 2,5-diketo-D-gluconic acid reductase Coenzyme transport and metabolism
cg2594 0,64 0,01 [rpmA rpmA, 50S ribosomal protein L27 T[’anslatm_m, ribosomal structure and
biogenesis
€g2595 0,57 0,04 | rplU rplU, 508 ribosomal protein L21 Translatlgn, ribosomal structure and
biogenesis
rne, probable ribonuclease E (RNase E) T L
cg2597 0,66 0,01 | rneG protein | rne, probable ribonuclease E Transcr\.pt\on |nclud|.n.g S|gma factors, RNA
. processing and modification
(RNase E) protein
cg2598 0,59 0,00 hypthet|caI protein cg2598 | hypothetical Unknown function
protein cg2598
€g2599 1,32 0,03 pirin-related protein-fragment General function prediction only
tnp1d(1SCgld), transposase | tnp1d(I1SCgld),
transposase | tnp1d(ISCg1d), transposase | DNA replication, recombination, repair,
cg2600 0,80 0,03 | tnp1d tnp1d(ISCg1d), transposase | tnp1d(ISCgld), | and degradation
transposase
cg2602 0,59 0,05 hypothetical protein cg2602 Unknown function
cg2604 1,56 0,01 putative secreted or membrane protein Unknown function
cg2605 1,28 0,04 predicted acetyltransferase General function prediction only
T lati ib | struct d
cg2609 1,29 0,05 |vals valS, valyl-tRNA synthetase ,ra”S @ |9n, ribosomal structure an
biogenesis
ABC-type dipeptide/oligopeptide/nickel
transport system, secreted component | . .
€g2610 0,49 0,01 ABC-type dipeptide/oligopeptide/nickel General function prediction only
transport system, secreted component
€g2612 1,06 0,02 predicted rossmann fold nucleotide-binding General function prediction only

protein
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82613 1,20 | 0,04 |mdh mdh, malate dehydrogenase | mdh, malate |\ oo tabotism
dehydrogenase
vanA, vanillate demethylase, oxygenase

€g2616 0,66 0,01 |[vanA subunit | vanA, vanillate demethylase, Carbon source transport and metabolism
oxygenase subunit

cg2617 0,31 0,01 |vanB vanB, vanillate demethylase Carbon source transport and metabolism
vank, transporter

cg2618 0,39 0,00 | vank (vanillate/protocatechuate) | vank, Carbon source transport and metabolism
transporter (vanillate/protocatechuate)

cg2619 4,73 0,00 predicted permease General function prediction only
clpX, ATP-dependent protease ATP-binding

€g2620 2,92 0,00 | clpx subunit | clpX, ATP-dependent protease ATP- | Protein turnover and chaperones
binding subunit
pcal, ?-ketoadipate succinyl-CoA transferase

€g2622 0,86 0,01 | pcat subunit | pcal, ?-ketoadipate succinyl-CoA Carbon source transport and metabolism
transferase subunit
pcaR, transcriptional regulator of 4-

cg2624 1,28 0,02 | pcar hydroxybenzoate, protocatechuate, p-cresol | Signal transduction mechanisms
pathway

€g2628 0,46 0,01 | pcaC peaC, ?-carboxymuconolactone Carbon source transport and metabolism
decarboxylase
pcaB, ?-carboxy-cis,cis-muconate

€g2629 0,48 0,01 | pcaB cycloisomerase | pcaB, ?-carboxy-cis,cis- Carbon source transport and metabolism
muconate cycloisomerase
pcaG, protocatechuate dioxygenase alpha

€g2630 0,38 0,00 | pcaG subunit | pcaG, protocatechuate dioxygenase | Carbon source transport and metabolism
alpha subunit

cg2631 0,35 0,00 | pcaH sjzllll;ﬂ;;rotocatechuate dioxygenase beta Carbon source transport and metabolism

cg2633 3,31 0,02 putative restriction endonuclease DNA repl|cat|fm, recombination, repatr,

and degradation

cg2634 0,62 0,01 | catC catC, muconolactone isomerase Carbon source transport and metabolism

€g2635 0,44 0,01 | catB catB, chloromuconate cycloisomerase Carbon source transport and metabolism

€g2636 0,28 0,00 | catAl (catA) CatAl, catechgl 1,2-dioxygenase | catAl, Carbon source transport and metabolism
catechol 1,2-dioxygenase
benA, benzoate 1,2-dioxygenase alpha
subunit (aromatic ring hydroxylation

cg2637 0,29 0,00 [ benA dioxygenase A) | benA, benzoate 1,2- Carbon source transport and metabolism
dioxygenase alpha subunit (aromatic ring
hydroxylation dioxygenase A)

cg2638 0,30 0,01 | benB benB, benzoate dioxygenase small subunit Carbon source transport and metabolism

€g2639 0,41 0,02 | benC benC, benzoate %,Z-dloxygenase ferredoxin Carbon source transport and metabolism
reductase subunit

€g2640 0,40 0,03 | benD benD, cis-diol dehydrogenase Carbon source transport and metabolism
benR, bacterial regulatory protein, LuxR

cg2641 5,40 0,00 | benR family | benR, bacterial regulatory protein, Signal transduction mechanisms
LuxR family

€g2642 2,06 0,01 | benk1 (benk) benkl, putat!ve benzoate transport prote!n | Carbon source transport and metabolism
benK1, putative benzoate transport protein

€g2643 1,72 0,04 | benE benE, benzoate membrane transport protein | Carbon source transport and metabolism

cg2644 4,81 0,00 | clpP2 clpP2, AT!'-’-depenf:Ient Clp protease Protein turnover and chaperones
proteolytic subunit

€g2645 5,29 0,00 | clpP1 clpP1, AT.P-depenf:Ient Clp protease Protein turnover and chaperones
proteolytic subunit

€g2648 0,68 0,02 bacterial regulatory protein, ArsR family Signal transduction mechanisms

e . Transport and metabolism of further

€g2649 0,70 0,04 | pbp5 secreted penicillin binding protein metabolites

€g2650 0,83 0,01 hypothetical protein cg2650 Unknown function

€g2651 2,47 0,00 conserved hypothetical protein-fragment Unknown function

DNA replication, recombination, repair,

€g2652 0,50 0,02 |tnpl2a tnp12a(ISCg12a), transposase-fragment and degradation

cg2657 2,09 0,00 putative membrane protein-fragment Unknown function

€g2658 2,14 0,03 | rpi Pl rlbose-S-phosph_ate isomerase B | rpi, Central carbon metabolism
ribose-5-phosphate isomerase B

€g2662 0,76 0,01 | pepN pepN, aminopeptidase N Protein turnover and chaperones

cg2667 2,22 0,01 hypothetical protein predicted by Glimmer Unknown function

82668 1,08 0,03 | crtiz-2 crtl, phytoene desaturase (C-terminal Transport and metabolism of further
fragment) metabolites

cg2679 2,74 0,01 hypothetical protein cg2679 Unknown function

€g2685 1,70 0,01 short chain dehydrogenase General function prediction only

cg2687 3,03 0,00 | metB metB, cystathionine gamma-synthase Amino acid transport and metabolism
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ABC-type molybdenum transport system,

cg2688 0,73 0,03 ATPase component/photorepair protein PhrA Inorganic ion transport and metabolism
€g2691 1,24 0,00 hypothetical protein cg2691 Unknown function
€g2694 0,58 0,02 hypothetical protein cg2694 Unknown function
€g2695 0,70 0,00 ABC-type transport system, ATPase General function prediction only
component
€g2699 2,87 0,02 hypothetical protein cg2699 Inorganic ion transport and metabolism
. Post-translational modification; Signal
cg2700 0,38 0,02 | phoB phoB, alkaline phosphatase precursor transduction mechanisms
cg2701 0,40 0,02 | mus/ hypothetical protein cg2701 Carbon source transport and metabolism
cg2703 0,44 0,01 | musG sugar permease Carbon source transport and metabolism
cg2704 0,52 0,04 | musF ABC-type sugar transport system, permease Carbon source transport and metabolism
component
cg2705 0,27 0,00 must amyE, maltose-binding protein precursor Carbon source transport and metabolism
24 , ) (amyE/malE1) YE, g P p p
cg2707 0,43 0,01 hypothetical protein cg2707 Unknown function
cg2708 0,47 0,02 | musK (msik1) msiK1, ABC-type sugar transport system, Carbon source transport and metabolism
ATPase component
cg2710 0,43 0,02 |int3 int3, integrase DNA repllcatlfm, recombination, repair,
and degradation
cg2712 0,86 0,02 AraC-type regulator | AraC-type regulator Signal transduction mechanisms
cg2714 0,59 0,05 ﬁr-dependent alcohol dehydrogenase, class General function prediction only
cg2715 0,69 0,03 hypothetical protein cg2715 Unknown function
cg2716 1,62 0,00 | hyi hyi, hydroxypyruvate isomerase Carbon source transport and metabolism
IppS, secreted lipoprotein
€g2720 0,71 0,02 |/ppS ErfK/YbiS/YcfS/YnhG family | IppS, secreted General function prediction only
lipoprotein ErfK/YbiS/YcfS/YnhG family
cg2723 0,38 0,00 hypothetical protein cg2723 Unknown function
82727 1,24 0,05 putatﬁve secreted protein | putative secreted Unknown function
protein
cg2728 1,99 0,01 | glsk glsK, glutaminase Amino acid transport and metabolism
cg2729 0,72 0,02 trans.crlptlonal repressor, Lacl family, N- Signal transduction mechanisms
terminus
cg2732 1,69 0,01 | gntV (gntk) gntV, putative gluconokinase Central carbon metabolism
cg2734 1,29 0,01 | pncA pncA, nicotinamidase/ pyrazinamidase Coenzyme transport and metabolism
cg2735 1,95 0,00 hypothetical protein cg2735 Unknown function
cg2736 2,37 0,00 | bep bcp, probable bacterioferritin comigratory Inorganic ion transport and metabolism
oxidoreductase
cg2737 1,82 0,03 |faskR fasR, regulator m\{olved in control of cellular Signal transduction mechanisms
fatty acid synthesis
acp$, 4-phosphopantetheinyl transferase | - R
cg2738 1,24 0,04 | acpS (ppt1) acps, 4-phosphopantetheinyl transferase Lipid transport and metabolism
cg2745 1,37 0,02 hypothetical protein cg2745 Unknown function
cg2746 0,65 0,01 putative sugar diacid utilization regulator Signal transduction mechanisms
cg2748 2,55 0,02 hypothetical protein cg2748 Unknown function
cg2750 4,18 0,00 hypothetical protein cg2750 Unknown function
cg2751 0,69 0,01 putative deoxyribonucleotide triphosphate Nucleotide transport and metabolism
pyrophosphatase
82753 1,53 0,01 | rph rph, ribonuclease PH Transcr\.pt\on |nc|ud|.n.g 5|gma factors, RNA
processing and modification
cg2755 0,57 0,01 hypothetical protein cg2755 Unknown function
metal-dependent hydrolase of the beta- . . .
cg2761 0,71 0,03 | cpdA . Signal transduction mechanisms
lactamase superfamily Ill
cg2765 0,58 0,01 putative secreted protein Unknown function
cg2766 0,76 0,01 bacterial regulatory protein, MarR family Signal transduction mechanisms
cg2768 1,35 0,02 L-aminopeptidase/D-esterase General function prediction only
cg2770 1,49 0,02 hypothetical protein cg2770 Unknown function
cg2772 1,49 0,03 | clpS clps, ATP-dependent Clp protease adaptor Protein turnover and chaperones
protein ClpS
cg2774 1,58 0,02 nicotinate phosphoribosyltransferase Coenzyme transport and metabolism
cg2775 1,99 0,00 hypothetical protein cg2775 Unknown function
cg2778 1,12 0,04 hypothetical protein cg2778 Unknown function
cg2779 1,20 0,03 |serB serB, phosphoserine phosphatase Amino acid transport and metabolism
ctaD, cytochrome aa3 oxidase, subunit1 |
€g2780 0,57 0,02 | ctaD ctaD, cytochrome aa3 oxidase, subunit1 | Respiration and oxidative phosphorylation
ctaD, cytochrome aa3 oxidase, subunit 1
cg2781 3,48 0,01 | nrdF nrdF, ribonucleotide-diphosphate reductase Nucleotide transport and metabolism

beta subunit
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82782 567 | 0,05 |fn ftn, ferritin-like protein Inorganic ion transport, metabolism, and
storage
gntR1, gluconate-responsive repressors of
cg2783 0,88 0,01 |gntR1 genes involved in gluconate catabolism and Signal transduction mechanisms
the pentose phosphate pathway
cg2786 9,79 0,00 | nrdE nrdE, r|bonu.c\eot|de-d|phosphate reductase Nucleotide transport and metabolism
alpha subunit
cg2787 10,16 | 0,00 | nrdl nrdl, hypothetical protein cg2787 Nucleotide transport and metabolism
cg2789 7,12 0,00 | nrdH (mrx2) nrdH, putative glutaredoxin NRDH 0
cg2793 1,98 0,01 hypothetical protein cg2793 Unknown function
€g2795 2,62 0,00 NADPH qumohe reductase or related Zn- General function prediction only
dependent oxidoreductase
cg2797 0,39 0,01 hypothetical protein cg2797 Unknown function
cg2799 0,50 0,00 | pknE pknE, putative secreted protein Post-translational modification
€g2800 0,44 0,00 |[pgm pgm, phosphoglucomutase Central carbon metabolism
cg2801 0,86 0,00 |ccrB ccrB, camphor resistance protein CrcB ISTZ:S;!:C fon transport, metabolism, and
cg2803 5,13 0,00 hypothetical protein cg2803 Unknown function
cg2805 0,66 0,02 | psp4 psp4, putative secreted protein Unknown function
cg2806 0,56 0,01 hypothetical protein cg2806 Unknown function
cg2809 0,72 0,01 hypothetical protein cg2809 Unknown function
cg2811 2,90 0,00 ABC-type.transport system, involved in General function prediction only
lipoprotein release, permease component
ABC-type transport system, involved in ) L
cg2812 3,71 0,00 A | General function prediction only
lipoprotein release, ATPase component
cg2824 1,66 0,00 SAM-dependent methyltransferase General function prediction only
82828 0,61 0,05 hypot'hetlcal protein cg2828 | hypothetical Unknown function
protein cg2828
cg2829 3,11 0,00 | murA2 murA2, U-DP-N-acetngIucosamme L Cell wall/membrane/envelope biogenesis
carboxyvinyltransferase
€g2830 1,67 0,02 | pduO pAuO, adenosylcobalamin-dependent diol Coenzyme transport and metabolism
dehydratase gamma
cg2831 0,91 0,05 | ramA ramA, trénscrlptlonal regulator, acetate Signal transduction mechanisms
metabolism
cg2833 3,25 0,00 | cysk cysK, O-acetylserine (thiol)-lyase Amino acid transport and metabolism
cg2834 1,67 0,01 |cysE cysE, serine O-acetyltransferase Amino acid transport and metabolism
cg2835 1,41 0,04 predicted acetyltransferase General function prediction only
cg2836 0,23 0,01 |sucD sucD, succinyl-CoA synthetase alpha subunit | Central carbon metabolism
cg2837 0,23 0,00 | sucC sucC, succinyl-CoA synthetase subunit beta Central carbon metabolism
€g2840 0,62 0,03 | actA (ctfA) actA., CoA transferase (acetate, propionate, Central carbon metabolism
succinate)
cg2842 3,19 0,00 | phoU phoU, putative phosphate uptake regulator IS:ZE;]QIC fon transport, metabolism, and
cg2845 2,03 0,02 | pstc pstC, ABC-type phosphate transport system, | Inorganic ion transport, metabolism, and
permease component storage
cg2848 0,51 0,01 putative secreted protein Unknown function
€g2849 0,79 0,03 Eir::;:tEd kinase related to diacylglycerol General function prediction only
cg2850 0,68 0,00 hypothetical protein cg2850 Unknown function
putative aminomethyltransferase, GCVT
cg2852 2,62 0,00 homolog | putative aminomethyltransferase, | General function prediction only
GCVT homolog
cg2853 2,09 0,02 conserved hypothetical protein-fragment Unknown function
cg2856 1,28 0,00 | purM purM, phosphoribosylaminoimidazole Nucleotide transport and metabolism
synthetase
cg2857 2,63 0,00 | purF purF, amidophosphoribosyltransferase Nucleotide transport and metabolism
cg2860 0,48 0,01 putative acyl-CoA thioester hydrolase protein | General function prediction only
cg2862 0,56 0,00 | purl purl, phosphor[vbosylformylglymnam|dme Nucleotide transport and metabolism
synthase subunit Il
purQ, phosphoribosylformylglycinamidine . R
cg2863 0,78 0,03 | purQ . Nucleotide transport and metabolism
synthase subunit |
. . Transport and metabolism of further
cg2867 0,43 0,00 | mpx gpx, glutathione peroxidase metabolites
cg2868 0,70 0,00 | nuc (nucH) nuc, predicted extracellular nuclease DNA repllcatlfm, recombination, repair,
and degradation
cg2869 1,67 0,04 predicted deacetylase General function prediction only
Carbon source transport and metabolism;
cg2870 0,46 0,00 | dctA dctA, Na+/H+-dicarboxylate symporter Inorganic ion transport, metabolism, and
storage
cg2873 3,30 0,00 | ptrB ptrB, prolyl oligopeptidase Protein turnover and chaperones
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avtA, aminotransferase, uses alanine, keto-

