Evolution in the shadows of genome reduction
- resolving molecular mechanisms and early
branches in polyextremophilic Red Algae

HEINRICH HEINE

UNIVERSITAT DUSSELDORF

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Alessandro Rossoni

aus Lodi

Dusseldorf, Juli 2019



aus dem Institut fir Biochemie der Pflanzen

der Heinrich-Heine-Universitat Disseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Dusseldorf

Referent: Prof. Dr. Andreas P.M. Weber

Korreferent: Prof. Dr. Michael Feldbrigge

Tag der mindlichen Prufung: 08.11.2019



EIDESSTATTLICHE ERKLARUNG

Ich versichere an Eides Statt, dass diese Dissertation von mir selbstandig und ohne
unzulassige fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Dusseldorf’ erstellt
worden ist. Die Dissertation habe ich in der vorgelegten oder in ahnlicher Form noch
bei keiner anderen Institution eingereicht. Ich habe bisher keine erfolglosen

Promotionsversuche unternommen.

Dusseldorf, der 25.07.2019

Alessandro Rossoni



“People have done that”, Prof. Dr. Andreas P.M. Weber



Contents

Contents

0 Preface & Author’s Contribution ....................... 2
1.1 SUMMAIY ...ttt et e e e e e e e e e e e e e e e 4
1.2 ZusammenfasSUNG .........ccccuuiiiiiiiii 6
Il INErodUCtioN ...... ..o 8
. Manuscripts

lIl.1 Manuscript 1

Unexpected conservation of the RNA splicing apparatus in
the highly streamlined genome of Galdieria sulphuraria ................. 24

1Il.2 Manuscript 2

Streamlined genomes of polyextremophile red algae
(Cyanidiales) maintain 1% horizontal gene transfers
with diverse adaptive functions ... 36

11.2C Comment 1 of Manuscript 2, E. Pennisi (Science)

Plants and animals sometimes take genes from bacteria,

study of algae suggests .........cooiiiii 94
11.2C Comment 2 of Manuscript 2, C.M. Kobras and D. Falush (eLife)
Gene Transfer: Adapting for life in the extreme .......................l. 97

lIl.3 Manuscript 3

Cold Acclimation of the Thermoacidophilic Red Alga
Galdieria sulphuraria - Changes in Gene Expression and
Involvement of Horizontally Acquired Genes .............cceeeeeeiveeiinnnnn, 101

lIl.4 Manuscript 4

Photorespiratory glycolate oxidase is essential for the red
algae Cyanidioschyzon merolae under ambient CO2 conditions ..... 113

I11.5 Manuscript 5

Systems biology of cold adaptation in the polyextremophilic red alga

Galdieria SUIPRUIaria ..................coouiiiiiieeiii e 122
V. (D F= 101 7= T 111y o P 137
V. Supplementary Materials of Manuscripts 1 =5 ........................ CD



Preface & Author’s Contribution

Preface & Author’s Contribution

The present thesis starts with a summary in English and German language, followed
by an introduction about the relevant topics and by 5 independent manuscripts. The

author’s contribution (AWR) to each manuscript is listed below.

The first manuscript “Unexpected conservation of the RNA splicing apparatus in
the highly streamlined genome of Galdieria sulphuraria” was published in BMC
Evolutionary Biology in April 2018 (Qiu et al., 2018). This work reveals the unique
nature of Galdieria sulphuraria 074W among red algae with respect to the conservation
of the spliceosomal machinery and introns, possibly as a strategy for generating
functional diversity to support their independent lifestyle in spite of its limited coding
capacity. A complex spliceosomal machinery can compensate for gene loss in the
shadows of nuclear genome reduction. AWR performed the wet-lab work (Cell culture,
RNA-extraction, library preparation), handled the sequencing process and mapped the

resulting reads onto the genome. AWR contributed parts of the manuscript.

The second manuscript, “Streamlined genomes of polyextremophile red algae
(Cyanidiales) maintain 1% horizontal gene transfers with diverse adaptive
functions” was published in eLife in June 2019 org (Rossoni et al., 2019). This work
analyses the extent and role of horizontal gene transfer (HGT) in eukaryotes, one of
the most critically disputed topics in evolutionary biology. The applicability of HGT
versus Differential Loss is discussed. The presumption that eukaryotic HGT unfolds in
the eukaryotic kingdom in the same manner that prokaryotic HGT unfolds in the
prokaryotic kingdom is incorrect. The maintenance of HGT in a scenario of selection
for genome reduction underlines the importance of HGT to eukaryote evolution. AWR
co-designed the experiment, applied for additional funding (SMRT® Microbe),
performed the wet-lab work (Cell culture, DNA-extraction, library preparation), handled
the sequencing process, assembled the genomes and predicted gene models. Data
analysis was performed by AWR, except the generation of phylogenetic inferences.
The manuscript-draft was written by AWR. AWR also contributed to subsequent

versions of the manuscript.
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The third manuscript carries the title: “Cold Acclimation of the Thermoacidophilic
Red Alga Galdieria sulphuraria - Changes in Gene Expression and Involvement
of Horizontally Acquired Genes” and was published in Plant Cell Physiology in
December 2018 (Rossoni and Schoenknecht et al., 2018). Here, we applied RNA-
sequencing to obtain insights into the acclimation of the thermoacidophilie Galdieria
Sulphuraria 074W towards temperatures 20°C below its growth optimum and to study
how horizontally acquired genes contribute to cold acclimation. Besides finding some
interesting and unexpected acclimation strategies, such as the upregulation of C1
metabolism, we provide evidence that genes acquired by horizontal gene transfer play
an important role in cold acclimation of this organism. The latter is an important
contribution to the ongoing debate to which degree adaptive evolution in eukaryotes
has been driven by horizontal gene transfer. AWR performed the wet-lab work (Cell
culture, RNA-extraction, library preparation), handled the sequencing process and
mapped the resulting reads onto the genome. AWR performed data analysis, wrote

parts of the manuscript and significantly contributed to the outcome and discussion.

The forth manuscript “Photorespiratory glycolate oxidase is essential for the red
algae Cyanidioschyzon merolae under ambient CO2 conditions” was published in
the Journal of Experimental Botany in February 2016. It illustrates the significance of
photorespiration in red algae (Rademacher et al., 2016). This publication focuses on
the relevance of the enzyme glycolate oxidase in the extremophile red alga
Cyanidioschyzon merolae under photorespiratory conditions. Horizontally acquired
genes are not significantly regulated under non-stress conditions, supporting the
hypothesis of stress adaptational benefits. AWR performed RNA-Seq read mapping

onto the genome and was partially involved in data analysis.

The fifth manuscript “Systems Biology of Cold Adaptation in the
Polyextremophilic Red Alga Galdieria sulphuraria’ was published in the Journal
Frontiers in Microbiology, section Extreme Microbiology, in May 2019. Cold stress was
applied to Galdieria sulphuraria for more than 100 generations. Natural selection
towards temperature tolerance is a systems biology problem which requires the
gradual orchestration of an intricate gene network and deeply nested regulators. AWR
co-designed the experiment, performed the wet-lab work, handled the sequencing

process and performed data analysis. The manuscript-draft was written by AWR.
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.1 Summary

The new wealth of data made available by next generation sequencing technologies
has spurred a novel generation of investigations that are challenging established
concepts in the field of eukaryotic genome evolution. First, the classic notion of
molecular neofunctionalization through genome/gene duplication and expansion,
exemplified by plants and animals, is being contrasted by free-living organisms with
highly reduced genomes exhibiting a surprising adaptational capacity. Second, the
frequency and extent of eukaryotic horizontal gene transfer (HGT) as potential driver
of adaptive evolution infringes the dogma of strict vertical inheritance in eukaryotes.
Here, we chose the Cyanidiales, a group of unicellular and polyextremophile red algae,
as model organisms for studying the above-mentioned controversies due to their broad
ecological boundaries in spite of highly streamlined genomes (12 Mbp — 16 Mbp) and

miniature gene inventories (4,400 — 6,500 genes).

The reduced genetic capacity of the Cyanidiales results from of two phases of genome
reduction along their evolutionary history which led to the loss of multiple core
eukaryotic traits (e.g. flagella, basal bodies, GPI anchor biosynthesis, etc.) that are
lacking in many red algae. In contrast to this trend, we observed the upkeep of a
complex splicing machinery (SM) in the Galdieria lineage. Galdieria sulphuraria
maintained 149 of the original >157 spliceosomal components that were present in the
last common red algal ancestor [Manuscript 1]. In addition, it continued increasing its
intron number over time — an effect that is positively correlated to increased transcript
diversity. We subsequently hypothesized that the expansion of introns and the upkeep
of an increased SM burden in a scenario of natural selection towards genome
reduction may be explained by the benefits provided to Galdieria sulphuraria by this
costly system, e.g. greater adaptive capacity through alternative splicing and increased
transcript diversity. RNA expression analysis on cold stressed Galdieria sulphuraria
revealed significant temperature-dependent alternative splicing, mostly through intron
retention. We conclude that spliceosomal complexity and intron richness constitute a
potential mechanism to counteract the consequences of genome reduction and for

generating functional diversity to ameliorate gene loss in free living organisms.
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Another possible strategy to boost the adaptational ability of free-living eukaryotes can
be through the acquisition of foreign genes via HGT, one of the most hotly debated
topics in modern evolutionary biology. In spite of increasing evidence for eukaryotic
HGT from various genome sequencing projects, proponents of eukaryotic HGT have
failed to deliver quantitative explanations for the absence of a eukaryotic pangenome
as well as the lack of cumulative effects in horizontally acquired genes. In comparison
to prokaryotes, the sequenced eukaryotic genomes are still few and broadly dispersed
across the tree of life. We addressed these issues by sequencing 10 novel Cyanidiales
genomes from 9 geographically isolated habitats (combined with the already-published
Cyanidioschyzon merolae 10D, Galdieria sulphuraria 074W and Galdieria phlegrea
DBV009) and determined that 1% (96 orthogroups) of their gene inventory is HGT-
derived [Manuscript 2]. In addition to phylogenetic inference, HGT candidates
significantly differ from native genes in GC-content (> 1%), number of splice sites (0.97
- 1.36 fewer exons per gene) and differential gene expression in response to stress
(HGT candidates are enriched within the differentially expressed genes). The maijority
of HGT candidates also originated from extremophilic prokaryotes, e.g. Sulfobacillus
thermosulfidooxidans, that share similar habitats as the Cyanidiales and encodes
functions related to polyextremophile traits, further supporting the narrative regarding
their beneficial role during adaptation. By analyzing gain and loss pattern we conclude
that the absence of a eukaryotic pangenome and cumulative effects can be explained
by the rarity of eukaryotic HGT and a stronger propensity of HGT candidates to gene
erosion in comparison to native genes. Because eukaryotic HGT is the exception
rather than the rule, its quantity in eukaryotic genomes does not need to increase as a
function of time and likely reached equilibrium between acquisition and erosion in the
distant past. The presumption that eukaryotic HGT will (and should) unfold in the
eukaryotic kingdom in the same manner as does prokaryotic HGT among prokaryotes
is highly questionable.

Subsequently, we tested the — thus far — hypothesized involvement of HGT genes in
stress adaptation through multiple experiments. Gene expression was measured using
RNA-Sequencing in cold-stressed Galdieria sulphuraria 074W [Manuscript 3] and
“COz2-stressed” Cyanidioschyzon merolae 10D [Manuscript 4]. In both cases, strong
transcription of HGT genes was measured, providing evidence for the successful

integration of HGT genes into the transcriptional machinery of the host (the average
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read count for HGT candidates in Galdieria sulphuraria 074W and Cyanidioschyzon
merolae 10D were 130 CPM and 184 CPM, respectively). In Galdieria sulphuraria
074W, HGT genes reacted significantly stronger to temperature changes in
comparison to native genes, supporting the presumed involvement of HGTs to stress
adaptation. Furthermore, some interesting and unexpected acclimation strategies
under cold stress were found, such as the upregulation of C1 metabolism, especially
the S-adenosylmethionine cycle and folate cycle. In contrast, HGT genes in
Cyanidioschyzon merolae 10D did not differ in response intensity from native genes.
Since high CO2does not constitute a stressful condition in phototrophic organisms, no
transcriptional differences between the two gene sets were expected. Although there
is no direct way to test the past impact of HGT on the evolutionary trajectory of the
Cyanidiales, taken together, we interpret these results as supporting indications for

their positive contribution with regards to extremophile adaptation.

Finally, we analyzed the effects of prolonged exposure to cold temperature upon the
genetics and growth phenotype of Galdieria sulphuraria RT22 for a period spanning
>100 generations [Manuscript 5]. DNA-sequencing revealed 757 variants located on
429 genes (6.1% of the transcriptome) mostly encoding functions involved in cell cycle
(33.8% of enriched GO-Terms), gene regulation (20.9%) and signaling (7.7%). At
epigenetic level, variants targeting the intergenic region were enriched in CpG islands.
As a consequence, cold stressed samples grew ~30% faster at the end of the
experiment in comparison to the starting population. Rather than targeting specific
pathways, natural selection towards temperature tolerance is a systems biology
problem which requires the gradual orchestration of an intricate gene network and
deeply nested regulators at genetic and epigenetic level equally affecting native and

HGT genes.
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.2 Zusammenfassung

Die Vielfalt neuer genetischer Daten, welche im Verlauf des letzten Jahrzehnts mittels
moderner Sequenziertechnologien generiert wurde, hat zu einer ganzen Reihe
innovativer Untersuchungen geflhrt. Diese lang etablierten Grundsatze auf dem
Gebiet der Evolutionstheorie hinterfragen. So steht die klassische Vorstellung
molekularer Neofunktionalisierung durch Genom- und Genduplikationen in
Eukaryoten, am besten exemplifiziert im Pflanzen- und Tierreich, im starken Kontrast
zur Uberraschenden Anpassungsfahigkeit von freilebenden Mikroorganismen mitihren
sehr kleinen Genomen. Die Cyanidiales, eine Gruppe einzelliger und
polyextremophiler Rotalgen (Galdieria, Cyanidium und Cyanidioschyzon),
reprasentieren einen solchen Fall. Trotz ihrer Anpassungsfahigkeit an die
verschiedensten Umweltbedingungen besitzen die Cyanidiales stark reduzierte
Genome (12 Mbp - 16 Mbp) und verfugen nur tber ein minimales Geninventar (4.400
- 6.500 Gene). In den Cyanidiales korreliert die Anzahl der Gene somit nicht positiv mit
ihrer Adaptationsfahigkeit. Daruber hinaus besitzen die Cyanidiales die Fahigkeit,
fremdes Genmaterial aus der Umgebung in die eigene DNA zu integrieren. Dieser
Mechanismus des horizontalen Gentransfers (HGT) widerspricht jedoch dem Dogma
der streng vertikalen Vererbung nach Darwin und Mendel in Eukaryoten. Ob, neben
Bakterien und Archaeen, auch Eukaryoten fremde Gene in das eigene Erbgut
integrieren konnen und daraus adaptive Vorteile erlangen, ist eine der grofdten

Kontroversen der modernen Evolutionsbiologie.

Die reduzierte genetische Kapazitat der Cyanidiales ist das Ergebnis zweier Phasen
der Genomreduktion im Verlauf ihrer 1,3 Milliarden Jahre alten Evolutionsgeschichte.
Im Verlauf ihrer Evolution sind mehrere eukaryotische Kernmerkmale verloren
gegangen, wie z.B. Flagellen, Basalkorper, GPI-Ankerbiosynthese etc. Im Gegensatz
zu diesem ,Verlusttrend® hat Galdieria sulphuraria eine komplexe Spleiimaschinerie
(SM) behalten [Manuskript 1]. Darlber hinaus steigerte Galdieria sulphuraria die
Anzahl der Introns im Verlauf der Zeit von 1.677 (letzter gemeinsamer Vorfahre aller
Rotalgen) auf 13.245 - ein Effekt, der positiv mit einer erhdhten Transkriptvielfalt durch
alternatives Spleilen korreliert. Diese wiederum hangt mit einem erhdhten
Adaptationspotential zusammen. Daraus erfolgte die Hypothese, dass die Expansion
von Introns und die Bewahrung einer komplexen SM in einem Szenario naturlicher

Selektion zur Genomreduktion nur durch adaptive Vorteile fur Galdieria sulphuraria
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erklart werden kann. Diese Hypothese wurde anhand einer RNA-Expressionsanalyse
getestet, bei der Galdieria sulphuraria kalteren Temperaturen ausgesetzt wurde. Als
Folge konnte signifikantes, temperaturabhangiges, alternatives Spleilden beobachtet
werden, meist durch Intron-Retention. Wir schlieBen daraus, dass sowohl die
Komplexitat der Spleilimaschinerie als auch die hohe Anzahl an Introns potenzielle
Kompensationsmechanismen fiur freilebende Organismen darstellen. Somit kann
zusatzliche funktionelle Diversitat erzeugt werden um den Folgen der Genomreduktion

entgegenzuwirken.

Eine weitere mdgliche Strategie zur Steigerung der Anpassungsfahigkeit kdnnte durch
den Erwerb fremder Gene uber HGT stattfinden. Trotz zunehmender Evidenz flr
eukaryotischen HGT aus verschiedenen Genomsequenzierungsprojekten konnten
weder Erklarungen fur das Fehlen eines eukaryotischen Pangenoms noch fir das
Fehlen kumulativer Effekte in HGT-Genen gefunden werden. Einer der
wahrscheinlichsten Grunde dafir ist die geringe Anzahl an sequenzierten Genomen
verwandter Spezies innerhalb des eukaryotischen Stammbaums. Wir haben uns
dieser Problematik angenommen und 10 neue Cyanidiales-Genome assembliert.
Anhand phylogenetischer Inferenz konnte festgestellt werden, dass 1% der
Cyanidiales-Gene einen horizontalen Ursprung aufweist [Manuskript 2]. Diese 96
orthologen Gruppen (641 Gene insgesamt) weisen signifikante Unterschiede zur
nativen Genpopulation auf, wie z.B. einen erhdhten GC-Gehalt und eine geringere
Anzahl an Exons pro Gen. Zudem stammte die Uberwiegende Mehrheit der HGT-Gene
von polyextremophilen Prokaryoten ab, welche ahnliche Lebensrdume wie die
Cyanidiales bewohnen. Diese kodieren mehrheitlich polyextremophile Eigenschaften,
welche die Anpassung der Cyanidiales an extreme Habitate geférdert haben. Aus der
Analyse der Genakquisitions- und Genverlustmuster innerhalb der Cyanidiales konnte
gefolgert werden, dass sowohl das Fehlen eines eukaryotischen Pangenoms als auch
die Abwesenheit kumulativer Effekte durch zwei Faktoren erklart werden kann:
erstens, die Seltenheit des eukaryotischen HGTs und zweitens die starkere Neigung
der HGT-Gene zur Generosion. Entsprechend muss die Menge an HGT-Genen in
eukaryotischen Genomen nicht zwangsweise mit der Zeit zunehmen. Ein
Gleichgewicht zwischen Erwerb und Erosion kénnte somit bereits in der fernen
Vergangenheit erreicht worden sein. Die Annahme, dass sich HGT in der
eukaryotischen Lebensdomane auf dieselbe Weise entfaltet wie HGT in der
prokaryotischen Lebensdomane, ist nicht zwingend korrekt.

9
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Zusatzlich wurde die - bisher prognostizierte - Beteiligung von HGT-Genen in der
Stressantwort verschiedener Cyanidiales als Indikator fur ihre angenommene Rolle in
der adaptiven Evolution gemessen. Die systemische Genexpressionsanderung von
kaltegestressten Galdieria sulphuraria 074W [Manuskript 3] und CO2-gestressten
Cyanidioschyzon merolae 10D [Manuskript 4] wurde mittels RNA-Sequenzierung
gemessen. In beiden Fallen konnte eine starke Transkription von HGT-Genen bestatigt
werden. Dies lieferte den ersten Nachweis fur ihre funktionelle Integration in die
Transkriptionsmaschinerie des Wirts. Die durchschnittliche Transkriptionsrate der
HGT-Gene in Galdieria sulphuraria 074W betrug 130 CPM und in Cyanidioschyzon
merolae 10D 184 CPM. Des Weiteren reagierten HGT-Gene in Galdieria sulphuraria
074W im Vergleich zu nativen Genen signifikant starker auf Kaltestress, eine
Beobachtung, welche die vermutete Rolle von HGT in Bezug auf die Anpassung der
Cyanidiales an abiotischen Stress unterstltzt. Darlber hinaus wurden einige
interessante und unerwartete Akklimatisierungsstrategien beobachtet, wie z.B. die
Hochregulierung des C1-Metabolismus, insbesondere des S-Adenosylmethionins-
Zyklus und des Folat-Zyklus. Im Gegensatz dazu unterscheidet sich die Anderung der
Transkriptionsrate von HGT-Genen in Cyanidioschyzon merolae 10D nicht signifikant
von der Transkriptionsrate der nativen Gene. Da ein hoher CO2-Gehalt in phototrophen
Organismen allgemein keinen Stresszustand hervorruft (der photosynthetische
Oxidationsstress wird sogar reduziert), wurden a priori keine entsprechenden
Transkriptionsunterschiede zwischen den beiden Genpopulationen erwartet. Zwar
kann die Wirkung von HGT auf die vergangene Evolutionstrajektorie der Cyanidiales
heute nicht mehr direkt getestet werden, jedoch interpretieren wir diese Ergebnisse als
unterstitzende Hinweise fur einen positiven Beitrag von HGT auf die Evolution der

Cyanidiales.

Zuletzt wurden die Auswirkungen einer langeren Kalteeinwirkung auf die Genetik und
das Wachstum von Galdieria sulphuraria RT22 Uber einen Zeitraum von > 100
Generationen gemessen [Manuskript 5]. Die DNA-Sequenzierung ergab 757
Varianten, die sich auf 429 Gene befanden (6,1% des gesamten Geninventars) und
Uberwiegend auf Genen lokalisiert sind, welche mit Funktionen wie Zellzyklus,
Genregulation, oder Signalubertragung in Verbindung stehen. Auf epigenetischer
Ebene waren Mutationen in CpG-Inseln signifikant angereichert. Kaltegestresste
Proben wuchsen am Ende des Experiments im Vergleich zur Ausgangsbevdlkerung
um ca. 30% schneller. Die natiurliche Selektion zu hoherer Temperaturtoleranz

10
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erfordert dementsprechend die schrittweise Orchestrierung eines komplizierten
Gennetzwerks mit tief verschachtelten Regulationsprozessen auf genetischer und
epigenetischer Ebene. Sie ist nicht auf individuelle Komponenten im Einzelkontext zu

reduzieren.

11



[l. Introduction

Il. Introduction

More than 150 years have passed since Charles Darwin published his “theory of
evolution by the means of natural selection” in 1895 [1]. Since then, the theory of
evolution has repeatedly and successfully stood the test of time. Today’s modern
synthesis of evolution, first formulated by Theodosius Dobzhansky [2], has
continuously been synchronized and expanded throughout multiple disciplines of the
life sciences unifying, e.g., population biology, developmental biology, molecular
genetics, epigenetics, and mathematical modeling. What is left of Darwin’s original
notion is now part of a much greater extended evolutionary framework [3]. Since the
advent of the genomic age, most notably perceived by the broader public through the
sequencing of the human genome in 2001 [4], thousands of eukaryotic, bacterial and
archaeal genomes have been wholly or partially decoded [5]. This new breadth of
genomic data has led to a new generation of evolutionary questions that, while not
changing the overarching evolutionary narrative, are challenging some of its
established concepts. This thesis contributes to the elucidation of two novel concepts
using the Cyanidiales as model organisms: First, the surprising adaptational capacity
of organisms with highly streamlined genomes. Second, the frequency and extent of

eukaryotic horizontal gene transfer as a driver of adaptive evolution.

The Cyanidiales

The red algae (Rhodophyta) are an ancient archaeplastidal phylum that is constituted
of approximately ~7.000 species [6] which separated from the eukaryotic tree of life ca
1.6 billion years ago [7], shortly after eukaryotic photosynthesis was established
through primary endosymbiosis [8-10]. With an age of more than 1.3 billion years, the
Cyanidiales are not only the first divergent branch within the red algae, but also define
one of the oldest extant eukaryotic organisms. Hence, they are most probably the
closest living relatives to the red alga that gave rise to the plastid of Chromalveolata
via secondary endosymbiosis [8, 11-13] (e.g., diatoms contribute up to 50% of the
organic carbon fixed annually in the world's oceans [14]). The Cyanidiales comprise
the rudimental lineages of Galdieria, Cyanidioschyzon, and Cyanidum which thrive in
highly acidic and thermal habitats worldwide where few other organisms survive (e.g.,
fumaroles, hot springs, geysers, mining wastewaters, etc.). Here, they are the
dominant photosynthetic organisms in these ecological niches and frequently
constitute up to 90% of the total biomass and almost 100% of eukaryotic biomass [15].

12
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Their ecological boundaries are defined by temperatures between 12°C — 56°C [16-
19], highly acidic conditions (pH < 0 — 4.5) [20-22], increased concentrations of toxic
heavy metals and other xenobiotics [23, 24] as well as up to 10% of salt [25]. However,
specific Cyanidiales lineages such as the mesophilic Cyanidium, and in some cases
Galdieria phlegrea, are also found in more temperate environments with neutral pH
[21, 26-30] indicating that neither high acidity nor high temperature are obligate

conditions for the prevalence of Cyanidiales at a given habitat [31].

Multiple independent descriptions of the Cyanidiales date back to the first half of the
19% century and misclassified them into different algal clades due to their uniform
morphology and lack of distinguishing features. As a consequence, many studies were
performed with mixed populations [32, 33]. 1933, Geitler named a species he
described as Cyanidium caldarium and established the family Cyanidiaceae [34] which
was correctly classified as a red alga (Rhodophyta) only in 1958 [35]. Cyanidioschyzon
merolae was described as a Cyanidiales in 1978 [36]. This alga is smaller, divides by
binary fission, is photoautotrophic and does not have a cell wall. Its genome was the
first algal genome to be sequenced [37]. In 1981, Galdieria sulphuraria was separated
from a C. caldarium culture based on the presence of linoleic acid [38] and its ability to
grow heterotrophically on a broad array of carbon sources [39, 40]. Since C. caldarium
and G. sulphuraria show no obvious phenotypic differences and live as mixed
populations in the same environment, they are hard to differentiate. As a consequence,
the majority of literature on C. caldarium published before 1981, such as publications
referring to ‘Cyanidium caldarium’ forma B [32] or ‘Cyanidium caldarium’ M 8 [41],
actually applies to G. sulphuraria [25, 42]. Today, six putative family-level taxa are
acknowledged based on molecular haplotypes: Galdieria sulphuraria, Galdieria
phlegrea, Galdieria maxima, the Cyanidium lineage, a mesophile Cyanidium lineage
which has not been successfully isolated as laboratory culture so far, and the
Cyanidioschyzon lineage [17, 20, 43]. New sampling sites in the APAC region indicate
even greater biodiversity [16, 44]. The Cyanidiales have been used as model
organisms for a shifting array of subjects, ranging from exploring the ecological
boundaries of life and the species composition in extreme environments [45-48] to the
study of photosynthetic components [49-51], photosynthetic regulation [52] and
especially the role of the FtsZ ring during organelle division [53-55]. Today, their

metabolic flexibility in combination with the polyextremophilic traits has lately risen the
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interest for industrial applications. Pilot studies are evaluating the bio-industrial
potential of various Cyanidiales strains for urban wastewater treatment [56-58],
bioremediation [59, 60] as food ingredient [61] and for industrial phycocyanin
production [62, 63].

Concept 1: Eukaryotic evolution in the shadows of nuclear genome reduction

The sequenced genomes of C. merolae 10D [37, 64], G. sulphuraria 074W [65] and
G. phlegrea DBVO0O09 [66] are challenging the field of eukaryotic genome evolution with
new concepts due to their complete or partial loss of and universal eukaryotic features.
So far, eukaryotic genome evolution has been primarily attributed to gene/genome
duplications, leading to the temporary amelioration of evolutionary constraints, which
in turn promotes gene neofunctionalization, gene family expansion, but also gene loss,
repeat decay, etc. [67, 68]. Whereas an increase in genome size over time is not
positively correlated with organismal complexity [69], genome reduction has been
tightly connected to gene loss, thus narrowing the ecological potential of free-living
organisms by reducing their ability to innovate and adapt. The best examples for such
scenarios would be symbiosis [70], parasitism [71], pathogenicity [72] and adaptation
to novel habitats where a particular set of genes is no longer required for survival and
lost due to neutral regressive evolution [73]. In this context, analysis of the Cyanidiales
genomes revealed two phases of ancestral genome reduction along their evolutionary
history. Their genomes are among the most streamlined and miniaturized genomes
known today, with genome size ranging between 12 Mb — 16 Mb and a gene inventory
limited to 4,400 — 6,500 genes. Consequently, multiple core eukaryotic traits are
missing in Galdieria, Cyanidioschyzon and Cyanidium, such as flagella, basal bodies,
the glycosyl-phosphatidylinositol anchor biosynthesis pathway, the autophagy
regulation pathway and phytochrome based light sensing as well as a simplified
cytoskeleton which is partially missing cytoskeletal motor proteins [74-76]. The ability
of the Cyanidiales to live in such diverse environments contrasts the established canon
of genome reduction and its consequences. This controversy is further boosted by
similar findings in other free-living microorganisms such as Picochlorum [77, 78] and
Micromonas [79]. The existence of free-living organisms with highly reduced genomes
must point towards unknown evolutionary strategies for generating functional diversity
to support independent lifestyles [80, 81]. Due to their species richness and diversity

of habitats, the Cyanidiales offer the most remarkable model organism for studying the
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underlying mechanics of adaptation in free-living eukaryotes with reduced genome

sizes.