cg2877 0,68 0,00 |avtA isovalerate and ketobutyrate Amino acid transport and metabolism
cg2878 0,46 0,00 | purD purb, phosphor!bosylam!ne--glyqne I!gase l Nucleotide transport and metabolism
purD, phosphoribosylamine--glycine ligase
cg2883 0,70 0,04 SAM-dependent methyltransferase General function prediction only
cg2884 0,59 0,01 dipeptide/tripeptide permease General function prediction only
. bioD, dithiobiotin synthetase | bioD, .
cg2886 0,70 0,03 | bioD dithiobiotin synthetase Coenzyme transport and metabolism
. Post-translational modification; Signal
cg2887 1,53 0,04 | phoS (cgtS3) phoS, two component sensor kinase transduction mechanisms
cg2888 2,55 0,02 | phoR (cgtR3) phoR, two component response regulator Signal transduction mechanisms
€g2890 1,28 0,01 putative amino acid processing enzyme General function prediction only
cg2893 2,73 0,02 putative cadaverine transporter Carbon source transport and metabolism
cg2896 0,34 0,00 putative secreted protein, hypothetical General function prediction only
endoglucanase
cg2898 1,78 0,00 putative 3-ketosteroid dehydrogenase Carbon source transport and metabolism
€g2900 1,37 0,00 |ddh ddh, meso-diaminopimelate dehydrogenase | Amino acid transport and metabolism
€g2902 1,29 0,03 predicted hydrolase of the HAD superfamily | General function prediction only
€g2905 1,41 0,03 |thrE thrE, threonine export carrier Amino acid transport and metabolism
82907 1,67 0,02 |otsa otsA, trehalose-6-phosphate synthase | otsA, | Carbon source transport and meFaboIlsrTl;
trehalose-6-phosphate synthase Cell wall/membrane/envelope biogenesis
€g2909 1,75 0,05 |otsB otsB, trehalose phosphatase Carbon source transport and meFaboIlsm;
Cell wall/membrane/envelope biogenesis
cg2910 0,83 0,03 [ipsA transcriptional regulator, Lacl family Signal transduction mechanisms
ABC-type Mn/Zn transport system, secreted . .
cg2911 0,58 0,00 | znuAl Mn/Zn-binding (lipo)protein (surface Inorganic ion transport, metabolism, and
. storage
adhesin)
82912 0,75 0,01 | znuci ABC-type cobalamin/Fe3+-siderophores Inorganic ion transport, metabolism, and
transport system, ATPase component storage
82913 0,58 0,02 | znuB1 ABC-type Mn2+/Zn2+ transport system, Inorganic ion transport, metabolism, and
permease component storage
cg2915 0,35 0,03 hypothetical protein cg2915 Unknown function
€g2925 0,33 0,01 | ptsS ptss, enzyme Il sucrose Proteln I ptss, Carbon source transport and metabolism
enzyme |l sucrose protein
scrB, putative sucrose-6-phosphate hydrolase
cg2927 0,43 0,00 |scrB | scrB, putative sucrose-6-phosphate Carbon source transport and metabolism
hydrolase
nagAl, probable N-acetylglucosamine-6-
€g2929 2,35 0,01 [ nagA phosphate deacetylase | nagAl, probable N- | Carbon source transport and metabolism
acetylglucosamine-6-phosphate deacetylase
cg2931 4,67 0,01 | nanA nan, N-acetylneuram!nate lyase (aldolase) | Carbon source transport and metabolism
nanA, N-acetylneuraminate lyase (aldolase)
transcriptional regulator ROK family, putative .
€g2932 3,58 0,01 | nank . Carbon source transport and metabolism
sugar kinase
nank, N-acetylmannosamine-6-phosphate 2-
epimerase / N-AC | nanE, N- )
€g2933 3,99 0,01 | nanE - Carbon source transport and metabolism
acetylmannosamine-6-phosphate 2-
epimerase / N-AC
cg2935 0,45 0,01 | nanP nan, n?u'ramlnldase NANP | nanP, Carbon source transport and metabolism
neuraminidase NANP
€g2936 0,49 0,00 | nanR bacterial regulatory proteins, GntR family Signal transduction mechanisms
ABC-type dipeptide/oligopeptide/nickel
transport system, secreted component |
cg2937 0,55 0,02 | siaE ABC-type dipeptide/oligopeptide/nickel Carbon source transport and metabolism
transport system, secreted component |
ABC-type dipeptide/oligopeptide/nickel
transport system, secreted component
ABC-type dipeptide/oligopeptide/nickel
. transport system, permease component | .
€g2938 0,50 0,02 | siaF ABC-type dipeptide/oligopeptide/nickel Carbon source transport and metabolism
transport system, permease component
ABC-type dipeptide/oligopeptide/nickel
€g2939 0,70 0,00 [siaG transport system, fused permease and Carbon source transport and metabolism
ATPase components
€g2940 0,56 0,01 |sial ATPase compc?nents .Of ABC-type transport Carbon source transport and metabolism
system, contain duplicated ATPase domains
cg2941 0,48 0,02 lyse type translocator Amino acid transport and metabolism
€g2943 1,63 0,00 hypothetical protein cg2943 Unknown function
82944 155 0,00 | ispF ispF, 2-C-methyl-D-erythritol 2,4- Transport and metabolism of further

cyclodiphosphate synthase | ispF, 2-C-

metabolites
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methyl-D-erythritol 2,4-cyclodiphosphate
synthase
ispD, 2-C-methyl-D-erythritol 4-phosphate .
T t and metabol f furth
€g2945 1,96 0,02 |ispD cytidylyltransferase | ispD, 2-C-methyl-D- er::kF))glEt:sn metabolism of further
erythritol 4-phosphate cytidylyltransferase
CarD-like transcriptional regulator | CarD-like
€g2946 3,38 0,01 transcriptional regulator | CarD-like Signal transduction mechanisms
transcriptional regulator
tR5 tative t t
cg2947 0,60 0,03 | cgtR5 ¢8R5, putative two component response Signal transduction mechanisms
regulator
82948 0,48 0,02 | cgtss cgtSS, probable two component sensor Post-tran§lat|ona\ mo.d|f|cat\on; Signal
kinase transduction mechanisms
€g2949 0,54 0,05 putative secreted protein Unknown function
82950 0,48 0,03 | rada putaF\ve ATP-dependent protease, DNA DNA repllcatl?n, recombination, repair,
repair and degradation
predicted nucleic-acid-binding protein . L
cg2951 0,77 0,04 (contains the HHH domain) General function prediction only
€g2952 0,33 0,00 putative secreted protein Unknown function
xylC, benzaldehyde dehydrogenase | xylC, .
€g2953 0,62 0,01 |vdh Carbon source transport and metabolism
benzaldehyde dehydrogenase
| iciont t, metaboli d
€g2954 0,69 0,01 | bea (cynT) cynT, carbonic anhydrase norganic fon transport, metabolism, an
storage
. . DNA replication, recombination, repair,
€g2955 0,82 0,02 | muty mutY, A/g-specific adenine glycosylase and degradation
€g2959 0,54 0,01 putative secreted protein Unknown function
uncharacterized enzyme involved in . .
€g2962 3,70 0,03 biosynthesis of extracellular polysaccharides Cell wall/membrane/envelope biogenesis
€g2965 0,67 0,05 AraC-type transcriptional regulator Signal transduction mechanisms
€g2966 0,52 0,01 phenol 2-monooxygenase Carbon source transport and metabolism
cg2975 1,52 0,00 | panC2 panC2, pantoate--beta-alanine ligase Coenzyme transport and metabolism
cg2976 1,93 0,01 hypothetical protein cg2976 Unknown function
cg2977 1,43 0,00 hypothetical protein cg2977 Unknown function
€g2982 0,78 0,04 | folP1 folP1, dihydropteroate synthase Coenzyme transport and metabolism
cg2983 0,65 0,01 | folE folE, GTP cyclohydrolase | Coenzyme transport and metabolism
hine -
€g2985 0,69 0,04 | hpt het, hypo*ant ine-guanine Nucleotide transport and metabolism
phosphoribosyltransferase
cg2986 0,43 0,01 | mesJ -mesJ-, ATPa.se o the PP-loop superfamily Cell division, chromosome partitioning
implicated in cell cycle control
dacB, penicillin-binding protein, D-Ala-D-Ala
cg2987 0,47 0,02 | pbp4b (dacB) | carboxypeptidase | dacB, penicillin-binding Cell wall/membrane/envelope biogenesis
protein, D-Ala-D-Ala carboxypeptidase
€g2988 0,74 0,01 | ppa ppa, inorganic pyrophosphatase Inorganic ion transport, metabolism, and
storage
- Transport and metabolism of further
€g2990 1,20 0,01 | speE speE, spermidine synthase metabolites
cg2991 0,90 0,02 hypothetical protein cg2991 Unknown function
82993 1,10 0,03 hypot'hetlcal protein cg2993 | hypothetical Unknown function
protein cg2993
€g2994 1,21 0,02 putative secreted or membrane protein Unknown function
€g2999 1,98 0,01 putative ferredoxin reductase General function prediction only
cg3001 0,75 0,03 hypothetical protein cg3001 Signal transduction mechanisms
cg3003 0,71 0,03 | cps £ps, npn-rlbosomal Peptlde synthetase | cps, Amino acid transport and metabolism
non-ribosomal peptide synthetase
23004 0,61 0,01 | gabp1 gabD2, succinic semialdehyde Transport and metabolism of further
dehydrogenase metabolites
Inorganic ion transport, metabolism, and
cg3008 0,62 0,03 orA orA, main cell wall channel protein storage
8 ! ! P pora, P Transport and metabolism of further
metabolites
cg3013 0,60 0,02 hypothetical protein cg3013 Unknown function
cg3014 0,56 0,01 hypothetical protein cg3014 Unknown function
cg3015 0,46 0,01 hypothetical protein cg3015 Unknown function
cg3016 0,38 0,00 hypothetical protein cg3016 Unknown function
hypothetical protein cg3017 | hypothetical .
cg3017 0,44 0,03 protein ¢g3017 | hypothetical protein cg3017 Unknown function
cg3018 0,52 0,01 hypothetical protein cg3018 Unknown function
cg3019 0,55 0,01 putative secreted protein Unknown function
cg3021 0,74 0,03 | tpdA hypothet|ca| protein cg3021 | hypothetical Protein turnover and chaperones
protein cg3021
cg3022 2,17 0,00 acetyl-CoA acetyltransferase General function prediction only
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mrpA, NADH ubiguinone oxidoreductase

Inorganic ion transport, metabolism, and

cg3024 1,46 0,00 | mrpA2 (mrpA) | subunit 5 (chain L)/multisubunit Na+/H+
. R storage
antiporter, A subunit
mrpC, hypothetical protein cg3025 | mrpC, Inorganic ion transport, metabolism, and
cg3025 162 0,01 | mrpC2 (mrpC) hypothetical protein cg3025 storage
mrpD, NADH-ubiquinone Inorganic ion transport, metabolism, and
cg3026 2,27 0,01 | mrpD2 (mrpD) | oxidoreductase/multisubunit Na+/H+ storg o port, '
antiporter, D subunit 8
| iciont t, metaboli d
cg3027 2,18 0,01 | mrpE2 (mrpE) | mrpE, hypothetical protein cg3027 S:ergzglc 'on transport, metabalism, an
cg3028 2,60 0,02 | mrpF2 (mrpF) | mrpF, hypothetical protein cg3028 ISTZ:S;!QIC ion transport, metabolism, and
83029 248 0,01 | mmG2 (mrpG) mrpG,.muIt|subun|t Na+/H+ antiporter, g Inorganic ion transport, metabolism, and
subunit storage
cg3031 0,73 0,05 hypothetical protein cg3031 Unknown function
cg3033 0,51 0,02 hypothetical protein cg3033 Unknown function
cg3034 0,45 0,00 | defl (def) def, peptide deformylase Post-translational modification
cg3035 0,46 0,00 | nagS? acetyltransferase Amino acid transport and metabolism
cg3036 0,60 0,03 [ xthA xthA, exodeoxyribonuclease Il DNA repl|cat|9n, recombination, repair,
and degradation
cg3040 0,85 0,03 predicted epimerase, PhzC/PhzF homolog General function prediction only
cg3041 0,82 0,04 ABC-type multidrug transport system, General function prediction only
permease component
cg3046 2,00 0,01 | pknG pknG, serine/threonine protein kinase Post-translational modification
cg3047 0,28 0,00 | ackA ackA, acetate/propionate kinase Anaerobic metabolism
cg3048 0,28 0,00 |pta pta, phosphate acetyltransferase Anaerobic metabolism
fprA, putative ferredoxin/ferredoxin-NADP Transport and metabolism of further
cg3049 3,45 0,00 | forA (fpr1) reductase metabolites
cg3050 1,24 0,02 acyltransferase General function prediction only
cg3051 0,70 0,03 putative secreted protein Unknown function
cg3053 0,49 0,01 permease of the major facilitator superfamily | General function prediction only
purT, 5-phosphoribosylglycinamide
cg3054 0,51 0,02 |purT transformylase | purT, 5- Nucleotide transport and metabolism
phosphoribosylglycinamide transformylase
cg3057 0,75 0,04 putative secreted protein Unknown function
DNA replication, recombination, repair,
cg3058 2,72 0,02 | tnp8b tnp8b(ISCg8a), transposase and degradation
DNA replication, recombination, repair,
cg3059 2,41 0,01 | tnp8a tnp8a(1SCg8a), transposase and degradation
83060 1,65 0,03 | cgts6 cgtSG, probable two component sensor Post-tranélatlona\ mo.d|f|cat\on; Signal
kinase transduction mechanisms
cg3061 2,33 0,01 |cgtR6 cgtR6, putative two component response Signal transduction mechanisms
regulator
cg3063 0,72 0,00 | purA purA, adenylosuccinate synthetase Nucleotide transport and metabolism
cg3065 1,31 0,02 hypothetical protein cg3065 Unknown function
cg3068 1,34 0,03 | fda fda, fructose-bisphosphate aldolase Central carbon metabolism
cg3070 0,55 0,00 SpoU rRNA methylase family protein T_ranslatlc_m, ribosomal structure and
biogenesis
cg3071 0,59 0,02 | pyrE pyrE, orotate phosphoribosyltransferase Nucleotide transport and metabolism
cg3072 1,92 0,03 putative secreted or membrane protein Unknown function
cg3074 0,61 0,00 predicted transcriptional regulator Signal transduction mechanisms
cg3075 0,63 0,00 |cmr cmr, multidrug resistance protein Transport and metabolism of further
metabolites
cg3077 1,91 0,00 hypothetical protein cg3077 Unknown function
cg3078 1,63 0,04 hypothetical protein cg3078 Unknown function
cg3079 2,05 0,01 | clpB clp8, probable AT.P-dependent protease Protein turnover and chaperones
{(heat shock protein)
cg3080 0,61 0,04 |gits Na+/glutamate symporter Inorganic ion transport, metabolism, and
storage
cg3084 1,02 0,03 predicted flavoprotein involved in K+ Inorganic ion transport, metabolism, and
transport storage
cg3086 0,63 0,01 putative L,L-cystathionine gamma-lyase Transport and metabolism of further
metabolites
cg3096 0,35 0,02 | ald (padA) ald, alcohol degyhdrogenase Carbon source transport and metabolism
hspR, transcriptional regulator MerR family | . . .
cg3097 1,79 0,00 | hspR hspR, transcriptional regulator MerR family Signal transduction mechanisms
cg3099 2,04 0,04 | grpE Fg)l;zféir:)o\ecular chaperone GrpE {heat shock Protein turnover and chaperones
cg3102 0,53 0,04 nucleosidase Nucleotide transport and metabolism
cg3103 0,38 0,01 hypothetical protein cg3103 Unknown function
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cg3104 0,47 0,01 'ATPase ir"lvolved in DNA repair | ATPase DNA replicatifm, recombination, repair,
involved in DNA repair and degradation
cg3105 0,37 0,01 hypothetical protein cg3105 Unknown function
hypothetical protein cg3106 | hypothetical .
D 2l 0,01 ngtein cg31C§)6 | hypo%heticall ngtein cg3106 Unknown function
cg3107 0,21 0,01 | adhA adhA, Zn-dependent alcohol dehydrogenase | Carbon source transport and metabolism
Amino acid transport and metabolism;
cg3112 4,78 0,00 |cysz predicted permease Inorganic ion transport, metabolism, and
storage
Amino acid transport and metabolism;
cg3113 3,92 0,00 |cysy hypothetical protein cg3113 Inorganic ion transport, metabolism, and
storage
Amino acid transport and metabolism;
cg3114 4,56 0,00 | cysN cysN, sulfate adenyltransferase subunit 1 Inorganic ion transport, metabolism, and
storage
Amino acid transport and metabolism;
cg3115 4,86 0,00 |cysD cysD, sulfate adenylyltransferase subunit 2 Inorganic ion transport, metabolism, and
storage
. Amino acid transport and metabolism;
cg3116 4,38 0,01 | cysH cysH, phosphoadenosine-phosphosulfate Inorganic ion tra:sport, metabolism, and
reductase
storage
Amino acid transport and metabolism;
cg3117 3,62 0,02 | cysX hypothetical protein cg3117 Inorganic ion transport, metabolism, and
storage
cysl, sulfite reductase (hemoprotein) | cysl Amino ?Ci.d transport and metab.olism;
cg3118 4,32 0,01 | cys/ ! X ! Inorganic ion transport, metabolism, and
sulfite reductase (hemoprotein)
storage
Amino acid transport and metabolism;
cg3119 5,29 0,00 | cys/(fpr2) cysJ, probable sulfite reductase (flavoprotein) | Inorganic ion transport, metabolism, and
storage
cg3120 1,47 0,01 hypothetical protein cg3120 Unknown function
cg3122 0,55 0,03 | phnB1 phnB1, utharacterized protein, homolog of | Inorganic ion transport, metabolism, and
PhnB E,coli storage
cg3125 0,46 0,02 | tctA :)crt)/kt,e:;|carboxylate transport membrane Carbon source transport and metabolism
cg3126 0,38 0,00 | tctB LcrtoBt,etW:carboxylate transport membrane Carbon source transport and metabolism
cg3127 0,46 0,00 | tctC tctC, tricarboxylate-binding protein Carbon source transport and metabolism
cg3128 0,75 0,02 ABC-type transport system, ATPase General function prediction only
component
cg3129 0,80 0,04 ABC-type transport system, ATPase General function prediction only
component
cg3130 0,43 0,01 permease of the major facilitator superfamily | General function prediction only
cg3131 1,67 0,01 acetylornithine deacetylase or related General function prediction only
deacylase
ATPase component STY3232 of energizing Carbon source transporter and
cg3133 0,47 0,01 module of gueuosine-regulated ECF metabolism; Inorganic ion transport,
transporter / ATPase component STY3233 of | metabolism, and storage
transmembrane component STY3231 of Carbon source transporter and
cg3134 0,54 0,02 energizing module of gueuosine-regulated metabolism; Inorganic ion transport,
ECF transporter metabolism, and storage
e Carbon source transporter and
cg3135 0,56 0,01 substraFe—spemﬁc component STY3230 of metabolism; Inorgan‘;c fon transport,
gueuosine-regulated ECF transporter .
metabolism, and storage
iunH1, inosine-uridine preferring nucleoside
cg3137 0,54 0,00 |iunH1 hydrolase | iunH1, inosine-uridine preferring | Nucleotide transport and metabolism
nucleoside hydrolase
ppmA, putative membrane-bound protease .
cg3138 0,82 0,01 [ ppmA Protein turnover and chaperones
modulator
cg3141 3,36 0,02 | hmp hmp, flavohemoprotein Inorganic ion transport, metabolism, and
storage
cg3142 1,37 0,04 hypothetical protein cg3142 Unknown function
cg3143 2,01 0,04 putative secreted protein Unknown function
cg3148 0,77 0,02 | fepC ABC-type cobalamin/Fe3+-siderophores General function prediction only
transport system, ATPase component
cg3149 0,62 0,01 |alaT ala, ammotransferase, uses alanine, Amino acid transport and metabolism
glutamate, 2-aminobutyrate ad aspartate
cg3154 1,83 0,02 | udgA2 udgA2, UDP-glucose 6-dehydrogenase Nucleotide transport and metabolism
cg3155 1,85 0,03 | ded dcd, deoxycytidine triphosphate deaminase Nucleotide transport and metabolism
cg3157 1,94 0,04 E:i:?;\r:e secreted protein | putative secreted Unknown function
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nagA2, beta-N-acetylglucosaminidase

cg3158 0,56 0,00 [ nagA2 Cell wall/membrane/envelope biogenesis
precursor
cg3160 0,68 0,00 putative secreted protein Unknown function
cg3162 0,38 0,04 hypothetical protein cg3162 Unknown function
cg3164 0,59 0,01 putative secreted or membrane protein Cell wall/membrane/envelope biogenesis
cg3165 0,69 0,01 Z\r/gto;:ecngcgallé)srotem cg3165 | hypothetical Cell wall/membrane/envelope biogenesis
tellurite resistance protein or related
cg3170 0,76 0,01 permease | tellurite resistance protein or General function prediction only
related permease
g3172 1,52 0,02 | trms trmB, tRNA (guanine-N(7)-)- T.ranslatic?n, ribosomal structure and
methyltransferase biogenesis
cg3174 1,60 0,00 | mmpl1 mmpl1, exporter of the MMPL family Cell wall/membrane/envelope biogenesis
cg3176 0,60 0,02 hypothetical protein cg3176 Unknown function
cg3177 0,57 0,02 | pceB (accD4) pceB, propionyl-CoA carboxylase beta chain Cell wall/membrane/envelope biogenesis
cg3179 0,65 0,00 | fadD2 fadD2, acyl-CoA synthase Cell wall/membrane/envelope biogenesis
cg3180 0,61 0,01 putat'\ve secreted protein, lipase-associated General function prediction only
function
cg3181 0,40 0,01 putative secreted protein Unknown function
cg3182 0,45 0,01 | copl copl, trehalose corynomycolyl transferase Cell wall/membrane/envelope biogenesis
cg3185 0,49 0,00 hypothetical protein cg3185 Unknown function
cg3186 0,45 0,01 |cmt2 cmt2, trehalose corynomycolyl transferase Cell wall/membrane/envelope biogenesis
cg3187 0,44 0,03 | aoftB aftB, arabinofuranosyltransferase Cell wall/membrane/envelope biogenesis
Transport and metabolism of further
cg3189 0,44 0,00 | ubiA hypothetical protein cg3189 metabolites; Cell
wall/membrane/envelope biogenesis
membrane-associated phospholipid
€g3190 0,51 0,01 phosphatase | membrane-associated Unknown function
phospholipid phosphatase
cg3192 2,37 0,01 putative secreted or membrane protein Unknown function
cg3194 0,80 0,05 membrane-associated PA-phosphatase Cell wall/membrane/envelope biogenesis
related phosphoesterase
cg3195 0,21 0,01 flavin-containing monooxygenase (FMO) General function prediction only
cg3196 0,55 0,00 |gif glf, UDP-galactopyranose mutase Cell wall/membrane/envelope biogenesis
cg3199 1,76 0,00 predicted hydrolase of the HAD superfamily | General function prediction only
cg3200 1,36 0,03 acyltransferase family protein General function prediction only
cg3201 1,53 0,01 |serS serS, seryl-tRNA synthetase Translatlgn, ribosomal structure and
biogenesis
cg3203 1,33 0,03 hypothetical protein cg3203 Unknown function
cg3204 0,64 0,02 hypothetical protein cg3204 Unknown function
cg3205 0,50 0,04 hypothetical protein cg3205 Unknown function
cg3206 0,46 0,01 phosphoglycerate mutase family protein General function prediction only
cg3207 0,64 0,00 | pheA pheA, prephenate dehydratase Amino acid transport and metabolism
83208 0,71 0,04 Asp-tRNAAsn/GIu-tRNAFEIn amidotransferase Translatign, ribosomal structure and
A subunit or related amidase biogenesis
predicted metal-dependent membrane .
cg3209 0,58 0,00 Protein turnover and chaperones
protease
cg3210 0,43 0,00 |/cpB ::gue‘giloerlope-related transcriptional Cell wall/membrane/envelope biogenesis
cg3211 1,80 0,01 putative secreted protein Unknown function
cg3213 2,03 0,01 putative secreted protein Unknown function
cg3214 0,59 0,01 hypothetical protein cg3214 Unknown function
cg3216 0,33 0,02 | gntP gntP, gluconate permease Carbon source transport and metabolism
cg3218 1,32 0,04 pyruvate kinase General function prediction only
€g3220 0,39 0,03 hypothetical protein cg3220 Unknown function
cg3221 0,72 0,03 predicted hydrolase of the HAD superfamily | General function prediction only
cg3223 1,52 0,03 NADPH-dependent FMN reductase Coenzyme transport and metabolism
83225 1,45 0,04 putative serine/threonine-specific protein Post—tran§lationa\ mo.dification; Signal
phosphatase transduction mechanisms
cg3226 0,03 0,00 putative L-lactate permease Carbon source transport and metabolism
IldD, quinone-dependent L-lactate Carbon source transport and metabolism;
cg3227 0,09 0,00 | fidb dehydrogenase LIdD Respiration and oxidative phosphorylation
cg3228 0,35 0,01 hypothetical protein cg3228 Unknown function
cg3232 1,91 0,00 secreted phosphohydrolase, ICC family General function prediction only
cg3233 3,52 0,01 hypothetical protein cg3233 Unknown function
metal-dependent
cg3234 1,85 0,03 amidase/aminoacylase/carboxypeptidase | Protein turnover and chaperones

metal-dependent
amidase/aminoacylase/carboxypeptidase
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83235 213 0,00 |#vv hypot'hetlcal protein ¢g3235 | hypothetical HNV
protein cg3235
83236 341 0,00 | msra msrA, peptide methionine sulfoxide Transport and metabolism of further
reductase metabolites
cg3238 0,70 0,01 hypothetical protein cg3238 Unknown function
cg3243 0,30 0,01 predicted RecB family nuclease DNA repllcatl?n, recombination, repatr,
and degradation
cg3246 0,66 0,03 bacterial regulatory protein, MarR family Signal transduction mechanisms
cgtS11, probable two component sensor Post-translational modification; Signal
cg3248 0,75 0,02 | hrrS (cgtS11) kinase | cgtS11, probable two component X : i 18
. transduction mechanisms
sensor kinase
cg3249 0,85 0,03 putative secreted protein Unknown function
83252 1,83 0,00 putative |nner membrane protein translocase Protein secretion
component YidC
cg3253 1,54 0,02 | mchR mcbR, TetR-ty?e transcriptional regulator of Signal transduction mechanisms
sulfur metabolism
cg3254 164 0,02 hypthet|caI protein cg3254 | hypothetical Unknown function
protein cg3254
cg3256 1,72 0,00 alkanal monooxygenase alpha chain General function prediction only
cg3257 1,56 0,03 hypothetical protein cg3257 Unknown function
83258 1,63 0,04 | riucz rluC2, putative ribosomal pseudouridine Translatlc?n, ribosomal structure and
synthase biogenesis
hypothetical protein cg3260 | hypothetical
cg3260 051 0,04 | #NV protein cg3260 | hypothetical protein cg3260 ANV
cg3263 0,64 0,03 hypothetical protein cg3263 Unknown function
cg3264 1,62 0,01 |[rsmp rsmP, cytoskeletal protein RsmP, regulates Cell division, chromosome partitioning
rod-shape morphology
cg3267 0,53 0,02 hypothetical protein cg3267 Unknown function
cg3273 2,75 0,03 hypothetical protein predicted by Glimmer Unknown function
site-specific recombinases, DNA invertase Pin
homolog-fragment | site-specific DNA replication, recombination, repair,
CES2 e 0,01 recombinases, DNA invertase Pin homolog- and degradation
fragment
cg3275 3,50 0,00 | fdxA fdxA, ferredoxin General function prediction only
cg3276 1,32 0,03 [#NV hypothetical protein cg3276 #NV
cg3277 2,58 0,02 unc.haracte.nzed ACR, double-stranded beta- General function prediction only
helix domain
cg3279 2,75 0,01 putative dehydrogenase-fragment General function prediction only
83280 4,98 0,00 putatﬁve secreted protein | putative secreted Unknown function
protein
cg3281 6,89 0,00 | copB probable catlon-transportmg ATPase Inorganic ion transport, metabolism, and
transmembrane protein storage
83282 6,22 0,00 cation transport ATPase Inorganic ion transport, metabolism, and
storage
cg3283 7,40 0,01 hypothetical protein predicted by Glimmer Unknown function
cg3284 0,33 0,02 | cops (cgts9) cgtSQ, probable two component sensor Post-tranélatlona\ mo.d|f|cat[on; Signal
kinase transduction mechanisms
€g3285 0,57 0,04 | copR (cgtR9) fiz?ég:tawe two component response Signal transduction mechanisms
cg3286 0,46 0,03 putative secreted protein Unknown function
cg3287 0,49 0,01 | copO secreted multicopper oxidase Inorganic ion transport, metabolism, and
storage
cg3288 0,35 0,00 hypothetical protein predicted by Glimmer Unknown function
€g3291 0,33 0,04 bacter!a\ regulatory prote!n, Crp fam!ly l Signal transduction mechanisms
bacterial regulatory protein, Crp family
cg3294 0,49 0,02 hypothetical protein cg3294 Unknown function
83295 0,67 0,02 cation transport ATPase Inorganic ion transport, metabolism, and
storage
tnp19b(ISCg19a), transposase-fragment | DNA replication, recombination, repair,
cg3297 121 0,03 | tnp19b tnp19b(ISCg19a), transposase-fragment and degradation
€g3299 0,55 0,03 |trxB1 trxB1, thioredoxin Transport and metabolism of further
metabolites
83300 0,40 0,00 cation transport ATPase Inorganic ion transport, metabolism, and
storage
cg3303 2,92 0,02 transcriptional regulator PadR-like family Signal transduction mechanisms
cg3306 0,54 0,02 | rpll rpll, 50S ribosomal protein L9 Translatlgn, ribosomal structure and
biogenesis
cg3308 0,52 0,03 | rpsF rpsF, 30S ribosomal protein S6 T.ranslatu.)n, ribosomal structure and
biogenesis
cg3309 2,16 0,02 putative secreted protein Unknown function
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cg3311 0,67 0,04 hypothetical protein cg3311 Unknown function
mrcB, membrane carboxypeptidase, . .
cg3313 1,17 0,03 | pbplb (mcrB) penicillin-binding protein Cell wall/membrane/envelope biogenesis
cg3314 2,02 0,01 hypothetical protein cg3314 Unknown function
cg3315 1,81 0,04 [ malR bacterial regulatory protein, MarR family Signal transduction mechanisms
83316 2,06 0,00 un|vers?l strc.ess .protem U.spA or related Transcr\.pt\on |nc|ud|.n.g S|gma factors, RNA
nucleotide-binding protein processing and modification
uncharacterized enzyme involved in . .
cg3318 2,89 0,00 biosynthesis of extracellular polysaccharides Cell wall/membrane/envelope biogenesis
cg3320 0,75 0,02 ABC-type_transport system, involved in Protein secretion
lipoprotein release, permease component
cg3321 0,78 0,04 ABC-type.transport system, involved in Protein secretion
lipoprotein release, ATPase component
cg3323 0,46 0,03 |inol myo-inositol-1-phosphate synthase Cell wall/membrane/envelope biogenesis
cg3324 0,47 0,01 putative secreted protein Unknown function
83325 0,65 0,01 hypot-hetlcal protein cg3325 | hypothetical Unknown function
protein cg3325
cg3327 4,38 0,04 | dps dps, sFarvat\on-|nduced DNA protecting Inorganic ion transport, metabolism, and
protein storage
83328 0,86 0,04 | muth2 mutM2, probablg formamidopyrimidine-DNA | DNA repllcatl?n, recombination, repair,
glycosylase protein and degradation
cg3329 3,25 0,01 hypothetical protein cg3329 Unknown function
cg3330 1,84 0,01 putative secreted protein Unknown function
cg3331 1,41 0,00 |ogt ogt, methylated-DNA--protein-cysteine DNA repl|cat|9n, recombination, repair,
methyltransferase and degradation
cg3332 1,57 0,01 |qgor3 putative quinone oxidoreductase Respiration and oxidative phosphorylation
cg3335 0,21 0,00 | malk (mez) malE, malic enzyme Central carbon metabolism
cg3336 2,16 0,02 | gntk gntk, 'putatwe glucor?ate dnase | gntk, Central carbon metabolism
putative gluconate kinase
cg3337 3,34 0,00 hypothetical protein cg3337 Unknown function
cg3338 4,83 0,00 hypothetical protein cg3338 Unknown function
merA, putative FAD-dependent pyridine - N .
cg3339 1,62 0,01 | merA nucleotide-disulphideoxidoreductase, similar DNA repl|cat|9n, recombination, repair,
R and degradation
to mercuric reductases
cg3341 0,48 0,00 hypothetical protein cg3341 Unknown function
cg3342 0,56 0,00 putative secreted protein Unknown function
cg3345 0,24 0,00 hypthet|caI protein cg3345 | hypothetical Unknown function
protein cg3345
Translation, ribosomal structure and
cg3346 0,68 0,04 | /leus leus, leucyl-tRNA synthetase . K
biogenesis
cg3348 0,53 0,01 put.at\ve plasmhld m.’:llntenance system General function prediction only
antidote protein, HigA homolog
cg3352 0,64 0,00 | nagR (genR) ;:tg:‘;’;tmscnpnonal regulator of gentisate Signal transduction mechanisms
cg3353 0,49 0,04 | nagT (genk) nagT, gentisate transporter Amino acid transport and metabolism
Transport and metabolism of further
cg3354 0,37 0,01 | genH (nahG) 3-hydroxybenzoate 6-hydroxylase metabolites
Carbon source transport and metabolism;
cg3356 0,36 0,01 Na+/H+-dicarboxylate symporter Inorganic ion transport, metabolism, and
storage
cg3358 0,67 0,05 |[#NV hypothetical protein predicted by Glimmer #NV
cg3359 0,89 0,04 | trpE trpE, anthranilate synthase component | Amino acid transport and metabolism
cg3360 0,77 0,00 |trpG trpG, anthranilate synthase component || Amino acid transport and metabolism
cg3364 0,61 0,00 [trpA trpA, tryptophan synthase subunit alpha Amino acid transport and metabolism
83365 0,40 0,00 ptsAl (ulaA, ulaA, ascorbate-specific PTS system enzyme C?rbon source tlransport am'zi metabolism;
rmpC) 1IC Signal transduction mechanisms
cg3366 0,46 0,01 ptsA2 (sgCA, rmpA, putative ribitol-specific enzyme Il of C'arbon source t'ransport am'j metabolism;
rmpA) PTS system Signal transduction mechanisms
cg3368 2,65 0,01 ABC-transporter permease proteln | ABC- General function prediction only
transporter permease protein
cg3369 2,53 0,04 Rieske-type iron-sulfur protein General function prediction only
putative NADH-dependent flavin
cg3370 2,05 0,01 oxidoreductase | putative NADH-dependent | General function prediction only
flavin oxidoreductase
cg3371 1,36 0,00 Na+-dependent transporter General function prediction only
cg3372 2,39 0,00 hypothetical protein cg3372 Unknown function
cg3373 1,77 0,00 |cyerR bacterial regulatory proteins, ArsR family Signal transduction mechanisms
putative NADH-dependent flavin
cg3374 3,74 0,01 |cyel oxidoreductase | putative NADH-dependent | General function prediction only