One evolutionary mechanism to ameliorate the consequences of gene loss is through
spliceosomal complexity. Eukaryotic genes are never fully translated to the final protein
product. They contain pieces of the non-coding DNA located at the beginning (5’
untranslated region), the end (3’ untranslated region), or between (introns) the
information-carrying regions (exons) which have to be processed first. The processing
(“splicing”) is performed by the spliceosomal machinery (SM). Introns are removed
(“spliced”) from the pre-mRNA and remaining exons are re-joined together to form the
mature mMRNA. However, not every exon is always fully included in the mature mRNA.
Differential splicing describes the regulated process during which certain exons can be
treated equally to introns (spliced from the mRNA) under one condition but kept under
a different condition. As a consequence, one gene can lead to multiple proteins
products (isoforms) which can differ in biological function. Genetic information can
therefore be compacted and stored more efficiently in less space. At the same time,
mutations can reprogram the inclusion/exclusion patterns of exons and introns during
splicing. As a result, new isoforms are generated, which potentially provide novel
functions and adaptive advantages [82]. The complexity of the SM is positively
correlated to transcript diversity via alternative splicing [83]. However, the upkeep of a
complex splicing machinery, e.g., ~200 SM proteins in the human genome [84], stands
in clear contrast to the evolutionary trajectory of the Cyanidiales pushing for genome
reduction and gene loss (especially since other core eukaryotic traits were lost). The
sequenced Cyanidiales genomes, together with genomes of other red algae [75, 85,
86], suggest a varying degree of different evolutionary trajectories within this phylum
regarding spliceosomal complexity [80, 87]. Galdieria sulphuraria 074W is the most
intron-rich red alga (13,245 introns in 7174 transcripts) and maintained 149 of the >157
SM proteins that were present in the red algal ancestor. Also, it has continued
increasing its intron number over time. In contrast, Cyanidioschyzon merolae 10D had
the least number of introns (27 introns in 4803 transcripts) and lost the majority of its
SM machinery (54 components left). RNA expression analysis in Galdieria sulphuraria
074W reported temperature dependent alternative splicing of more 1766 introns.

Although not all red algae follow the same strategy, Galdieria sulphuraria 074W

15



[l. Introduction

provides evidence for the adaptive advantages of an increased intron and SM burden

in a scenario of natural selection towards streamlined genomes [87].

Concept 2: Horizontal Gene Transfer - an additional venue of adaptive evolution
in eukaryotes?

One of the possible coping strategies is the acquisition of genes through horizontal
gene transfer (HGT). HGT, equivalent to lateral gene transfer (LGT), is the inter- and
intraspecific transmission of genes between a donor species and the acceptors of this
gene. Organisms can thereby improve their genetics through the uptake and
integration of foreign DNA. HGT in Bacteria [88-90] and Archaea [91] is widely
accepted and recognized as an essential driver of evolution leading to the formation of
pan-genomes [92, 93]. A pan-genome comprises all genes shared by any defined
phylogenetic group of organisms as well as the genes unique to any single species in
this group, where core genes often comprise central metabolic processes shared by
all species, whereas genes present only in a subset of species are often associated
with the origin of adaptive traits. This phenomenon is so pervasive in Bactria that it has
been questioned whether prokaryotic genealogies can be reconstructed with any
confidence using standard phylogenetic methods [94, 95]. Eukaryotes, on the other
hand, were believed to transmit their nuclear and organellar genomes from one
generation to the next in a vertical manner following classic Darwinian/Mendelian
inheritance mechanics. In contrast to this notion, as the number of sequenced
eukaryotic genomes sequencing has exponentially increased in the last decade, an
increasing body of data has pointed towards the existence of HGT in these taxa as
well, although at much lower rates than in prokaryotes [96]. However, the frequency
and impact of eukaryotic HGT outside the context of endosymbiosis and pathogenicity
remain one of the most hotly debated topics in evolutionary biology. Because the
correct identification of HGT is rarely trivial and unambiguous, much space is left for
interpretation and erroneous assignments. Since the first reports of eukaryotic HGT,
skeptics have challenged its existence declaring eukaryotic HGT is Lamarckian, thus
false, and merely a result from analysis artifacts [97, 98]. Proponents of eukaryotic
HGT have failed to deliver explanations for the apparent absence of eukaryotic pan-
genomes as well as the lack of cumulative effects which would be observed when
genes derived from HGT increasingly diverge from their non-eukaryotic orthologs as a

function of time.
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In the context of HGT, the Cyanidiales became more broadly known after publication
of the genome sequences of Galdieria sulphuraria 074W [65, 99] and Galdieria
phlegrea DBV009 [66]. Comparative genomics postulated a “hot start” at the root of
the red algae phylum, which triggered a billion-year lasting adaptation towards
polyextremophily at the cost of genome reduction [100]. Hence, the ancestor of today’s
Cyanidiales was likely to be a unicellular, proto-rhodophyte living in aquatic thermal
environments. Whereas the Cyanidiales have maintained this evolutionary trajectory
of extremophile adaptation for a period longer than one billion years, it was
successively lost in the other red algal groups whose descendants are now largely
mesophilic. The gene sets of Galdieria sulphuraria 074W [65] and Galdieria phlegrea
DBVO009 [66] revealed 73/63 instances of phylogenetic inferences other than the
cyanobacterial plastid endosymbiont which were interpreted as gene gains from non-
eukaryotic species via eukaryotic HGT. The maijority of HGT genes was hypothesized
to have provided selective advantages during the evolution towards polyextremophily
strong enough to counteract the background selection pushing towards genome
reduction and reduced gene inventory. In Galdieria genomes, the functional
annotations of HGT genes were depicted as indicators of the selective forces that
acted on the Cyanidiales. In this context, a dominant proportion of the inherited gene
functions were connected to ecologically important traits for extremophile survival,
such as heavy metal detoxification, xenobiotic detoxification, ROS scavenging, and
metabolic functions related to carbon, fatty acid, and amino acid turnover. The authors
postulated a relevant role in the systems biology of Galdieria sulphuraria (systems
biology comprises the cellular phenotypes and response networks that emerge from
interactions between individual system components). Hence, the success of the
Cyanidiales is not only derived from constant adaptation towards polyextremophily with
genome reduction as a possible evolutionary motor for major radiation but also
"boosted" through HGT which expanded and optimized favorable traits [80, 99].
Expressional changes in HGT genes as a consequence of temperature stress were
more pronounced in comparison to native genes in Galdieria sulphuraria, indicating
their physiological relevance in the role of environmental stress adaptation [101, 102].
At the same time, significant differential expression of HGT genes was absent in
Cyanidioschyzon merolae exposed to high COz, a condition which does not implicate

stress [51, 102]. HGT genes are thus not only present as non-coding DNA sequence
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but also well integrated into the transcriptional machinery. Further, HGT genes
identified differ significantly from the native genes in various genomic features (e.g.,
GC-content, number of exons per gene, etc.) and originated from extremophilic
prokaryotes that thrive in similar habitats as the Cyanidiales [102] yet another
indication for their adaptive potential. However, microevolution at decreased growth
temperatures over a period spanning > 100 generations of Galdieria sulphuraria did
not translate into a major selective force acting specifically on HGT genes. Rather,
natural selection towards temperature tolerance is a systems biology problem which
requires the gradual orchestration of an intricate gene network and deeply nested

regulators at genetic and epigenetic level [103].

Analysis of multiple Cyanidiales genomes has significantly contributed to the ongoing
debate regarding the existence, frequency, and impact of eukaryotic HGT [102]. The
absence of a eukaryotic pangenome and cumulative effects can be explained by the
rarity of eukaryotic HGT and the propensity of HGT candidates to gene erosion.
Because eukaryotic HGT is the exception rather than the rule, its quantity in eukaryotic
genomes does not need to increase as a function of time and likely reached equilibrium
between acquisition and erosion in the distant past. The presumption that eukaryotic
HGT will (and should) unfold in the eukaryotic kingdom in the same manner as does

prokaryotic HGT among prokaryotes is highly questionable.
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Abstract

Background: Genome reduction in intracellular pathogens and endosymbionts is usually compensated by reliance on

the host for energy and nutrients. Free-living taxa with reduced genomes must however evolve strategies for generating
functional diversity to support their independent lifestyles. An emerging model for the latter case is the Rhodophyta (red
algae} that comprises an ecologically widely distributed, spedies-rich phylum. Red algae have undergone multiple phases
of significant genome reduction, including extremaphilic unicellular taxa with limited nuclear gene inventories that must

cope with hat, highly acidic environments.

Results: Using genomic data from eight red algal lineages, we identified 155 spliceasomal machinery (SM)-associated
genes that were putatively present in the red algal commeon ancestor. This core SM gene set is most highly conserved
in Galdieria species (150 SM genes) and underwent differing levels of gene loss in other examined red algae (53-145 SM
genes). Surprisingly, the high SM conservation in Gaidieria sulphuraria coinddes with the enrichment of spliceasomal
introns in this species (Z introns/gene) in comparison to other red algae (< 0.34 introns/gene). Spliceosomal introns in G.
sulphurario undergo alternatively splicing, including many that are differentially spliced upon changes in culare

ternperature.

Conclusions: Our work reveals the unigue nature of G. sulphwaria among red algae with respect to the conservation of
the spliceosamal machinery and introns. We discuss the possible implications of these findings in the highly streamlined

genome of this freeliving eukaryote.

Keywords: Genome reduction, RNA splicing, Intron, Rhodophyta

Background

The study of eukaryote genome evolution has focused
primarily on how genomes grow in size and complexity
over time (e.g., via genome duplication [1] and transpos-
able element accumulation [2] often due to neutral,
population level processes) in model organisms such as
vertebrates and land plants. In contrast, there is limited
information arising from the opposite perspective (ie.,
genome reduction), despite its prevalence in many
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lineages [3]. In addition, knowledge about genome
reduction, which has been studied primarily in highly
specialized endosymbionts and pathogens [4] has limited
implications for free-living species and the maintenance
of their bicdiversity. Therefore, understanding the
impact of genome reduction in free-living organisms,
particularly in eukaryotes that have complex genomes,
provides a novel avenue to understand and test the
underlying principles of genome evolution.

An emerging model for elucidating the impacts of gen-
ome reduction in free-living eukaryotes is the
Rhodophyta (red algae). This monophyletic algal lineage
comprises an ecologically widely distributed and species-
rich phylum (ca. 7000 species) [5]. Analysis of genomic
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International License (hittpo/f/creativecarnmons.org/licenses/y/4.0/), which permits unrestricted use, distribution, and
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the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication walver
(http://creativecornmans.org/publicdornaln/zero/1.0/) applies to the data made avallable in this article, unless othernwise stated
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and transcriptomic data have shown that red algae
underwent at least two phases of massive genome reduc-
tion [6]. The first is in the stem lineage, where about
one-quarter of the gene inventory was shed [6] and the
second is in the ancestor of the anciently diverged extre-
mophiles, Cyanidiophytina, such as Cyanidioschyzon
mierolae [7] and Galdieria sulphuraria [8], that thrive in
volcanic hot-spring areas [6, 9]. As a consequence of
adaptation to their unusual environment, G. sulphuraria
(6.5 K nuclear genes) and C. merolae (4.7 K nuclear
genes) contain smaller gene inventories than their
mesophilic red algal sisters which encode ~ 10 K nuclear
genes [10-12].

Alternative splicing provides a major avenue of post-
transcriptional regulation in eukaryotes [13]. Here, using
analysis of genomic and RNA-seq data from G. sulphur-
aria, we show: 1) selective retention of the splicecsomal
machinery (SM) in G sulphuraria, a toolkit that has
been greatly reduced in complexity in many of its sister
red algal lineages, and 2) the coincidence of high SM re-
tention and intron enrichment in G. sulphuraria that
has resulted in extensive alternative splicing (AS) in this
species. Given these unique features in G. sulphuraria,
we discuss the possible implications of AS in red algal
evolution.

Results

Pattern of spliceosome machinery gene loss in red algae
Using a BLASTp search-based methed (see Methods) with
215 non-redundant human SM-associated proteins [14] as
the query, we identified homologs in red algae and their pu-
tative sister lineage, the Viridiplantae (Additicnal file 1:
Table S1). Consistent with the fundamental function of the
SM, a majority of these proteins have detectable homologs
in red algae and Viridiplantae (Fig. 1a), with generally more
genes found in the latter phylum (Fig 1la). Substantial
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variation in SM gene number was found among red algal
lineages with Galdieria species (G. sulphiraria and G. phle-
grea) containing the largest number of genes and C. mero-
lae the smallest (Fig. 1a); the latter result has previously
been described [15]. The observed SM gene distribution
among red algal species could have resulted from inde-
pendent, recent gene losses in multiple lineages or from ex-
tensive gene acquisition via horizontal gene transfer (HGT;
eg, in G sulphuraria [8]). To distinguish between these
two scenarios, we used phylogenetics to study the origin of
red algal SM genes (see Methods) and estimated the timing
of SM gene losses using a robust red algal tree of life [16].
Most individual SM gene phylogenies suggest vertical trans-
mission because of the shared commen ancestry of red
algae with a variety of other eukaryctes (e.g., Metazea in
Additional file 2: Figure SLA; see Additional file 3 for all of
the phylogenies). No clear evidence was found for the HGT
of SM genes in Galdieria and other red algal species (Add-
itional file 3). Using Dollo parsimony [17], we reconstructed
the evolutionary history of SM genes in red algae. A total of
155 SM associated genes was likely present in the stem
lineage of red algae, most of which (150) are preserved in
Galdieria species (Fig. 1b). In contrast, extensive SM gene
losses occurred independently in other red algal lineages
such as C. merolae (currently 53 SM genes), Bangiophyceae
(Porphyra yezoensis + Porphyra umbilicalis, 91 SM genes),
and Porphyridium species (P. purpureum and P. aerugi-
neunt, 110 SM genes) (Fig. 1a). Rhodosorus marinus (145)
contains a SM gene number similar to that in Galdieria
species (Fig. 1b). Using 303 highly conserved gene families
in eukaryotes as reference, we assessed the completeness of
each red algal protein dataset with BUSCO. Most species
showed a high coverage (<8% missing genes), except
Chondrus crispus (16% missing) and Bangiophyceae (19%
missing) (Additional file 4: Table 52). Because C. crispus
contains slightly more SM-genes than its sister lineage
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Fig. 1 The evaolution of SM genes in red algae. a Distribution of 215 spliceosomal {SM) protein hemelogs in 17 red algal {in red color) and
Virldiplantae lineages (in green color). Galdieria species are shown in the purple color. The heatmap is based on the sequence identities between
human SM prateins and their homelogs in the corresponding species. b The putative losses of 5M genes in the red algal tree of life. The extent
of 5M gene loss is indicated by the numbers under branches. The grey circle indicates the most recent comman ancestor of red algae. The
dashed branches and arrows indicate the three phases of red algal genome reduction
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Gracilariopsis chorda, this result suggests that the estimate
of SM-gene number in mest species was robust except for
the Bangiophyceae. Whereas the extensive SM gene loss in
C. merolae is likely explained by recent genome reduction
specific to this extremophilic lineage [9] (arrow #3 in Fig
1b), the underlying reasons for SM gene loss in Porphyri-
ditom and other mesophilic species are unclear. In contrast,
the significant retention of SM genes at the split of extre-
mophilic and mesophilic red algae (and maintenance in
Galdieriar) in the face of genome reduction, specific to this
group (arrow #2 in Fig. 1b) is a surprising result.

Spliceosome compaosition and conservation in red algae
Based on human SM protein expression data [14]
(Additional file 5: Table 53), we found that highly
expressed SM proteins (79%) are twice as likely to be
retained in red algae as those expressed at low levels
(43%). Nearly all of the core proteins that directly bind
small nucleolar (sn) RNAs to form small nuclear ribonu-
cleoproteins (i.e., Sm, U1, U2, U5, U4/U6 and U5/U4/U6)
are conserved in Galdieria species and have the lowest de-
gree of loss in mesophilic red algae (Additional file 5:
Table S3). All five snRNAs (U1-2 and U4-6) are found in
G. sulphuraria (Additional file 6: Figure $2) and in five
other red algal genomes (Additional file 7: Table S4), ex-
cept for Ul snRNA that was most likely lost in C. rmierolae
[15] (Additicnal file 7: Table S4). Whereas we included G.
phlegrea to fully capture the SM gene inventory (Fig. 1),
this taxon is not included in downstream analyses because
of its close phylogenetic relationship to G. sulphuraria
and the relatively low quality of intron annotation due to a
lack of transcriptome data. In contrast, the remaining aux-
iliary SM proteins that generally perform peripheral or
modulatory functions underwent more frequent loss
(Additional file 5: Table 53). These results suggest that the
red algal commoen ancestor contained 155 SM proteins
that comprised the complete core of the splicecsomal ma-
chinery that was largely maintained in some lineages (such
as Galdieria). It is noteworthy that although C. merolae
and G. sulphuraria are both extremophiles that inhabit
areas surrounding volcanic het springs, these two species
differ dramatically in lifestyle and metabolic capacity [18]
which presumably is reflected by the additional phase of
genome reduction in C. merolae (arrow #3 in Fig. 1b) [9].
Whereas the extremely reduced SM does perform RNA-
splicing functions in C. merolae, it likely has a highly com-
promised efficiency given the minimal number of introns
(only 27) present in this genome [7]. A highly reduced SM
has also been found in several parasitic eukaryotes [19].
These species invariably show a paucity of introns includ-
ing the kinetoplastid Trypanosoma brucei (13 introns in
8747 genes) [20], the microsporidian Encephalitozoon
cynicyli (7 introns in 1996 genes) [21], and the diplomo-
nad Giardia lamblia (6 introns in 7364 genes) [22].
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Consistent with a previous study [15], we found that
many red algal SM proteins are distantly related to refer-
ence sequences (ie, human SM proteins) and have ex-
tremely long branches in phylogenies (Additional file 8:
Figure S3). This pattern of evolution is commeon in red algal
species with reduced SM gene sets such as C. merolae,
Bangiophyceae, and Porphyriditm, and is largely absent in
G. sulphuraria and R. marinus. Using the BLASTp bit
score as the metric, we found G. sulphuraria SM proteins
to be generally more conserved than their orthologs in
other red algal species (except R marinus) at the primary
sequence level (Additional file 8: Figure $3). Similarly, G.
sulphuraria also shows the strongest overall sequence con-
servation among snRNAs, as reflected by their high align-
ment scores (Additional file 7: Table S4). C. merolae has
the least conserved snRNAs (Additional file 7: Table S4).
Whereas the fast evolution of SM proteins and snRNAs
might reflect a genome-wide feature in C. merolae [16], the
highly derived SM proteins and snRNAs in other red algal
species likely resulted from the acquisition of novel func-
tions or relaxed functional constraints. This result suggests
that some apparent cases of gene loss in SM gene-poor red
algal species (e.g, C. merolae) might instead be explained
by high divergence; ie., beyond sequence similarity-based
recognition. In summary, our results demonstrate the con-
servation of the G. sulphuraria SM with respect to both
gene inventory and protein similarity.

Enrichment of introns in the G. sulphuraria genome

Among the six red algal species with completed or draft
genomes, intron numbers vary substantially, ranging from
27 in C. merolae, 245 in P. purpureum, to 13,245 in G.
sulphuraria (Additional file 9: Table S5). The most highly
conserved red algal SM in G. sulphuraria (Fig. 1) coin-
cides with the enrichment of introns and multiple-exon
genes in this species (Fig. 2a). Conversely, C. merolae that
has the most reduced SM (Fig. 1) possesses the smallest
number of introns (Fig. 2a and Additional file 9: Table S5).
On average, G. sulphuraria genes are interrupted by two
introns, whereas the corresponding numbers in other four
red algal genomes are markedly smaller (0.005 — 0.3
intron/gene, Fig. 2a). The number of genes with one or
more introns in G. silphuraria greatly exceeds that in the
other five studied red algal species (Fig. 2a). Whereas in-
tron number is likely underestimated in the P. yezoeusis
genome because of its highly fragmented assembly [12],
our conclusion dees not change when the intron estimate
is derived from a set of ‘complete’ P. yezoensis genes (i.e.,
60% single-exon gene and 0.7 intron/gene on average
[12]). Although in need of validation with additional
genome data, these results suggest that the extent of SM
conservation is likely associated with intron density in red
algal genomes (Additional file 10: Figure S4A). A high
number of auxiliary SM genes in G. sulphuraria likely
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results in an efficient SM that is able to process the rela-
tively large number of introns in this species. Notably, G.
sulphuraria has an exceptionally low GC content among
red algae (Additional file 10: Figure $4B). Additional red
algal genomic data are required to test the correlation be-
tween GC content and intron density in these taxa
(Additional file 10: Figure $4C).

intron duplications. Regarding intron positions that are
shared with Viridiplantae, G. sulphuraria (1199) contains >
4-fold more ancestral introns than do other red algal line-
ages, such as C. crispus (212) and G. chorda (121) (Fig. 2b).
This result suggests that many anciently derived introns
were retained in G. sulphuraria and lost in other red algal
lineages. Examples include the intron-rich G. sulphuraria
gene encoding geranylgeranyl transferase beta-subunit
(NCBI GenelD: 17088310). This gene contains six introns,
of which five (from the 2nd to the 6th) have conserved
positions in  Viridiplantae homologs (Fig. 2c¢ and
Additional file 11: Figure S5). In contrast, all of these
introns underwent losses in mesophilic red algae, resulting
in a 3-exon gene in P. yezoensis, single-exon genes in P.
purpureum, C. crispus, and G. chorda (Fig. 2c¢ and
Additional file 11: Figure S5). When assuming a simple
evolutionary scenario (ie, Dollo parsimony [17]), about
1700 introns are estimated to have been present in the red
algal stem lineage, followed by significant losses in meso-
philic red algae and in C. merolae (Additional file 12: Figure

Origin of G. sulphuraria introns

To study the origin of G. sulphuraria spliceosomal intrens,
we compared their positions within homologous genes
across six red algal species (Fig. 2b) and between them and
five Viridiplantae lineages (Additional file 9: Table S5). Most
of the G. sulphuraria intron positions (90%) appear to be
lineage-specific (Fig. 2b), likely resulting from recent intron
insertions. Based on a self-BLASTn search (e-value cutoff
=1e-5), only 3.6% (478/13,245) of introns share sequence
similarity (query coverage >0.5) with one or more (up te 9)
other introns. This result does not support the idea that the
majority of G. sulphuraria introns resulted from recent
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$6). These results suggest that red algal introns have a high
turnover rate, that is a common feature of many eukaryotes
[23]. The relatively large number of intrens in G. sulphiir-
aria resulted from both lineage-specific intron gains and re-
tention of ancestral introns. Notably, G. sulphuraria introns
are much smaller in size (50 bp, on average) than in other
red algal genomes (Additional file 13: Figure S7A). This is
consistent with a strong size constraint that has resulted in
the compact genome of G. sulphuraria (Additional file 13:
Figure S7B) [8].

Alternative mRNA splicing in G. sulphuraria

Why would SM genes and a relatively more complex
intron-exon structure be preserved in the compact G.
sulphuraria genome? The answer to this question may lie
in the fact that intron-exon structure provides the founda-
tion in eukaryotes for generating multiple transcripts via
alternative splicing. This is true in G. sulphuraria, as
demonstrated by previous analysis of transcriptome data
derived from Sanger sequences and 454 long-reads that
revealed alternatively spliced isoforms for about 500 genes
[8]. To test if AS in G. sulphuraria responds to environ-
mental changes, we generated and analyzed extensive
RNA-seq data from this alga under two arbitrary different
temperature conditions: ‘heat’ (42 °C and 46 °C; non-
stressed, because this alga normally lives at temperatures
between 35 and 56 °C [24]) and ‘cold’ (28 °C; stressed) (see
Methods). A total of 1766 introns were identified as being
alternatively spliced (mostly via intron retention) under
one or both temperature conditions (Additional file 14:
Table S6). A total of 1397 of these alternatively spliced in-
trons were located within 1027 known G. sulphuraria
genes, including 12 genes derived via HGT
(Additional file 14: Table 56). Among these 1766 introns,
1152 are identical with the annctated G. sulphuraria in-
trons, accounting for 10.2% of the latter (13,245 introns).
‘We predicted the impact of retention of these 1152 in-
trons in the encoded transcripts and found that 792 (68.
7%) lead to frame-shifts (ie., in lengths not divisible by 3)
(Fig. 3a). When translated in the reading frame of preced-
ing exons; Le., 875 (75.9%) introns encode premature stop
codons that lead to truncated proteins. Only 50 (4.3%) of
retained intrens do not cause these two types of changes
in the inferred proteins. An example of intron retention is
provided by the phosphoribosylformylglycinamidine
cyclo-ligase gene (NCBI Gene ID: 17089374). The main-
tenance of its second intron introduces a stop codon
(TAG}) and leads to a truncated protein with a fragmented
AIR synthase-like C-terminal domain (Fig. 3b). In a FDA
synthase gene that contains two introns (NCBI Gene ID:
17086779), the retention of the first intron introduces a 1-
bp frame-shift resulting in a ~ 150 amino acid novel pep-
tide downstream of the protein encoded by the first exon
(Fig. 3b). These two examples are supported by long reads
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generated by Sanger or 454 sequencing [8]. The functional
implication of these protein variants is not yet known.

Differential intron splicing in G. sulphuraria

To test if AS in G. sulphuraria responds to temperature
fluctuations, we searched and identified 212 introns that
were (statistically significantly) differentially spliced be-
tween the heat and cold conditions (Additional file 15:
Table S7). One example is a novel Galdieria-specific
gene that is comprised of three exons (Fig. 3c). The
splicing of the first intron is largely restricted to the heat
condition, whereas the second intron is spliced in both
conditions with apparently more extensive intron reten-
tion under heat than under cold (Fig. 3c). A second ex-
ample is the gene encoding the RNA polymerase
primary sigma facter (NCBI Gene ID: 17087802), with
the first intron being significantly retained (ie, 1/4~1/3
of total transcripts) under the heat condition. The same
intron is rarely retained under the cold condition (Fig. 3c).
This intron is located within a Sigma70-r3 domain
(pfam04539) that is involved in the binding of core RNA
polymerase. Retention of this intron leads to stop codons
and a truncated Sigma70-r3 domain (Additicnal file 16:
Figure S8). We also found many differentially spliced in-
trons that are not located within any annotated genic re-
gion, which likely reflects splicing of non-coding RNA
transcripts (Additional file 15: Table 57). Under the same
conditions, 178 genes were differentially expressed (> 2.5
fold down- or up-regulated in terms of overall expression
abundance) including only two SM genes (Additional file 17:
Table S8). Because of splicing variation within a group (ie.,
heat) due to differences in treatment (42 °C and 46 °C), our
result represents a conservative estimate of the extent of
differential splicing between the overall ‘heat’ and ‘cold’ con-
ditions. Although a comprehensive analysis of temperature-
dependent gene expression and the functional conse-
quences of differential splicing are not within the scope of
this paper, our results suggest that G. sulphuraria is able to
respond to temperature changes (and likely other stimuli)
using differential mRNA-splicing. These results explain the
considerable
many of these species live (e.g., non-thermophilic Galdieria
soos [25]). Given the overall reduced SM in red algae,
compared to humans and Viridiplantae, the prevalence of
intron retention might also have resulted from compro-
mised splicing efficiency in G. sulphuraria. How this pos-
sible scenario contributes to overall intron retention in G.
sulphuraria is unknown.

fluctuations in microenvironments where

Discussion

We show here that components of the spliceosomal ma-
chinery have undergone recent gene losses and acceler-
ated evolution among different red algal lineages. In this
context, the high conservation of the SM in Galdieria is
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nuclectides are shown in uppercase and non-coding nuclectides in lower case. Gray rectangular boxes are aligned with every other codon
triplet. Gene models comprise thin black boxes {exans) connected with angled lines {intrans). ¢ Two examples of differential intron splicing
hetween the heat and cold conditions in G. sulphuraria. Gene structures are shown at the top with the black boxes indicating the exons. For
each gene, the read coverage along the displayed regions is shawn for a total of & samples, with 2 replicates for each at the 4 temperature
treatrents (see Methods for details). The maxirum read coverage is shown for each sample. For each intron, regions that are significantly
more spliced than the compared temperature group are indicated with arrows

counterintuitive, given its relatively more reduced gene in-
ventory resulting from lineage-specific genome reduction
(Fig. 1b, arrow #2). In addition, G. sulphuraria contains a
relatively large number of introns via ancient intron pres-
ervation and novel insertions, in spite of its compact gen-
ome size. This unexpected evclutionary trajectory allows
alternative mRNA splicing that generates transcriptomic
tand likely proteomic) diversity [26, 27] in this lineage for

about a quarter of the alternatively spliced transcripts that
do not encode premature stop codons (including 4.3%
leading to insertion of amino acids and 19.7% resulting in
novel peptides due to frame-shifts, e.g., Fig. 3b). The func-
tional impact of alternative splicing on G. sulphuraria
biology remains to be investigated.

It is noteworthy that of the 1152 well annotated, alter-
natively spliced introns we identified in G. sulphuraria,
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most cases (68.7%) of intron retention lead to a trun-
cated pratein (Fig. 3a). Why might this be tolerated? The
most likely reason is nonsense-mediated decay (NMD), a
process that is widespread in eukaryotes for regulating
post-transcriptional gene expression [28]. NMD allows
for the targeted degradation of alternatively spliced iso-
forms that would result in truncated proteins due to the
introduction of premature termination codons (PTCs; e.
g., due te intron retention), as described previously [29].
NMD is not however completely effective and PTCs per-
sist in the transcript pools of many eukaryotes, suggest-
ing a functional role [30]. Soergel et al. [31] postulated
an evolutionary interaction between AS and NMD, that
allows the rise of alternative, beneficial splice forms (i.e.,
under the umbrella of a well-established surveillance
system) that can ultimately be fixed in the population.
This scenario may provide an explanation for the exten-
sive AS-derived PTCs we found in the G. sulphuraria
RNA-seq data. Several key genes in NMD (ie., UPF1-3)
are present in G. sulphuraria and other red algal species
(Additional file 18: Figure S9). Our findings with G.
sulphyraria are generally in line with existing data from
other systems. In Arabidopsis thaliana, about 13% of
intron-containing genes are potentially regulated by AS/
NMD [29]. In the unicellular green alga, Chlamydorno-
nas reinhardtii, there are 611 AS events that impact 3%
of all genes with intron retention being the most com-
mon outcome leading to many PTCs [32]. The AS-
derived variants may enhance gene regulation in G.
sulphyraria. This idea is consistent with the reduced
intergenic regions (i.e., that could encode cis-regulatory
elements) that has resulted from genome streamlining
(Additicnal file 13: Figure S7B).

An additional possible explanation for our results
comes from a recent study of the yeast UV stress re-
sponse where genes associated with transcription are
regulated by non-coding RNAs derived from alterna-
tively spliced, short transcripts of the same gene (ie.,
alternative last exons (ALEs) [33, 34]). In the case of the
ASCC3 gene that represses RNA polymerase 1l tran-
scription after UV irradiation, transcription of the
complete gene (e, full-length protein) is de-repressed
by an ALE derived from the same gene that acts as a
non-coding regulatory RNA. Therefore, it is possible
that stress pathways (i.e, not UV irradiation) impacted
by our heat and cold treatments of G. sulphuraria may
lead to the generation of shorter non-coding RNAs via
AS that play a role in regulating the stress response.
Thermal stress is clearly a major factor in the ecology of
G. sulphuraria, therefore AS may produce both novel
protein isoforms as well as regulatory RNAs (perhaps
like ALEs) that play roles in responding to this stress.
More generally, our results suggest that strong con-
straints that exist on the growth of gene numbers (and
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functions) due to gencme reduction can be ameliorated
at the transcriptome level. This insight required the ana-
lysis of free-living organisms that have relatively complex
genomes (ie., containing introns) and a histery of an-
cient genome reduction, together with recent lineage-
specific gene losses. In this regard, our results underline
the utility of free-living taxa such as red algae as models
for studying eukaryote genome reduction.

Conclusions

Our results revealed an unexpected aspect of Galdieria
genome evelution. Whereas the correlation between SM
gene number and spliceosomal intron density within red
algae remains to be validated with more genomic data,
our findings lead to several hypotheses that can be tested
in this unique model to understand genome reduction in
free-living organisms.

Methods
Detection of spliceosomal proteins in red algae
The culture of G. sulphuraria used in this study is the
strain with the completed nuclear genome sequence (ie.,
074 W) and was isolated from a site near Reykjavik Island
[8]. Using the 215 non-redundant human SM proteins as
queries (Additional file 19: Supplementary Methods), we
searched the proteomes from eight red algal species and
nine Viridiplantae (Fig. 1a and Additional file 1: Table S1)
using BLASTp (e-value cutoff = 1e-5). Significant hits that
led to a reasonable alignment length (query coverage >
30%) and had the highest hit-query identities were re-
corded for each query versus each search species. The
resulting data were clustered and visualized with the heat-
map functicn in the R language. Genes and taxa were
clustered using Euclidean distances between all gene (or
taxon) pairs and the complete-linkage clustering method.
To search red algal SM with higher stringencies and
examine their origins, we adopted a phylegenetic-based
method [6]. We generated a proteome data comprising
SM proteins derived from homology-based gene predic-
ticns (using human proteins as reference; Add-
itional file 19: Supplementary Methods) and protein
models annotated in existing studies (Table S1). To
identify G. sulphuraria SM proteins, we searched the G.
sulphuraria proteome data with BLASTp (e-value cutoff
=1e-3) using human SM proteins as queries. The top
three G. sulphuraria hits according to bit-score (by de-
fault) and the top three hits according to query-hit align-
ment identity were recorded for further validation. To
differentiate between orthologous and paralogous rela-
tionships between human SM queries and their G.
sulphuyraria homologs, these proteins were used as quer-
ies to search (BLASTp e-value cutoff = le-5) against a
comprehensive local protein database [6]. The significant
hits were recorded for each SM query and the
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representative sequences were selected with up to 8 se-
quences for each phylum in the default order sorted by
bit-score. A second set of representative sequences was
selected after re-sorting the BLASTp hits according to
the query-hit sequence identity. The two sets of repre-
sentative sequences (by bit-score and alignment identity)
for all the SM queries (human and G. sulphuraria ho-
mologs potentially corresponding to the same SM gene)
were then combined, aligned using MUSCLE (v3.8.31)
[35] and trimmed using TrimAl (version 1.2) [36] in au-
tomated mode (-automatedl). The phylogenetic tree
was constructed using FastTree (version 2.1.7) [37]
under the “WAG+CAT’ model with 4 rounds of mini-
mum evolution SPR moves (—psr 4) and exhaustive ML
nearest-neighbor interchanges (-mlacc 2, -slownni).
Branch support was derived from the Shimodaira-
Hasegawa test [38]. We examine the resulting phyloge-
nies manually. A SM gene was regarded to exist in G.
sulphuraria, if at least one of the G. sulphuraria gene
candidates appeared in the same orthologous group as
the human SM gene (see Additional file 2: Figure S1A
for an example of this approach). The SM gene was con-
sidered to be absent if no G. sulphuraria candidates
were found in the orthologous group with the human
SM gene (see Additional file 2: Figure S1B for an ex-
ample of this approach). HGT was inferred when the
candidate red algal sequences were nested within mul-
tiple sequences from prokaryotic and/or fungal taxa. Fol-
lowing the same procedure as described above, the
presence and absence of SM genes were determined in
other red algal lineages that are shown in Fig. 1b.

In addition, we used Galdieria SM proteins as refer-
ences for homology-based gene prediction in genome or
transcriptome data from the remaining six red algal spe-
cies (Fig. 2) (Additional file 19: Supplementary Methods).
The resulting SM proteins were incorporated into our
comprehensive local protein database described above.
Using the G. sulphuraria SM proteins (or G. phlegrea
when the G. sulphisraria gene was missing) as queries, we
carried out a BLASTp search, sorted the significant hits,
selected representative sequences, and aligned and built
phylogenetic trees following the procedures described
above. The resulting trees were manually inspected to
identify additional red algal SM sequences that were
monophyletic with the Galdieria queries.

Assessing completeness of the protein data

We used BUSCO (version 3) under the default settings
to estimate the overall completeness of protein data
(equivalent to genomic coverage) for each red algal spe-
cies [39]. The Eukaryota sets’ that contained 303 con-
served gene families in eukaryctes were used as the
reference for this analysis.
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Detection of snRNAs

We downloaded snRNA alignments for Ul (RFO0003),
U2 (RE00004), U4 (RF00015), U5 (RF00020) and U6
(RF00026) from the Rfam database [40]. The alignments
were calibrated (using c¢mcalibrate) and then used for
snRNA searches in red algal genomes (using cmsearch)
using Infernal (v1.1.2) with the default settings [41].

Intron analysis

We downloaded the genome and coding DNA se-
quences (CDSs) from six red algal species that have
high-quality whole genome sequences: G. sulphuraria
[8], C. merolae (7], P. purpureum [10], C. crispus [11], B
yezoensis [12] and G. chorda (unpublished data), and
from five Viridiplantae species (Table S4). The CDSs
were mapped to the corresponding genome sequences
using BLAT [42] under the default settings. The non-
specific alignments were remcved and the positicns of
introns (in genomes) and exon junctions (in CDSs) were
then subtracted from the BLAT output using custom
scripts. Most of the introns (94-99%) were flanked by
the canonical splicing signal (GT-AG) (Table $4).

To identify G. sulphuraria intron positions that are
shared with C. crispus, we searched G. sulphuraria
proteins against the C. crispus proteome using BLASTp
(e-value cutoff = 1e-10) and retrieved information about
the top 10 BLASTp hits. Because the original intron po-
sitions along the protein primary sequences are not
comparable across sequences due to variable lengths of
N'-terminal domains, insertions, and deletions, we built
alignments for each query protein and its corresponding
C. crispus hit(s) using MUSCLE (v3.8.31) [35]. With gaps
being introduced during the alignment procedure, the
intron positions in the original sequences (without gaps)
were converted into column numbers for each sequence
in their respective alignments. A G. sulphuraria intron
position was considered as being conserved if it was lo-
cated at the same column position in an alignment with
one or more introns of the same phase in C. crispus.
The same method was used to identify intren positions
that were shared between any two of the species in-
cluded in this study (Fig. 2b).

Galdieria sufphuraria cell cultures

Biological replicate cultures of G. sulphuraria 074W
were grown separately at 42 °C, constant illumination
(90 pE), and constant shaking (160 rpm) in photoauto-
trophic conditions using 2xGS Medium [43]. The experi-
mental design followed a temperature shift timeline:
after two weeks of cultivation at stated conditions the
first sampling took place (H-42) and the cultures were
swiftly moved to 28 °C. After cold treatment at 28 °C for
48 h, a second sampling was performed (C-28.1). The G.
sulphuraria was then switched te 46 °C for 48 h, at the
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end of which a third sample was retrieved (H-46). It
again was followed by a cold treatment at 28 °C for 48 h
when a fourth sample was retrieved (C-28.2). Altogether,
two time-points from high temperatures (42 °C and 46 ©
C) and two time-points from cold temperatures (28 °C)
were targeted for sampling.

Sequencing of the Galdieria sulphuraria transcriptome
RNA was extracted using Roboklen’s Universal RNA Puri-
fication Kit by following the “plant tissue samples” proto-
col (Roboklon, Berlin - Germany). RNA quality and
concentration was assessed using a Nanodrop photospect-
rometer ND-1000 (Peqlab Biotechnologie GmbH, Er-
langen -Germany). The samples were synthesized to be
compatible with Illumina HiSeq2000 RNA-seq libraries
strictly following the "Illumina TruSeq RNA Sample Prep
v2 LS Protocol” (Illumina, San Diego - USA). All reagents
were scaled by 2/3 to the volume proposed in the prote-
col. The quality of all libraries was assessed using the
Bioanalyzer (Agilent Technologies, Santa Clara - USA).
The libraries were sequenced in paired-end mode
{2x100bp) cn two lanes with an Tllumina HiSeq2000 se-
quencer at the BMFZ (Biologisch-Medizinisches For-
schungszentrum, Disseldorf, Germany). The resulting
RNA-seq data were deposited in the NCBI Gene Expres-
sion Omnibus (GEO) database (https://www.ncbinlm.nih.
gov/geo/) under accession number GSE89169.

Detection of differentially spliced introns

The G. sulphuraria RNA-seq data were cleaned in paired-
end mede using Trimmomatic (v0.36) [44] to remove con-
taminated adaptor sequences and low quality regions (SLI-
DINGWINDOW:6:13). Short reads (<75 bp) were
discarded. The cleaned sequence data were then mapped
to G. sulphuraria genome sequences using STAR (v2.5.2a)
[45]. The genome index was generated taking into account
the small size of G. sulphuraria genome (—-genomeSAin-
dexNbases 11). The reads were mapped to the genome as-
sembly with an allowed maximum intron size (1000 bp)
and maximum mate-pair distance (500 bp). Reads that
mapped to more than cne region were removed and
broken pairs were discarded. The mapping results (in SAM
format) were then used as input to search for alternatively
spliced modules [46] that were differentially expressed
across samples using DiffSplice [46] under the default set-
ting, with the following modifications. We required a splice
junction to be considered if the mean coverage across all
samples was > 10x and RNA-splicing at the junction was
found in at least four out of the eight different samples.
The expression thresholds for exens and introns were spe-
cified to be 16x and 8x coverage, respectively. For the test
of differential splicing, the minimal value for square roct of
JSD [46] was set to be 0.25 with false discovery rate thresh-
old (=0.01). The minimum fold change (2.5) was required
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to call gene differential expression (down- or up-
regulation). Because we aimed to test the existence of dif-
ferential intron splicing in response to temperature
changes (instead of global gene expressicn change across
samples), we regarded the two samples (H-42 and H-46) as
biclogical replicates from high temperature, and the other
two samples (C-28.1 and C-28.2) as biological replicates
from low temperature. This practice maximized statistical
power to detect splicing events that were shared within
groups (e.g., high temperature samples including H-42 and
H-46) and differed between the groups (high versus low
temperature samples). The examples of alternatively
spliced modules that showed statistically significant differ-
ence between high and low temperatures (Fig. 3c) were vi-
sualized using CLC workbench (v8) (http://www.clcbio.
com/products/cle-main-workbenchy/).
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The genomes of polyextremophilic
cyanidiales contain 1% horizontally
transferred genes with diverse adaptive
functions

Alessandro W Rossoni’, Dana C Price?, Mark Seger®, Dagmar Lyska’,
Peter Lammers?, Debashish Bhattacharya*, Andreas PM Weber'*

'Institute of Plant Biochemistry, Cluster of Excellence on Plant Sciences (CEPLAS),
Heinrich Heine University, Diisseldorf, Germany; 2Department of Plant Biology,
Rutgers University, New Brunswick, United States; *Arizona Center for Algae
Technology and Innovation, Arizona State University, Mesa, United States;
‘Department of Biochemistry and Microbiology, Rutgers University, New Brunswick,
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Abstract The role and extent of horizontal gene transfer (HGT) in eukaryotes are hotly disputed
topics that impact our understanding of the origin of metabolic processes and the role of
organelles in cellular evolution. We addressed this issue by analyzing 10 novel Cyanidiales genomes
and determined that 1% of their gene inventory is HGT-derived. Numerous HGT candidates share a
close phylogenetic relationship with prokaryotes that live in similar habitats as the Cyanidiales and
encode functions related to polyextremophily. HGT candidates differ from native genes in GC-
content, number of splice sites, and gene expression. HGT candidates are more prone to loss,
which may explain the absence of a eukaryotic pan-genome. Therefore, the lack of a pan-genome
and cumulative effects fail to provide substantive arguments against our hypothesis of recurring
HGT followed by differential loss in eukaryotes. The maintenance of 1% HGTs, even under selection
for genome reduction, underlines the importance of non-endosymbiosis related foreign gene
acquisition.

DOI: hittps://doi.org/10.7554/eLite.45017.001

Introduction

Eukaryotes transmit their nuclear and organellar genomes fram one generation to the next in a verti-
cal manner. As such, eukaryotic evolution is primarily driven by the accumulation, divergence {e.g.,
due to mutation, insertion, duplication), fixation, and loss of gene variants aver time. In contrast, hor-
izontal {also referred to as lateral) gene transfer {HGT) is the inter- and intraspecific transmission of
genes fram parents to their offspring. HGT in Bacteria {Doolittle, 1999; Ochman et al.,, 2000;
Boucher et al., 2003) and Archaea (Nelson-Sathi et al., 2012} is widely accepted and recognized as
an important driver of evolution leading to the formation of pan-genomes {Tettelin et al., 2005;
Vernikos et al., 2015). A pan-genome comprises all genes shared by any defined phylogenetic
clade and includes the so-called core {shared) genes associated with central metabolic processes,
dispensable genes present in a subset of lineages often associated with the origin of adaptive traits,
and lineage-specific genes {Vernikos et al., 2015). This phenomenon is so pervasive that it has been
questioned whether prokaryotic genealogies can be reconstructed with any confidence using stan-
dard phylogenetic methods {Philippe and Douady, 2003; Doolittle and Brunet, 20146). In contrast,
as eukaryote genome sequencing has advanced, an increasing body of data has pointed towards

Rossoni et al. eLife 2019;8:e45017. DOI: https://doi.org/10.7554/eLife.45017
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[ ]
G. sulphuraria 074W

Species QOrigin Country Habitat Habitat pH | Habitat Temp (°C) Source
C. merolae 10D* Sardinia Italy Acidic Hot Spring 15 Up to 45°C ATCC®, T. Kuroiwa
C. merolae Soos Soos National Park cz Diatom field 08-2 <0°-30°C W. Gross, M. Seger
G. phlegrea DBV009* Nepi Italy Sulphuar Spring 0.8 12°C G. Pinto, ACUF
G. phlegrea Soos Soos National Park (074 Diatom field 08-2 <0°-30°C W. Gross, M. Seger
G. sulphuraria 002 (S) La Solfatara Italy na 1 36°C G. Pinto
G. sulphuraria 074W* Mount Lawu Indonesia Fumaroles na 35°C W. Gross, P. De Luca
G. sulphuraria 5572 Norris Basin, YNP USA Acidic soil 1 55°C M. Seger, R. W. Castenholz
G. sulphuraria Azora Azores Portugal Porous sandstone, endolithic 21 na W. Gross, A. Flechner
G. sulphuraria MS1 Contaminant USA Ronust contaminant of YNP cultures na na M. Seger, P. Lammers
G. sulphuraria MtSh Mount Shasta USA  [Soil, close to mountain peak (4300m)| 22 na W. Gross, R. R. Pausewein
G. sulphuraria RT22 Rio Tinto, Berrocal Spain Riverbank, endolithic 25 na W. Gross, R. R. Pausewein
G. sulphuraria SAG21.92 Yangmingshan Taiwan Hot spring na na J. T
G. sulphuraria YNP5578.1 Nymph Creek, YNP USA Acid stream 3 42°C M. Seger, R. W. Castenholz

Figure 1. Geographic origin and habitat description of the analyzed Cyanidiales strains. Available reference genomes are marked with an asterisk (*),
whereas ‘na’ indicates missing information.

DOI: hit /10.7554/eLife.45017.002

the existence of HGT in these taxa, but at much lower rates than in prokaryotes (Danchin, 2016).
The frequency and impact of eukaryotic HGT outside the context of endosymbiosis and pathogenic-
ity however, remain hotly debated topics in evolutionary biology. Opinions range from the existence
of ubiquitous and regular occurrence of eukaryotic HGT (Husnik and McCutcheon, 2018) to the
almost complete dismissal of any eukaryotic HGT outside the context of endosymbiosis as being
Lamarckian, thus false, and resulting from analysis artefacts (Martin, 2018; Martin, 2017). HGT
skeptics favor the alternative hypothesis of differential loss (DL) to explain the current data. DL
imposes strict vertical inheritance (eukaryotic origin) on all genes outside the context of pathogenic-
ity and endosymbiosis, including putative HGTs. Therefore, all extant genes have their root in LECA,
the last eukaryotic common ancestor. Patchy gene distributions are the result of multiple ancient
paralogs in LECA that have been lost over time in some eukaryotic lineages but retained in others.
Under this view, there is no eukaryotic pan-genome, there are no cumulative effects (e.g., the evolu-
tion of eukaryotic gene structures and accrual of divergence over time), and therefore, mechanisms
for the uptake and integration of foreign DNA in eukaryotes are unnecessary.

A comprehensive analysis of the frequency of eukaryotic HGT was recently done by Ku and Mar-
tin (2016). These authors reported the absence of eukaryotic HGT candidates sharing over 70% pro-
tein identity with their putative non-eukaryotic donors (for very recent HGTs, this figure could be as
high as 100%). Furthermore, no continuous sequence identity distribution was detected for HGT can-
didates across eukaryotes and the ‘the 70% rule’ was proposed ('Coding sequences in eukaryotic
genomes that share more than 70% amino acid sequence identity to prokaryotic homologs are most
likely assembly or annotation artifacts.’) (Ku and Martin, 2016). However, as noted by others
(Richards and Monier, 2016; Leger, 2018), this result was obtained by categorically dismissing all
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eukaryotic HGT singletons located within non-eukaryotic branches as assembly/annctation artefacts,
as well as those remaining that exceeded the 70% threshold. In addition, all genes that were pre-
sumed to be of organellar origin were excluded from the analysis, leaving a small dataset extracted
from already under-sampled eukaryotic genomes.

Given these uncertainties, the aim of our work was to systematically analyze eukaryotic HGT using
the Cyanidiales (known as Cyanidiophytina in some taxonomic schemes) as model arganisms. The
Cyanidiales comprise a monophyletic clade of polyextremophilic, unicellular red algae {Rhodophyta)
that thrive in acidic and thermal habitats worldwide (e.g., volcanoes, geysers, acid mining sites, acid
rivers, urban wastewaters, geothermal plants} {Castenhofz and McDermott, 2010). With a diver-
gence age estimated to be around 1.92-1.37 billion years (Yoon et al., 2004), the Cyanidiales are
the earliest split within Rhodophyta and define one of the oldest surviving eukaryotic lineages. They
are located near the root of the supergroup Archaeplastida, whose ancestor underwent the primary
plastid endosymbiosis with a cyanobacterium that established photosynthesis in eukaryotes {Reyes-
Prieto et al., 2007; Price et al., 2012). In the context of HGT, the Cyanidiales became more broadly
known after publication of the genome sequences of Cyanidioschyzon merolae 10D
{Matsuzaki et al., 2004; Nozaki et al., 2007), Galdieria sulphuraria 074W (Schénknecht et al.,
2013}, and Galdieria phlegrea DBV009 {Qiu et al., 2013). The majority of putative HGTs in these
taxa was hypothesized to have provided selective advantages during the evolution of polyextre-
mophily, contributing to the ability of Galdieria, Cyanidioschyzon, and Cyanidium to cope with
extremely low pH values, temperatures up to 56°C, as well as high salt and toxic heavy metal ion
concentrations {Castenholz and McDermott, 2010; Doemel and Brock, 1971; Reeb and Bhatta-
charya, 2010; Hsieh et al., 2018). In such environments, they can represent up to 90% of the total
biomass, competing with specialized Bacteria and Archaea (Seckbach, 1972), although some Cyani-
diales strains also occur in more temperate environments {Qiu et af,, 2013; Gross et al., 2002;
Ciniglia et al., 2004; Barcyté et al., 2018; lovinelia et al.,, 2018). The integration and maintenance
of HGT-derived genes, in spite of strong selection for genome reduction in these taxa {Qiu et al.,
2015) underlines the potential ecological importance of this process to niche specialization
{Schénknecht et al., 2013; Qiu et al.,, 2013; Raymond and Kim, 2012; Bhattacharya et al., 2013;
Foflonker et al., 2018; Schonknecht et al., 2014). For this reason, we chose the Cyanidiales as a
model lineage for studying eukaryotic HGT.

It should be appreciated that the correct identification of HGTs based on sequence similarity and
phylogeny is rarely trivial and unambiguous, leaving much space for interpretation and erroneous
assignments. In this context, previous findings regarding HGT in Cyanidiales were based on single
genome analyses and have therefore been questioned (Ku and Martin, 2016).

Many potential sources of error need to be excluded during HGT analysis, such as possible bacte-
rial contamination in the samples, algorithmic errors during genome assembly and annotation, phylo-
genetic model misspecification, and unaccounted for gene paralogy (Richards and Monier, 2016).
In addition, eukaryotic HGT reports based on single gene tree analysis are prone to misinterpreta-
tion and may be a product of deep branching artefacts and low genome sampling. Indeed, false
claims of prokaryote-to-eukaryote HGT have been published {Boothby et al, 2015; Crisp et al.,
2015) which were later corrected {Koutsovoulos et al., 2016; Salzberg, 2017).

Here, we used multi-genomic analysis with 13 Cyanidiales lineages {including 10 novel, long-read,
draft genome sequences) from nine geographically isolated habitats. This approach increased phylo-
genetic resolution within Cyanidiales to allow more accurate assessment of HGT while avoiding
many of the above-mentioned sources of errar. The following questions were addressed by our
research: {i) did HGT have a significant impact on Cyanidiales evolution? {ii} Are previous HGT find-
ings in the sequenced Cyanidiales genomes an artefact of short read assemblies, limited genome
databases, and uncertainties associated with single gene trees, or do they hold up with more exten-
sive sampling? {iii} And, assuming that evidence of eukaryotic HGT is found across multiple Cyani-
diales species, are cumulative effects observable, or is DL the better explanation for these results?

Rossoni et al. eLife 2019;8:e45017. DOI: https://doi.org/10.7554/eLife.45017 3of 57
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Results

Features of the newly sequenced cyanidiales genomes

Genome sizes of the 10 targeted Cyanidiales {Figure 1) range from 12.33 Mbp - 15.62 Mbp, similar
to other members of this red algal lineage (Matsuzaki et al., 2004; Schénknecht et al,, 2013;
Qiu et al., 2013) {Table 1). PacBio sequencing yielded 0.56 Gbp - 1.42 Gbp of raw sequence reads
with raw read N5O ranging from 7.9 kbp - 14.4 kbp, which translated to a coverage of 28.91x -
70.99x at the unitigging stage {39.46x — 91.20x raw read coverage) {Appendix 1). We predicted a
total of 61,869 novel protein coding sequences which, together with the protein data sets of the
already published Cyanidiales species {total of 81,682 predicted protein sequences), capture 295/
303 {97.4%} of the highly conserved eukaryotic BUSCO dataset. Each species, taken individually,
scored an average of 92.7%. In spite of massive gene losses observed in the Cyanidiales {Qiu et al.,
2015}, these results corroborate previous observations that genome reduction has had a minor influ-
ance on the core eukaryotic gene inventory in free-living organisms (Qiu et al., 20716). Even C. mero-
fae Socs, the species with the most limited coding capacity {4406 protein sequences), includes
89.5% of the eukaryotic BUSCO dataset. The number of contigs obtained from the Galdieria
genomes ranged between 101-135. G. sulphuraria 17.91 (a strain different from the ones
sequenced) was reported to have 40 chromosomes, and strains isolated from Rio Tinto (Spain}, 47 or
57 chromosomes {Moreira et al., 1994). Pulsed-field gel electrophoresis indicates that G. sulphura-
ria 074W has approximately 42 chromosomes that are between 100 kbp and 1 Mbp in size
{Weber, 2007). The genome assembly of C. merolae Soos produced 35 contigs, which approximates
the 22 chromosomes {including plastid and mitochondrion) of the C. merolae 10D telomere-to-telo-
mere assembly. Whole genome alignments indicate that a portion of the assembled contigs repre-
sent complete chromosomes.

Orthogroups and phylogeny

The 81,682 predicted protein sequences from all 13 genomes clustered into a total of 9075
orthogroups and phylogenetic trees were built for each orthogroup. The reference species tree was
constructed using 2,090 OGs that contained a single-copy gene in at least 12 of the 17 taxa (Por-
phyra umbilicalis (Brawley et al., 2017), Porphyridium purpureum {Bhattacharya et al., 2013},
Ostreococcus tauri RCC4221 (Blanc-Mathieu et al, 2014), and Chlamydomonas reinhardtii
{Merchant et al., 2007) were added to the dataset as outgroups). As a result, the species previously
named G. sulphuraria Scos and C. merolae MS1 were reannotated as G. phlegrea Soos and G. sul-
phuraria MS1. Given these results, we sequenced a second genome of C. merolae and a representa-
tive of the G. phlegrea lineage. The species tree reflects previous findings that suggest more
biodiversity exists within the Cyanidiales {Ciniglia et al., 2004) {Figure 2).