flavin oxidoreductase
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cg3375 1,49 0,03 prgdmted nucleoside-diphosphate-sugar Nucleotide transport and metabolism
epimerase
cg3378 0,63 0,02 hypothetical protein cg3378 Unknown function
cg3384 0,77 0,03 bacterial regulatory protein, TetR family Signal transduction mechanisms
cg3387 0,64 0,04 |iolT2 iolT2, myo-Inositol transporter Carbon source transport and metabolism
cg3388 0,56 0,03 bacterial regulatory proteins, IcIR family Signal transduction mechanisms
cg3390 0,96 0,05 myo-ln05|tol c.atabollsm, sugar phosphate Carbon source transport and metabolism
isomerase/epimerase
cg3393 0,65 0,05 | phoC putative secreted phosphoesterase LTSE;:C ion transport, metabolism, and
cg3395 0,31 0,01 | proP proP, proline/ectoine carrier Amino acid transport and metabolism
cg3397 0,70 0,01 hypothetical protein cg3397 Unknown function
cg3398 0,53 0,01 DNA or RNA helicase of superfamily Il General function prediction only
cg3399 7,88 0,00 permease of the major facilitator superfamily | General function prediction only
cg3402 3,54 0,00 copper chaperone | copper chaperone Inorganic ion transport, metabolism, and
storage
Carbon source transport and metabolism;
cg3404 4,35 0,00 secreted siderophore-binding lipoprotein Inorganic ion transport, metabolism, and
storage
cg3405 0,70 0,04 NADPH quinone reductase or Zn-dependent General function prediction only
oxidoreductase
cg3407 0,90 0,03 hypothetical protein cg3407 Unknown function
cg3408 2,47 0,02 hypothetical protein predicted by Glimmer Unknown function
cg3409 0,73 0,04 | thiD2 thiD2, phosphomethylpyrimidine kinase Coenzyme transport and metabolism
cg3410 0,63 0,02 hypothetical protein cg3410 Unknown function
cg3411 262 0,00 copper chaperone Inorganic ion transport, metabolism, and
storage
cg3412 0,52 0,01 |aziD azID, predicted bra.nched—.cham amino acid Amino acid transport and metabolism
permease (azaleucine resistance)
23415 065 004 cnA nA. polv-A polymerase DNA replication, recombination, repair,
g ! ! P PCNA, Poly-A poly and degradation
cg3417 0,53 0,03 NTP pyrophosphohydrolase | NTP Nucleotide transport and metabolism
pyrophosphohydrolase
cg3418 0,51 0,00 putative secreted protein Unknown function
cg3419 0,36 0,00 u}ncharacterlzed membrane protein, General function prediction only
virulence factor homolog
cg3420 0,56 0,00 | sigh sigM, R!\IA polymerase sigma-70 factor, ECF Transcr\.pt\on |nc|ud|.n.g sgma factors, RNA
subfamily processing and modification
cg3422 0,67 0,03 |trxB trxB, thioredoxin reductase General function prediction only
cg3423 0,61 0,03 | trxC trxC, thioredoxin General function prediction only
cg3428 0,41 0,00 |gidB gidB, glucose-inhibited division protein B Cell division, chromosome partitioning
83429 0,50 0,01 putative |nne!' membrane protein translocase Protein secretion
component YidC
cg3431 0,45 0,03 | rnpa rnpA, ribonuclease p Transcr\.pt\on |nc|ud|.n.g S|gma factors, RNA
processing and modification
cg3433 0,62 0,03 hypothetical protein cg3433 Unknown function
cg4000 2,00 0,01 |[#NV hypothetical protein cg4000 H#NV
cg4001 0,49 0,02 hypothetical protein cg4001 Unknown function
cg4003 1,36 0,03 | #nV hypothetical protein cg4003 H#NV
cg4004 111 0,02 hypothetlcal protein cg4004 | hypothetical Unknown function
protein cg4004
cg4007 2,89 0,00 hypothetical protein cg4007 Prophage genes
cgro1 169 0,01 165 ribosomal RNA Translatlgn, ribosomal structure and
biogenesis
T lati ib | struct d
cgro4 1,79 |o001 165 ribasomal RNA | genelD:3345599 ransiation, ribosoma structure an
biogenesis
. Translation, ribosomal structure and
cgro5 1,86 0,03 23S ribosomal RNA | genelD:3345511 X .
biogenesis
cgr07 174|001 165 ribosomal RNA | genelD:3345547 Translation, ribosomal structure and
biogenesis
cgrl2 1,80 | 0,00 165 ribosomal RNA | genelD:3344357 Translation, ribosomal structure and
biogenesis
cgrls 1,76 | 0,05 165 ribosomal RNA | genelD:3344358 Translation, ribosomal structure and
biogenesis
ssrA Translation, ribosomal structure and
cgs01 0,43 0,04 tmRNA | genelD:3343963 biogenesis; Protein turnover and
(cgb_09185)
chaperones
CBtRNA_3528 | 1,52 0,01 Translatlgn, ribosomal structure and
biogenesis
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CgtRNA_3529 | 0,80 0,01 Translatl('m, ribosomal structure and
biogenesis

CgtRNA_3533 | 0,48 0,03 T.ranslatlgn, ribosomal structure and
biogenesis

CgtRNA_3534 | 0,42 0,03 Translatpn, ribosomal structure and
biogenesis

CEtRNA 3535 | 0,58 0,01 Translatpn, ribosomal structure and
biogenesis

CBtRNA_3536 | 0,25 0,00 Translatl(-)n, ribosomal structure and
biogenesis

CgtRNA_3537 | 0,48 0,02 Translatpn, ribosomal structure and
biogenesis

CBtRNA 3542 | 0,31 0,01 Translatlgn, ribosomal structure and
biogenesis

CgtRNA_3545 | 0,64 0,02 T_ranslatpn, ribosomal structure and
biogenesis

CgtRNA_3560 | 0,82 0,01 Translatlc?n, ribosomal structure and
biogenesis

cgtRNA_3561 | 0,70 0,04 T.ranslatlc.m, ribosomal structure and
biogenesis

CBtRNA_3570 | 0,57 0,01 T[’anslati(_m, ribosomal structure and
biogenesis

CgtRNA_3572 | 0,31 0,05 Translatlc?n, ribosomal structure and
biogenesis

CgtRNA_3577 | 0,53 0,03 T.ranslatK.)n, ribosomal structure and
biogenesis

CatRNA_3586 | 0,62 0,03 Translatl('m, ribosomal structure and
biogenesis

CgtRNA_3587 | 0,57 0,04 Translatlgn, ribosomal structure and
biogenesis
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Video S1: Time-lapse video of a C. glutamicum microcolony of the prophage reporter
strain under cg1978 overexpression (50 uM IPTG). Cells of the prophage reporter strain
ATCC 13032::Pys-eyfp carrying the overexpression plasmid pAN6-cg1978 were cultivated in
microfluidic chambers (Grinberger et al., 2015) using CGXIl minimal medium with 2% (w/v)

glucose and 25 pg ml™ kanamycin for 18 h. Overexpression was induced using 50 uM IPTG.

Video S2: Time-lapse video of a C. glutamicum microcolony of the prophage reporter
strain under standard conditions (0 ypM IPTG). The same reporter strain (Video S1) carrying
the overexpression plasmid pAN6-cg1978 was grown in the absence of IPTG serving as a

control for normal cell growth.

The videos are provided as separate files:

- Video S1_cg1978 overexpression_prophage reporter_50 uM IPTG
- Video S2_cg1978 overexpression_prophage reporter_0 uyM IPTG
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Supplementary Figure S1 | Dose-dependent effect of apramycin on the Strepromyces phage Alderaan.

Supplementary Figure S2 | Effect of aminoglycosides on E. coli phage .

Supplementary Figure S3 | Synchronized infection of Streptomyces venezuelae with phage Alderaan

under apramycin pressure.

Supplementary Figure S4 | Investigations of the mechanism of action of apramycin.

Supplementary Figure S5 | Pre-incubation of phage Alderaan with apramycin.
Supplementary Figure S6 | Distribution of fluorescence intensities from phage targeting direct-

geneFISH.

Videos

Supplementary Video S1 | Apramycin prevents cell lysis during infection of S. venezuelae with phage
Alderaan.
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Supplementary Table S1: Aminoglycoside-modifying enzymes used in this study

Antibiotic

Apramycin

Hygromycin

Kanamycin

Spectinomycin/
Streptomycin

204

Gene

aac(3)1V
(apr)

aph(7")-la

aph(3\\)-

Ia

aadA

Annotation

Aminoglycoside N(3)-
acetyltransferase

Aminoglycoside O-
phosphotransferase
APH(7")Ia,

Aminoglycoside 3'-
phosphotransferase

Aminoglycoside (3") (9)
adenylyltransferase

Protein sequence

VQYEWRKAELIGQLLNLGVTPGGV
LLVHSSFRSVRPLEDGPLGLIEALRA
ALGPGGTLVMPSWSGLDDEPFDPA
TSPVTPDLGVVSDTFWRLPNVKRS
AHPFAFAAAGPQAEQIISDPLPLPPH
SPASPVARVHELDGQVLLLGVGHD
ANTTLHLAELMAKVPYGVPRHCTI
LQDGKLVRVDYLENDHCCERFALA
DRWLKEKSLQKEGPVGHAFARLIR
SRDIVATALGQLGRDPLIFLHPPEA
GCEECDAARQSIG

VTQESLLLLDRIDSDDSYASLRNDQ
EFWEPLARRALEELGLPVPPVLRVP
GESTNPVLVGEPDPVIKLFGEHWCG
PESLASESEAYAVLADAPVPVPRLL
GRGELRPGTGAWPWPYLVMSRMT
GTTWRSAMDGTTDRNALLALARE
LGRVLGRLHRVPLTGNTVLTPHSE
VFPELLRERRAATVEDHRGWGYLS
PRLLDRLEDWLPDVDTLLAGREPR
FVHGDLHGTNIFVDLAATEVTGIVD
FIDVYAGDSRYSLVQLHLNAFRGD
REILAALLDGAQWKRTEDFARELL
AFTFLHDFEVFEETPLDLSGFTDPEE
LAQFLWGPPDTAPGA

MSHIQRETSCSRPRLNSNMDADLY
GYKWARDNVGQSGATIYRLYGKP
DAPELFLKHGKGSVANDVTDEMV
RLNWLTEFMPLPTIKHFIRTPDDAW
LLTTAIPGKTAFQVLEEYPDSGENIV
DALAVFLRRLHSIPVCNCPFNSDRV
FRLAQAQSRMNNGLVDASDFDDER
NGWPVEQVWKEMHKLLPFSPDSV
VTHGDFSLDNLIFDEGKLIGCIDVG
RVGIADRYQDLAILWNCLGEFSPSL
QKRLFQKYGIDNPDMNKLQFHLML
DEFF

MREAVIAEVSTQLSEVVGVIERHLE
PTLLAVHLYGSAVDGGLKPHSDIDL
LVTVTVRLDETTRRALINDLLETSA
SPGESEILRAVEVTIVVHDDIIPWRY
PAKRELQFGEWQRNDILAGIFEPAT
IDIDLAILLTKAREHSVALVGPAAEE
LFDPVPEQDLFEALNETLTLWNSPP
DWAGDERNVVLTLSRIWYSAVTG
KIAPKDVAADWAMERLPAQYQPVI
LEARQAYLGQEEDRLASRADQLEE
FVHYVKGEITKVVGK

Modification

Acetylation of 3-
amino group of the
deoxystreptamine ring

Phosphorylation of
hydroxyl group at
position 7"

Phosphorylation of
hydroxyl group at
position 3°

O-adenylation at
positions 3" and 9



Appendix

Supplementary Table S2A: Bacterial strains used in this study

Strains

C. glutamicum MBO001

C. glutamicum MB001 — pEKEx2a

C. glutamicum MB001 — pEKExX2b

C. glutamicum MB001 — pEKEx2d

C. glutamicum MB001 — pEKEX2e

Escherichia coli DH5a.