Analysis of HGTs

The most commoenly used approach to identify HGT candidates is to determine the position of
aukaryotic and non-eukaryotic sequences in a maximum likelihood tree. Using this approach, 96
OGs were identified in which Cyanidiales genes shared a monophyletic descent with prokaryotes,
representing 1.06% of all OGs. A total of 641 individual Cyanidiales sequences are considered as
HGT candidates {Tabfe 1). The amount of HGT per species varied considerably between members
of the Cyanidioschyzon (33-34 HGT events, all single copy genes} and Galdieria lineages with 44-54
HGT events (52.6 HGT origins on average, 47-62 HGT gene candidates). In comparison to previous
studies {Schénknecht et al., 2013; Qiu et al., 2013), no evidence of massive gene family expansion
regarding HGT genes was found because the maximum number of gene copies in HGT orthogroups
was three. We note, however, that one large gene family of STAND-type ATPases that was previ-
ously reported to originate from an archaeal HGT {Schénknecht et al., 2013) did not meet the crite-
ria used in our restrictive Blast searches; that is the 10 7 e-value cut-off for consideration and a
minimum of three different non-eukaryotic donors. This highly diverged family requires more sophis-
ticated comparative analyses that were not done here {Appendix 2).
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Figure 2. Species tree of the 13 analyzed extremophilic Cyanidiales genomes using mesophilic red (Porphyra umbilicalis, Porphyridium purpureum) and
green algae (Ostreococcus tauri, Chlamydomonas reinhardtii) as outgroups. IQTREE was used to infer a single maximum-likelihood phylogeny based
on orthogroups containing single-copy representative proteins from at least 12 of the 17 taxa (13 Cyanidiales + 4 Others). Each orthogroup alignment
represented one partition with unlinked models of protein evolution chosen by IQTREE. Consensus tree branch support was determined by 2000 rapid
bootstraps. All nodes in this tree had 100% bootstrap support, and are therefore not shown. Divergence time estimates are taken from Yang et al.
(2016). Similarity is derived from the average one-way best blast hit protein identity (minimum protein identity threshold = 30%). The minimal protein
identity between two strains was 65.4%, measured between g. sulphuraria SAG21.92, which represent the second most distant sampling locations
(12,350 km). Similar lineage boundaries were obtained for the C. merolae samples (66.4% protein identity), which are separated by only 1150 km.

DOI: https://doi.org/10.7554/eLife.45017.004

Gene co-localization on raw sequence reads

One major issue associated with previous HGT studies is the incorporation of contaminant DNA into
the genome assembly, leading to incorrect results (Boothby et al., 2015; Crisp et al., 2015,
Koutsovoulos et al., 2016; Salzberg, 2017). Here, we screened for potential bacterial contamina-
tion in our tissue samples using PCR analysis of extracted DNA with the rbcl and 185 rRNA gene
markers prior to sequencing. No instances of contamination were found. Furthermore, our work
relied on PacBio RSl long-read sequencing technology, whereby single reads frequently exceed 10
kbp of DNA. Given these robust data, we also tested for co-occurrence of HGT gene candidates
and ‘native’ genes in the same read. The protein sequences of each species were queried with
tblastn (10° e-value, 75 bitscore) against a database consisting of the uncorrected PacBio RSIl long
reads. This analysis showed that 629/641 (98.12%) of the HGT candidates co-localize with native red
algal genes on the same read (38,297 reads in total where co-localization of native genes and HGT
candidates was observed). It should be noted that the 10 novel genomes we determined share HGT
candidates with C. merolae 10D, G. sulphuraria 074W, and G. phlegrea DBV009, which were
sequenced in different laboratories, at different points in time, using different technologies, and
assembly pipelines. Hence, we consider it highly unlikely that these HGT candidates result from bac-
terial contamination. As the accuracy of long read sequencing technologies further increases, we
believe this criterion for excluding bacterial contamination provides an additional piece of evidence
that should be added to the guidelines for HGT discovery (Richards and Monier, 2016).
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Differences in molecular features between native and HGT-derived
genes

One of the main consequences of HGT is that horizontally acquired genes may have different struc-
tural characteristics when compared to native genes {cumulative effects). HGT-derived genes initially
retain characteristics of the genome of the donor lineage. Consequently, the passage of time is
required {and expected) to erase these differences. Therefore, we searched for differences in geno-
mic features between HGT candidates and native Cyanidiales genes with regard to: {1) GC-content,
{2) the number of spliceosamal introns and the exon/gene ratio, (3} differential transcription, {4) per-
cent protein identity between HGT genes and their non-eukaryotic donors, and {5) cumulative effects
as indicators of their non-eukaryotic origin {Danchin, 2016; Ku and Martin, 2016;
Schanknecht et al., 2013).

GC-content

All 11 Galdieria species showed significant differences (GC-content of transcripts is normally distrib-
uted, Student’s t-test, two-sided, p=0.05) in percent GC-content between native sequences and
HGT candidates {Table 1). Sequences belonging to the Galdieria lineage have an exceptionally low
GC-content (39%-41%) in comparison to the majority of thermophilic organisms that exhibit higher
values {~55%). On average, HGT candidates in Galdieria display 1% higher GC-content in compari-
son to their native counterparts. No significant differences were found for C. merolae 10D and C.
merolae Soos in this respect. Because native Cyanidioschyzon genes have an elevated GC-content
{54%—-56%), this makes it difficult to distinguish between them and HGT-derived genes {Appendix 3}.

Splicecsomal introns and exon/Gene

Bacterial genes lack spliceosomal introns and therefore the spliceosomal machinery. Consequently,
genes acquired through HGT are initially single-exons and may acquire intrans over time due to the
invasion of existing intervening sequences. We detected significant discrepancies in the ratio of sin-
gle-exon to multi-exon genes between HGT candidates and native genes in the Galdieria lineage.
On average, 42% of the Galdieria HGT candidates are single-exon genes, whereas only 19.2% of the
native gene set are comprised of single-exons. This difference is significant {categorical data, 'native’
vs 'HGT' and ’single exon’ vs. ‘multiple exon’, Fisher's exact test, p<0.05}) in all Galdieria species
except G. sulphuraria SAG21.92 (Table 1). The Cyanidioschyzon lineage contains a highly reduced
spliceosomal machinery {Qiu et al, 2018), therefore only ~10% of native genes are multi-exonic in
C. merolae Soos and only 1/34 HGT candidates has gained an intron. C. merolae 10D has only 26
multi-exonic genes {~0.5% of all transcripts) and none of its HGT candidates has gained an intron.
Enrichment testing is not possible with these small sample sizes {Appendix 4).

We analyzed the number of exons that are present in multi-exonic genes and obtained similar
results for the Galdieria lineage (Table 1). All Galdieria species show significant differences regard-
ing the exon/gene ratio between native and HGT genes {non-normal distribution regarding the num-
ber of exans per gene, Wilcoxon-Mann-Whitney-Test, 1000 bootstraps, p<=0.05). HGT candidates
in Galdieria have 0.97-1.36 fewer exons per gene in comparison to their native counterparts.
Because the multi-exonic HGT subset in both Cyanidioschyzon species combined includes only one
multi-exenic HGT candidate, no further analysis was performed (Appendix 4}.

Differential transcription

Several RNA-Seq datasets are publicly available for G. sulphuraria 074W (Rossoni, 2018) and C.
merolae 10D (Rademacher et al., 2016). We aligned {(Kim et al., 2015) the transcriptome reads to
the respective genomes, using an identical data processing pipeline {Robinson et al., 2010) for both
datasets to exclude potential algorithmic errors {Figure 3). The average read count per gene {mea-
sured as counts per million, CPM), of native genes was 154 CPM in G. sulphuraria 074W and 196
CPM C. merofae 10D. The average read counts for HGT candidates in G. sulphuraria 074W and C.
merolae 10D were 130 CPM and 184 CPM, respectively. No significant differences in RNA abun-
dance between native genes and HGT candidates were observed for these taxa {(non-narmal distri-
bution of CPM, Wilcoxon-Mann-Whitney-Test, p<0.05).
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Figure 3. Differential gene expression of G. sulphuraria 074W. (A) and C. meralae 10D (B), here measured as log fold change (logFC) vs transcription
rate (logCPM). Differentially expressed genes are colored red (quasi-likelihood (QL) F-test, Benjamini-Hochberg, p <= 0.01). HGT candidates are shown
as large circles. The blue dashes indicate the average logCPM of the dataset. Although HGT candidates are not significantly more or less expressed
than native genes, they react significantly stronger o temperature changes in G. sulphuraria 074W ('more red than black dots’). This is not the case in
high CO, treated C. merolae 10D.

DOI: https://doi.org/10.7554/eLif%e.45017.005

Gene function - not passage of time - explains percent protein identity
(PID) between Cyanidiales HGT candidates and their non-eukaryotic
donors

Once acquired, any HGT-derived gene may be fixed in the genome and propagated across the line-
age. The PID data can be further divided into different subsets depending on species composition
of the OG. Of the total 96 OGs putatively derived from HGT events, 60 are exclusive to the Galdieria
lineage (62.5%), 23 are exclusive to the Cyanidioschyzon lineage (24%), and 13 are shared by both
lineages (13.5%) (Figure 4A). Consequently, either a strong prevalence for lineage specific DL exists,
or both lineages underwent individual sets of HGT events because they share their habitat with other
non-eukaryoctic species {(which is what the HGT theory would assume). The 96 OGs in question are
affected by gene loss or partial fixation. Once acquired only 8/13 of the ‘Cyanidiales’ {including ‘Mul-
tiple HGT’ and ‘Uncertain’) OGs and 20/60 of the Gaidieria specific OGs are encoded by all species.
Once acquired by the Cyanidioschyzon ancestor, the HGT candidates were retained by both C. mer-
olae Scos and C. merolae 10D in 22/23 Cyanidioschyzon specific OGs. It is not possible to verify
whether the only Cyanidioschyzon OG containing one HGT candidate is the result of gene loss, indi-
vidual acquisition, or due to erronecusly missing this gene model during gene prediction. The aver-
age percent PID between HGT gene candidates of the 13 OGs shared by all Cyanidiales and their
non-eukaryoctic donors is 41.2% (min = 24.4%; max = 65.4%) (Figure 4B). From the HGT perspective,
these OGs are derived from ancient HGT events that occurred at the root of the Cyanidiales, well
before the split of the Galdieria and Cyanidioschyzon lineages. The OGs were retained over time in
all Cyanidiales, although evidence of subsequent gene loss is observed. Under the DL hypothesis,
this group of OGs contains genes that have been lost in all other eukaryotic lineages except the Cya-
nidiales. Similarly, the average PID between HGT candidates their non-eukaryotic donors in OGs
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Figure 4. Comparative analysis of the 96 OGs potentially derived from HGT. {A) OG count vs. the number of
Cyanidiales species contained in an OG (=GG size). Only genes from the sequenced genomes were considered
(13 species). A total of 60 OGs are exclusive to the Galdieria lineage (11 species), 23 OGs are exclusive o the
Cyanidioschyzon lineage (two species), and 13 OGs are shared by both lineages. A total of 46/96 HGT events
seem Lo be allecled by laler gene erosion/partial lixation. (B) OG-wise PID belween HGT candidates vs. their
potential non-eukaryotic doners. Point size represents the number of sequenced species contained in each OG.
Because only two genomes of Cyanidioschyzon were sequenced, the maximum point size for this lineage is 2. The
whiskers span minimum and maximurn shared PID of each GG. The PID within Cyanidiales HGTs vs, PID between
Cyanidiales HGTs and their potential non-eukaryotic donors is positively correlated (Kendall’s tau coefficient,
p=0.000747), showing evolutionary constraints that are gene function dependent, rather than time-dependent. (C)
Density curve of average PID towards potential non-eukaryotic donors. The area under each curve is equal to 1.
The average PID of HGT candidates found in both lineages (‘ancient HGT', left dotted line} is ~5% lower than the
average PID of HGT candidates exclusive to Galdieria or Cyandioschyzon (‘recent HGT', right dotted lines). This
dilference is not signilicant {pairwise Wilcoxon rank-sum test, Benjamini-Hochberg, p>0.05). (D) Presence/Absence
pattern (green/white) of Cyanidiales species in HGT OGs. Some patterns strictly follow the branching structure of
the species tree. They represent either recent HGTs that affect a monophyletic subset of the Galdieria lineage, or
are the last eukaryotic remnants of an ancient gene that was eroded through differential loss. In other cases, the
presence/absence pattern of Galdieria species is random and conflicts with the Galdieria lineage phylogery. HGT
would assume either multiple independent acquisitions of the same HGT candidate, or a partial fixation of the
HGT candidate in the lineage, while still allowing for gene erosion. According to DL, these are the last existing
paralogs of an ancient gene, whose erosion within the eukaryotic kingdom is nearly complete.

DOI: hilps://doi.org/10.7554/elile.45017.006

exclusive to the Cyanidioschyzon lineage is 46.4% (min = 30.8%; max = 69.7%) and 45.1%
(min = 27.4%; max = 69.5%) for those OGs exclusive to the Galdieria lineage. According to the HGT
view, these subsets of candidates were horizontally acquired either in the Cyanidioschyzon lineage,
or in the Galdieria lineage after the split between Galdieria and Cyanidioschyzon. DL would impose
gene loss on all other eukaryotic lineages except Galdieria or Cyanidioschyzon. Over time, sequence
similarity between the HGT candidate and the non-eukaryotic donor is expected to decrease at a
rate that reflects the level of functional constraint. The average PID of ‘ancient’ HGT candidates
shared by both lineages (before the split into Galdieria and Cyanidioschyzon approximately 800 Ma
years ago [Yang et al., 2016)) is ~5% lower than the average PID of HGT candidates exclusive to
one lineage which, according to HGT would represent more recent HGT events because their acqui-
sition occurred only after the split (thus lower divergence) (Figure 4C). However, no significant dif-
ference between Galdieria-exclusive HGTs, Cyandioschyzon-exclusive HGTs, and HGTs shared by
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both lineages was found {non-normal distribution of percent protein identity, Shapiro-Wilk normality
test, W = 0.95, p=0.002; Pairwise Wilcoxon rank-sum test, Benjamini-Hochberg, all comparisons
p>0.05). Therefore, neither Cyanidioschyzon nor Galdieria specific HGTs, or HGTs shared by all Cya-
nidiales, are significantly more, or less, similar to their potential prokaryotic donors. We also
addressed the differences in PID within the three groups. The average PID within HGT gene candi-
dates of the 13 OGs shared by all Cyanidiales is 75.0% {min = 51.9%; max = 90.9%) {Figure 4B). Sim-
ilarly, the average PID within HGT candidates in OGs exclusive to the Cyanidioschyzon lineage is
65.1% {min = 48.9%; max = 83.8%} and 75.0% (min = 52.6%; max = 93.4%) for those OGs exclusive
to the Galdieria lineage. Because we sampled only two Cyanidioschyzon species in comparison to 11
Galdieria lineages that are also much more closely related (Figure 2A), a comparison between these
two groups was not dene. However, a significant positive correlation {non-normal distribution of PID
across all OGs, Kendall's tau coefficient, p=0.000747) exists between the PID within Cyanidiales
HGTs versus PID between Cyanidiales HGTs and their non-eukaryotic donors {Figure 4B). Hence,
the more similar Cyanidiales sequences are to each other, the more similar they are to their non-
eukaryotic donors, showing gene function dependent evolutionary constraints.

Complex origins of HGT-impacted orthogroups

While comparing the phylogenies of HGT candidates, we also noted that not all Cyanidiales genes
within one OG necessarily originate via HGT {phylogenetic trees of each HGT-OG are included in
Figure 5—figure supplements 1-96). Among the 13 OGs that contain HGT candidates present in
both Galdieria and Cyanidioschyzon, we found two cases (Figure 4A, '"Multiple HGT’), OG0002305
and OGO0003085, in which Galdieria and Cyanidioschyzon HGT candidates cluster in the same
orthogroup. However, these have different non-eukaryotic donors and are located on distinct phylo-
genetic branches that do not share a monophyletic descent (Figure 5A). This is potentially the case
for OG0002483 as well, but we were uncertain due to low bootstrap values {Figure 4A, 'Uncertain’).
These OGs either represent two independent acquisitions of the same function or, according to DL,
the LECA encoded three paralogs of the same gene which were propagated through evolutionary
time. One of these was retained by the Galdieria lineage (and shares sequence similarity with one
group of prokaryotes), the second was retained by Cyanidioschyzon (and shares sequence similarity
with a different group of prokaryotes), and a third paralog was retained by all other eukaryotes. It
should be noted that the ‘other eukaryotes’ do not always cluster in one uniformly eukaryotic clade
which increases the number of required paralogs in LECA to explain the current pattern. Further-
more, some paralogs could alse have already been completely eroded and do not exist in extant
eukaryotes. Similarly, 6/60 Galdieria specific OGs also contain Cyanidioschyzon genes {(OG0001929,
OG0001938, OG0002191, OG0002574, OG0002785 and OG0003367). Here, they are nested within
ather eukaryate lineages and would not be derived from HGT {Figure 5B). Also, eight of the 23 Cya-
nidioschyzon specific HGT OGs contain genes from Galdieria species (OG0001807, OG0001810,
OG0001994, OG0002727, OGO002871, OG000353%, OG0003929 and OG0004405) which cluster
within the eukaryotic branch and are not monaphyletic with Cyanidioschyzon HGT candidates
{Figure 5C}. According to the HGT view, this subset of candidates was horizontally acquired in either
the Cyanidioschyzon lineage, or the Galdieria lineage only after the split between Galdieria and Cya-
nidioschyzon, possibly replacing the ancestral gene or functionally complementing a function that
was lost due to genome reduction. According to DL, the LECA would have encoded two paralogs of
the same gene. One was retained by all eukaryotes, red algae, and Galdieria or Cyanidioschyzon,
the other exclusively by Cyanidioschyzon or Galdieria together with non-eukaryotes.

Stronger erosion of HGT genes impedes assignment to HGT or DL

As already noted above, only 50/96 of the sampled HGT-impacted OGs do not appear to be
affected by erosion. Dense sampling of 11 taxa within the Galdieria lineage allowed a more in-depth
analysis of this issue. Here, a bimodal distribution is observed regarding the number of species per
OG in the native and HGT dataset {Figure 6C). Only 52.5% of the native gene set is present in all
Galdieria strains {defined as 10 and 11 strains in order to account for potential misassemblies and
missed gene models during prediction). Approximately 1/3 of the native OGs (36.1%) has been
affected by gene erosion to such a degree that it is present in only one, or two Galdieria strains. In
comparison, 26.7% of the candidate HGT-impacted OGs are encoded in >10 Galdieria strains,
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Figure 5. The analysis of OGs containing HGT candidates revealed different patterns of HGT acquisition. Some
OGs contain genes that are shared by all Cyanidiales, whereas others are unique to the Galdieriz or
Cyanidioschyzon lineage. In some cases, HGT appears to have replaced the eukaryotic genes in one lineage,
whereas the other lineage maintained the eukaryotic ortholog. Here, some examples of OG phylogenies are
shown, which were simplified for ease of presentation. The first letter of the tip labels indicates the kingdom.

A = Archaea {yellow), B = Bacteria {blue), E = Eukaryota {green). Branches containing Cyanidiales sequences are
highlited in red. {A) Example of an ancient HGT that occurred before Galdieria and Cyanidioschyzon split into
separate lineages. As such, both lineages are monophyletic {e.g., OG00014746). (B) HGT candidates are unigue to
the Galdieria lineage {e.g. OGO0G1760). {C) HGT candidates are unigue to the Cyanidioschyzon lineage {e.g.
OG0005738). (D) Galdieria and Cyanidioschyzon HGT candidates are derived from different HGT events and share
monophyly with different non-eukaryctic organisms {e.g., OGO003085). (E) Galdieria HGT candidates cluster with
non-eukaryotes, whereas the Cyanidioschyzon lineage clusters with eukaryotes {e.g., OGO001542). {F)
Cyanidioschyzon HGT candidates cluster with non-eukaryotes, whereas the Galdieria [ineage clusters with

eukaryotes le.g., OGO006136).

DO httpsy//doi.org/10.7554/elife 45017.007

The following figure supplements are available for figure 5:
Figure supplement 1. Sequence tree of orthogroup OGO001476.
DO https://doi.org/10.7554/elife 45017.008

Figure supplement 2. Sequence tree of erthogroup OGO001486.
DOI: https://doi.org/10.7554/eLife. 45017 .009

Figure supplement 3. Sequence tree of orthogroup OGO001509.
DO hitps://doi.org/10.7554/eLife.45017.010

Figure supplement 4. Sequence tree of orthogroup ©GO001513.
DO httpsy//doi.org/10.7554/elife. 45017.011

Figure supplement 5. Sequence tree of erthogroup OGO001542.
DO https://doi.org/10.7554/elife 45017.012

Figure supplement 6. Sequence tree of orthogroup OGO001613.
DO hitpsy//doi.org/10.7554/eLife 45017.013

Figure supplement 7. Sequence tree of orthogroup OGO001658.
Figure 5 continued on next page
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Figure 5 continued

DOI: hittps://doi.org/10.7554/eLife. 45017 .014

Figure supplement 8. Sequence tree of arthogroup OG0001740.
DOI: https://doi.org/10.7554/eLife.45017.015

Figure supplement 9. Sequence tree of arthogroup OG0001807.
DOI: https://doi.org/10.7554/eLife.45017.016

Figure supplement 10. Sequence tree of orthogroup OG0001810.
DOI: https://doi.org/10.7554/eLife.45017.017

Figure supplement 11. Sequence tree of orthogroup OG0001929.
DOI: https://doi.org/10.7554/eLife.45017.018

Figure supplement 12. Sequence tree of orthogroup OG0001938.
DOI: https://doi.org/10.7554/eLife.45017.01%

Figure supplement 13. Sequence tree of orthogroup OG0001955.
DOI: https://doi.org/10.7554/eLite.45017.020

Figure supplement 14, Sequence tree of orthogroup OG0001976.
DOI: hittps://doi.org/10.7554/eLite.45017.021

Figure supplement 15. Sequence tree of orthogroup ©OG00019%94.
DOI: hittps://doi.org/10.7554/eLite.45017.022

Figure supplement 16. Sequence tree of orthogroup ©OG0002036.
DOI: hittps://doi.org/10.7554/eLite.45017.023

Figure supplement 17. Sequence tree of orthogroup ©OG0002051.
DOI: hittps://doi.org/10.7554/eLife. 45017 .024

Figure supplement 18. Sequence tree of orthogroup OG0002191.
DOI: hittps://doi.org/10.7554/eLife. 45017 025

Figure supplement 19. Sequence tree of orthogroup OG0002305.
DOI: https://doi.org/10.7554/eLife.45017.026

Figure supplement 20. Sequence tree of orthogroup OG0002337.
DOI: https://doi.org/10.7554/eLife.45017.027

Figure supplement 21. Sequence tree of orthogroup OG0002431.
DOI: https://doi.org/10.7554/eLife.45017.028

Figure supplement 22. Sequence tree of orthogroup OG0002483.
DOI: https://doi.org/10.7554/eLife.45017.029

Figure supplement 23. Sequence tree of orthogroup OG0002574.
DOI: https://doi.org/10.7554/eLite.45017.030

Figure supplement 24, Sequence tree of orthogroup OG0002578.
DOI: https://doi.org/10.7554/eLite.45017.031

Figure supplement 25. Sequence tree of orthogroup ©G0002609.
DOI: https://doi.org/10.7554/eLite.45017.032

Figure supplement 26. Sequence tree of orthogroup OG0002676.
DOI: https://doi.org/10.7554/eLite.45017.033

Figure supplement 27. Sequence tree of orthogroup ©OG0002727.
DOI: hittps://doi.org/10.7554/eLite.45017.034

Figure supplement 28. Sequence tree of orthogroup ©OG0002785.
DOI: hittps://doi.org/10.7554/eLife. 45017 035

Figure supplement 29. Sequence tree of orthogroup ©OG0002871.
DOI: https://doi.org/10.7554/eLife.45017.036

Figure supplement 30. Sequence tree of orthogroup OG00028%6.
DOI: https://doi.org/10.7554/eLife.45017.037

Figure supplement 31. Sequence tree of orthogroup OG0002999.
DOI: https://doi.org/10.7554/eLife.45017.038

Figure supplement 32. Sequence tree of orthogroup OG0003085.
DOI: https://doi.org/10.7554/eLife.45017.037

Figure supplement 33. Sequence tree of orthogroup OG0003250.
DOI: https://doi.org/10.7554/eLife.45017.040

Figure supplement 34. Sequence tree of orthogroup OG0003367.
DOI: https://doi.org/10.7554/eLife.45017.041

Figure supplement 35. Sequence tree of orthogroup OG0003441.

Figure 5 continued on next page
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Figure 5 continued

DOI: hittps://doi.org/10.7554/eLife. 45017 .042
Figure supplement 36. Sequence tree of orthogroup OG0003539.
DOI: https://doi.org/10.7554/eLife.45017.043
Figure supplement 37. Sequence tree of orthogroup OG0003777.
DOI: https://doi.org/10.7554/eLife.45017.044
Figure supplement 38. Sequence tree of orthogroup OG0003782.
DOI: https://doi.org/10.7554/eLife.45017.045
Figure supplement 39. Sequence tree of orthogroup OG0003834.
DOI: https://doi.org/10.7554/eLite. 45017 044
Figure supplement 40. Sequence tree of orthogroup OG0003846.
DOI: https://doi.org/10.7554/eLife.45017.047
Figure supplement 41. Sequence tree of orthogroup OG0003856.
DOI: https://doi.org/10.7554/eLife.45017.048
Figure supplement 42. Sequence tree of orthogroup ©OG0003%901.
DOI: hittps://doi.org/10.7554/eLite.45017.049
Figure supplement 43. Sequence tree of orthogroup ©OG0003%905.
DOI: https://doi.org/10.7554/eLite.45017.050
Figure supplement 44. Sequence tree of orthogroup ©OG0003907.
DOI: hittps://doi.org/10.7554/eLite.45017.051
Figure supplement 45. Sequence tree of orthogroup ©OG0003929.
DOI: hittps://doi.org/10.7554/eLife. 45017 052
Figure supplement 46. Sequence tree of orthogroup OG0003954.
DOI: hittps://doi.org/10.7554/eLife. 45017 053
Figure supplement 47. Sequence tree of orthogroup OG0004030.
DOI: https://doi.org/10.7554/eLife.45017.054
Figure supplement 48. Sequence tree of orthogroup OG0004102.
DOI: https://doi.org/10.7554/eLife.45017.055
Figure supplement 49. Sequence tree of orthogroup OG0004142.
DOI: https://doi.org/10.7554/eLife.45017.056
Figure supplement 50. Sequence tree of orthogroup OG0004203.
DOI: https://doi.org/10.7554/eLife.45017.057
Figure supplement 51. Sequence tree of orthogroup OG0004258.
DOI: https://doi.org/10.7554/eLife. 45017 .058
Figure supplement 52. Sequence tree of orthogroup OG0004339.
DOI: https://doi.org/10.7554/eLife.45017.059
Figure supplement 53. Sequence tree of orthogroup ©G00043%2.,
DOI: https://doi.org/10.7554/eLife.45017.060
Figure supplement 54, Sequence tree of orthogroup ©G0004405.
DOI: hittps://doi.org/10.7554/eLite.45017.061
Figure supplement 55. Sequence tree of orthogroup ©OG0004486.
DOI: hittps://doi.org/10.7554/eLite. 45017 .062
Figure supplement 56. Sequence tree of orthogroup OG0004658.
DOI: hittps://doi.org/10.7554/eLife. 45017 063
Figure supplement 57. Sequence tree of orthogroup OG0005083.
DOI: https://doi.org/10.7554/eLife.45017 064
Figure supplement 58. Sequence tree of orthogroup OGO005087.
DOI: https://doi.org/10.7554/eLife.45017.065
Figure supplement 59. Sequence tree of orthogroup OG0005153.
DOI: https://doi.org/10.7554/eLife.45017 066
Figure supplement 60. Sequence tree of orthogroup OG0005224.
DOI: https://doi.org/10.7554/eLife.45017.067
Figure supplement 61. Sequence tree of orthogroup OG0005235.
DOI: https://doi.org/10.7554/eLife. 45017 .068
Figure supplement 62. Sequence tree of orthogroup OG0005280.
DOI: https://doi.org/10.7554/eLite. 45017 069
Figure supplement 63. Sequence tree of orthogroup OG0005479.
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Figure 5 continued
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Figure supplement 64. Sequence tree of orthogroup OG0005540.
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Figure supplement 65. Sequence tree of orthogroup OG0005561.
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Figure supplement 66. Sequence tree of orthogroup OG00055%6.
DOI: https://doi.org/10.7554/eLife.45017.073
Figure supplement 67. Sequence tree of orthogroup OG0005683.
DOI: https://doi.org/10.7554/eLite.45017.074
Figure supplement 68. Sequence tree of orthogroup OG0005694.
DOI: https://doi.org/10.7554/eLite.45017.075
Figure supplement 69. Sequence tree of orthogroup OG0005738.
DOI: https://doi.org/10.7554/eLife.45017.074
Figure supplement 70. Sequence tree of orthogroup OG0005963.
DOI: hittps://doi.org/10.7554/eLite.45017.077
Figure supplement 71. Sequence tree of orthogroup OG0005984.
DOI: hittps://doi.org/10.7554/eLite.45017.078
Figure supplement 72. Sequence tree of orthogroup ©OG0006136.
DOI: https://doi.org/10.7554/eLite.45017.079
Figure supplement 73. Sequence tree of orthogroup ©OG0006143.
DOI: hittps://doi.org/10.7554/eLife. 45017 .080
Figure supplement 74. Sequence tree of orthogroup OG0006191.
DOI: hittps://doi.org/10.7554/eLife. 45017 .08
Figure supplement 75. Sequence tree of orthogroup OG0006251.
DOI: https://doi.org/10.7554/eLife.45017.082
Figure supplement 76. Sequence tree of orthogroup OG0006252.
DOI: https://doi.org/10.7554/eLife.45017.083
Figure supplement 77. Sequence tree of orthogroup OG0006435.
DOI: https://doi.org/10.7554/eLife.45017.084
Figure supplement 78. Sequence tree of orthogroup OG0006482.
DOI: https://doi.org/10.7554/eLife.45017.085
Figure supplement 79. Sequence tree of orthogroup OG00064%8.
DOI: https://doi.org/10.7554/eLife. 45017 084
Figure supplement 80. Sequence tree of orthogroup OG0006623.
DOI: https://doi.org/10.7554/eLife.45017.087
Figure supplement 81. Sequence tree of orthogroup OG0006670.
DOI: https://doi.org/10.7554/eLife.45017 088
Figure supplement 82. Sequence tree of orthogroup ©OG0007051.
DOI: https://doi.org/10.7554/eLite.45017.089
Figure supplement 83. Sequence tree of orthogroup ©OG0007123.
DOI: hittps://doi.org/10.7554/eLite.45017.090
Figure supplement 84. Sequence tree of orthogroup OG0007346.
DOI: hittps://doi.org/10.7554/eLife. 45017 .09
Figure supplement 85. Sequence tree of orthogroup ©OG0007383.
DOI: https://doi.org/10.7554/eLife.45017.092
Figure supplement 86. Sequence tree of orthogroup OG0007550.
DOI: https://doi.org/10.7554/eLife.45017.093
Figure supplement 87. Sequence tree of orthogroup OG0007551.
DOI: https://doi.org/10.7554/eLife.45017.094
Figure supplement 88. Sequence tree of orthogroup OG00075%6.
DOI: https://doi.org/10.7554/eLife.45017.095
Figure supplement 89. Sequence tree of orthogroup OG0008189.
DOI: https://doi.org/10.7554/eLife.45017.094
Figure supplement 90. Sequence tree of orthogroup OG0008334.
DOI: https://doi.org/10.7554/eLife.45017.097
Figure supplement 91. Sequence tree of orthogroup OG0008335.
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Figure 5 continued
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Figure supplement 92. Sequence tree of orthogroup OGO008579.
DOI: https://doi.org/10.7554/eLife.45017.099
Figure supplement 93. Sequence tree of orthogroup OG0O0086R0.
DOI: https://doi.org/10.7554/eLife.45017.100
Figure supplement 94. Sequence tree of orthogroup OG0008822.
DOI: https://doi.org/10.7554/eLife.45017.101
Figure supplement 95. Sequence tree of orthogroup OG00088%8.
DOI: https://doi.org/10.7554/eLite.45017.102
Figure supplement 96. Sequence tree of orthogroup OG00089%6.
DOI: https://doi.org/10.7554/eLife.45017.103