Escherichia coli ET12567/pUZ8002

Escherichia coli BL21 (DE3)

Escherichia coli DSM 613

E. coli DSM 613 — pEKEx2a

E. coli DSM 613 — pEKEx2b

E. coli DSM 613 — pEKEx2d

E. coli DSM 613 — pEKEx2e

Escherichia coli DSM 5695

E. coli DSM 5695 — pEKEx2a

E. coli DSM 5695 — pEKEx2b

E. coli DSM 5695 — pEKEx2d

E. coli DSM 5695 — pEKEx2e

Escherichia coli DSM 4230

E. coli DSM 4230 — pEKEx2a

E. coli DSM 4230 — pEKEx2b

E. coli DSM 4230 — pEKEx2d

Genotype

ATCC 13032 strain with deletion of prophages ACGP1
(cg1507-cg1524), ACGP2 (cgl746-cg1752) und ACGP3
(cg1890-cg2071)

MBO001 carrying the plasmid pEKEx2a, Kan®

MBO001 carrying the plasmid pEKEx2b, Hyg®

MBO001 carrying the plasmid pEKEx2d, Apr®

MBO001 carrying the plasmid pEKEx2e, Sp¥/Sm®

supE44 AlacU169 (f80lacZDM15) hsdR17 recAl endAl
gvrA96 thi-1 relAl

dam-13::Tn9 dem-6 hsdM hsdR, carrying plasmid pUZ8002
F- ompT hsdSp(rs mp ) gal dem MDE3)

Wild-type strain

E. coli DSM 613 carrying the plasmid pEKEx2a, Kan®

E. coli DSM 613 carrying the plasmid pEKEx2b, HygR

E. coli DSM 613 carrying the plasmid pEKEx2d, Apr®

E. coli DSM 613 carrying the plasmid pEKEx2e, Sp?/Sm®
F* met str TI° T6° lambda

E. coli DSM 5695 carrying the plasmid pEKEx2a, Kan®
E. coli DSM 5695 carrying the plasmid pEKEx2b, Hyg®

E. coli DSM 5695 carrying the plasmid pEKEx2d, Apr®

E. coli DSM 5695 carrying the plasmid pEKEx2e, Sp?/Sm®

F hsdR514 (vk mk) supE44 supF58 A(laclZY)6 galK2
galT22 metBI trpR55 lambda

E. coli DSM 4230 carrying the plasmid pEKEx2a, Kan®

E. coli DSM 4230 carrying the plasmid pEKEx2b, HygR®

E. coli DSM 4230 carrying the plasmid pEKEx2d, Apr®

Reference

This study

This study

This study

This study

Invitrogen

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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E. coli DSM 4230 — pEKEx2e

Escherichia coli TW3996

Streptomyces venezuelae ATCC 10712

S. venezuelae ATCC 10712 — plILKO1

S. venezuelae ATCC 10712 — plJILK04

S. venezuelae ATCC 10712 — pIJLKO05

Streptomyces coelicolor M145

S. coelicolor M145- plJLKO1

S. coelicolor M145- plJLK04

S. coelicolor M145— plJLKO5

206

E. coli DSM 4230 carrying the plasmid pEKEx2e, Sp¥/Sm®

E. coli BW25113 AlamB

Wild-type strain
S. venezuelae ATCC 10712 carrying the integrative plasmid
pIJLKO1, HygR

S. venezuelae ATCC 10712 carrying the integrative plasmid
pITLKO4, AprR

S. venezuelae ATCC 10712 carrying the integrative plasmid
plILKO5, SpR/Sm?

S. coelicolor A3(2) lacking plasmids SCP1 and SCP2

S. coelicolor M145 carrying the integrative plasmid plJLKO1,
Hyg?

S. coelicolor M145 carrying the integrative plasmid pIJLK04,
Apr®

S. coelicolor M145 carrying the integrative plasmid plJLKOS,
Sp*/SmR

This study

This study

This study

This study

This study

This study

This study
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Supplementary Table S2B: Phages used in this study

State of injected

Phage Host organism Lifestyle Family Genome Reference
genome'*!!
S. venezuelae Linear with
. . . . ) s
Alderaan ATCC 10712 Virulent Siphoviridae dsDNA terminal
redundancy
Coruscant S. venezuelae Virulent Siphoviridae ~ dsDNA Linear with 15
ATCC 10712 terminal repeats
S. coelicolor . . Linear with 15
Dagobah MI145 Temperate Siphoviridae dsDNA terminal repeats
s licol Linear with
Endorl - coelicotor Temperate  Siphoviridae ~ dsDNA terminal 15
M145
redundancy
S. coelicolor Linear with
Endor2 y Temperate  Siphoviridae ~ dsDNA terminal 15
M145
redundancy
C. glutamicum . - Linear with 16
CL31 MB001 Temperate Siphoviridae dsDNA cohesive ends
C. glutamicum . . . This study,
Spe2 ATCC 13032 Virulent Siphoviridae dsDNA Unknown DSMI 10582
E coli B Linear with
T4 ) Virulent Myoviridae dsDNA terminal DSM4505
(DSM613)
redundancy
E coli B Linear with
TS . Virulent Siphoviridae dsDNA terminal DSM16353
(DSM613)
redundancy
E. coli B . . Linear with
T6 (DSM613) Virulent Myoviridae dsDNA terminal repeats DSM4622
E. coli B . . Linear with
T7 (DSM613) Virulent Podoviridae dsDNA terminal repeats DSM4623
E. coli W1485 Chronic . :
M13 (DSM5695) infection Inoviridae ssDNA Circular (+) strand DSM13976
E. coli W1485 Chronic . .
fd (DSM5695) infection Inoviridae ssDNA Circular (+) strand DSM4498
. Linear, bound to
MS2 E coliWA85  \ilent  Leviviridae — ssRNA the maturation ~ DSMI13767
(DSM5695) atur
protem
Lambda by Lol LE392 Temperate  Siphoviridae  dsDNA Linear with DSM4499

(DSM4230)

cohesive ends
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Supplementary Table S2C: Plasmids used in this study. Insert DNA was amplified using the listed
oligonucleotides (compare Supplementary File 5). Linearization of vector DNA was conducted with the
indicated restriction enzyme and plasmids were constructed using Gibson assembly. Sequencing was

performed by Eurofins Genomics (Ebersberg, Germany) with the sequencing oligonucleotides listed.

Plasmids Characteristics Reference

HygR; Cloning vector for the conjugal transfer of DNA from E. coli to Streptomyces 18

pLI10257 spp., (constitutive promoter ermE*; Integration at the ®BT1 attachment site)

Kan®; C. glutamicum/ E. coli shuttle vector for regulated gene expression; P, lacl?, 19

PEKEx2 pBLI oriVe s, pUC18 oriVi.

pBluescript IT SK(+)-based plasmid containing the apramycin resistance cassette 20

pLI773 flanked by FRT (FLP recognition target) recombination sites

Sp¥/Sm¥; E. coli vector for coexpression of two target genes; Pr7, lacl, CloDF13 ori,

pCDFduet-1 T7 terminator

Novagen

pUZ8002 Kan®; RK2 derivative with nontransmissible oriT 21

Kan®.; E. coli vector for regulated gene expression; derivative of pEKEX2 (Ptac, lacll, 2

PANG PBLI 0riV, pUCIS 0riVi.c)

Restriction  Sequencing

. Reference
enzyme primer

Plasmids Characteristics Template Primer Vector

HygF,
Derivative of
plJ10257 with
additional
restrictions sites
Bst11071
(upstream) and
Stul
(downstrcam) of
the aph(7")-la
gene allowing
exchanging of
the antibiotic
cassette

1+2
plI10257 3+4 plJ10257
5+6

Kpnl,

plJLKO1 Pyull

25-28 This study

Apr®; Derivative
of pIJLKO1 with
aph(7")-la
pIJLKO04 exchanged for plI773 7+8 plILKO1
aac(3)1V
(apramycin
resistance gene)

Bst11071;

Stul 28 This study

208



Appendix

pLJLKO05

pEKEx2a

pEKEx2b

pEKEx2d

pEKEx2e

pANG6_
aac(3)IV_Cstrep

SpR/SmR;
Derivative of
pIJLKO1 with
aph(7")-la
exchanged for
aadA
(spectinomycin/
streptomycin
resistance gene)

pCDFduet-
1

Kan®, Derivative
of pEKEx2 with
additional
restrictions sites
Bst11071
(upstream) and
Notl pEKEx2
(downstream) of
the aphAl gene
allowing
exchanging of
the antibiotic
cassette

HygR;
Derivative of
pEKEx2a with
aphAl
exchanged for
aph(7")-la
(hygromycin
resistance gene)

plJ10257

Apr®; Derivative
of pEKEx2a
with aphAl
exchanged for
aac(3)1V
(apramycin
resistance gene)

plI773

SpR/Sm¥;

Derivative of

pEKEx2a with
aphAlexchanged pCDFduet-
for aadA 1
(spectinomycin/

streptomycin

resistance gene)

Kan®, Derivative
of pANG6 with
aac(3)IV fused
to a C-terminal
Strep-tag

pLI773

9+10

11+12
13+ 14
15+16

17+18

19+20

21+22

23+24

Bst11071;

pIILKO1 Stul

Sapl;

pEKEx2 Stul
Bst11071;

pEKEx2a Notl
Bst11071;

pEKEx2a Noftl
Bst11071;

PEKEx2a Notl

PANG_ Ndel;

CStrep Nhel

28

29-32

31+32

31+32

31+32

33+34

This study

This study

This study

This study

This study

This study
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Supplementary Table S2D: Oligonucleotides used in this study

No.

Oligonucleotide name

Construction of plasmids

o 0 NN AN N R W -

I N R S R N R N~ T = R <
W N = S 0 ® 0NN R W =2

24

plJ10257 RE1 1 _fw
plJ10257_RE1_1_rv
plI10257 RE1 2 fw
plJ10257 RE2 2 rv
plJ10257_RE2_3_fw
plJ10257 RE2 3 rv
plULKO4 aac(3)IV_fw
pIULKO4 aac(3)IV_rv
pIJLKO5 aadA_fw
plJLKOS5 aadA rv
pEKEx2 RE1_1_fw
pEKEx2 RE1 1 rv
pEKEX2 RE1 2 fw
pEKEx2 RE2 2 rv
pEKEX2 RE2 3 fw
pEKEx2 RE2 3 rv
pEKEx2b_hygR fw
pEKEx2b_hygR rv
pEKEx2d aac(3)IV_fw
pEKEx2d aac(3)IV_rv
pEKEx2e aadA_fw
pEKEx2e aadA rv
PANG6_aac(3)IV_Cstrep_ fw
PANG6_aac(3)IV_CStrep_rv

Sequencing primer

25
26
27
28
29
30
31
32
33
34

pIILKO1 seq fw 1
pIILKO1 seq fw 2
pIJLKO1 seq fw 3
plILKOx_seq fw_4
pEKEx2a seq fw
pEKEx2a_seq rv
pEKEx2x_seq fw
pEKEx2x_seq rv
PANG_seq_Cstrep fw
PANG6_seq_ Cstrep_rv

qPCR primer

35
36
37
38

210

qPCR _atpD_Sv_fw
qPCR _atpD Sv_rv
qPCR_Alderaan HQ601 00028 fw
qPCR_Alderaan HQ601 00028 rv

Sequence (5' -3')

TGCTCGGGTCGGGCTGGTACCAGTGAGCGTTTTTCAACCTCAG
GATTCTTGTGTCACGTATACAGCGGACCTCTATTCACAGGG
AATAGAGGTCCGCTGTATACGTGACACAAGAATCCCTGTTACTTCTCG
CGGGCGGCCCGGGGCGAGGCCTTCAGGCGCCGGGGG
CCCCCGGCGCCTGAAGGCCTCGLLCLCCGGGLCGC
GAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC
TGAATAGAGGTCCGCTGTATACGTGCAATACGAATGGCGAAAAG
GGCGGCCCGGGGCGAGGCCTTCAGCCAATCGACTGGCG
TGAATAGAGGTCCGCTGTATACATGAGGGAAGCGGTGATCG
GCGGCCCGGGGCGAGGCCTTTATTTGCCGACTACCTTGGTGAT
GCGGTTTGCGTATTGGGCGCTCT
ATGGCTCATGTATACAACACCCCTTGTATTACTGTTTATGTAAGCAGAC
GGGGTGTTGTATACATGAGCCATATTCAACGGGAAACGTCT
TTCTGAGCGGCCGCTTAGAAAAACTCATCGAGCATCAAATGAAAC
TTTCTAAGCGGCCGCTCAGAATTGGTTAATTGGTTGTAACA
CGTGAAGAAGGTGTTGCTGACTC
ATACAAGGGGTGTTGTATACGTGACACAAGAATCCCTGTTACTTCTC
AATTAACCAATTCTGAGCGGCCGCTCAGGCGCCGGGGGC
ATACAAGGGGTGTTGTATACGTGCAATACGAATGGCGAAAAG
ACCAATTCTGAGCGGCCGCTCAGCCAATCGACTGGCGAG
ACAAGGGGTGTTGTATACATGAGGGAAGCGGTGATCG
ACCAATTCTGAGCGGCCGCTTATTTGCCGACTACCTTGGTGATC
CCTGCAGAAGGAGATATACATATGATGTCATCAGCGGTGGAG
TGTGGGTGGGACCAGCTAGCGCCAATCGACTGGCGAGC

GATCAACCGCGACTAGCATC
CCGGTGATCAAGCTGTTC
TTTCTGCGCGTAATCTGCTG
CGTAGAGATTGGCGATCCC
TTCCAGTCGGGAAACCTGTC
TCGCGAGCCCATTTATACCC
GGAAAGCCACGTTGTGTCTC
GCCTCGTGAAGAAGGTGTTG
CGGCGTTTCACTTCTGAGTTCGGC
GATATGACCATGATTACGCC

TGTTCGAGACCGGCCTGAAG
AGACACCGTCGTGCAGCTTG
CTCGGCTATCCGATCATCC
TTGGTTGCGGTTGATGGAC
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Supplementary Table S3: Polynucleotides used for phage targeting direct-geneFISH

o Sequence (5' - 3")

Gene probes for phage targeting direct-geneFISH with Alderaan infecting S. venezuelae

ACGGCGATCAGCACCCAGGACAGGACGACGTCTTTGTGTCGCACCCACCATGGCGGTCTCGGTCTCGGCTCT
1 TCCATCAACTTTCCCCCAGTTCGGCAACAGTCGACATCGTATGGAGAGAGGGGGTGAGCCCGTGCCCATTCA
CCCCGGCATGGTCGAGCCCCTCGCCGAACGCACCCGCGATCTCTACGCCGCCGCCG

TACGCGGACGCCGAGGACGCCTGTAACGGCTACCTCCTGAACAAGAAGGCCAAGGCGGACGGCATCAACCC
2 GGCCGCCCTGTTCAGCGGCCCAGCCCGTATCGCGTACGCCCGAGCGTCGGACGAGCTGAAAGAGTGGTGGG
CCGAACACGGTCGCCTAACGCAGGCGGAGTTCATCGAGCAGGTCACCGGCAAGGCTCA