whereas 53.0% are present in less than three. The latter number might be an underestimation due
to the strict threshold for HGT discovery which led to the removal of HGT candidates that were sin-
gletons. The HGT distribution is therefore skewed towards OGs containing only a few or one Galdie-
ria species as the result of recent HGT events that occurred; for example after the split of G.
sulphuraria and G. phlegrea. In spite of the strong erosion which would also lead to partial fixation
of presumably recent HGT events, we analyzed whether the distribution patterns of HGT candidates
across the sequenced genomes reflect the branching pattern of the species trees (Figure 4C). This is
true for all HGT candidates that are exclusive to the Cyanidioschyzon or Galdieria lineage. Either the
HGT candidates were acquired after the split of the two lineages {according to HGT), or differentially
lost in one of the two lineages {according to DL). In the 60 Galdieria specific OGs we found 12 OGs
containing less than 10 and more than one Galdieria species {Figure 4C). In 5/12 of the cases, the
presence absence pattern reflects the species tree {(OG0005087, OGO005083, GO0005479,
OGO005540). Here, the potential HGT candidates are not found in any other eukaryotic species.
According to HGT, they were acquired by a monophyletic sub-clade of the Galdieria lineage.
According to DL, they were lost in all eukaryotes with the exception of this subset of the Galdieria
lineage {e.g., ©OGO005280 and OGO005083 were potentially acquired or maintained exclusively by
the last common ancestor of G. sulphuraria 074W, G. sulphuraria MS1, G. sulphuraria RT22, and G.
sulphuraria SAG21). In the remaining OGs, the HGT gene candidate is distributed acrass the Galdie-
ria lineage and conflicts with the branching pattern of the species tree. HGT would assume either
multiple independent acquisitions of the same HGT candidate, or partial fixation of the HGT candi-
date in the lineage, while still allowing for gene erosion. According to DL, these are the last existing
paralogs of an ancient gene, whose erosion within the eukaryotic kingdom is nearly complete. How-
aver, it must be considered that in some cases, DL must have occurred independently across multi-
ple species in a brief of time after the gene was maintained for hundreds of millions of years across
the lineage {e.g., OG0005224 contains G. phlegrea Soos, G. sulphuraria Azora and G. sulphuraria
MS1). This implies that the gene was present in the ancestor of the Galdieria lineage and also in the
last common ancestor of closely related G. sulphuraria MS1, G. sulphuraria 074W and G. sulphuraria
RT22 (as well as G. sulphuraria SAG21) and the last common ancestor of closely related G. sulphura-
ria MtSh, G. sulphuraria Azora and G. sulphuraria YNP5587.1 (as well as G. sulphuraria 5572). A
gene that was encoded and maintained since LECA, was lost independently in 6/8 species within the
past few million years.

The seventy percent rule

In their analysis of eukaryotic HGT {Ku and Martin, 2016}, Ku and co-authors reach the conclusion
that prokaryotic homologs of genes in eukaryotic genomes that share >70% PID are not found out-
side individual genome assemblies {unless derived from endosymbiotic gene transfer, EGT). Hence,
they are considered as assembly artifacts. We analyzed whether our dataset supports this rule, or
alternatively, it is arbitrary and a byproduct of the analysis approach used, combined with low
eukaryotic sampling (Richards and Monier, 2016; Leger, 2018). In addition to the 96 OGs poten-
tially acquired through HGT, 2134 of the 9075 total OGs contained non-eukaryotic sequences, in
which the Cyanidiales sequences cluster within the eukaryotic kingdom, but are similar enough to
non-eukaryotic species to produce blast hits. Based on the average PID, no OG contains HGT
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Figure 6. HGT vs. non-HGT orthogroup comparisens. {A) Maximum PID of Cyanidiales genes in native {blue) and
HGT lyellow) orthogroups when compared te non-eukaryotic sequences in each OG. The red lines dencte the
70% PID threshold for assembly artifacts according to ‘the 70% rule’. Dots located in the top-right comer depict
the 73 OGs that appear to contradict this rule, plus the 5 HGT candidates that score higher than 70%. 18/73 of
those OGs are not derived from EGT or contamination within eukaryotic assemblies. (B) Density curve of average
PID towards non-eukaryotic species in the same orthogroup {potential non-eukaryotic donors in case of HGT
candidates). The area under each curve is equal to 1. The average PID of HGT candidates {left dotted line) is 6.1%
higher than the average PID of native OGs also containing non-eukaryotic species {right dotted ling). This
difference is significant {Wilcoxeon rank-sum test, p>0.01). {C) Distribution of OG-sizes {=number of Galdieria
species present in each OG}) between the native and HGT dataset. A total of 80% of the HGT OGs and 89% of the
native OGs are present in either <10 species, or =2 species. Whereas 52.5% of the native gene set is conserved
in <10 Galdieria strains, only 36.1% of the HGT candidates are conserved. In contrast, about 50% of the HGT
candidates are present in only one Galdieria strain. (D) Pairwise OG-size comparison between HGT OGs and
native OGs. A significantly higher PID when compared to non-eukaryotic sequences was measured in the HGT
OGs at OG-sizes of 1 and 11 {Wilcoxon rank-sum test, BH, p<0.01). No evidence of cumulative effects was
detected in the HGT dataset. However, the fewer Galdieriz species that are contained in one OG, the higher the
average PID when compared to nen-eukaryotic species in the same tree {Jonckheere-Terpstra, p<0.01} in the
native dataset.
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candidates that share over 70% PID to their non-eukaryotic donors with OG0006191 having the
highest average PID {69.68%). However, 5/96 HGT-impacted OGs contain one or more individual
HGT candidates that exceed this threshold {5.2% of the HGT OGs) {Figure 6A). These sequences
are found in OGQ001929 (75.56% PID, 11 Galdieria species), OG0002676 {75.76% PID, 11 Galdieria
species), OG0006191 (80.00% PID, both Cyanidioschyzon species), OG0008680 (72.37% PID, 1 Gal-
dieria species}, and OG0008822 (71.17% PID, 1 Galdieria species). Moreover, we find 73 OGs with
eukaryotes as sisters sharing over 70% PID to non-eukaryotic sequences {0.8% of the native OGs)
{Figure 6A). On closer inspection, the majority are derived from endosymbiotic gene transfer (EGT}:
16/73 of the OGs are of protecbacterial descent and 33/73 OGs are phylogenies with gene origin in
Cyanobacteria and/or Chlamydia. These annotations generally encompass mitochondrial/plastid
components and reactions, as well as components of the phycobilisome, which is exclusive to Cyano-
bacteria, red algae, and red algal derived plastids. Of the remaining 24 OGs, 18 cannot be explained
through EGT or artifacts alone unless multiple eukaryotic genomes would share the same artifact
{and also assuming all gene transfers from Cyanobacteria, Chlamydia, and Proteobacteria are
derived from EGT). A total of 6/24 OGs are clearly cases of contamination within the eukaryotic
assemblies. Although “the 70% rule’ captures a large proportion of the dataset, increasing the sam-
pling resolution within eukaryotes increased the number of exceptions to the rule. This number is
likely to increase as more high-quality eukaryote nuclear genomes are determined. Considering the
paucity of these data across the eukaryotic tree of life and the rarity of eukaryotic HGT, the system-
atic dismissal of eukaryotic singletons located within non-eukaryotic branches as assembly/annota-
tion artifacts {or contamination} may come at the cost of removing true positives.

Cumulative effects

We assessed our dataset for evidence of cumulative effects within the candidate HGT-derived OGs.
If cumulative effects were present, then recent HGT candidates would share higher similarity to their
non-eukaryotic ancestors than genes resulting from more ancdient HGT. Hence, the fewer species
that are present in an OG, the higher likelihood of a recent HGT {unless the tree branching pattern
contradicts this hypothesis, such as in OG 0005224, which is limited to 3 Galdieria species, but is
ancient due to its presence in G. sulphuraria and G. phlegrea). In the case of DL, no cumulative
effects as well as no differences between the HGT and native dataset are expected because the PID
between eukaryotes and non-eukaryotes is irrelevant to this issue because all genes are native and
occurred in the LECA. According to DL, the monophyletic position of Cyanidiales HGT candidates
with non-eukaryetes is determined by the absence of other eukaryotic orthologs {given the limited
current data) and may be the product of deep branching effects.

First, we tested for general differences in PID with regard to non-eukaryotic sequences between
the native and HGT datasets {Figure 6B). Neither the PID with non-eukaryotic species in the same
OG for the native dataset, nor the PID with potential non-eukaryotic donars in the same OG for the
HGT dataset was normally distributed {Shapiro-Wilk normality test, p=2.2e-16/0.00765). Conse-
quently, exploratory analysis was performed using non-parametric testing. On average, the PID with
non-eukaryotic species in OGs containing HGT candidates is higher by 6.1% in comparison to OGs
with eukaryotic descent. This difference is significant (Wilcoxon rank-sum test, p=0.000008).

Second, we assessed if OGs containing fewer Galdieria species would have a higher PID with their
potential non-eukaryotic donors in the HGT dataset. We expected a lack of correlation with OG size
in the native dataset because the presence/absence pattern of HGT candidates within the Galdieria
lineage is dictated by gene erosion and thus independent of which non-eukaryotic sequences also
cluster in the same phylogeny. Jonckheere’s test for trends revealed a significant trend within the
native subset: the fewer Galdieria species are contained in one OG, the higher the average PID with
non-eukaryotic species in the same tree {Jonckheere-Terpstra, p=0.002). This was not the case in the
'"HGT subset. Here, no general trend was observed {Janckheere-Terpstra, p=0.424).

Third, we compared the PID between HGT-impacted OGs and native OGs of the same size {OGs
containing the same number of Galdieria species). This analysis revealed a significantly higher PID
with non-eukaryotic sequences in favor of the HGT subset in OGs containing either one Galdieria
sequence, or all 11 Galdieria sequences (Wilcoxon rank-sum test, Benjamini-Hochberg, p=2.52e-08|
3.39e-03) (Figure 6D). Hence, the 'most recent’ and 'most ancient’ HGT candidates share the high-
est identity with their non-eukaryotic donors, which is also significantly higher when compared to
native genes in OGs of the same size.
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Natural habitat of extant prokaryotes with closely related orthologs

We next set out to explore the natural habitats of extant prokaryotes that harbor the closest ortho-
logs with candidate HGTs in the Cyanidiales. To this end, we counted the frequency at which any
non-eukaryotic species shared monophyly with Cyanidiales {Tabfe 2). A total of 568 non-eukaryotic
species {19 Archaea, 549 Bacteria), from 365 different genera representing 24 divisions share mono-
phyly with the 96 OGs containing HGT candidates. Most prominent are Proteobacteria that are sister
phyla to 53/96 OGs. This group is followed by Firmicutes {28), Actinobacteria {19}, Chloroflexi {12},
and Bacteroidetes/Chlorobi (10). The only frequently occurring archaeal orthologs were found in Eur-
yarchaeota {6 OGs). Interestingly, the closest orthologs often accurred in extremophilic prokaryotes
that share similar {current) habitats with Cyanidiales. We hypothesize that potential non-eukaryatic
HGT denors might share similar habitats because proximity is thought to favor HGT. However, we
have no direct evidence of what the enviranment might have been at the time of HGT, or whether a
third organism acted as the vector and has not been sampled in our analyses. It is worth noting that
the phylogenetic data clearly demonstrate that Cyanidiales have been extremophiles for hundreds

Table 2. Natural habitats of extant prokaryotes harboring the closest orthologs to Cyanidiales HGTs.

Numbers in brackets represent how many times HGT candidates from Cyanidiales shared monophyly with non-eukaryotic organisms;
for example Proteobacteria were found in 53/96 of the OG monophylies. Kingdom: Taxon at kingdom level. Species: Scientific species
name. Habitat: habitat description of the original sampling site. pH: pH of the original sampling site. Temp: Temperature in Celsius of
the sampling site. Salt: lon concentration of the original sampling site. na: no information available.

Phylogeny Natural habitat of closest non-eukaryotic ortholog
Max.
Kingdom Division Species Habitat description pH temp Salt
Bacteria Protecbacteria (53) Addithiobacillus thicoxidans (4} Mine drainage/Mineral ores 20-25 30C ‘hypersaline’
Carnimonas nigrificans (4) Raw cured meat 30 35°C 8% NaCl
Methylosarcina fibrata (4) Landfill 50-20 37°C 1% NaCl
Sphingomonas phyllosphaerae (3} Phyllosphere of Acacia caven na 28°C na
Gluconacetobacter diazotrophicus {3)  Symbiont of various plant species 2.0-60 na ’high salt’
Gluconobacter frateurii (3} na na na na
Luteibacter yeojuensis (3) River na na na
Thioalkalivibrio sulfidiphilus (3} Soda lake ?(?g 40°C 15% total salts
Thiomenas arsenitoxydans (3) Disused mine site 3.0-80 30C ’halophilic’
Firmicutes (28) Sulfobacillus thermosulfidooxidans (6 Copper mining 20-25 45C ’salt tolerant’
Alicyclobacillus acidoterrestris (4) Soil sample 2.0-60 53C 5% NaCl
Gracilibacillus lacisalsi (3) Salt lake 7.2-76 50C 25% total salts
Actinobacteria (19) Amycolatopsis halaphila (3) Salt lake 6.0-80 45C 15% NaCl
Rubrobacter xylanophilus (3) Thermal industrial runeff 6.0-80 &0C 6.0% NaCl
Chloroflexi (12) Caldilinea aerophila {4} Thermophilic granular sludge 6.0-80 65C 3% NaCl
Ardenticatena maritima (3) Coastal hydrothermal field 55-80 70°C 6% NaCl
Ktedonobacter racemifer (3} Soil sample 48-68 33C =3% NaCl
(B;aojctero\'detes Chlorobi Salinibacter ruber (4} Saltern crystallizer ponds 6580 52C 30% total salts
Salisaeta longa (3} Experimental mesocosm (Salt) 65-85 46C 20% NaCl
Nitrospirae (7) Leptospiriltum ferriphilum (4} Arsenopyrite bicoxidation tank  0-3.0  40°C 2% NaCl
Fibrobacteres {8) é;:r'dobactem’aceae bacterium TAA166  na na na na
Deinococcus (5) Truspera radiovictrix (3) Hot spring runoffs 75925 na 6% NaCl
Archaea Euryarchaeota (4) Ferroplasma acidarmanus (3} Acid mine drainage 0-25 40C ’halophilic’
DOI: https://doi.org/10.7554/eLife.45017.105
Rossoni et al. eLife 2019;8:e45017. DOI: https://doi.org/10.7554/eLife.45017 18 of 57

54



1.2 - Manuscript 2

LIFE Evolutionary Biology

of millions of years. It is however conceivable that the HGTs may have occurred when these cells
were being dispersed {they have a worldwide distribution) from one extreme site to another and
would have encountered mesophilic donors at these times. Given these caveats, it is interesting to
note that Sulfobacillus thermosulfidooxidans (Firmicutes), a mixatrophic, acidophilic (pH 2.0}, and
moderately thermaphilic {45°C} bacterium that was isolated from acid mining environments in north-
ern Chile {where Galdieria is also present] was most prominent amongst the prokaryotic
arthogroups. Sulfobacillus thermosulfideoxidans shares monophyly in 6/96 HGT-derived OGs and is
followed in frequency by several species that are either thermophiles, acidophiles, or halophiles and
share habitats in common with Cyanidiales {Tabfe 2}.

Functions of horizontally acquired genes in cyanidiales

We analyzed the putative molecular functions and processes acquired through HGT. Annctations
were curated using information gathered from blast, GO-terms, PFAM, KEGG, and EC. A total of 72
GO annotations occurred mare than once within the 6 HGT-impacted OGs. Furthermore, 37/72
GO annotations are significantly enriched {categorical data, 'native’ vs 'HGT’, Fisher's exact test,
Benjamini-Hochberg, p<0.05). The most frequent terms were: ‘decanoate-CoA ligase activity’ (5/72
GOs, p=0}, 'oxidation-reduction process’ {16/72 GOs, p=0.001), "transferase activity’ {14/72 GOs,
p=0.009), ‘carbohydrate metabolic process’ {5/72 GOs, p=0.01), ‘oxidoreductase activity’ (9/72
GOs, p=0.012), “‘methylation *(6/72 GOs, p=0.013), ‘methyltransferase activity’ (5/72 GOs, p=0.023},
‘transmembrane transporter activity’ {4/72 GOs, p=0.043), and ’hydrolase activity’ {(3/72 GOs,
p=0.048). In comparison to previous studies, our analysis did not report a significant enrichment of
membrane proteins in the HGT dataset {'membrane’, 11/72 OGs, p=0.699; ‘integral component of
membrane’, 22/72 GOs, p=0.416. The GO annotation ‘extracellular region’ was absent in the HGT
dataset} (Schonknecht et al., 2013). As such, we report a strong bias for metabolic functions among
HGT candidates {Figure 7).

Metal and xenobiotic resistance/detoxification

Geothermal environments often contain high arsenic {Ar) concentrations, up to a several g/L as well
as high levels of mercury {Hg), such as >200 ug/g in soils of the Norris Geyser Basin (Yellowstone
National Park} and volcanic waters in southern ltaly (Stauffer and Thompson, 1984; Aiuppa, 2003),
both known Cyanidiales habitats (Castenholz and McDermott, 2010; Ciniglia et al, 2004;
Toplin et al., 2008; Pinto, 1975). Studies with G. sulphuraria have shown an increased efficiency
and speed regarding the biotransformation of HgCl, compared to eukaryotic algae {Kelfy et al.,
2007). Orthologs of OG0002305, which are present in all 13 Cyanidiales genomes, encode mercuric
reductase that catalyzes the critical step in Hg?* detoxification, converting cytotoxic Hg?™ into the
less toxic metallic mercury, Hg®. Arsenate (As(V)) is imported into the cell by high-affinity P; transport
systems (Meharg and MacNair, 1992; Catarecha et al.,, 2007), whereas aguaporins regulate arse-
nite (As{lll)) uptake (Zhao et al., 2010). Galdieria and Cyanidioschyzon possess a eukaryotic gene-set
for the chemical detoxification and extrusion of As through biotransformation and direct efflux
{Schonknecht et al.,, 2013). Arsenic tolerance was expanded in the Galdieria lineage through the
acquisition {OGO001513) of a bacterial arsC gene, thus enabling the reduction of As{V} to As{lll}
using thioredoxin as the electron acceptor. It is known that As{lll} can be converted into volatile
dimethylarsine and trimethylarsine through a series of reactions, exported, or transported to the vac-
ucle in conjugation with glutathione. Two separate acquisitions of a transporter annotated as ArsB
are present in G. sulphuraria RT22 and G. sulphuraria 5572 (OG0006498, OG0006670), as well as a
putative cytoplasmic heavy metal binding protein (OG0006191} in the Cyanidioschyzon lineage.

In the context of xenobiotic detoxification, we found an aliphatic nitrilase (OG0001760) involved
in styrene degradation and three {(0G0003250, OG0005087, OGO005479) Galdieria specific 4-nitro-
phenylphosphatases likely involved in the bioremediation of highly toxic hexachlorocyclohexane
{HCH) {(van Doesburg et al., 2005), or more generally other cycdlohexyl compounds, such as cyclo-
hexylamine. In this case, bioremediation can be achieved through the hydrolysis of 4-nitrophenol to
4-nitrophenyl phosphate coupled with phosophoesterase/metallophosphatase activity. The resulting
cyclohexyl compounds serve as multifunctional intermediates in the biosynthesis of various heterocy-
clic and aromatic metabolites. A similar function in the Cyanidioschyzon lineage could be taken up
by OG0006252, a cyclohexanone monooxygenase {Chen et al., 1988} oxidizing phenylacetone to
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Figure 7. Cyanidiales live in hostile hakitats, necessitating a broad range of adaptations to polyextremophily. The
majority of the 96 HGT-impacted OGs were annotated and putative functions identified {in the image, colored
fields are from HGT, whereas gray fields are native functions). The largest number of HGT candidates is involved in
carbon and amino acid metabolism, especially in the Galdieria lineage. The excretion of lytic enzymes and the
high number of importers {protein/AA symporter, glycerol/HoO symporter) within the HGT dataset suggest a
preference for import and catakolic function.

DOl https://doi.org/10.7554/elife 45017 104

benzyl acetate that can also oxidize various aromatic ketones, aliphatic ketones (e.g., dodecan- 2-
one) and sulfides (e.g., 1-methyl-4-(methylsulfanylibenzene). In this context, a probable multidrug-
resistance/quaternary ammonium compound exporter (OG0002896), which is present in all Cyani-
diales, may control relevant efflux functions whereas a phosphatidylethanolamine (penicillin?) bind-
ing protein (0G0004486) could increase the stability of altered peptidoglycan cell walls. If these
annotations are correct, then Galdieria is an even more promising target for industrial bioremedia-
tion applications than previously thought (Henkanatte-Gedera et al.,, 2017, Fukuda et al., 2018).

Cellular oxidant reduction

Increased temperature leads to a higher metabolic rate and an increase in the production of endog-
enous free radicals (FR), such as reactive oxygen species (ROS) and reactive nitrogen species (RNS),
for example during cellular respiration (Phaniendra et al., 2015). Furthermore, heavy metals such as
lead and mercury, as well as halogens (fluorine, chlorine, bromine, iodine) stimulate formation of FR
(Dietz et al., 1999). FR are highly biohazard and cause damage to lipids (Yl&-Herttuala, 1999), pro-
teins (Stadtman and Levine, 2000) and DNA (Marnett, 2000). In the case of the superoxide radical
{0, enzymes such as superoxide dismutase enhance the conversion of 2 x 07, into hydrogen per-
oxide (H>0>) which is in turn reduced to H>O through the glutathione-ascorbate cycle. Other toxic
hydroperoxides (R-OOH) can be decomposed various peroxidases to HO and alcohols (R-OH) at
the cost of oxidizing the enzyme, which is later recycled (re-reduced) through oxidation of thiore-
doxin (Rouhier et al., 2008). The glutathione and thioredoxin pools and their related enzymes are
thus factors contributing to a successful adaptation to geothermal environments. Here, we found a
cytosolic and/or extracellular peroxiredoxin-6 (OG0005984) specific to the Cyanidioschyzon lineage
and two peroxidase-related enzymes (probable alkyl hydroperoxide reductases acting on
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carboxymucenolactone) in the Galdieria lineage (OG0004203, OG0004392) {Chae et al., 1994). In
addition, a thioredoxin oxidoreductase related to alkyl hydroperoxide reductases {OG0001486) as
well as a putative glutathione-specific gamma-glutamylcyclotransferase 2 (OG0003929) are present
in all Cyanidiales. The latter has been experimentally linked to the process of heavy metal detoxifica-
tion in Arabidopsis thaliana (Paulose et al., 2013).

Carbon metabolism

G. sulphuraria is able to grow heterotrophically using a large variety of different carbon sources and
compounds released from dying cells (Gross et al., 1995; Gross, 1998). In contrast, C. merolae is
strictly photoautotrophic (De Luca et al., 1978). G. sulphuraria can be maintained on glycerol as the
sole carbon source (Gross et al., 1995) making use of a family of glycerol uptake transporters likely
acquired via HGT {Schénknecht et al., 2013). We confirm the lateral acquisition of glyceral trans-
porters in G. sulphuraria RT22 (OG0006482), G. sulphuraria Azora and G. sulphuraria SAG21
{OG0005235). The putative HGT glycerol transporters found in G. sulphuraria 074W did not meet
the required threshold of two Cyanidiales sequences {from different strains) in one OG. In addition,
another MIP family aguaporin, permeable to H,O, glycerol and other small uncharged molecules
{Liu et al., 2007) is encoded by G. sulphuraria Azora {OG0007123). This could be an indication of a
very diverse horizontal acquisition pattern regarding transporters. OG0003954 is the only exception
to this rule, because it is present in all Galdieria lineages and is orthologous to AcpA|SatP acetate
permeases involved with the uptake of acetate and succinate {Robellet et al., 2008; S4-
Pessoa et al., 2013).

We found evidence of saprophytic adaptations in Galdieria through the potential herizontal
acquisition of an extracellular beta-galactosidase enzyme (Rojas et al, 2004; Rico-Diaz et al.,
2014). This enzyme contains all five bacterial beta-galactosidase domains {OG0003441) involved in
the catabolism of glycosaminoglycans, a polysaccharide deacetylase/peptidoglycan-N-acetylglucos-
amine deacetylase {OG0004030} acting on glucosidic {but note peptide bonds) that may degrade
chitooligosaccharides, chitin, and/or xylan {Psylinakis et al., 2005; Lee et al., 2002) as well as an o-
amylase {OG0004658} converting starch/glycogen to dextrin/maltose (Diderichsen and Christian-
sen, 1988) which is missing only in G. sulphuraria SAG21. All other HGT OGs involved in sugar
metabolism are involved in the intercellular breakdown and interconversions of sugar carbohydrates.
OGO0006623 contains a non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase found in
hyperthermophile archaea (Ettema et al., 2008) (G. sulphuraria 002). The OG0005153 encodes a
glycosyl transferase family one protein involved in carbon metabolism {G. sulphuraria 074W, G. sul-
phuraria MS1, G. sulphuraria RT22, G. sulphuraria YNP5587.1). All Galdieria have an alpha-xylosidase
resembling an extremely thermo-active and thermostable o-galactosidase {OGO0001542}
{van Lieshout et al., 2003; Okuyama et al., 2004). The only horizontal acquisition in this category
present in all Cyanidiales is a cytoplasmic ribokinase involved in the D-ribose catabolic process
{OG0001613).