CGCCGACAGCAACGGCCGTCACGAGCACGTCACCAACTACGACGTCGCCACGGCCTCCCCCACCACCCCGTA
3 AGGAGGTCCGCCCATGGCGGGTAACAGCAGGTCCATCGACGCGCGCGGATGGCTCTTCGAGGTCAAGGACA
CCGACGCCAGCACCGAGACGTGGCTCCCGATCGCCGGTCTCAACTCCTGGTCGTACT

CGGCGCGTACGAGGAGGACGTCATGCAGCGCGGCGCCTCCATCACCCTGGAGGGTCAGTACCGCATCGACA
4 AGACGACCAAGGCCCGCGACGTGGGACAGGCGTACATCGATGAGGAATGGACGCCGCGTCTCGGCATCGAC
TCGCACAACCAGATCCGCTACCGGCACGAGACGCAGTCCGCATGGGCGATCTGGGACG

CGTAGACGTCGCCGAAGACCTCTTGGACACGTTCGCCGAGTATCCGACGGAGTTCCGTCAGCTCGGCCTCGA
5 CGCCGAGACGGCGATGGGGCTGCTCTCCCAGGGACTCCAAGGCGGTGCGCGCGACGCCGATACGGTCGCCG
ACGCGTTGAAGGAATTCACGCTCATGGCTCAGGGCATGGGCGAGTCAACTGCGGAGT

GCCGTGTGGGCCGGGGCCATCGTCGTCGGTCAGTGGGTCCTCATGGCCACACAGGCCCTCATGCAGGCCGCC
6 CGCATGGCCGCCGCGTGGCTCATCGCCATGGGCCCGATTGGCCTGCTCATCGCTGCCGTGGTCGGTCTCGTCG
TCCTGATCATCAAGTATTGGGATGACATCGTCGCAGCCACCACGAAGGCGTGGGA

GGCCGCCGGCGACTACGTCGAGATGACCATTTTCAGCGGCGCCGCCCTGTCCGGCATTCCGTCCAGCTACAG
7  CCGGGCGTCGTTGGTCTGGCAGGGCCCCGCGTGAGCGGCATGTACCGCGTCGTTCTGTGCGACCTGCGATCC
GACCAAGTCCTCGACATCCTTCCCGCGCAGGGCATCAAGTGCGACGACTACATCGG

CCGCGACGTTCGACTCGTACCTCGCGCACCGGCTACTCAAGGACGGGTGGACCGGGAACGGGGTCGACCAA
8 CTCGACATCGCCCGTCAGATCGTCGACTGGGTCCAGTCGACCGAGGGCGGCAACATCGGCATCGAACTGGAC
TGGTCGCAGACATCCGGAGTGCTCCGCGACCGGGCGTACTCCCGCTACGACCTGTAC

GTCGTGCGCGACGTGCTCGACCAACTCGCCAACGTCGAGAACGGGTTCGAGTGGCGCGTACGTACGTACCGC
9  GATGCGTCCGGCCGCCGCGTGAAGAGCTTGCAGCTCGGCTATCCGATCATCCGGAGCAGCCGTACCGAGTTG
GTTCTCTCCTCCCCGGGCCCGGTCATCGACTACCGGATGCCCGAGGACGGCACCTC

GCGCCACCGCGCAGCTTCAGTTCCGCGTGAACGGAACCATCGTGGCGACCGGCACGGCGGGTCAACCGCTCC
10 TTGCCACCTTCGCCATCCCGTCGTACGCGTTCGGCATGAACGCCGAGTTCGAGCTACAGGCCCGCGTGTCCA
GCGGCACCGGAACCGCCTACGCCCAGACCCGCTACCTGTACGGCTTCCAGTCCTAA

GGCGCGGTGCTCGGCGCGGTGCTCGGCACGGTCGTCGTGGCGCTCATCGGCTGCTCTCCTCCTTGCGGGGCG
11  TGCTCCGGAATGGCTCCACCTTGACACCCCGGTCCGGACGTATCTGCCCCCAAAGCGAGGACAGTTGAGACG
TCTCTCGCTAGGGTCGAATAAGGCCCAAAAGTCCGGGCAGAGGGGGTTGACAGTGA

AACCGCGCGGACGCTGCACGGGCGCTGGGAGTGGATGAGGAAATGATCTGGCCGAAGGCGGTGCAGGACCG
12 CGTAAAGGTCGGCGGCGACCGGGAGATCCTCCGCACTTACCCATACCGCTCGGCGTGCCCCTCCAACGTGTG
GGCGGACCTCGCTGCCGGCGCCGAGCACGAGCTGTTTCTCGCCGGGTATACGAACTA

GCGAGGTGACCCGGCAGCGCGAGGTAATCGAAGGCGTTCCGCTGTCGGTTTCCACGCGCATTCGGATCACGC
13 TCGATGAGTTGGCGCGGCTCGGGTCGGTCGAGGGTGTCGAGGCCCGGCTGAGCGCTGCCGAGGATGCCGTA
AATCACGTGAGCCTGTCGGTATTCCGATTCGACGAGGAGGCCCTCGTAACGCCTCAT
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14

15

16

17

TGCGGCGGCACGTTGACGGCGGGATGTTCGACCGCTTCGCAGAGCACGCCGAAGAGCTGTGGGAGCGGGCC
GTGCCCGTGACGTCGTAGACGACGAACGGCCCCGCCTCCCAGACAGGGACGCGGGGCCGTCGCGTTTCCGL
AGGTCAAGCAACCATTCCGTATCGCTCCCCTTTAGGTCCACTGTCGTGGGGTGTTGGA

GACGCGAGTGTCTGTGACTGCTTCGCCCCTGAGGAGCCGGCCGACGGTCGAGGCGCTGATGCCGCTATCTGC
GGCAAAGCGGGAGCGCCCCCCGCTGCGTAGGCCGGTGACGTCGTATCCGCGTCTCACGAGTTCCTGGGAGA
GCCATGCGGCGAACGCCGAGCGCGTCGCGTCGGTCTTGTTTTCTGCCATGGCAGAAA

CCGCGCGGCGAGAAGGGCACGCACACCGTGCTCCGGATGCTGTACCGCATCTACGGCCCGGCCGGCGACTG
CCTCGCCGTCACCATCCCGGGCGAGGCCATGGACACGGCCGACAAGAGCACCAACAAGGCGATGTCGGCCG
CGCTCAAGTACATGCTCTTTCAGGTGTTCATGATCCCCGTGGACGCCCGCAGCATCGA

GGTGATCCCGCCCGCGTTCACCCCGGAGGACGGCACCTAGCCCCCCTCGATAGGGGGAGCCGGATCAGCCCC
ACATCCGCTATCTTTCTGTCTCGACAGATACATGCCTGTCGAGACAGAACCGCGAGCGCGCGCGCTCAGCAC
GTAGAGCAGGAGGACCGCCCCGTGAACACCCCCGAGCGCTTCGCCGCCAAGGTCGA

Gene probes for phage targeting direct-geneFISH with A infecting E. coli
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AGCAGTATCTTAAATTTGGCGACAAAGAGACGCCGTTTGGCCTCAAATGGACGCCGGATGACCCCTCCAGCG
TGTTTTATCTCTGCGAGCATAATGCCTGCGTCATCCGCCAGCAGGAGCTGGACTTTACTGATGCCCGTTATAT
CTGCGAAAAGACCGGGATCTGGACCCGTGATGGCATTCTCTGGTTTTCGTCATCCGGTGAAGAGATTGAGCC
ACCTGACAGTGTGACCTTTCACATCTGGACAGCGTACAGCCCGTTCACCACCTGGGTGCAGATTGTCAAAGA
CTGGATGAAAA

GCAGGACAACGTATTCGATGTGTTATCTGAAAGTACTGATGAACGGTGCGGTGATTTATGATGGCGCGGCGA
ACGAGGCGGTACAGGTGTTCTCCCGTATTGTTGACATGCCAGCGGGTCGGGGAAACGTGATCCTGACGTTCA

CGCTTACGTCCACACGGCATTCGGCAGATATTCCGCCGTATACGTTTGCCAGCGATGTGCAGGTTATGGTGAT
TAAGAAACAGGCGCTGGGCATCAGCGTGGTCTGAGTGTGTTACAGAGGTTCGTCCGGGAACGGGCGTTTTAT
TATAAAACAGT

AGATTATTATGGGCCGCCACGACGATGAACAGACGCTGCTGCGTGTGGATGAGGCCATCAATAAAACCTATA
CCCGCCGGAATGGTGCAGAAATGTCGATATCCCGTATCTGCTGGGATACTGGCGGGATTGACCCGACCATTG
TGTATGAACGCTCGAAAAAACATGGGCTGTTCCGGGTGATCCCCATTAAAGGGGCATCCGTCTACGGAAAGC
CGGTGGCCAGCATGCCACGTAAGCGAAACAAAAACGGGGTTTACCTTACCGAAATCGGTACGGATACCGCG
AAAGAGCAGATTT

CAATTTTGTCCCACTCCCTGCCTCTGTCATCACGATACTGTGATGCCATGGTGTCCGACTTATGCCCGAGAAG
ATGTTGAGCAAACTTATCGCTTATCTGCTTCTCATAGAGTCTTGCAGACAAACTGCGCAACTCGTGAAAGGT
AGGCGGATCCCCTTCGAAGGAAAGACCTGATGCTTTTCGTGCGCGCATAAAATACCTTGATACTGTGCCGGA
TGAAAGCGGTTCGCGACGAGTAGATGCAATTATGGTTTCTCCGCCAAGAATCTCTTTGCATTTATCAAGTGTT
TCCTTCATTG

TGCTCGACATAAAGATATCCATCTACGATATCAGACCACTTCATTTCGCATAAATCACCAACTCGTTGCCCGG
TAACAACAGCCAGTTCCATTGCAAGTCTGAGCCAACATGGTGATGATTCTGCTGCTTGATAAATTTTCAGGTA
TTCGTCAGCCGTAAGTCTTGATCTCCTTACCTCTGATTTTGCTGCGCGAGTGGCAGCGACATGGTTTGTTGTT
ATATGGCCTTCAGCTATTGCCTCTCGGAATGCATCGCTCAGTGTTGATCTGATTAACTTGGCTGACGCCGCCT
TGCCCTCG

AACTCAATGTTGGCCTGTATAGCTTCAGTGATTGCGATTCGCCTGTCTCTGCCTAATCCAAACTCTTTACCCG
TCCTTGGGTCCCTGTAGCAGTAATATCCATTGTTTCTTATATAAAGGTTAGGGGGTAAATCCCGGCGCTCATG
ACTTCGCCTTCTTCCCATTTCTGATCCTCTTCAAAAGGCCACCTGTTACTGGTCGATTTAAGTCAACCTTTACC
GCTGATTCGTGGAACAGATACTCTCTTCCATCCTTAACCGGAGGTGGGAATATCCTGCATTCCCGAACCCATC
GACGAAC

TGTTTCAAGGCTTCTTGGACGTCGCTGGCGTGCGTTCCACTCCTGAAGTGTCAAGTACATCGCAAAGTCTCCG
CAATTACACGCAAGAAAAAACCGCCATCAGGCGGCTTGGTGTTCTTTCAGTTCTTCAATTCGAATATTGGTTA
CGTCTGCATGTGCTATCTGCGCCCATATCATCCAGTGGTCGTAGCAGTCGTTGATGTTCTCCGCTTCGATAAC
TCTGTTGAATGGCTCTCCATTCCATTCTCCTGTGACTCGGAAGTGCATTTATCATCTCCATAAAACAAAACCC
GCCGTAGC

ACTCAACCCGATGTTTGAGTACGGTCATCATCTGACACTACAGACTCTGGCATCGCTGTGAAGACGACGCGA
AATTCAGCATTTTCACAAGCGTTATCTTTTACAAAACCGATCTCACTCTCCTTTGATGCGAATGCCAGCGTCA
GACATCATATGCAGATACTCACCTGCATCCTGAACCCATTGACCTCCAACCCCGTAATAGCGATGCGTAATG
ATGTCGATAGTTACTAACGGGTCTTGTTCGATTAACTGCCGCAGAAACTCTTCCAGGTCACCAGTGCAGTGCT
TGATAACAGG
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GTTCATCCAGCAGTTCCAGCACAATCGATGGTGTTACCAATTCATGGAAAAGGTCTGCGTCAAATCCCCAGT
CGTCATGCATTGCCTGCTCTGCCGCTTCACGCAGTGCCTGAGAGTTAATTTCGCTCACTTCGAACCTCTCTGTT
TACTGATAAGTTCCAGATCCTCCTGGCAACTTGCACAAGTCCGACAACCCTGAACGACCAGGCGTCTTCGTT
CATCTATCGGATCGCCACACTCACAACAATGAGTGGCAGATATAGCCTGGTGGTTCAGGCGGCGCATTTTTA
TTGCTGTGTT

TGAGGGTGAATGCGAATAATAAAAAAGGAGCCTGTAGCTCCCTGATGATTTTGCTTTTCATGTTCATCGTTCC
TTAAAGACGCCGTTTAACATGCCGATTGCCAGGCTTAAATGAGTCGGTGTGAATCCCATCAGCGTTACCGTTT
CGCGGTGCTTCTTCAGTACGCTACGGCAAATGTCATCGACGTTTTTATCCGGAAACTGCTGTCTGGCTTTTTTT
GATTTCAGAATTAGCCTGACGGGCAATGCTGCGAAGGGCGTTTTCCTGCTGAGGTGTCATTGAACAAGTCCC
ATGTCGGC

AGGTAAACGGGCATTTCAGTTCAAGGCCGTTGCCGTCACTGCATAAACCATCGGGAGAGCAGGCGGTACGC
ATACTTTCGTCGCGATAGATGATCGGGGATTCAGTAACATTCACGCCGGAAGTGAATTCAAACAGGGTTCTG
GCGTCGTTCTCGTACTGTTTTCCCCAGGCCAGTGCTTTAGCGTTAACTTCCGGAGCCACACCGGTGCAAACCT
CAGCAAGCAGGGTGTGGAAGTAGGACATTTTCATGTCAGGCCACTTCTTTCCGGAGCGGGGTTTTGCTATCA
CGTTGTGAACTT

TGATGACGCCGAGCCGTAATTTGTGCCACGCATCATCCCCCTGTTCGACAGCTCTCACATCGATCCCGGTACG
CTGCAGGATAATGTCCGGTGTCATGCTGCCACCTTCTGCTCTGCGGCTTTCTGTTTCAGGAATCCAAGAGCTT
TTACTGCTTCGGCCTGTGTCAGTTCTGACGATGCACGAATGTCGCGGCGAAATATCTGGGAACAGAGCGGCA
ATAAGTCGTCATCCCATGTTTTATCCAGGGCGATCAGCAGAGTGTTAATCTCCTGCATGGTTTCATCGTTAAC
CGGAGTGAT

TCGCGTTCCGGCTGACGTTCTGCAGTGTATGCAGTATTTTCGACAATGCGCTCGGCTTCATCCTTGTCATAGA
TACCAGCAAATCCGAAGGCCAGACGGGCACACTGAATCATGGCTTTATGACGTAACATCCGTTTGGGATGCG
ACTGCCACGGCCCCGTGATTTCTCTGCCTTCGCGAGTTTTGAATGGTTCGCGGCGGCATTCATCCATCCATTC
GGTAACGCAGATCGGATGATTACGGTCCTTGCGGTAAATCCGGCATGTACAGGATTCATTGTCCTGCTCAAA
GTCCATGCCA

TCAAACTGCTGGTTTTCATTGATGATGCGGGACCAGCCATCAACGCCCACCACCGGAACGATGCCATTCTGC
TTATCAGGAAAGGCGTAAATTTCTTTCGTCCACGGATTAAGGCCGTACTGGTTGGCAACGATCAGTAATGCG
ATGAACTGCGCATCGCTGGCATCACCTTTAAATGCCGTCTGGCGAAGAGTGGTGATCAGTTCCTGTGGGTCG
ACAGAATCCATGCCGACACGTTCAGCCAGCTTCCCAGCCAGCGTTGCGAGTGCAGTACTCATTCGTTTTATAC
CTCTGAATCAA