The irreversible synthesis of malonyl-CoA from acetyl-CoA through acetyl-CoA carboxylase
{ACCase} is the rate limiting and step in fatty acid biosynthesis. The bacterial ACCase complex con-
sists of three separate subunits, whereas the eukaryotic ACCase is composed of a single multifunc-
tional protein. Plants contain both ACCase isozymes. The eukaryotic enzyme is located in the cytosol
and a bacterial-type enzyme consisting of four subunits is plastid localized. Three of the HGT
orthogroups (OG0002051, OGO007550 and OGO007551) were annotated as bacterial biotin car-
boxyl carrier proteins (AbbB/BCCP), which carry bictin and carboxybiotin during the critical and
highly regulated carboxylation of acetyl-CoA to form malonyl-CoA [ATP +Acetyl CoA + HCO*=
ADP + Orthophosphate + Malonyl-CoA]. Whereas OG0002051 is present in all Cyanidiales and
located in the cytoplasm, OGO007550 and OGO0C7551 are unique to C. merofae Soos and anno-
tated as ‘chloroplastic’. Prior to fatty acid {FA) beta-oxidation, FAs need to be transformed to a FA-
CoA before entering cellular metabolism as an exogenous or endogenous carbon source {eicosanaid
metabolism is the exception}. This process is initiated by long-chain-fatty-acid-CoA ligases/acyl-CoA
synthetases (ACSL} {Mashek et al., 2007) [ATP + long-chain carboxylate + CoA = AMP + diphos-
phate + Acyl-CoA]. Five general non-eukaryotic ACSL candidates were found {OGO0001476,
OG0002999, OG0005540, OGO008579, OG0008822). Only OGO0001476 is present in all species,
whereas OG0002999 is present in all Galdieria, OG0005540 in G. sulphuraria 074W and G.
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sulphuraria MS1, and OGO0008579 and OGO0008822 are unique to G. phlegrea DBY009. The GO
annotation suggests moderate specificity to decanoate-CoA. However, OG0002999 also indicates
involvement in the metabolism of linoleic acid, a C44H320, polyunsaturated acid found in plant gly-
cosides. ACSL enzymes share significant sequence identity but show partially overlapping substrate
preferences in terms of length and saturation as well as unigue transcription patterns. Furthermore,
ACSL proteins play a role in channeling FA degradation to various pathways, as well as enhancing
FA uptake and FA cellular retention. Although an annotation of the different ACSL to their spedific
functions was not possible, their involvement in the saprophytic adaptation of Cyanidioschyzon and
especially Galdieria appears to be plausible.

Amino acid metabolism

Oxidation of amino acids {AA} can be used as an energy source. Once AAs are deaminated, the
resulting o-ketoacids {"carbon backbone’) can be used in the tricarboxylic acid cycle for energy gen-
eration, whereas the remaining NH;* can be used for the biosynthesis of novel AAs, nucleotides,
and ammonium containing compounds, or dissipated through the urea cycle. In this context, we con-
firm previous observations regarding a haorizontal origin of the urease accessory protein UreE
{OG0003777) present in the Galdieria lineage {Qiu et al., 2013} (the other urease genes reported in
G. phlegrea DBV0O0? appear to be unigue to this species and were thus removed from this analysis
as singletons; for example ureG, OG0008984). AAs are continuously synthesized, interconverted,
and degraded using a complex network of balanced enzymatic reactions {e.g., peptidases, lyases,
transferases, isomerases). Plants maintain a functioning AA catabolism that is primarily used for the
interconversion of metabolites because photosynthesis is the primary source of energy. The Cyani-
diales, and particularly the Galdieria lineage is known for its heterotrophic lifestyle. We assigned 19/
96 HGT-impacted OGs to this category. In this context, horizontal acquisition of protein]AA:proton
symporter AA permeases {OG0001658, OG0005224, OG0005596, OGO007051) may be the first
indication of adaptation to a heterotrophic lifestyle in Galdierfa. Once a protein is imported, pepti-
dases cleave single AAs by hydrolyzing the peptide bands. Although no AA permeases were found
in the Cyanidioschyzon lineage, a cytoplasmic threonine-type endopeptidase (OG0001994} and a
cytosolic proline iminopeptidase involved in arginine and proline metabolism (OG0006143) were
potentially acquired through HGT. At the same time, the Galdieria lineage acquired a Clp protease
{OG00075%96). The remaining HGT candidates are involved in various amino acid metabolic path-
ways. The first subset is shared by all Cyanidiales, such as a cytoplasmic imidazoleglycerol-phosphate
synthase involved in the biosynthetic process of histidine {OG0002034), a phosphoribosyltransferase
involved in phenylalanine/tryptophan/tyrosine biosynthesis (OGOC01509) and a peptydilproline pep-
tidyl-prolyl cis-trans isomerase acting on proline {OG0001938) (Dilworth et al, 2012). The second
subset is specific to the Cyanidium lineage. It contains a glutamine/leucine/phenylalanine/valine
dehydrogenase {OGO0006136) (Kloosterman et al., 2006), a glutamine cyclotransferase
{OG0006251) (Dahl et al., 2000), a cytidine deaminase {OG0003539) as well as an adenine deami-
nase {OG0005683} and a protein binding hydralase containing a NUDIX domain (OG00056%94). The
third subset is specific to the Galdieria lineage and contains an ornithine deaminase, a glutaryl-CoA
dehydrogenase (OG0007383) involved in the oxidation of lysine, tryptophan, and hydroxylysine
{Rao et al., 2006), as well as an ornithine cyclodeaminase {OG0004258) involved in arginine and/or
proline metabolism. Finally, a lysine decarboxylase {OG0007346), a bifunctional ornithine acetyltrans-
ferase/N-acetylglutamate synthase {(Martin and Mulks, 1992} involved in the arginine biosynthesis
{OG0008898) and an aminoacetone oxidase family FAD-binding enzyme {OG0007383}, probably cat-
alytic activity against several different L-amino acids were found as unique acquisitions in G. sul-
phuraria SAG21, G. phlegrea DBV00? and G. sulphuraria YNP5587.1 respectively.

One carbon metabolism and methylation

One-carbon {1C} metabolism based on folate describes a broad set of reactions involved in the acti-
vation and transfer C1 units in various processes including the synthesis of purine, thymidine, methi-
onine, and homocysteine re-methylation. C1 units can be mobilized using tetrahydrofolate (THF) as a
cofactor in enzymatic reactions, vitamin B12 (cobalamin} as a co-enzyme in methylation/rearrange-
ment reactions and S-adenosylmethionine {SAM) {Ducker and Rabinowitz, 2017). In terms of purine
biosynthesis, OG0005280 encodes an ortholog of a bacterial FAD-dependent thymidylate {dTMP}
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synthase converting dUMP to dTMP by oxidizing THF present in G. sulphuraria 074W, G. sulphuraria
MS1, and G. sulphuraria RT22. In terms of vitamin B12 biosynthesis, an ortholog of the cobalamin
biosynthesis protein CobW was found in the Cyanidioschyzon lineage (OG0002609%). Much of the
methionine generated through C1 metabolism is converted to SAM, the second most abundant
cofactor after ATP, which is a universal doner of methyl {(-CH3) groups in the synthesis and modifica-
tion of DNA, RNA, hormones, neurotransmitters, membrane lipids, proteins and also play a central
role in epigenetics and posttranslational modifications. Within the 96 HGT-impacted dataset we
found a total of 9 methyltransferases (OGO0003901, OGO003%05, O©OG0002191, OGO0002431,
0G0002727, ©OGO003907, OGOO05083 and OGO005561) with diverse functions, 8 of which are SAM-
dependent methyltransferases. OG0002431 (Cyanidiales), OG0005561 {G. sufphuraria MS1 and G.
phlegrea DBV00?) and OGO0005083 (G. sulphuraria SAG21) encompass rather unspecific SAM-
dependent methyltransferases with a broad range of possible methylation targets. OG0002727,
which is exclusive to Cyanidioschyzon, and OG0002191, which is exclusive to Galdieria, both methyl-
ate rRNA. OG0002727 belongs to the Erm rRNA methyltransferase family that methylate adenine on
235 ribosomal RNA (Yu et al., 1997). Whether it confers macrolide-lincosamide-streptogramin {MLS}
resistance, or shares only adenine methylating properties remains unclear. The OG0002191 is a 165
rRNA  {cytidine1402-2"-O)-methyltransferase involved the modulation of translational fidelity
{Kimura and Suzuki, 2010).

Osmotic resistance and salt tolerance

Cyanidiales withstand salt concentrations up to 10% NaCl {Albertano, 2000). The two main strate-
gies to prevent the accumulation of cytotoxic salt concentrations and to withstand low water poten-
tial are the active removal of salt from the cytosol and the production of compatible solutes.
Compatible solutes are small metabolites that can accumulate to very high concentrations in the
cytosol without negatively affecting vital cell functions while keeping the water potential more nega-
tive in relation to the saline environment, thereby avoiding loss of water. The G. sulphuraria lineage
produces glycine/betaine as compatible solutes under salt stress in the same manner as halophilic
bacteria (Imhoff and Rodriguez-Valera, 1984} through the successive methylation of glycine via sar-
cosine and dimethylglycine to yield betaine using S-adenosyl methionine {SAM} as a cofactor
{Lu et al, 2006; Waditee et al., 2003; Nyyssola et al., 2000). This reaction is catalyzed by the
enzyme sarcosine dimethylglycine methyltransferase (SDMT), which has already been characterized
in Galdieria (McCoy et al., 2009). Our results corroborate the HGT origin of this gene, supporting
two separate acquisitions of this function (OG0003%901, OGO0003%905). In this context, a inosital 2-
dehydrogenase possibly involved in osmoprotective functions {Kingston et al., 1996} in G. phlegrea
DBV009 was also found in the HGT dataset (OG0008335}.

Non-Metabolic functions

Qutside the context of HGT involving enzymes that perform metabolism related functions, we found
6/96 OGs that are annotated as transcription factors, ribosomal components, rRNA, or fulfilling func-
tions not directly involved in metabolic fluxes. Specifically, two OGs associated with the bacterial
30S ribosomal subunit were found, whereas OG0002627 {Galdieria) is orthologous to the tRNA bind-
ing translation initiation factor elF1a which binds the fMet-tRNA{fMet) start site to the ribosomal 305
subunit and defines the reading frame for mRNA translation (Simonetti et al., 2009), and
OG0004339 {Galdieria} encodes the S4 structural component of the S30 subunit. Three genes func-
tioning as regulators were found in Cyanidioschyzon, a low molecular weight phosphotyrosine pro-
tein phosphatase with an unknown regulator function {OG0002785), a SfsA nuclease (Takeda et al.,
2007), similar to the sugar fermentation stimulation protein A and (OG0002871) a MRP family multi-
drug resistance transporter connected to parA plasmid partition protein, or generally invelved in
chromosame partitioning {mrp}. Additionally, we found a Cyanidioschyzon-specific RuvX ortholog
{OG0002578) involved in chromosomal crossovers with endonucleclytic activity {Nautiyal et al.,
2016) as well as a likely Hsp20 heat shock protein ortholog (OG0004102) unique to the Galdieria
lineage.
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Various functions and uncertain annotations

The remaining OGs were annotated with a broad variety of functions. For example, OG0001929,
OG0001810, OG0004405, and OGO001087 are possibly connected to the metabolism of cell wall
precursors and components and OG0001929 {Galdieria) is an isomerizing glutamine-fructose-6-phos-
phate transaminase most likely involved in regulating the availability of precursors for N- and
O-linked glycosylation of proteins, such as for peptidoglycan. In contrast, OG0004405 {(Cyanidioschy-
zon) synthesizes exopolysaccharides on the plasma membrane and OG0001087 {Cyanidiales) and
OG0001810 (Cyanidioschyzon) are putative undecaprenyl transferases {UPP} which function as lipid
carrier for glycosyl transfer in the biosynthesis of cell wall polysaccharide components in bacteria
{Apfel et al., 1999). The OGs OG0002483 and OG0001955 are involved in purine nucleobase meta-
bolic processes, probably in cAMP biosynthesis {Galperin, 2005} and IMP biosynthesis
{Schrimsher et al., 1986). A Cyanidioschyzon specific 9,159 -tri-cis-zeta-carotene isomerase
{OG0002574) may be involved in the biosynthesis of carotene (Chen et al., 2010). Two of the 96
HGT OGs obtained the tag 'hypothetical protein” and could not be further annotated. Others had
non-specific annotations, such as ’selenium binding protein’ (OG0003856) or contained conflicting
annotations.

Discussion

Making an argument for the importance of HGT in eukaryote {specifically, Cyanidiales} evolution, as
we do here, requires that three major issues are addressed: a mechanism for foreign gene uptake
and integration, the apparent absence of eukaryotic pan-genomes, and the lack of evidence for
cumulative effects {Martin, 2017). The latter two arguments are dealt with below but the first con-
cern no longer exists. For example, recent work has shown that red algae harbor naturally accurring
plasmids, regions of which are integrated into the plastid DNA of a taxonomically wide array of spe-
cies {Lee et al., 2016). Genetic transformation of the unicellular red alga Porphyridium purpureum
has demonstrated that introduced plasmids accumulate episomally in the nucleus and are recog-
nized and replicated by the eukaryotic DNA synthesis machinery {Li and Bock, 2018). These results
suggest that a connection can be made between the observation of bacterium-derived HGTs in P.
purpureum {Bhattacharya et al., 2013) and a putative mechanism of bacterial gene origin via long-
term plasmid maintenance. Other proposed mechanisms for the uptake and integration of foreign
DNA in eukaryotes are well-studied, observed in nature, and can be successfully recreated in the lab
{Leger, 2018; Li and Bock, 2018).

HGT- the eukaryotic pan-genome

Eukaryotic HGT is rare and affected by gene erosion. Within the 13 analyzed genomes of the polyex-
tremophilic Cyanidiales (Foflonker et al., 2018; Schénknecht et al.,, 2014), we identified and anno-
tated 96 OGs containing 641 single HGT candidates. Given an approximate age of 1,400 Ma years
and ignoring gene erosion, on average, one HGT event occurs every 14.6 Ma years in Cyanidiales.
This figure ranges from ane HGT every 33.3 Ma years in Cyanidioschyzon and one HGT every 13.3
Ma in Galdieria. Still, one may ask, given that eukaryotic HGT exists, what comprises the eukaryotic
pan-genome and why does it not increase in size as a function of time due to HGT accumulation? In
response, it should be noted that evolution is *blind’ to the sources of genes and selection does not
act upon native genes in a manner different from those derived from HGT. In our study, we report
examples of genes derived from HGT that are affected by gene erosion and/or partial fixation
{Figure 4A). As such, only 8/96 of the HGT-impacted OGs {8.3%) are encoded by all 13 Cyanidiales
species. Looking at the Galdieria lineage alone {Figure 6C), 28 of the 60 lineage-specific OGs
{47.5%) show clear signs of erosion {HGT orthologs are present in <10 Galdieria species), to the
point where a single ortholog of an ancient HGT event may remain.

When considering HGT in the Cyanidiales it is important to keep in mind the ecological bound-
aries of this group, the distance between habitats, the species composition of habitats, and the
mobility of Cyanidiales within those borders that control HGT. Hence, we would not expect the
same HGT candidates derived from the same non-eukaryotic donors to be shared between Cyani-
diales and marine/freshwater red algae {unless they predate the split between Cyanidiales and other
red algae}, but rather between Cyanidiales and other polyextremophilic organisms. In this context,
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inspection of the habitats and physiclogy of potential HGT donors revealed that the vast majority is
extremophilic and, in some cases, shares the same habitat as Cyanidiales (Table 2). A total of 84/95
of the inherited gene functions could be connected to ecologically important traits such as heavy
metal detoxification, xenobiotic detoxification, ROS scavenging, and metabolic functions related to
carbon, fatty acid, and amino acid turnover. In contrast, only 6/96 OGs are related to methylation
and ribosomal functions. We did not find HGTs contributing other traits such as ultrastructure, devel-
apment, or behavior (Figure 7). If cultures were exposed to abiotic stress, the HGT candidates were
significantly enriched within the set of differentially expressed genes (Figure 3). These results not
only provide evidence of successful integration into the transcriptional circuit of the host, but also
support an adaptive role of HGT as a mechanism to acquire beneficial traits. Because eukaryotic
HGT is the exception rather than the rule, its number in eukaryotic genomes does not need to
increase as a function of time and may have reached equilibrium in the distant past between acquisi-
tion and erosion.

HGT vs. DL

Ignoring the cumulative evidence from this and many other studies, one may still dismiss the phylo-
genetic inference as mere assembly artefact and overlook all the significant differences and trends
between native genes and HGT candidates. This could be done by superimposing vertical inheri-
tance {and thus eukaryotic origin} on all HGT events outside the context of pathogenicity and endo-
symbiosis. Under this extreme view, all extant genes would have their roots in LECA. Consequently,
patchy phylogenetic distributions are the result of multiple putative ancient paralogs existing in the
LECA followed by mutation, gene duplication, and gene loss. Following this line of reasening, all
HGT candidates in the Cyanidiales would be the product of DL acting on all other eukaryotic spe-
cies, with the exception of the Cyanidiales, Galdieria and/or Cyanidioschyzon {Figure 5A-C). How-
ever, we found cases where either Galdieria HGT candidates (six orthogroups), or Cyanidioschyzon
HGT candidates {eight orthogroups) show non-eukaryotic origin, whereas the others cluster within
the eukaryotic branch {Figure 5E-F). In addition, we find two cases in which Galdieria and Cyanidio-
schyzon HGT candidates are located in different non-eukaryotic branches {Figure 5D). DL would
require LECA to have encoded three paralogs of the same gene, one of which was retained by Cya-
nidioschyzon, another by Galdieria, whereas the third by all other eukaryotes. The number of
required paralogs in the LECA would be further increased when taking into consideration that some
ancient paralogs of LECA may have been eroded in all eukaryotes and that eukaryote phylogenies
are not always monophyletic which would additionally increase the number of required paralogs in
the LECA in order to explain the current pattern. The strict superimpeosition of vertical inheritance
would thus require a complex LECA, an issue known as ‘the genome of Eden’.

Cumulative effects are observed when genes derived from HGT increasingly diverge as a function
of time. Hence, a gradual increase in protein identity towards their non-eukaryotic donor species is
expected the more recent an individual HGT event is. The absence of cumulative effects in eukary-
otic HGT studies has been used as argument in favor of strict vertical inheritance followed by DL.
Here, we also did not find evidence for cumulative effects in the HGT dataset. ‘Recent’ HGT events
that are exclusive to either the Cyanidioschyzon or Galdieria lineage shared 5% higher PID with their
potential non-eukaryotic donors in comparison to ancient HGT candidates that predate the split, but
this difference was not significant {Figure 4C). We also tested for cumulative effects between the
number of species contained in orthogroups compared to the percent protein identity shared with
potential non-eukaryotic donors under the assumption that recent HGT events would be present in
fewer species in comparison to ancient HGT events that occurred at the root of Galdieria
{Figure 6D). Neither a gradual increase in protein identity for potentially recent HGT events, nor a
general trend could be determined. Only orthogroups containing one Galdieria species reported a
statistically significant higher protein identity to their potential non-eukaryotic donors which could
be an indication of ‘most recent’ HGT.

Whereas the absence of cumulative effects may speak against HGT, this does not automatically
argue in favor of strict vertical inheritance followed by DL. Here, the null hypeothesis would be that
no differences exist between HGT genes and native genes because all genes are descendants of
LECA. This null hypothesis is rejected on multiple levels. At the molecular level, the HGT subset dif-
fers significantly from native genes with respect to various genomic and molecular features {(e.g.,
GC-content, frequency of multiexonic genes, number of exons per gene, responsiveness to
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temperature stress) {Table 1, Figure 3). Furthermore, HGT candidates in Galdierfa are significantly
more similar (6.1% average PID} to their potential non-eukaryotic donors when compared to native
genes and non-eukaryotic sequences in the same orthogroup (Figure 6B). This difference cannot be
explained by the absence of eukaryotic orthologs. We also find significant differences in PID with
regard to non-eukaryotic sequences between HGT and native genes in orthogroups containing
either one Galdieria sequence, or all eleven Galdieria sequences regarding (Figure 6D). Hence, the
'most recent’ and ‘most ancient’ HGT candidates share the highest resemblance to their non-eukary-
otic donors, which is also significantly higher when compared to native genes in OGs of the same
size. Intriguingly, a general trend towards 'cumulative effects’” could be observed for native genes,
highlighting the differences between these two gene sources in Cyanidiales.

Given these results and interpretations, we advocate the following view of eukaryotic HGT. Spe-
cifically, two forces may act simultaneously on HGT candidates in eukaryotes. The first is strong evo-
lutionary pressure for adaptation of eukaryotic genetic features and compatibility with native
replication and transcriptional mechanisms to ensure integration into existing metabolic circuits {e.
g., codon usage, splice sites, methylation, pH differences in the cytosol). The second however is that
key structural aspects of HGT-derived sequence cannot be significantly altered by the first process
because they ensure function of the transferred gene (e.g., protein domain conservation, three-
dimensional structure, ligand interaction). Consequently, HGT candidates may suffer more markedly
from gene erosion than native genes due to these countervailing forces, in spite of potentially pro-
viding beneficial adaptive traits. This view suggests that we need to think about eukaryotic HGT in
fundamentally different ways than is the case for prokaryotes, necessitating a taxonomically broad
genome-based approach that is slowly taking hold.

In summary, we do not discount the importance of DL in eukaryotic evolution because it can
impact ca. 99% of the gene inventory in Cyanidiales. What we strongly espouse is that strict vertical
inheritance in combination with DL cannot explain all the data. HGTs in Cyanidiales are significant
because the 1% (values will vary across different eukaryotic lineages) helps explain the remarkable
evolutionary history of these extremophiles. Lastly, we question the validity of the premise regarding
the applicability of cumulative effects in the prokaryotic sense to eukaryotic HGT. The absence of
cumulative effects and a eukaryotic pan-genome are neither arguments in favor of HGT, nor DL.

Materials and methods

Cyanidiales strains used for draft genomic sequencing

Ten Cyanidiales strains {Figure 1) were sequenced in 2016/2017 using the PacBio RS2 (Pacific Bio-
sciences Inc, Menlo Park, CA) technology (Rhoads and Au, 2015) and P6-C4 chemistry {the only
exception being C. merofae Soos, which was sequenced as a pilot study using P4-C2 chemistry in
2014). Seven strains, namely G. sulphuraria 5572, G. sulphuraria 002, G. sulphuraria SAG21.92, G.
sulphuraria Azora, G. sulphuraria MtSh, G. sulphuraria RT22 and G. sulphuraria MS1 were sequenced
at the University of Maryland Institute for Genome Sciences {Baltimore, MD). The remaining three
strains, G. sulphuraria YNP5587.1, G. phlegrea Soos, and C. merolae Soos were sequenced at the
Max-Planck-Institut fir Pflanzenzlichtungsforschung {Cologne, Germany). To obtain axenic and
monaclonal genetic material for sequencing, single colonies of each strain were grown at 37°C in the
dark on plates containing glucose as the sole carbon source {1% Gelrite mixed 1:1 with 2x Allen
medium [Allen, 1959], 50 uM Glucose). The purity of single colonies was assessed using microscopy
{Zeiss Axio Imager 2, 1000x) and molecular markers {18S, rbel). Long-read compatible DNA was
extracted using a genomic-tip 20/G column following the steps of the *YEAST' DNA extraction pro-
tocol (QIAGEN N.V., Hilden, Germany). The size and quality of DNA were assessed via gel electro-
phoresis and the Nanodrop instrument {Thermo Fisher Scientific Inc, Waltham, MA).

Assembly

All genomes {excluding the already published G. sulphuraria 074W, G. phlegrea DBV00Y and C.
merolae 10D) were assembled using canu version 1.5 (Keren et al., 2017). The genomic sequences
were polished three times using the Quiver algorithm (Chin et al., 2013). Different versions of each
genome were assessed using BUSCO v.3 (Simdo et al., 2015} and the best performing genome was
chosen as reference for gene model prediction. Each genome was queried against the National
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Center for Biotechnology Information (NCBI) nr database (Geer et al., 2010} in order to detect con-
tigs consisting exclusively of bacterial best blast hits {i.e., possible contamination). None were found.

Gene prediction

Gene and protein models for the 10 sequenced Cyanidiales were predicted using MAKER v3 beta
{Cantarel et al., 2008). MAKER was trained using existing protein sequences from Cyanidioschyzon
merolae 10D and Galdieria sulphuraria 074W, for which we used existing RNA-Seq (Rossaoni, 2018}
data with expression values > 10 FPKM (Rademacher et al., 2016) combined with protein sequen-
ces from the UniProtKB/Swiss-Prot protein database {(UniProt Consortium T, 2018). Augustus
{Stanke and Morgenstern, 2005}, GeneMark ES {Borodovsky and Lomsadze, 2011), and EVM
{Haas et al., 2008) were used for gene prediction. MAKER was run iteratively and using various
options for each genome. The resulting gene models were again assessed using BUSCO v.3
{Simao et al., 2015) and PFAM 31.0 (Finn et al., 2016). The best performing set of gene models
was chosen for each species.

Sequence annotation

The transcriptomes of all sequenced species and those of Cyanidioschyzon merolae 10D, Galdieria
sulphuraria 074W, and Galdieria phlegrea DB10 were annotated {re-annotated) using BLAST2GO
PRO v.5 (Gotz et al,, 2008} combined with INTERPROSCAN {(Jones et al., 2014} in order to obtain
the annotations, Gene Ontology (GO)-Terms {Ashburner et al., 2000}, and Enzyme Commission
{EC}-Numbers {Bairoch, 2000). KEGG orthology identifiers {(KO-Terms} were obtained using KAAS
{Ogata et al,, 1999, Moriya et al., 2007} and PFAM annotations using PFAM 31.0 {Finn et al.,
2016).

Orthogroups and phylogenetic analysis

The 81,682 predicted protein sequences derived from the 13 genomes listed in Table T were clus-
tered into orthogroups (OGs) using OrthoFinder v. 2.2 {(Emms and Kelly, 2015). We queried each
OG member using DIAMOND v. 0.9.22 {Buchfink et al., 2015) to an in-house database comprising
NCBI RefSeq sequences with the addition of predicted algal proteomes available from the JGI
Genome Portal (Nordberg et al., 2014), TBestDB (O“Brien et al., 2007}, dbEST (Boguski et al.,
1993), and the MMETSP (Moore Microbial Eukaryote Transcriptome Sequencing Project)
{Keeling et al., 2014). The database was partitioned into four volumes: Bacteria, Metazoa, remain-
ing taxa, and the MMETSP data. To avoid taxonomic sampling biases due to under or overabun-
dance of particular lineages in the database, each volume was queried independently with an expect
{e-value) of 1 x 10" and the top 2000 hits were saved and combined into a single list that was then
sorted by descending DIAMOND bitscore. Prateins containing one or more bacterial hits (and thus
possible HGT candidates} were retained for further analysis, whereas those lacking bacterial hits
were removed. A taxonomically broad list of hits was selected for each query (the maximum number
of genera selected for each taxonomic phylum present in the DIAMOND output was equivalent to
180 divided by the number of unique phyla}, and the corresponding sequences were extracted from
the database and aligned using MAFFT v7.3 {Katoh and Standley, 2013) together with queries and
hits selected in the same manner for remaining proteins assigned to the same OG {(duplicate hits
were removed). A maximum-likelihood phylogeny was then constructed for each alignment using
IQTREE v7.3 {Nguyen et al., 2015) under automated model selection, with node support calculated
using 2000 ultrafast bootstraps. Single-gene trees for the referenced HGT candidates from previous
research regarding G. sulphuraria 074W (Schénknecht et al, 2013) and G. phlegrea DBV00%
{Qiu et al.,, 2013} were constructed in the same manner, without assignment ta OG. To create the
algal species tree, the OG assignment was re-run with the addition of proteomes from outgroup
taxa Porphyra umbificalis (Brawley et al., 2017), Porphyridium purpureum (Bhattacharya et al.,
2013}, Ostreococcus tauri RCC4221 (Blanc-Mathieu et al., 2014), and Chlamydomonas reinhardtii
{Merchant et al., 2007). Orthogroups were parsed and 2090 were selected that contained single-
copy representative proteins from at least 12/17 taxa; those taxa with multi-copy representatives
were removed entirely from the OG. The proteins for each OG were extracted and aligned with
MAFFT, and IQTREE was used to construct a single maximum-likelihood phylogeny via a partitioned
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analysis in which each OG alignment represented one partition with unlinked models of protein evo-
lution chosen by IQTREE. Consensus tree branch support was determined by 2,000 UF bootstraps.

Detection of HGTs

All phylogenies containing bacterial sequences were inspected manually. Only trees in which there
were at |east two different Cyanidiales sequences and at least three different non-eukaryotic donors
were retained. The singleton HGT candidates in Cyanidiales are presented in the appendix {Appen-
dix 5) and were not analyzed further here. Phylogenies with cyanobacteria and Chlamydiae as sisters
were considered as EGT and excluded from the analysis. Genes that were potentially transferred
from cyanobacteria were only accepted as HGT candidates when homologs were absent in other
photosynthetic eukaryotes; that is the cyanobacterium was not the closest neighbor, and when the
annotation did not include a photosynthetic function, to discriminate from EGT. Furthermore, phy-
logenies containing inconsistencies within the distribution patterns of species, especially at the root,
or UF values below 70% spanning over multiple nodes, were excluded. Each orthogroup was que-
ried against NCBI nr to detect eukaryotic homalogs not present in our databases. The conservative
approach to HGT assignment used here allowed identification of robust candidates for in-depth
analysis. This may however have come at the cost of underestimating HGT at the single species level.
Furthermore, some of the phylogenies that were rejected because <3 non-eukaryotic donors were
found may have resulted from current incomplete sampling of prokaryotes. For example,
OGO001817 is present in the sister species G. sulphuraria 074W and G. sulphuraria MS1 but has a
single bacterial hit (Acidobacteriaceae bacterium URHEQ048, CBS domain-containing protein,
Gl:651323331).

Data deposit

The nuclear, plastid, and mitochondrial sequences of the 10 novel genomes, as well as gene models,
ESTs, protein sequences, protein alignments, orthogroup and single gene trees, and gene annota-
tions are available at http://porphyra.rutgers.edu. Raw PacBio RSIl reads, and also the genomic,

chloroplast and mitochendrial sequences, have been submitted to the NCBI and are retrievable via
BioProject ID PRINA512382.
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Appendix 1—figure 1. Raw read length distribution of the sequenced Cyanidiales strains. The
strains were sequenced in 2016/2017 using PacBio’s RS2 sequencing technology and P6-C4
chemistry (the only exception being C. merolae Soos, which was sequenced as pilot study
using P4-C2 chemistry in 2014). Seven strains, namely G. sulphuraria 5572, G. sulphuraria 002,
G. sulphuraria SAG21.92, G. sulphuraria Azora, G. sulphuraria MtSh, G. sulphuraria RT22 and
G. sulphuraria MS1 were sequenced at the University of Maryland Institute for Genome
Sciences (Baltimore, USA). The remaining three strains, G. sulphuraria YNP5578.1, G. phlegrea
Soos and C. merolae Soos, were sequenced at the Max-Planck-Institut fir
Pflanzenzichtungsforschung {Cologne, Germany).
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Archaeal ATPases and ‘old" HGT

We compared the HGT results of this study to previous published claims of HGT in G.
sulphuraria 074W {75 separate acquisitions followed by gene family expansion, 335 transcripts
in total) (Schénknecht et al., 2013} and G. phlegrea DBV009 {13 genes from 11 acquisitions
unigue to this strain, excluding those shared with G. sulphuraria 074W and other red algae)
(Qiu et al., 2013). Each HGT candidate was queried against our database, mapped to the
existing OGs and phylogenetic trees were built for each sequence {where possible). The HGT
candidates of G. sulphuraria 074W mapped into 100 different OGs, thus increasing the
number of separate origins from 75 to 100 {more separate origins = less gene family
expansion). 211 out of the 335 HGT candidates in G. sulphuraria 074W are *archaeal STAND
ATPases’. They clustered into OG0000000, OGO000003 and OGO000001 which are not
classified as HGT. Thus, HGT origin for those gene families can be excluded. The remaining
124 G. sulphuraria 074W HGT candidates are spread acrass 98 OGs. Of those, 20 OGs
averlap with our HGT findings, whereas 78 are OGs that do not have HGT origins {one was
classified as EGT). All 13 HGT candidates in G. phlegrea DBV00? were found and their HGT
arigin could be confirmed. Some do not make the cut due to individual acquisitions by G.
phlegrea DBV0O0? alone. However, considering the operan structures of the acquisition it
seems plausible in this case.

In order to exclude the possibility that our database was ‘missing’ crucial non-eukaryotic
species we gueried all protein sequences against our own database and NCBI's uncurated nr
database, including predicted models and environmental samples and implementing various
search strategies. 219 out of the 335 HGT candidates in G. sulphuraria 074\W did not report
any hits outside the species itself {including the 211 *archaeal ATPases’) and no functional
evidence could be found besides the ane obtained through manual curation of sequence
alignments as reported by the author {Schénknecht et al., 2013).

As seen in the case of the human and the Tardigrade genome, the overestimation of HGT
in eukaryotic genomes, followed by later re-correction, is not a new phenomenon
{Boothby et al.,, 2015; Crisp et al., 2015; Koutsovoulos et al., 2016; Salzberg, 2017). There
are several reasons that may have led to the drastic overestimation of HGT candidates in the
case of G. sulphuraria 074W (100 OGs derived from HGT, instead of 58 OGs). Although
published in 2013, the HGT analysis was performed in early 2007. By then, the RefSeq
database contained 4.7 million accessions compared ta 163.9 million accessions in May 2018.
The low resolution regarding eukaryotic species may have led to many singletons, here
defined as Galdieria being the only eukaryotic species in otherwise bacterial clusters, leading
to the mislabelling of HGT. Further, the many small contigs derived from short read
sequencing technologies of the last decade, combined with older assembly software [138] are
known potential pitfalls (Danchin, 2016} for missassembly that may lead to the inclusion of
bacterial contigs into the reference genome as a consequence of prior culture contamination.
Lastly, this analysis occurred a decade prior to the tardigrade and human case that led to
raised awareness and standards regarding HGT annotation as many claims of HGT were later
refuted by further analyses. From a biological view the HGT origin of the Archaeal ATPases is
disputable as a re-sequencing of the Genome using MinION technology (Rossoni, data
unpublished) shows they always occur immediately adjacent to every single telomere,
therefore adding another layer of complexity. The ‘archaeal ATPase’ was not only integrated
into the genome, but also put under influence a non-randem duplication mechanism
responsible for spreading copies in a targeted manner to the subtelomeric region of each
single contig {no exception!). Examples of similar cases may be found in the Variant Surface
Glycoprateins (VSGs) of the Trypanosoma [139] and the Candidates for Secreted Effector
Proteins {CSEPs) in the powdery mildew fungus Blumeria graminis [140]. As those genes are
vital for the infection of the host, they are subjects of very strong natural selection and profit
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from high evolutionary rates achieved at the subtelomeric regions. But the high evolutionary
rates also made it impossible to correctly embed the aforementioned gene families in a
phylogenetic tree. As such, it is not to be excluded that a similar case occurred regarding
Galdieria sulphuraria’s "archaeal ATPases’, although a permissive search might indicate an
archaeal origin of single protein domains. Also, as only a patchy subset of the ATPases reacts
to temperature fluctuations, it cannot be determined that temperature is the driving factor.
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%GC

Appendix 3—table 1. %GC analysis of the Cyanidiales transcriptomes. %GC content of HGT
genes was compared to the %GC content of native genes using students test. Legend: HGT
Genes: number of HGT gene candidates found in species. Avg. %GC Native: average %GC of
native transcripts. Avg. %GC HGT: average %GC of HGT candidates. P-Val (T-test): significance
value {p-value) of student’s test. Delta: difference in %GC between average %GC of native genes
and the average %GC of HGT candidates.

HGT genes  Avg. %GC Native  Avg. %GC HGT  p-Val (Ttest}) Delta

Galdieria_ 55 38.99 39.62 0.046 0.63
sulphuraria_074W

Galdieria_ 58 39.59 4079 0 1.2
sulphuraria_MS51

Galdieria_ 54 39.54 40.85 0 1.31
sulphuraria_RT22

Galdieria_ 47 40.04 41.47 0 1.43
sulphuraria_SAG21

Galdieria_ 47 41.33 42.48 0 115
sulphuraria_MtSh

Galdieria_ 58 41.34 42.57 0 1.23
sulphuraria_Azora

Galdieria_ 44 41.33 4214 0.006 0.81
sulphuraria

_YNP55871

Galdieria_ 53 39.68 405 0.002 0.82
sulphuraria_5572

Galdieria_ 52 40.76 41.35 0.016 0.59
sulphuraria_002

Galdieria_ 54 39.97 40.58 0.016 0.61
phlegrea_DBV08

Galdieria_ 44 39.57 4073 0 1.16
phlegrea_Scos

Cyanidioschyzon_ 33 56.57 56.57 0.996 0
merolae_10D

Cyanidioschyzon_ 34 54.84 54.26 0.479 —0.58

merolae_Soos

DOI: https://dol.org/10.7554/elife. 45017 113
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Appendix 3—figure 1. %GC - Galdieria sulphuraria 074W: (Left) Violin plot showing the %GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
average value. (Right) Ranking all transcripts based upon their %GC content. Red *' demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: https://doi.org/10.7554/eLife.45017.114
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Appendix 3—figure 2. %GC — Galdieria sulphuraria MS1: (Left) Violin plot showing the %GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
average value. (Right) Ranking all transcripts based upon their %GC content. Red "*" demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: https://doi.org/10.7554/eLife.45017.115
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Appendix 3—figure 3. %GC — Galdieria sulphuraria RT22: (Left) Violin plot showing the %GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
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average value. (Right) Ranking all transcripts based upon their %GC content. Red "** demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: hitps://doi.org/10.7554/eLile.45017.116
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Appendix 3—figure 4. %GC — Galdieria sulphuraria SAGZ21: (Left) Violin plot showing the %
GC distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. (Right) Ranking all transcripts based upon their %GC content. Red ™’
demarks HGT candidates. As the %GC content was normally distributed, students test was
applied for the determination of significant differences between the native gene and the
HGT candidate subset.

DOI: hitps://doi.org/10.7554/eLile.45017 117
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Appendix 3—figure 5. %GC — Galdieria sulphuraria Mount Shasta (MtSh): (Left) Violin plot
showing the %GC distribution across native transcripts and HGT candidates. (Mid) Cumulative
%GC distribution of transcripts. Red line shows the average, blue line a normal distribution
based on the average value. (Right) Ranking all transcripts based upon their %GC content.
Red ‘*' demarks HGT candidates. As the %GC content was normally distributed, students

test was applied for the determination of significant differences between the native gene

and the HGT candidate subset.

DOI: https://doi.org/10.7554/elife.45017.118
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Appendix 3—figure 6. Galdieria sulphuraria Azora: (Left) Violin plot showing the %GC distri-
bution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution of
transcripts. Red line shows the average, blue line a normal distribution based on the average
value. (Right) Ranking all transcripts based upon their %GC content. Red “*' demarks HGT
candidates. As the %GC content was normally distributed, students test was applied for the

determination of significant differences between the native gene and the HGT candidate

subset.
DOI: https://doi.org/10.7554/eLife.4501
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Appendix 3—figure 7. %GC — Galdieria sulphuraria Mount Shasta YNP5578.1: (Left) Violin
plot showing the %GC distribution across native transcripts and HGT candidates. (Mid)
Cumulative %GC distribution of transcripts. Red line shows the average, blue line a normal
distribution based on the average value. (Right) Ranking all transcripts based upon their %
GC content. Red '* demarks HGT candidates. As the %GC content was normally distributed,
students test was applied for the determination of significant differences between the native

gene and the HGT candidate subs
DOI: https://doi.org/10.7554/eLife.4501
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Appendix 3—figure 8. %GC — Galdieria sulphuraria 5572: (Left) Violin plot showing the %$GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
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average value. (Right) Ranking all transcripts based upon their %GC content. Red "** demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: hitps://doi.org/10.7554/eLile.45017.121
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Appendix 3—figure 9. %GC — Galdieria sulphuraria 002: (Left) Violin plot showing the %GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
average value. (Right) Ranking all transcripts based upon their %GC content. Red "*' demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: https://doi.org/10.7554/eLile.45017.122
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Appendix 3—figure 10. %GC — Galdieria phlegrea Soos: (Left) Violin plot showing the %GC
distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC distribution
of transcripts. Red line shows the average, blue line a normal distribution based on the
average value. (Right) Ranking all transcripts based upon their %GC content. Red "' demarks
HGT candidates. As the %GC content was normally distributed, students test was applied for
the determination of significant differences between the native gene and the HGT candidate
subset.

DOI: https://doi.org/10.7554/elife.45017.123
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Appendix 3—figure 11. %GC — Galdieria phlegrea DBV009: (Left) Violin plot showing the %
GC distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. (Right) Ranking all transcripts based upon their %GC content. Red ™
demarks HGT candidates. As the %GC content was normally distributed, students test was
applied for the determination of significant differences between the native gene and the
HGT candidate subset.

DOI: https://doi.org/10.7554/eLife.45017.124
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Appendix 3—figure 12. %GC — Cyanidioschyzon merolae Soos: (Left) Violin plot showing the
%GC distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. (Right) Ranking all transcripts based upon their %$GC content. Red "’
demarks HGT candidates. As the %GC content was normally distributed, students test was
applied for the determination of significant differences between the native gene and the
HGT candidate subset.

DOI: https://doi.org/10.7554/eLife.45017.125
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Appendix 3—figure 13. %GC — Cyanidioschyzon merolae 10D: (Left) Violin plot showing the
%GC distribution across native transcripts and HGT candidates. (Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
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on the average value. (Right) Ranking all transcripts based upon their %GC content. Red "**
demarks HGT candidates. As the %GC content was normally distributed, students test was
applied for the determination of significant differences between the native gene and the
HGT candidate subset.

DOI: https://doi.org/10.7554/eLife.45017.126
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Appendix 4—table 1. Single exon genes vs multiexonic. The ratio of single exon genes vs
multiexonic genes was compared between HGT candidates and native Cyanidiales genes (Fisher
enrichment test). Legend: HGT Genes: number of HGT gene candidates found in species. Single
Exon HGT: number of single exon genes in HGT candidates. Multi Exon HGT: number of
multiexonic genes in HGT candidates. Single Exon Native: number of single exon genes in native
Cyanidiales genes. Multi Exon Native: number of multiexonic genes in native Cyanidiales genes.
HGT SM Ratio percentage of single exon genes within the HGT candidate genes. Native SM
Ratio parcentage of single exon ganes within the native genes. Delta: difference in parcent
between the percentage of single exon genes between the native genes and HGT candidates.
Fisher p-val: p-value of fisher enrichment test.

Multi
Single  Multi Single Multi Single Single Multi exon
HGT exon exon exon exon Fishers exon% exon% exon% %
genes (HGT) (HGT) (Native) (Native) p (HGT) (Native) (HGT) (Native)
Galdieria_ 55 29 26 1879 5240 4 O5E-05 527% 26.4% 47.3% 73.6%
sulphuraria_
0740
Galdieria_ 58 22 36 1224 6159 00001098 37.9% 16.6% 82.1% 83.4%
sulphuraria_
MS1
Galdieria_ 54 26 28 1756 5172 0.0004079 481% 25.3% 51.9% 74.7%
sulphuraria_
RT22
Galdieria_ 47 8 39 201 5008 0.6852 17.0% 15.2% 83.0% 84.8%
sulphuraria_
SAG2T
Galdieria_ 47 17 30 1232 4874 001054 36.2% 20.3% 83.8% 79.7%
sulphuraria_
MtSh
Galdieria_ 58 14 39 P66 5286 0.03558 24.1% 15.5% 75.9% 84.5%
sulphuraria_
Azora
Galdieria_ 46 21 25 1548 4524 000341 457% 25.5% 54.3% 74.5%
sulphuraria_
YNP55871
Galdieria_ 53 29 24 1389 5020 1.75E-07 54.7% 21.6% 45.3% 78.4%
sulphuraria_
5572
Galdieria_ 52 28 26 140 4720 8.75E-07 50.0% 29% 50.0% 971%
sulphuraria_
002
Galdlieria_ 54 na na na na na na na na na
phlegrea_
DBVO0%
Galdieria_ 44 25 22 1367 4709 5.17E-06 56.8% 22.5% 43.2% 77.5%
phlegrea_
Soos
Cyanidio 33 33 0 4744 26 1 100.0% 99.5% 0.0% 0.5%
schyzon_
merolae_
10D
Appendix 4—table 1 continued on next page
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Appendix 4—table 1 continued

Multi
Single  Multi Single Multi Single Single Multi exon
HGT exon exon exon exon Fisher's exon% exon% exon% %
genes (HGT) (HGT) (Native) (Native) p {HGT) {Native} (HGT) (Native)
Cyanidio 34 33 1 3960 412 0.367 97.1% 90.6% 29% 9.4%
schyzon_
merolas_
Soos

DOI: https://doi.org/10.7554/eLife.45017.128

Appendix 4—table 2. Exon/Gene ratio. The ratio of exons per gene was compared between

HGT candidates and native Cyanidiales genes (Wilcox ranked test). Legend: HGT Genes:
number of HGT gene candidates found in species. E/G All: average number of exons per
across the whole transeriptome. E/G Native: average number of exans per gene across in

gene

native genes. E/G HGT: average number of exons per gene in HGT gene candidates. p-Val

{Wilcox) SM Ratio p-value of non-parametric Wilcox test for significant differences. Delta:
difference in average number of exons per gene the native genes and HGT candidates.

Mean exon per

HGT Mean exon per transcript

genes transcript (HGT) (Native) Wilcox (p) Delta
Galdieria_sulphuraria_074W 55) 2.25 3i2 9.40E-06 0.95
Galdieria_sulphuraria_M51 58 23 3.88 1.41E-05 1.38
Galdieria_sulphuraria_RT22 54 2.63 3.95 3.42E-06 1.32
Galdieria_sulphuraria_SAG21 47 4.02 5.03 0.0004 1.01
Galdieria_sulphuraria_MtSh 47 3.15 4.32 0.0011 1.17
Galdieria_sulphuraria_Azora 58 2.68 4.03 9.92E-05 1.35
Galdieria_sulphuraria_YNP55871 46 2.61 3.65 2.30E-04 1.04
Galdieria_sulphuraria_5572 58 2.15 3.53 2.25E-07 1.38
Galdieria_sulphuraria_002 52 2.37 3.73 2.65E-06 1.36
Galdieria_phlegrea_DBV009 54 na na na na
Galdieria_phlegrea_Soos 44 219 3.33 1.19E-05 1.14
Cyanidioschyzon_merolae_10D 33 1 1.01 1.00E + 00 0.01
Cyanidioschyzon_merolae_Soos 34 1.06 1.1 2.10E-01 0.04

DOI: https://doi.org/10.7554/eLife.45017.129
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Appendix 4—figure 1. Exon/Intron — Galdieria sulphuraria 074W: (Left) Mid) Cumulative

HaT

%GC

distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)

and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
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number of exons. Red "*' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elife.45017.130
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Appendix 4—figure 2. Exon/Intron — Galdieria sulphuraria MS1: {Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical {(genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red *' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/eLife.45017.131
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Appendix 4—figure 3. Exon/Intron — Galdieria sulphuraria RT22: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red "*' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000

Rossoni et al. eLife 2019;8:e45017. DOI: https://doi.org/1 0.7554/eLife.45017
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times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot

showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elife.45017.132
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Appendix 4—figure 4. Exon/Intron — Galdieria sulphuraria SAG21: (Left) Mid) Cumulative %
GC distribution of transcripts. Red line shows the average, blue line a normal distribution
based on the average value. The data is categorical (genes have either one, two, three etc.
exons) and does not follow a normal distribution. (Mid) Ranking all transcripts based upon
their number of exons. Red *" demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elife.45017.133
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Appendix 4—figure 5. Exon/Intron — Galdieria sulphuraria MtSh: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red *' demarks HGT candidates. As the number of exons was not

normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot

showing the number of exons per transcript distribution across native transcripts and HGT
candidates.
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DOI: https://doi.org/10.7554/elife.45017 134
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Appendix 4—figure &. Exon/Intron — Galdieria sulphuraria Azora: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red "*' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/¢Life.45017.135
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Appendix 4—figure 7. Exon/Intron — Galdieria sulphuraria YNP5578.1: (Left) Mid) Cumulative
%GC distribution of transcripts. Red line shows the average, blue line a normal distribution
based on the average value. The data is categorical (genes have either one, two, three etc.
exons) and does not follow a normal distribution. (Mid) Ranking all transcripts based upon
their number of exons. Red ** demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right} Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://dei.org/10.7554/eLife.45017.136
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Appendix 4—figure 8. Exon/Intron — Galdieria sulphuraria 5572: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red *' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elLife.45017.137

Exon per Transonpt - G. suiphuraria 002 Exon per Transoript - @ sulphuraria 002 Exon por Transarpt - G sulphuraria 002
oz Mo Ex; 716 n B (Mo LSS T 06 EY (o 345481 T
[ Pt T s Ene 73

AT Tromaren Wase Esn 237 T Tt Vo B 237

#Eran per Tramscript
gsec

) [] £ e ET raisr e

o ] o
s per Transeriot Number ol Transcrets war

Appendix 4—figure 9. Exon/Intron — Galdieria sulphuraria 002: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red *' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elife.45017.138
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Appendix 4—figure 10. Exon/Intron — Galdieria phlegrea Soos: (Left) Mid) Cumulative %GC
distribution of transcripts. Red line shows the average, blue line a normal distribution based
on the average value. The data is categorical (genes have either one, two, three etc. exons)
and does not follow a normal distribution. (Mid) Ranking all transcripts based upon their
number of exons. Red "*' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/eLife.45017.139
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Appendix 4—figure 11. Exon/Intron — Cyanidioschyzon merolae Soos: (Left) Mid) Cumulative
%GC distribution of transcripts. Red line shows the average, blue line a normal distribution
based on the average value. The data is categorical (genes have either one, two, three etc.
exons) and does not follow a normal distribution. (Mid) Ranking all transcripts based upon
their number of exons. Red *” demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates..

DOI: https://doi.org/10.7554/elife.45017.140
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Appendix 4—figure 12. Exon/Intron — Cyanidioschyzon merolae 074W: (Left) Mid) Cumulative
%GC distribution of transcripts. Red line shows the average, blue line a normal distribution
based on the average value. The data is categorical (genes have either one, two, three etc.
exons) and does not follow a normal distribution. (Mid) Ranking all transcripts based upon
their number of exons. Red “*' demarks HGT candidates. As the number of exons was not
normally distributed, transcripts were ranked by number of exons. In order to resolve the
high number of tied ranks (e.g. many transcripts have two exons) a bootstrap was implied by
which the rank of transcripts sharing the same number of exons was randomly assigned 1000
times. Wilcoxon-Mann-Whitney-Test applied for the determination of significant rank
differences between the native gene and the HGT candidate subset. (Right) Violin plot
showing the number of exons per transcript distribution across native transcripts and HGT
candidates.

DOI: https://doi.org/10.7554/elife.45017 141

Rossoni et al. eLife 2019;8:e45017. DOI: https://doi.org/10.7554/eLife.45017 55 of 57

91



[11.2 - Manuscript 2

eLI FE Research article

Evolutionary Biology
Appendix 5

DOI: https://doi.org/10.7554/elife.45017.108

Spliceosomal Introns and Exon/Gene

0G0004392
0G0004339

=Cno:
O

C. merolae Soos

G. phlegrea Soos

G. phlegrea DBV009
G. sulphuraria 002
G. sulphuraria 5572

C. merolae 10D
G. sulphuraria YNP5578.1

G. sulphuraria Azora
G. sulphuraria MtSh
G. sulphuraria SAG21
G. sulphuraria RT22
G. sulphuraria MS1
G. sulphuraria 074W

Appendix 5—figure 1. Best Blast Hit between each of the 13 Cyanidiales species and their
most similar non-eukaryotic Ortholog in each OG-phylogeny. Values are given as average
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percent protein identity between Cyanidiales and non-eukaryotic ortholog. White boxes
represent missing Cyanidiales orthologs.
DOI: https://doi.org/10.7554/eLife.45017.143
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Windy season falls to revwe
fadmg Mars rover:

Decision to end Opportunity mission could come in weeks

By Paul Voosen

he Opportunity mission is coming to
its end. The 15-year-old Mars rover has
sat silently for 6 months, and NASA’s
Jet Propulsion Laboratory {JPL) in
Pasadena, California, is running out of
tricks to revive it. Agency officials will
soon decide whether to end the mission.

In June 2018, a planet-wide dust storm
Dblotted out the sun over Opportunity for sev-
eral months, strangling it of solar power and
draining its batteries. Since then, JPL has sent
the golf cart-size rover more than 600 com-
mands to revive it. Engineers hoped seasonal
winds, running high between November 2018
and the end of January, would clear the solar
panels of dust. But the rover hasn't recovered.
“We're running out of time,” says Johin Callas,
the mission project manager at JPL.

“The end of the windy season could spell
the end of the rover;” says Steven Squyres,
the mission’s principal investigator at Cor-
nell University, “But if this is the end, I can’t
imagine a better way for it to happen ...
15 years into a 90-day mission and taken out
by one of the worst martian dust storms in
many vears.”

The martian winter, which in 2011 ended
the mission of Opportunity’s twin rover,
Spirit, is approaching. Sunlight is waning and
temperatures are dropping. JPL is tryving a
few more long shots, such as commands that
would tell Opportunity to switch to backup
antennas, in case it is awake and trying to
use a broken antenna. “After that, I don't
know what to do next,” Callas says. The plan
was to have NASA head-
quarters weigh in on
whether to continue the
efforts after the windy
season, he adds. Such

In 2014, Opportunity
made a shadow
portrait in the late
afternoon light.
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a decision could come within weeks from
agency science chief Thomas Zurbuchen.

Opportunity will leave a trail of superla-
tives. Although JPL only promised it would
last 90 days on Mars, it ended up enduring
at least 5000. It traversed a path 45 Kilo-
meters long, often driving backward because
of an overheating steering control. Even after
all that time, its cameras were still working
Dbeautifully, says Jim Bell, a planetary sci-
enlist al Arizena State University in Tempe
who leads the rover’s color camera team.
Bell, for one, isn’t giving up hope. The rover
is perched on the rim of Endeavor crater, he
notes, exposed Lo wind gusts that might still
revive it. “No one has ever won a bet against
it. 'm not about to start.”

The mission explored whether Mars could
have hosted life in the deep past. Soon af-
ter landing in Meridiani Planum in 2004, it
revealed the first signs of past habitability
when it drove across sulfate-rich sandstones.
The stones likely formed as shallow muds in
lagoons, says Raymond Arvidson, the rover’s
deputy principal investigator at Washington
University in St. Louis, Missouri. “There was
an ephemeral lake system, going dry, going
wet, That’s a huge discovery”

The rover later found more evidence for
long periods of past habitability. Near crater
rims, it spotted veins of gypsum, which forms
as water evaporates. And, in 2013, it provided
the first surface observations of 4-billion-
year-old clays, a sign of truly abundant water.
The finding, 9 vears into its mission, vali-
dated observations from orbit and expanded
the hunt for such clays, says Alberto Fairén, a
planetary scientist at Cornell.

Few expected when they signed up for the
mission that they’'d still be working 15 years
later. In the end, though, Bell adds, “Mars al-
ways wins.”

Published by AAAS
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Algae suggest
eukaryotes get

many gifts of
bacteria DNA

Analysis revives debate on
“horizontal gene transfer”

By Elizabeth Pennisi

Igae found in thermal springs and

other extreme environments have

heated up a long-standing debate:

Do eukaryotes—organisms with a

cell nucleus—sometimes get an evo-

lutionary boost in the form of genes
transferred from bacteria? The genomes of
some red algae, single-celled eukaryotes,
sugegest the answer is ves. About 1% of their
genes have foreign origins, and the bor-
rowed genes may help the algae adapt to
their hostile environment.

The new research, posted last week as a
preprint cn bioRxiv, has not persuaded the
most vecal critic of the idea that eukaryotes
regularly receive beneficial bacterial DNA.
But other scientists have been won over. The
group provides a “fairly nice, rock-solid case
for horizontal gene transfer” into eukaryotes,
says Andrew Roger, a protist genomicist at
Dalhousie University in Ialifax, Canada.

Many genome studies have shown that
prokaryotes—bacteria and archaca—liberally
swap genes among species, which influences
their evolution. The initial sequencing of the
human genome suggested our species, too,
has picked up microbial genes. But further
work demonstrated that such genes found in
vertebrate genomes were often contaminants
introduced during sequencing.

In 2015, after analyses of millions of
protein sequences across many species,
William Martin, a biclogist at the University
of Dusseldorf (UD) in Germany, and col-
leagues concluded in Nafure that there is no
significant ongoing transfer of prokaryotic
genes into eukaryotes. Martin believes any
such transfers only occurred episodically
early in the evolution of eukaryotes, as they
internalized the bacteria that eventually
became organelles such mitochondria or
chloroplasts. If bacterial genes were contin-
ually moving into eukaryotes and being put
to use, Martin says, a pattern of such gene
accumulation should be discernible within
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the eukaryotic family tree, but there is none.

Debashish Bhattacharya, an evolution-
ary genomicist at Rutgers University in New
Brunswick, New Jersey, and UD plant bio-
chemist Andreas Weber took a closer look at
a possible case of bacteria-to-eukaryote gene
transfer that Martin has challenged. The
initial sequencing of genomes from two spe-
cies of red algae called Cyanidiophyceae had
indicated that up to 6% of their DNA had a
prokaryotic origin. These so-called extremo-
philes, which live in acidic hot springs and
even inside rock, can’t afford to maintain su-
perfluous DNA. They appear to contain only
genes needed for survival. “When we find a
bacterial gene, we know it has an important
function or it wouldn’t last” in the genome,
Bhattacharya says.