TATCAACCTGGTGGTGAGCAATGGTTTCAACCATGTACCGGATGTGTTCTGCCATGCGCTCCTGAAACTCAAC
ATCGTCATCAAACGCACGGGTAATGGATTTTTTGCTGGCCCCGTGGCGTTGCAAATGATCGATGCATAGCGA
TTCAAACAGGTGCTGGGGCAGGCCTTTTTCCATGTCGTCTGCCAGTTCTGCCTCTTTCTCTTCACGGGCGAGC
TGCTGGTAGTGACGCGCCCAGCTCTGAGCCTCAAGACGATCCTGAATGTAATAAGCGTTCATGGCTGAACTC
CTGAAATAGC

GATAAAGCCAAGGCCAATATCTAAGTAACTAGATAAGAGGAATCGATTTTCCCTTAATTTTCTGGCGTCCAC
TGCATGTTATGCCGCGTTCGCCAGGCTTGCTGTACCATGTGCGCTGATTCTTGCGCTCAATACGTTGCAGGTT
GCTTTCAATCTGTTTGTGGTATTCAGCCAGCACTGTAAGGTCTATCGGATTTAGTGCGCTTTCTACTCGTGATT
TCGGTTTGCGATTCAGCGAGAGAATAGGGCGGTTAACTGGTTTTGCGCTTACCCCAACCAACAGGGGATTITG
CTGCTTTCC

AGCCTGTTTCTCTGCGCGACGTTCGCGGCGGCGTGTTTGTGCATCCATCTGGATTCTCCTGTCAGTTAGCTTTG
GTGGTGTGTGGCAGTTGTAGTCCTGAACGAAAACCCCCCGCGATTGGCACATTGGCAGCTAATCCGGAATCG
CACTTACGGCCAATGCTTCGTTTCGTATCACACACCCCAAAGCCTTCTGCTTTGAATGCTGCCCTTCTTCAGG
GCTTAATTTTTAAGAGCGTCACCTTCATGGTGGTCAGTGCGTCCTGCTGATGTGCTCAGTATCACCGCCAGTG
GTATTTAT

TACTATGTTATGTTCTGAGGGGAGTGAAAATTCCCCTAATTCGATGAAGATTCTTGCTCAATTGTTATCAGCT
ATGCGCCGACCAGAACACCTTGCCGATCAGCCAAACGTCTCTTCAGGCCACTGACTAGCGATAACTTTCCCC
ACAACGGAACAACTCTCATTGCATGGGATCATTGGGTACTGTGGGTTTAGTGGTTGTAAAAACACCTGACCG
CTATCCCTGATCAGTTTCTTGAAGGTAAACTCATCACCCCCAAGTCTGGCTATGCAGAAATCACCTGGCTCAA
CAGCCTGCTC

TATTTGCATACATTCAATCAATTGTTATCTAAGGAAATACTTACATATGGTTCGTGCAAACAAACGCAACGA
GGCTCTACGAATCGAGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCGGAAGCTG
TGGGCGTTGATAAGTCGCAGATCAGCAGGTGGAAGAGGGACTGGATTCCAAAGTTCTCAATGCTGCTTGCTG
TTCTTGAATGGGGGGTCGTTGACGACGACATGGCTCGATTGGCGCGACAAGTTGCTGCGATTCTCACCAATA
AAAAACGCCCGGC

TCAAGCAGCAAGGCGGCATGTTTGGACCAAATAAAAACATCTCAGAATGGTGCATCCCTCAAAACGAGGGA
AAATCCCCTAAAACGAGGGATAAAACATCCCTCAAATTGGGGGATTGCTATCCCTCAAAACAGGGGGACAC
AAAAGACACTATTACAAAAGAAAAAAGAAAAGATTATTCGTCAGAGAATTCTGGCGAATCCTCTGACCAGC
CAGAAAACGACCTTTCTGTGGTGAAACCGGATGCTGCAATTCAGAGCGGCAGCAAGTGGGGGACAGCAGAA
GACCTGACCGCCGCAG
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ATAAGTGGACCCAACTCGAAATCAACCGTAACAAGCAACAGGCAGGCGTGACAGCCAGCAAACCAAAACTC
GACCTGACAAACACAGACTGGATTTACGGGGTGGATCTATGAAAAACATCGCCGCACAGATGGTTAACTTTG
ACCGTGAGCAGATGCGTCGGATCGCCAACAACATGCCGGAACAGTACGACGAAAAGCCGCAGGTACAGCAG
GTAGCGCAGATCATCAACGGTGTGTTCAGCCAGTTACTGGCAACTTTCCCGGCGAGCCTGGCTAACCGTGAC
CAGAACGAAGTGAA

TGGCGGTATATGGAGTTAAAAGATGACCATCTACATTACTGAGCTAATAACAGGCCTGCTGGTAATCGCAGG
CCTTTTTATTTGGGGGAGAGGGAAGTCATGAAAAAACTAACCTTTGAAATTCGATCTCCAGCACATCAGCAA
AACGCTATTCACGCAGTACAGCAAATCCTTCCAGACCCAACCAAACCAATCGTAGTAACCATTCAGGAACGC
AACCGCAGCTTAGACCAAAACAGGAAGCTATGGGCCTGCTTAGGTGACGTCTCTCGTCAGGTTGAATGGCAT
GGTCGCTGGCTG

GATGCAGAAAGCTGGAAGTGTGTGTTTACCGCAGCATTAAAGCAGCAGGATGTTGTTCCTAACCTTGCCGGG
AATGGCTTTGTGGTAATAGGCCAGTCAACCAGCAGGATGCGTGTAGGCGAATTTGCGGAGCTATTAGAGCTT
ATACAGGCATTCGGTACAGAGCGTGGCGTTAAGTGGTCAGACGAAGCGAGACTGGCTCTGGAGTGGAAAGC
GAGATGGGGAGACAGGGCTGCATGATAAATGTCGTTAGTTTCTCCGGTGGCAGGACGTCAGCATATTTGCTC
TGGCTAATGGAGC

CCATTTCGGGCGAGGGAATTACACCACGTGGATTGGCATCAGAGCTGATGAACCGAAGCGGCTAAAGCCAA

AGCCTGGAATCAGATATCTTGCTGAACTGTCAGACTTTGAGAAGGAAGATATCCTCGCATGGTGGAAGCAAC
AACCATTCGATTTGCAAATACCGGAACATCTCGGTAACTGCATATTCTGCATTAAAAAATCAACGCAAAAAA
TCGGACTTGCCTGCAAAGATGAGGAGGGATTGCAGCGTGTTTTTAATGAGGTCATCACGGGATCCCATGTGC

GTGACGGACATCG

GGAAACGCCAAAGGAGATTATGTACCGAGGAAGAATGTCGCTGGACGGTATCGCGAAAATGTATTCAGAAA
ATGATTATCAAGCCCTGTATCAGGACATGGTACGAGCTAAAAGATTCGATACCGGCTCTTGTTCTGAGTCAT
GCGAAATATTTGGAGGGCAGCTTGATTTCGACTTCGGGAGGGAAGCTGCATGATGCGATGTTATCGGTGCGG
TGAATGCAAAGAAGATAACCGCTTCCGACCAAATCAACCTTACTGGAATCGATGGTGTCTCCGGTGTGAAAG
AACACCAACAGGG

GTGTTACCACTACCGCAGGAAAAGGAGGACGTGTGGCGAGACAGCGACGAAGTATCACCGACATAATCTGC
GAAAACTGCAAATACCTTCCAACGAAACGCACCAGAAATAAACCCAAGCCAATCCCAAAAGAATCTGACGT
AAAAACCTTCAACTACACGGCTCACCTGTGGGATATCCGGTGGCTAAGACGTCGTGCGAGGAAAACAAGGT
GATTGACCAAAATCGAAGTTACGAACAAGAAAGCGTCGAGCGAGCTTTAACGTGCGCTAACTGCGGTCAGA
AGCTGCATGTGCTGGA

GCGCAGAACTGATGAGCGATCCGAATAGCTCGATGCACGAGGAAGAAGATGATGGCTAAACCAGCGCGAAG
ACGATGTAAAAACGATGAATGCCGGGAATGGTTTCACCCTGCATTCGCTAATCAGTGGTGGTGCTCTCCAGA
GTGTGGAACCAAGATAGCACTCGAACGACGAAGTAAAGAACGCGAAAAAGCGGAAAAAGCAGCAGAGAAG
AAACGACGACGAGAGGAGCAGAAACAGAAAGATAAACTTAAGATTCGAAAACTCGCCTTAAAGCCCCGCA
GTTACTGGATTAAACAA

CCAACAAGCCGTAAACGCCTTCATCAGAGAAAGAGACCGCGACTTACCATGTATCTCGTGCGGAACGCTCAC
GTCTGCTCAGTGGGATGCCGGACATTACCGGACAACTGCTGCGGCACCTCAACTCCGATTTAATGAACGCAA

TATTCACAAGCAATGCGTGGTGTGCAACCAGCACAAAAGCGGAAATCTCGTTCCGTATCGCGTCGAACTGAT
TAGCCGCATCGGGCAGGAAGCAGTAGACGAAATCGAATCAAACCATAACCGCCATCGCTGGACTATCGAAG

AGTGCAAGGCGAT

TGTTATCTGCCACGCCGATTATCCCTTTGACGAATACGAGTTTGGAAAGCCAGTTGATCATCAGCAGGTAATC
TGGAACCGCGAACGAATCAGCAACTCACAAAACGGGATCGTGAAAGAAATCAAAGGCGCGGACACGTTCAT
CTTTGGTCATACGCCAGCAGTGAAACCACTCAAGTTTGCCAACCAAATGTATATCGATACCGGCGCAGTGTT
CTGCGGAAACCTAACATTGATTCAGGTACAGGGAGAAGGCGCATGAGACTCGAAAGCGTAGCTAAATTTCA
TTCGCCAAAAAGC

CAGAGATTGCCATGGTACAGGCCGTGCGGTTGATATTGCCAAAACAGAGCTGTGGGGGAGAGTTGTCGAGA
AAGAGTGCGGAAGATGCAAAGGCGTCGGCTATTCAAGGATGCCAGCAAGCGCAGCATATCGCGCTGTGACG
ATGCTAATCCCAAACCTTACCCAACCCACCTGGTCACGCACTGTTAAGCCGCTGTATGACGCTCTGGTGGTGC
AATGCCACAAAGAAGAGTCAATCGCAGACAACATTTTGAATGCGGTCACACGTTAGCAGCATGATTGCCAC
GGATGGCAACATAT

TGAATAAAATTGGGTAAATTTGACTCAACGATGGGTTAATTCGCTCGTTGTGGTAGTGAGATGAAAAGAGGC
GGCGCTTACTACCGATTCCGCCTAGTTGGTCACTTCGACGTATCGTCTGGAACTCCAACCATCGCAGGCAGA
GAGGTCTGCAAAATGCAATCCCGAAACAGTTCGCAGGTAATAGTTAGAGCCTGCATAACGGTTTCGGGATTT
TTTATATCTGCACAACAGGTAAGAGCATTGAGTCGATAATCGTGAAGAGTCGGCGAGCCTGGTTAGCCAGTG
CTCTTTCCGTTG

TGCTGAATTAAGCGAATACCGGAAGCAGAACCGGATCACCAAATGCGTACAGGCGTCATCGCCGCCCAGCA
ACAGCACAACCCAAACTGAGCCGTAGCCACTGTCTGTCCTGAATTCATTAGTAATAGTTACGCTGCGGCCTTT
TACACATGACCTTCGTGAAAGCGGGTGGCAGGAGGTCGCGCTAACAACCTCCTGCCGTTTTGCCCGTGCATA
TCGGTCACGAACAAATCTGATTACTAAACACAGTAGCCTGGATTTGTTCTATCAGTAATCGACCTTATTCCTA
ATTAAATAGAG
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CAAATCCCCTTATTGGGGGTAAGACATGAAGATGCCAGAAAAACATGACCTGTTGGCCGCCATTCTCGCGGC
AAAGGAACAAGGCATCGGGGCAATCCTTGCGTTTGCAATGGCGTACCTTCGCGGCAGATATAATGGCGGTGC
GTTTACAAAAACAGTAATCGACGCAACGATGTGCGCCATTATCGCCTGGTTCATTCGTGACCTTCTCGACTTC
GCCGGACTAAGTAGCAATCTCGCTTATATAACGAGCGTGTTTATCGGCTACATCGGTACTGACTCGATTGGTT
CGCTTATCAA

ATCATGGTTATGACGTCATTGTAGGCGGAGAGCTATTTACTGATTACTCCGATCACCCTCGCAAACTTGTCAC
GCTAAACCCAAAACTCAAATCAACAGGCGCCGGACGCTACCAGCTTCTTTCCCGTTGGTGGGATGCCTACCG
CAAGCAGCTTGGCCTGAAAGACTTCTCTCCGAAAAGTCAGGACGCTGTGGCATTGCAGCAGATTAAGGAGC
GTGGCGCTTTACCTATGATTGATCGTGGTGATATCCGTCAGGCAATCGACCGTTGCAGCAATATCTGGGCTTC
ACTGCCGGGCG

GATAAAACAAAAGCCACCGTGTCGGTCAGTGGTATGACCATCACCGTGAACGGCGTTGCTGCAGGCAAGGT
CAACATTCCGGTTGTATCCGGTAATGGTGAGTTTGCTGCGGTTGCAGAAATTACCGTCACCGCCAGTTAATCC
GGAGAGTCAGCGATGTTCCTGAAAACCGAATCATTTGAACATAACGGTGTGACCGTCACGCTTTCTGAACTG
TCAGCCCTGCAGCGCATTGAGCATCTCGCCCTGATGAAACGGCAGGCAGAACAGGCGGAGTCAGACAGCAA
CCGGAAGTTTACT
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Supplementary Figure S1 | Dose-dependent effect of apramycin on the Streptomyces phage
Alderaan. (a) Growth of Streptomyces venezuelae ATCC 10712 plJLKO04 infected with the phage
Alderaan showing the dose-dependent effects of apramycin on infection (n =3 independent biological
replicates; error bars represent standard deviations [SD]) (AB; antibiotic). (b) Corresponding phage
titers over time in presence of increasing concentrations of apramycin (0, 1, 2.5, and 10 pg/mL). Data
are averages for three independent biological replicates.
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Supplementary Figure S2 | Effect of aminoglycosides on E. coli phage A. (a) Infection curves of
E. coli DSM 4230 infected with phage A in presence of different aminoglycosides (n =3 independent
biological replicates; error bars represent SD). (b) Heat map showing the logio fold change in plaque
formation by A on different E. coli strains in the presence of aminoglycosides relative to the
aminoglycoside-free control. (¢) Reinfection of cultures previously treated with apramycin (Aprs, top
row, right), shows efficient infection of E. coli DSM 4230 by phage A in the absence of apramycin
(Aprzs, bottom row, right). (d) Addition of MgCl, counteracts the effect of apramycin on infection of
L. coli DSM 4230 by .. (¢) Potassium efflux assays performed with £. coli DSM 4230 wild type and
the E. coli IW3996 AlamB strain (lacking the A receptor).  was added after 5.5 min.
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Supplementary Figure S3 | Synchronized infection of Streptomyces venezuelae with phage
Alderaan under apramycin pressure. Streptomyces venezuelae ATCC 10712 plJLK04 was inoculated
to an OD.so of 1 and preincubated with 10° PFU/mL for 15 min at room temperature with gentle shaking.
After four washing steps with GYM medium to remove unadsorbed phages, cultures were diluted to a
final starting ODuso of 0.1. Preincubation with phages and further cultivation was performed with and
without apramycin (10 pg/mL) as indicated. (a) Growth of Streptomyces venezuelae infected with phage
Alderaan (n=3 independent biological replicates). (b) Corresponding plaque assays showing
comparable phage amplification during the main cultivations performed in absence of apramycin,
independent of the presence of apramycin in the preincubation step.
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Supplementary Figure S4 | Investigations of the mechanism of action of apramycin. (a) Effect of
apramycin on phage adsorption of phage Alderaan to S. venezuelae ATCC 10712 plJLKO04. Shown is
the time-resolved quantification of extracellular Alderaan DNA via qPCR using a gene coding for the
minor tail protein (HQ601 00028, oligonucleotide sequences are provided in Table S2D). Culture
supematants were pretreated with 100 U/mL DNase to exclusively quantify phage DNA deriving from
intact phage particles. A DNase-treated phage stock with known phage titer was used to infer phage
titers (in PFU/mL) from DNA quantification. Data are means for two independent biological replicates
measured as technical duplicates. (b) Impact of apramycin (10 pg/mL) when added at the different
indicated time points after phage infection. For each sample, phage titers were measured over time. Data
are averages for two independent biological replicates. (¢) Enlargement of Fig. 4c showing the RNA-
seq coverage of the Alderaan genome in presence or absence of apramycin. Genome organization of
Alderaan is displayed at the top.
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Supplementary Figure S5 | Preincubation of phage Alderaan with apramycin. Alderaan phages
were preincubated in GYM medium containing the indicated apramycin concentrations at 30°C and
900 rpm before spotting on a bacterial lawn of Strepromyces venezuelae ATCC 10712 plJLK04.
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Supplementary Figure S6 | Distribution of fluorescence intensities from phage targeting direct-
geneFISH. (a and c) Quantification of Alexa647 fluorescence in (a) E. coli cells infected with & and (¢)
S. venezuelae cells infected with Alderaan, shown as density plots of pixel counts relative to their
fluorescence intensity. For each panel, profiles of the three biological replicates are shown. (b)
Determination of the percentage of £. coli cells infected with L over time (n =3 independent biological
replicates) (Uninf, uninfected). A cell was considered infected if Alexa647 (red) fluorescence was

detected within the cell.
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Supplementary Video S1 | Apramycin prevents cell lysis during infection of S. venezuelae with
phage Alderaan. Time-lapse video of S. venezuelae ATCC 10712 carrying the plasmid plJLKO04, which
was cultivated in a microfluidics system and challenged with Alderaan (10° PFU/mL; flow rate,
200 nL/min) in presence and absence of 5 or 10 yg/mL apramycin.
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Appendix

Part B: Supplementary information about aminoglycoside resistance via
methyltransferase KamB (Figure 10 in “Scientific context and key results”)

Table S1: Microbial strains

(Data set is not part of the published manuscript)

Strain and phages

Characteristics

Reference

Escherichia coli DH5a

supE44AlacU169 (p80lacZDM15) hsdR17 recAl endAl gyrA96 thi-1
relAl

Invitrogen

Escherichia coli
ET12567/pUZ8002

dam-13::Tn9 decm-6 hsdM hsdR, carrying plasmid pUZ8002

(MacNeil et al., 1992)

Streptomyces venezuelae
NRRL B-65442

Wild-type strain

(Gomez-Escribano et
al,, 2021)

Table S2: Construction of plJ10257-kamB

Plasmids & primer Characteristics/Sequence 5'-3° Reference
Plasmids

Hyg"; Cloning vector for the conjugal transfer of DNA from E. coli to
plJ10257 Streptomyces spp. (Constitutive promoter erm£*; Integration at the OBT1 (Hong et al., 2005)

attachment site)

HygR; Derivative of plJ10257 containing the gene sequence kamB under
control of the constitutive promoter erm£*

plJ10257-kamB e constructed via Gibson assembly with Primer 1 + 2 for insert This study
amplification using gDNA of S. tenebrarius DSM 40477 as template
e digestion of vector plJ10257 via Ndel and Hindlll

Oligonucleotides for plasmid construction

1_plJ10257-kamB-fw TAGAACAGGAGGCCCCATATGATGCGCCGCGTGGTGGGCAA This study
2_plj10257-kamB-rv TCATGAGAACCTAGGATCCAAGCTTTCACGGACTGATCGTGCCGGTGAG This study
Oligonucleotides for sequencing

3_plJ10257-seq-fw AGATGGTTACCTCGCCTCTG This study
4 plJ10257-seq-rv TCAGCGAGCTGAAGAAAGAC This study

Plasmid construction, conjugation and infection assays were performed as described in Kever et al. (2022).
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Figure S1: Alderaan infection assays of the apramycin-resistant strain S. venezuelae encoding the 16S rRNA methyltransferase KamB as resistance
mechanism. Infection of S. venezuelae NRRL B-65442 carrying the integrative plasmid plJ10257-kamB was performed in the Biolector
microcultivation system (Beckman Coulter Life Sciences, Krefeld, Germany) in presence and absence of 10 ug/ml apramycin as described in
Kever et al. (2022) (n = 3 independent biological replicates).
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4.3. Appendix to 3.3: Inactivation of phage particles in the extracellular space of

Streptomyces populations

Supplementary information to:

Inactivation of phage particles in the extracellular space of Streptomyces

populations
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Hnstitute of Bio- und Geosciences, IBG-1: Biotechnology, Forschungszentrum Jiilich, 52425 liilich, Germany
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Table S1: Microbial strains used in this study

Escherichia coli W1485

F* met str T1° T6° lambda

Strain and phages Characteristics Reference
. . SupE44AlacU169 (p80lacZDM15) hsdR17 recAl endAl gyrA96 .
Escherichia coli DH5a ) Invitrogen
thi-1 relAl
Escherichia coli MacNeil et al.,
dam-13::Tn9 dcm-6 hsdM hsdR, carrying plasmid pUz8002 (
ET12567/pUZ8002 1992)
o . F hsdR514 (rk mk) supE44 supF58 A(laclZY)6 galk2 galT22 (Murray et al.,
Escherichia coli LE392
metB1 trpR55 lambda 1977)
(Lederberg &

Lederberg, 1953)

[ RS RS T Y
cscnericria coil b

T R Y o3|
(Luria et dl., 1943)

Corynebacterium
glutamicum ATCC 13032

Biotin-auxotrophic wild type (Accession: BX927147)

(Ikeda &
Nakagawa, 2003)

Corynebacterium
glutamicum MB001

ATCC 13032 with in-frame deletion of prophages CGP1 (cg1507-

cg1524), CGP2 (cg1746-cg1752), and CGP3 (cg1890-cg2071)

(Baumgart et al.,
2013)

pv. lapsa ATCC 10859

Wild-type strain, plant pathogen

Pseudomonas putida . . (Nelson et al.,
Wild-type strain

KT2440 2002)

Pseudomonas syringae

(Kong et al., 2016)

. . . . (Widdick et al.,
Bacillus subtilis EC1524 Bioassay strain
2003)
Ustilago cynodontis Geiser et al.,
gocy Wild-type strain, haploid (
NBRC 9727 2014)

Xanthomonas translucens
pv. translucens

Wild-type strain, plant pathogen

(Sapkota et al.,
2020)

Streptomyces venezuelae
NRRL B-65442

Wild-type strain

(Gomez-Escribano
et al.,, 2021)

Streptomyces venezuelae
NRRL B-65442 AbldD::apr

NRRL B-65442 with bldD::apr mutant allele

(Tschowri et al.,
2014)

Streptomyces venezuelae
NRRL B-65442 AbldN::apr

NRRL B-65442 with bldN::apr mutant allele

(Bibb et al., 2012)
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Streptomyces venezuelae

NRRL B-65442 containing integrative vector plJ10257 for bldN

NRRL B-65442 — plJ10257- . This study
overexpression
bldN
Streptomyces coelicolor Bentley et al.,
promy S. coelicolor A3(2) lacking plasmids SCP1 and SCP2 ( v
M145 2002)
Streptomyces olivaceus . .
Wild-type strain DSM1536

BU 16
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Table S2: Phages used in this study

virulent, infecting E. coli W1485

Phages Characteristics Reference
Caudoviricetes (morphotype: siphovirus),

Alderaan ) . ,( protype: sip ) (Hardy et al., 2020)
virulent, infecting S. venezuelae NRRL B-65442
Caudoviricetes (morphotype: siphovirus),

Endorl . ( . P ypv P ) (Hardy et al., 2020)
temperate, infecting S. coelicolor M145
Caudoviricetes (morphotype: siphovirus),

Lambda tes (morphotype: sip ) DSM4499
temperate, infecting E. coli LE392
Caudoviricetes (morphotype: myovirus),

T4 audoviricetes (morphotype: myovirus) DSM4505
virulent, infecting E. coli B
Caudoviricetes (morphotype: siphovirus),

T5 ‘ icetes (morphotype: sip ) DSM16353
virulent, infecting E. coli B

T6 Caudoviricetes (morphotype: myovirus), DSMA622
virulent, infecting E. coli B
Caudoviricetes (morphotype: podovirus),

17 ) i .( PROTRE P ) DSM4623
virulent, infecting E. coli B
Faserviricites (morphotype: inovirus),

M13 o o i i DSM13976
chronic infection, infecting E. coli W1485
Leviviricetes, (morphotype: levivirus),

MS2 DSM13767

Langgrundblatt 1

Caudoviricetes (morphotype: siphovirus),
virulent, infecting Xanthomonas translucens pv. translucens

(Erdrich et al., 2022)

Caudoviricetes (morphotype: siphovirus),

virulent, infecting C. glutamicum MB001

Pfeifenkraut . . . (Erdrich et al., 2022)
virulent, infecting Xanthomonas translucens pv. translucens
Athel Caudoviricetes (morphotype: podovirus), Isolated by
elas
virulent, infecting Pseudomonas syringae pv. lapsa S. Erdrich (unpublished)
Caudoviricetes (morphotype: siphovirus),
cL31 (morphotype: sip ) (Hiinnefeld et al., 2021)
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Table S3: Plasmids and oligonucleotides used in this study

OBT1 attachment site)

Plasmids and primer | Characteristics/Sequence 5‘-3° Reference
Plasmids

Hyg®; Cloning vector for the conjugal transfer of DNA from E. coli to
plJ10257 Streptomyces spp. (Constitutive promoter ermE*; Integration at the | (Hong et al., 2005)

Hyg®; Derivative of plJ10257 containing the gene sequence
encoding the mature BIdN* under control of the constitutive
promoter erme*

e constructed via Gibson assembly with Primer 1 and 2 for

pl}10257-bldN insert amplification using gDNA of S. venezuelae NRRL B- This study
65442 as template
e digestion of vector plJ10257 via Ndel and Hindlll

'mature BIdN: lacking 84 aa N-terminal extension of the proprotein

(Bibb & Buttner, 2003; Bibb et al., 2012)
Oligonucleotides for plasmid construction
1_pl10257-bldN-fw | CTAGAACAGGAGGCCCCATATGATGGACCTGGTCGAGCG This study
2_pl10257-bldN-rv | TCATGAGAACCTAGGATCCAAGCTTTCAGCGGGCGTCGTC This study
Oligonucleotides for sequencing
3_plJ10257-seq-fw AGATGGTTACCTCGCCTCTG This study
4_plJ10257-seqg-rv TCAGCGAGCTGAAGAAAGAC This study
Oligonucleotides for gPCR
5_cgl56-gPCR-fw TTGCGGAAGGTCTCGGCA This study
6_cgl56-qPCR-rv AAGTTGGAGCAAGGTCACCG This study
7_HQB01_00028-fw | CTCGGCTATCCGATCATCC (Kever et al., 2022)
8_HQ601_00028-rv | TTGGTTGCGGTTGATGGAC (Kever et al., 2022)
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Figure S1: Influence of re-growing S. venezuelae NRRL B-65442 mycelium on phage Alderaan. a) Re-infection of S. venezuelae mycelium, which
was re-grown during an infection experiment. Infection of re-grown mycelium with Alderaan revealed high phage resistance in comparison to
naive infection (control). b) Growth curves of S. venezuelae infected with phage Alderaan showing re-growth of mycelium (R1-3 = biological
triplicates). For a) and b), cultivations were conducted in the Biolector microcultivation systems (Beckman Coulter Life Sciences, Krefeld,
Germany) using an initial phage titer of 10® PFU/mI (n=3 independent biological replicates). c¢) Quantification of extracellular Alderaan titers
via gPCR (n=9, three independent biological replicates measured as technical triplicates) and double-agar overlays (n= 3 independent biological
replicates) during long-term infection and bacterial re-growth shown in b). d) Time course of pH during cultivation of S. venezuelae under
normal cultivation conditions (GYM, 50 % tap water, pH 7.3) and buffered conditions (GYM supplemented with 200 mM MOPS, pH 7.3) (n =2
independent biological replicates). e) Stability of infectious Alderaan particles in GYM medium (50% tap water) adjusted to different pH values
quantified over 24 h via double-agar overlays (n = 3 independent biological replicates). Incubation was performed under cultivation conditions
at 30 °C and 900 rpm in DeepWell plates. f) Plaque formation in presence of different chloramphenicol (Cm) concentrations calculated via
double-agar overlay assays (n= 3 independent biological replicates).
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Figure S2: Time course of Alderaan titers during infection of different developmental stages of Streptomyces. Phage quantification via double-
agar overlay assays showing the phage amplification during infection of different developmental stages of Streptomyces venezuelae mycelium.
These assays were used to quantify the logio fold change (t2a/to) shown in Figure 3.
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Figure S3: Influence of S. venezuelae NRRL B-65442 mycelium on extracellular titers of different phages. a) Schematic representation of
experimental set-up composed of 1) incubation of non-host phages with S. venezuelae mycelium and 2) subsequent quantification of infectious
phage particles via double-agar overlay assays using the corresponding host strains. b) Phages showing constant extracellular phage titers
during incubation with S. venezuelae mycelium over 18 h. c) Phages showing a decline in extracellular titers over 18 h of cultivation with
S. venezuelae mycelium. Incubation with corresponding S. venezuelae spent medium taken after 18 h exhibited no influence on infectious

phage particles (n = 3 independent biological replicates).
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S. venezuelae mycelium + CL31, 9 h post inoculation S. venezuelae mycelium, 9 h post inoculation

b

——0h— 18 h— F Shaking1  Lysis—i
Supernatant Cell pellet

Figure S4: Failed visualization of CL31 phages on S. venezuelae mycelium. a) SEM images of S. venezuelae mycelium during the decrease in
extracellular infectious CL31 titers in comparison to an uninfected control (scale bar = 300 nm) allowing no detection of phage particles on cell
surface. b) Decrease in extracellular infectious CL31 phages over 18 h of cultivation and failed re-covering of the phages from mycelial fraction

via intensive shaking or mechanical cell disruption.
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Supplementary data

Dagobah Endorl Endor2

Figure 51. Close-ups of phage plaques imaged using a Nikon SMZ18 stereomicroscope, before (upper

row) and after (lower row) exposure to ammonia fumes. S. coelicolor M145 was infected by phages
using GYM double agar overlays. The plates were incubated at 30°C overnight and then kept at room
temperature for two (Dagobah and Endor2) or three days (Endorl). The ammonia fume test was
performed as follows: the plates were inverted and exposed to ammonia fumes for 15 min by placing
5 ml of 20% ammonium hydroxide solution on the inner surface of the lid. Scale bar: T mm.
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Figure S2. VIRIDC generated heatmap showing the intergenomic similarities of the newly sequenced
phages with reference phages. For each phage pair, the fraction of aligned genome, the genome length
ratio and the intergenomic similarities are displayed. The parameters used were the default ones.
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Alderaan

Figure S3. Subclade dendrogram with Streptomyces phage Alderaan and its closely related
actinophages(enlargement from Figure 5). The phage lifestyles shown are those indicated on
PhagesDB.

I

Figure S4. Subclade dendrogram with Streptomyces phage Coruscant and its closely related
actinophages (enlargement from Figure 5). The phage lifestyles shown are those indicated on
PhagesDB.

Figure S5. Subclade dendrogram with Streptomyces phage Dagobah and its closely
related actinophages (enlargement from Figure 5). The phage lifestyles shown are those indicated on
PhagesDB. “None” corresponds to phages with no lifestyle prediction on PhagesDB.
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Figure S6. Subclade dendrogram with Streptomyces phages Endor]l and Endor2 and their closely
related actinophages (enlargement from Figure 5). The phage lifestyles shown are those indicated on
PhagesDB.

Table S1: List of the functional annotation of protein ORFs within phage genomes is available under

the following hyperlink: https://doi.org/10.3390/v12101065
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