He and Weber turned to a newer technol-
ogy that deciphers long pieces of DNA. The
13 red algal genomes they studied contain
96 foreign genes, nearly all of them sand-
wiched between typical algal genes in the
DNA sequenced, which makes it unlikely
they were accidentally introduced in the lab.
“At the very least, this argument that [puta-
tive transferred genes are] all contamina-
tion should finally be obsolete,” says Gerald
Schoenknecht, a plant physiologist at Okla-
homa State University in Stillwater.

The transferred genes seem to transport or
detoxify heavy metals, or they help the algae
extract nourishment from the environment
or cope with high temperature and other
stressful conditions. “By acquiring genes
from extremophile prokaryotes, these red al-
gae have adapted to more and more extreme
environments,” Schoenknecht says.

Martin says the new evidence doesn’t per-
suade him. “They go to great lengths to find
exactly what I say they should find if [hori-
zontal gene transfer to eukaryotes] is real,
but they do not find it” he asserts. Others
argue that gene transfer to eukaryotes is so
rare, and the pressure to get rid of any but the
most important borrowed genes is so strong,
that transferred genes might not accumulate
over time as Martin expects.

Of course, Roger says, “What’s happen-
ing in red algae might not be happening in
animals like us” Humans and all other multi-
cellular eukaryotes, including plants, have
specialized reproductive cells, such as sperm
or eggs or their stem cells, and only bacte-
rial genes picked up by those cells could be
passed on.

Despite this obstacle, several insect re-
searchers say they see evidenee of such gene
transfer. John MecCutcheon, a biologist at
Montana State University in Missoula who
studies mealy bugs, is one. “I've moved be-
yond asking ‘if [the bacterial genes] are there,
to how they work,” he says. The red algae, he
adds, “is a very clear case”
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Shutdown ends, but not worry

Science agencies dig out amid fears of yet another closure

By Jeffrey Mervis and David Malakoff

he longest U.S. government shut-

down in history is over. But federal

research agencies that were shut-

tered for 35 days won't be returning

to normal anytime soon, officials

warn. And any relief could be fleet-
ing: Another closure could come on
16 February if Congress and President
Donald Trump can’t agree on funding for
Trump’s proposed border wall.

“Scientists will need to be patient” as
agencies dig out from an avalanche of in-
complete paperwork, unanswered emails,
and canceled meetings, says Sarah Nusser,
vice president for research at Iowa State
University in Ames. “You're not going to get
all your questions answered immediately”

The impasse, which began on 22 Decem-
ber 2018 and ended on 25 January, halted
most operations at more than a half-dozen
agencies that conduct or fund research,
including NASA, the Na-

during the shutdown. But, “We won’t know
all of the challenges we face” until staff
have had a chanece to settle in, Amanda
Hallberg Greenwell, head of NSF’s Office
of Legislative and Public Affairs in Alexan-
dria, Virginia, said as the agency prepared
to reopen.

At NASA headquarters in Washington,
D.C, returning employees were clearing
spiderwebs and dusting workspaces as har-
ried support staff helped restart computers
and smartphones that had been turned off.
“It took me nearly 4 hours just to reset my
passwords and get software updates,” one
NASA researcher, who is not authorized to
speak to the press, told Science.

At the National Oceanic and Atmo-
spheric Administration in Silver Spring,
Maryland, part of the Department of Com-
merce, one priority was getting public
websites that provide a wealth of earth
science data back online. Another was
rescheduling fisheries surveys and other

research cruises that had

tional Seience Founda- been canceled.

tion (NSF), the Food and A new Shutdown But reopening the
Drug  Administration, pould be like “a government may not be
and the departments of . enough to save some re-
agriculture, the interior, COnCHSSlOHfO”OUJEd search projects. “We are
and commerce. It left bya repeat blow ..” having to do some seri-
more than 800,000 fed- ous priority-setting. ... Re-

Donald Weber,

eral workers, contractors,
and grantees, including
many postdoctoral re-
searchers, without paychecks. It forced
many academic researchers to cancel
or delay planned projects and froze the
grantmaking machinery at key agencies at
one of the busiest times of year for review-
ing proposals.

This week, agencies began to regain
their footing after Congress and the White
House agreed to a so-called continuing
resolution (CR) that funds the agencies
at existing budget levels for 3 weeks. The
pause is supposed to give negotiators time
to finalize a deal on the wall and pending
spending bills that would increase the bud-
gets of many of the reopened agencies.

At NSF, the restart means processing
routine award transactions that were fro-
Zen, resuming conversations with scientists
who have questions about current awards
or upcoming competitions, and reschedul-
ing more than 100 review panels—involv-
ing 2000 proposals—that were scrubbed

Published by AAAS
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search projects will have
to undergo triage” says
Donald Weber, a biccon-
trol scientist at the U.S. Department of Ag-
riculture’s Beltsville Agricultural Research
Center in Maryland. That could mean
killing off field studies too delayed by the
shutdown to pursue. And the possibility of
another closure in just a few weeks has ev-
eryone on edge. “A repeat shutdown would
be very damaging” Weber says. “I liken it
to a concussion followed by a repeat blow,
which would render agency programs
punch-drunk”

University groups are urging Congress
and the White House to end the agony for
agencies by passing final 2019 spending
bills—regardless of the outcome for the
wall—and not another CR. “[TThe U.S. re-
search enterprise” said Peter McPherson,
president of the Association of Public and
Land-grant Universities in Washington,
D.C., “does not operate anywhere close to
full strength when agencies are only guar-
anteed to be open 3 weeks at a time”
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GENE TRANSFER

Adapting for life in the extreme

Red algae have adapted to extreme environments by acquiring genes

from bacteria and archaea.

CARCLIN M KOBRAS AND DANIEL FALUSH

Related research article Rossoni AW, Price
DC, Seger M, Lyska D, Lammers P, Bhatta-
charya D, Weber APM. 2019. The genomes
of polyextremophilic Cyanidiales contain
1% harizontally transferred genes with
diverse adaptive functions. elife 8:e45017.

DOI: 10.7554/el ife.45017
M complement of genes, all of which

have come from our primate ances-
tors {Salzberg, 2017). On the other hand, even
closely related strains of the bacterium Escheri-
chia coli can differ by hundreds of genes
{Touchon et al, 2009} despite having a much
smaller genome. These genes have been
acquired via a process called horizontal gene
transfer (HGT), which is an important driver of
adaptation, as it allows bacteria and other pro-

ost humans have nearly the same

karyotes to gain the genes they need in order to
thrive in certain environments {Koonin et al.,
2001). Moreover, this exchanging of genes has
resulted in many genetic elements in prokar-
yotes becoming highly mobile, making it easier
for DNA to be transferred to a diverse range of
hosts.

HGT has also been observed in animals,
plants and other eukaryotes {Husnik and
MecCutcheon, 2018), but its role in determining
genome composition and fadilitating adaptation
in these species remains unclear {Ku and Martin,
2016). Now, in elife, Andreas Weber and co-
workers at Heinrich Heine University, Arizona
State University and Rutgers University — includ-
ing Alessandro Rossoni as first author - report

evidence for HGT between prokaryotes and the
red alga Cyanidiales {Rossoni et al, 2019}
These are remarkable single-cell organisms that
can perform phatosynthesis at temperatures up
to 56°C, and can live in extreme environments
such as hot springs and acid rivers
{Schénknecht et al., 2013). Cyanidiales can also
be used to investigate HGT over geological
timescales because they share a common ances-
tor that dates back 800 million years to a time
before animals had even evolved.

Based on an analysis of ten new and three
previously reported Cyanidiales genomes, Ros-
soni et al. found that 1% of genes had been
abtained via HGT. Moreover, many of these
genes coded for proteins that were needed to
survive in extreme environments {such as pro-
teins involved in detoxifying heavy metals like
arsenic or mercury, or removing free radicals;
Figure 1). Additionally, prokaryotes adapted to
the same extreme environment as Cyanidiales
were commonly identified as the source of these
genes. |t seems likely, therefore, that HGT influ-
enced the evolution of Cyanidiales, especially
because the criterion used to detect HGT was
conservative and the study did not attempt to
detect gene transfer from other eukaryotes.

Comparing the new Cyanidiales genes to
genes found in present-day bacteria and archaea
databases did not yield any recent examples of
HGT. This absence of recent events is unsurpris-
ing, as Rossoni et al. estimated that Cyanidiales
acquire just one gene via HGT every 14.6 million
years — the same amount of time it tock for
humans to diverge from the arangutan. Such a
low rate makes finding a fresh transfer in a small
number of genomes unlikely. Instead, the major-
ity of HGT candidate genes found by Rossoni
et al. have acquired introns {non-protein coding

Kobras and Falush. eLife 2019;8:e48999. DOI: https://doi.org/10.7554/elife.48999
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Figure 1. Horizontal gene transfer in the evolation of red algae. The evolutionary trajectary of the red algae
Cyanidiales is shown fram top to bottomn. Rossini et al. investigated genetic changes that took place before and

after the Cambrian explosion 541 million years aga, and found that Cyanidiales obtained 1% of their genes during

this time by horizontal transfer. Mary of these genes allowed Cyanidiales to adapt to extrerme environments, such

as genes related to the detoxification of heawy metals including mercury and arsenic represented by green
arrows). Some af the lineages of Cyanidiales that were sequenced by Rossonl et al. are shawn in the bottam

panels: two of these have the same taxonomic name despite having diverged fram ane anather millions of years
ago. Image credit: Andreas Weber (left panel), Debashish Bhattacharya (twa middle panels), and Shinya

Mivagishima (right panel).

segments of DNA), and then persisted over hun-
dreds of millions of years.

Despite there being evidence to show HGT
occurred, it still remains unclear how these trans-
fers took place. The best-studied mechanisms by
which eukaryotes acquire DNA from other
organisms are sexual reproduction and by trans-
farring DNA from symbionts (biological organ-
isms that live cooperatively with other
organisms). However, meiotic sex only occurs
between closely related species, and therefore
cannot explain how Cyanidiales appear to have
gained DNA from such a diverse range of
prokaryotes: moreover, the evolution of symbi-
otic transfer is uncommon in most taxonomic
groups. Instead DNA was more likely obtained
via viral infection or plasmids {circular molecules
of double stranded DNA)} being transferred
between prokaryotes and eukaryotes
{Helnemann and Sprague, 198%. Indeed, a

recent study has shown that many eukaryotes,

including red algae, can acquire plasmids carry-
ing genes derived from plants, viruses and bac-
teria (Lee et al., 2016).

The work of Rossoni et al. suggests that, in
terms of gene content evolution, Cyanidiales are
more similar to humans than to E. cofi, which is
consistent with previous qualitive comparisons
of HGT patterns in eukaryotes and prokaryotes
(Ku and Martin, 2016). However, a number of
mysteries still remain. For example, what are the
most cormmon modes of plasmid transmission in
Cyanidiales? How do plasmids maintain them-
selves in populations? How often do they jump
between species, and how far do they jump? To
answer these guestions we should first observe
what is happening all around us today
(Popa et al., 2017) and, if possible, study events
that occur more frequently than once every 14.6
million years.

Kibras and Falush. elife 2019;8:248999. DOI: https://doi. org/10.7554/eLite. 48999
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Guaidierio sulphuraria is a unicellular red alga that lives in
hot, acidic, toxic metal-rich, volcanic environments, where
few ather organisms survive. Its genome harbors up to 5% of
genes that were most likely acquired through horizontal
gene transfer. These genes probably contributed to
G.sulphurario’s adaptation to its extreme habitats, resulting
in today’s polyextremophilic traits. Here, we applied RNA-
sequencing to obtain insights into the acclimation of a
thermophilic organism towards temperatures below its
growth optimum and to study how horizontally acquired
genes contribute to cold acclimation. A decrease in growth
temperature from 42°C/46°C to 28°C resulted in an upre-
gulation of ribosome biosynthesis, while excreted proteins,
probably components of the cell wall, were downregulated.
Photosynthesis was suppressed at cold temperatures, and
transcript  abundances indicated that C-metabolism
switched from gluconeogenesis to glycogen degradation.
Folate cycle and S-adenosylmethionine cycle (one-carbon
metabolism) were transcriptionally upregulated, probably
to drive the biosynthesis of betaine. All these cold-induced
changes in gene expression were reversible upon return to
optimal growth temperature. Numerous genes acquired by
horizontal gene transfer displayed temperature-dependent
expression changes, indicating that these genes contributed
to adaptive evolution in G.sulphurario.

Keywords: Cold stress » Galdieria sulphuraria » Horizontal gene
transfer ¢ RNA-Seq s Systerms biology » Thermoaddophilic red

alga.
Abbreviations: DEG, differentially expressed genes; HGT, hori-

zontal gene transfer; RNA-seq, RNA-sequencing SAM, S-adeno-
sylmethionine; T-dependent, temperature-dependent.

Introduction

Galdieria sulphuraria is a polyextremophile unicellular red alga,
thriving on—and in—soil and rocks in volcanic habitats across
the world. It can endure extremely low pH (down to 0), high

temperatures (up to 56°C), salt stress (up to 1.5M NaCl), ar-
senic (up to a few g L'} and toxic heavy metals (e.g. 200 ug g
mercury) at concentrations lethal for most organisms (Doemel
and Brock 1971, Reeb and Bhattacharya 2010). Galdieria
sulphuraria can grow photoautotrophic, i.e. perform oxygenic
photosynthesis, or can grow heterotrophic, utilizing a large var-
iety of different metabolites as external carbon and energy
source (Gross and Schnarrenberger 1995, Gross 1999). This
metabolic flexibility in combination with its polyextremaopilic
traits has lately risen the interest in its biotechnological appli-
cation. Pilot studies evaluated G.sulphuraria’s performance for
urban wastewater treatment (Henkanatte-Gedera et al. 2017),
in bioremediation (Fukuda et al. 2018}, as food ingredient
(Graziani et al. 2012), or for phycocyanin production (Sloth
et al. 2006, Sloth et al. 2017).

Based on a high quality genome sequence it had been pos-
tulated that G.sulphuraria’s unusual polyextremophile life style
was facilitated by horizontal gene transfer (HGT) from extremo-
phile bacteria and archaea (Schonknecht et al. 2013). HCT is
defined as transmission of genetic material between organisms
other than by (‘vertical’) transmission from parents to their
offspring (Koonin et al. 2001, Soucy et al. 2015). Whereas
HGT in bacteria and archaea is widely recognized as important
driver of adaptive evolution, the occurrence of HGT from non-
eukaryotes to eukaryotes outside the context of pathogenicity
and endosymbiosis remains disputed (Leger et al. 2018). HGT,
followed by gene duplications probably gave rise to about 5%
of protein-coding genes in the Gsulphuraria genome
{Schonknecht et al. 2013). This estimate is based on both,
phylogenetic incongruences between protein and organismal
trees, and significant differences in genome signatures. The pos-
sibility of bacterial contamination could be excluded because
most genes of bacterial or archaeal origin were located on large
contigs where they were flanked by eukaryotic genes. Moreover,
many genes of bacterial or archaeal origin had acquired introns,
further excluding the possibility of a contamination. The ana-
lyses identifying HGT candidates in G.sulphuraria fulfilled most
of the criteria recommended for reliable identification of HGT

1adey senSay .
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by Richards and Monier (2016). Galdieria sulphuraria’s genome
was shaped by two phases of massive genome reduction and
gene loss during the course of its evolution towards extremoph-
ily (Qiu et al. 2015). Although this reduced coding capacity may
be partially compensated by alternative RNA splicing (Qiu et al.
2018), HGT has probably compensated some of the gene loss.
So far, transcriptional evidence showing a functional activity of
HGT candidates in G.sulphuraria has not been provided.

Here, we studied how a thermophilic organism, with an
optimum growth temperature above 40°C, reacts to being
exposed to 28°C. Besides data on growth rates (Doemel and
Brock 1970}, enzyme kinetics (McCoy et al. 2009) and a report
that particular strains of Galdieria are able to grow in temperate
environments (Cross et al. 2002), the systems biology of
G.sulphuraria at temperatures below its growth optimum has
remained unexplored. A temperature decrease was also ex-
pected to cause changes in expression levels of numerous
genes, to analyze the involvement of HGT candidates in tem-
perature acclimation. We aimed at (i} obtaining insight into
how a thermophile organism reacts to cold stress and (i} eval-
uating the impact of HGT candidates on the acclimation pro-
cess to temperature decrease.

Results and Discussion

Which genes have the highest expression levels?

looking at temperature-dependent (T-dependent)
changes in expression levels, it seems interesting to inspect,
which genes do show the highest expression levels under
‘normal’ growth conditions, ie. before temperature changes
were applied. The 21 genes with highest expression levels, i.e.
more than 40,000 Counts (Table 1), encode proteins that fall
into three categories, (i) eight are hypothetical proteins, (ii}
nine are part of the photosynthetic machinery, and (iii) the re-
maining four encode enzymes of the core carbon metabolism.
There are hints that the four hypothetical proteins with the high-
est transcript levels might be components of the cell wall. Three of
them contain an N-terminal secretory signal peptide (Table 1}.
Two of them are tyrosine-rich (Gasu 092701, 24.4% Y;
Gasu_32120.1, 16.7% Y}, and tyrosine-rich proteins are typical
components of extracellular matrix in animals, play a key role
in mussel adhesive proteins (Silverman and Roberto 2007), and
have been detected in diatom cell walls (Buhmann et al. 2014},
Searches for weak sequence similarities with PSI-BLAST (Altschul
et al. 1997} and HHpred (Biegert et al. 2006) indicate distant
relationships with a fasciclin demain-containing collagen-asso-
ciated protein (Gasu_43630.1), with mucin {Casu_09270.1 and
Gasu_32120.1}, or with fbrillin (Gasu_07490.1). This indicates
that the four hypothetical proteins with the highest transcript
levels are distantly related to proteins contributing to the extra-
cellular matrix in animals. It has been reported that the cell wall of
Galdieria contains 50% and more of protein (Bailey and Staehelin
1968). Very little is known about cell wall composition of unicel-
lular thermoacidophilic red alga and the four highly expressed
hypothetical proteins with weak similarity to extracellular
matrix proteins seem to be good candidates for cell wall proteins.

Before

Analyses of 261 genes with the highest expression levels (Counts
> 5000; sum up to 47% of all Counts) indicate enrichment of
transcripts encoding proteins for photosynthesis (MAPMAN Bin
1, 87-fold, P=1.1x 107" GO: 0015979, 7.0-fold, 6.0x 107°),
translation (MAPMAN Bin 29, 1.7-fold, P=12x 10% GO
0006412, 5.0-fold, P =5.0 x 107} and glycolysis (MAPMAN Bin
4,3.8-fold, P=0.018; GO: 0006096, 5.1-fold, P = 0.007). Transcripts
for proteins containing a putative signal sequence for excretion
were 24-fold enriched (P =5.3 x 107} amang the top 261 tran-
scripts. As in other photosynthetic eukaryotes (Kiilahoglu et al.
2014), in Gsulphuraria a large part of the transcriptional invest-
ment goes into photosynthesis, translation and primary carbon
metabolism. In contrast to other photosynthetic eukaryotes, a
considerable fraction of transcripts seems to encode putative
cell wall proteins.

T-dependent changes in expression levels

To analyze transcriptional changes in response to temperature
decrease, we performed a temperature shift experiment.
Galdieria sulphuraria cells were cultivated at 42°C, which is
the strain’s standard growth temperature. Cells were shifted
for 48 h to 28°C, shifted to 46°C for 48 h, and shifted to 28°C
again for a final 48 h. Samples were taken in biological triplicates
immediately before, 3h and 12 h after each temperature change
(see Supplementary Fig. $1). Growth rates remained constant
during the course of the experiment, absorbance at 750nm
increased continuously from Azgy = 0.65 to Asgg = 0.85. This
indicates that the applied temperature changes (42°C — 28°C
— 46°C — 28°C) did probably not cause severe stress.

A principal compenent analysis of all expression values
(Supplementary Fig. $2} showed large treatment effects com-
pared to smaller scattering among biclogical replicates. Samples
taken at higher (42°C/46°C) or at lower temperatures (28°C)
are well separated when projected onto the plane described by
the first two principal components. For 6545 out of 6623 anno-
tated protein-coding genes transcripts were detected in more
than 12 of 25 samples. For the clear majority of genes (6358 or
96%) transcripts were detected in all 25 samples. At a false
discovery rate (FDR} < 1%, 3898 genes (59% of annotated
genes) displayed a significant change in expression between
the first time peint (t=0, T=42°C} and at least one of the
nine following time points. At most time points, the number
of genes showing increased expression and the number show-
ing decreased expression was roughly the same (Supplementary
Fig. $3).

T-dependent expression changes of genes involved
in protein biosynthesis

To obtain insight into transcriptional regulation of acclimation
to cold stress in G.sulphuraria, T-dependent expression changes
of annotated transcription factor genes were analyzed. Only
one gene annotated as transcription factor displayed a rapid,
4.5-fold upregulation in response to temperature decrease,
Gasu_41350.1, a Myb family transcription factor. The transcrip-
tion factors ICE1 and CBF1 to CBF3, which control cold re-
sponses in higher plants, do not seem to have homologs in
G.sulphuraria, or Rhodophyta in general. When we extended
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Gene ID Counts Annotation

Gasu_43630.1 322,152 Hypothetical protein (excreted?)

Gasu_09270.1 174,832 Hypothetical protein

Gasu_07490.1 155,379 Hypothetical protein (excreted?)

Gasu_33650.1 146,828 Phycobilisome linker polypeptide PS -
Gasu_32120.1 91,788 Hypothetical protein (excreted?)

Gasu_19410.7 85,684 RUBISCO activase PS
Gasu_57970.1 68,148 Alcohol dehydrogenase C-Metabolism
Gasu_23060.1 67,858 Hypothetical protein

Gasu_34810.1 59,871 Hypothetical protein

Gasu_57960.1 50,727 Glycerol dehydrogenase (HGT) C-Metabaolism
Gasu_15560.1 48,024 Hypothetical protein

Gasu_18750.1 47,703 Hypothetical protein

Gasu_56520.1 46,838 Ferredoxin component PS
Gasu_42970.1 44,133 Photosystem | subunit O precursor PS
Gasu_16200.1 43,404 Phycobilisome core linker protein PS
Gasu_62010.1 42,970 Acetaldehyde dehydrogenase Il (HGT) C-Metabolism
Gasu_11610.7 42,097 Light-harvesting complex protein PS
Gasu_37550.1 41,883 Light-harvesting complex protein PS
Gasu_63700.1 41,687 Fructose-bisphesphate aldolase C-Metabolism
Gasu_27040.1 40,873 Photosystem 1l PsbO protein PS
Gasu_57520.1 40,637 Light-harvesting complex protein PS

For 21 genes with the highest expression (>40,000 Counts; sum up to 19% of all Counts} gene 1D, mean Counts and annotation are given. The ranking here is based
on Counts and not on FPKM values, which have been used for all cther analyses. Not being normalized by exonic length and library size, Counts provide an impression
about hew much the organism invests in making mRNA from a certain gene. 'HGT' indicates that this gene was prebably acquired by horizontal gene transfer;
‘excreted? indicates that SignalP4 (Petersen et al. 2011) detected a secretory signal peptide; PS" and 'C-Metabolism’ indicate genes invelved in photosynthesis or core

C-metabolism, respectively.

the search for homologs to all 27 transcription factor genes that
are induced in Arabidopsis by cold in parallel to CBF1 to CBF3
(Park et al. 2015), homologous (107*° < e-value < 107> pu-
tative transcription factors were detected in G.sulphuraria.
However, most of these transcription factor genes had
decreased expression levels at lower temperatures, some
more than 4-fold lower at 28°C (Gasu_13060.1, Gasu_23730.1
and Gasu_41660.7T). There seems to be little conservation
among the transcription factors that control acclimation to
cold stress between green plants and Rhodophyta.

An EdgeR analysis comparing all samples at high (42°C/
46°C) against all samples at low temperature (28°C]} identified
1590 differentially expressed genes (DEG; FDR < 0.01}, 753 with
higher expression at high temperatures and 837 with higher
expression at low temperature. Among DEG’s differing between
all warmer (42°C/46°C) and all colder temperatures (28°C),
pathway analyses identified ‘Ribosome’ (Kyoto Encyclopedia
of Genes and Genomes (KEGG) map 03010} as 4.9-fold enriched
(P=62x 107" and ‘Ribosome biogenesis in eukaryotes
(KEGG map 03008} as 3.5-fold enriched (P=22x 107).
Hierarchical cluster analysis of the complete data set
(Supplementary Fig. $4) resulted, among other clusters, in
one cluster, where one third of genes (37 of 106) encode ribo-
somal proteins (Supplementary Fig. $5). Out of 147 ribosomal
proteins annotated in the genome of G.sulphuraria, 37 (i.e. 25%)

were in this cluster. Genes in this cluster showed increased
expression after 3h, at decreased temperature (7=28°C),
with expression levels staying elevated for the remaining 45 h
cold period. Upon increasing temperature to T = 46°C, expres-
sion of these genes decreased within 3 h, and remained low (Fig.
1). Increase in transcript abundance, at colder temperatures
(28°C), in this cluster was between 2- and 70-fold (median
6.5). Genes with the terms ‘ribosome’ or ribosomal” in their an-
notation were 16-fold enriched in this cluster (P= 4.1 x 107°%),
Genes associated with the GO term ‘structural constituent of
ribosome’ (GO: 0003735) were 24-fold enriched in this cluster
{P =92 107*%). Other genes, in this cluster and neighboring
clusters, encode additional proteins required for protein bio-
synthesis. Different analyses indicated an increase in expression
of genes encoding the translational machinery at colder tem-
peratures (28°C).

This increase in expression of genes encoding the transla-
tional machinery was not unexpected. Protein biosynthesis is
optimized to a certain temperature range. A reduction in
growth temperature results in a reduction of protein biosyn-
thesis rates, and to compensate for this, ribosome production is
increased. Increased expression of ribosomal proteins upon
temperature decrease has been observed in eubacteria (Jones
and Inouye 1994} as well as eukaryotes (Tai et al. 2007). This is a
clear indication that G.sulphuraria is thermophilic and not
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Fig. 1 Cold-induced upregulation of genes involved in protein bio-
synthesis. Time course of log,{FPKM) values {biological replicates
averaged) 106 genes forming a {compare
Supplementary Fig. 55) that contains 37 genes encoding ribosomal
proteins. The heavier, black trace represents the average of all 106
expression levels. The colored bar on top indicates the temperature
protocol {light red for 42°Cf46°C, light blue for 28°C) and time points
when samples were taken {vertical black lines). Genes in this cluster
display a rapid, lasting increase in expression at 28°C, and a rapid,
lasting decrease in expression at 46°C.

from cluster

thermotolerant. Protein biosynthesis in  Gsulphuraria s
adapted to high temperatures, and a reduction to 28°C is re-
sulting in cold stress.

When exposed to growth temperatures below the optimal
growth temperature, most cells express distinctive ‘cold shock’
proteins. Glycine-rich cold-inducible RNA-binding proteins are
thought to function as mRNA chaperones and play an import-
ant role in cold tolerance in land plants (Kim et al. 2005), as well
as animals (Nishiyama et al. 1997). Two genes encoding glycine-
rich RNA-binding proteins in G.sulphuraria (Gasu_13830.1 and
Gasu_37390.1) showed a 20- to 30-fold upregulation in cold.
Interestingly, glycine-rich RNA-binding proteins seem to lack in
Cyanidioschyzon merolae and most other Rhodophyta. In both,
plants and animals it has been shown that some heat shock
proteins, which cells express in response to elevated tempera-
tures, are also essential for acclimation to cold. In the data set
analyzed here, all genes annotated as heat shock proteins, or
chaperones, or having similar annotations, either did not show
significant T-dependent expression changes or had higher tran-
script levels at higher temperatures.

T-dependent changes in the expression of secreted
proteins

For DEC’s differing between all warmer (42°C/46°C} and all
colder temperatures (28°C} enrichment analyses were per-
formed. These analyses showed that genes encoding proteins
containing a predicted secretory signal peptide were 2.0-fold
enriched (P=28x 107°) among genes with higher expres-
sion levels at high temperatures, and 19-fold depleted
(P=5.3x 107"} among genes with higher expression levels at
lower temperature. This indicates that expression levels of

putatively excreted proteins are downregulated at 28°C. To fur-
ther analyze expression levels of genes encoding proteins with a
secretory signal peptide, these genes were binned by
A ol 08>(FPKM) or Py (EdgeR), which served as proxy for mag-
nitude or statistical significance of expression differences, re-
spectively. This binning showed (Supplementary Fig. $6) that
genes encoding proteins with a secretory signal peptide were
increasingly enriched among genes displaying larger or more sig-
nificant expression differences. The five genes with the highest 7-
dependent change in expression (Gasu_54730.7, Gasu_54440.1,
Gasu_10210.1, Gasu_06850.7 and Gasu_31500.1; 4670- to 307-
fold) all five encode a secretory signal and had their highest
frequency at 46°C. Galdieria sulphuraria is predicted to have
260 proteins with an N-terminal secretory peptide. Many of
those proteins are likely to be part of the cell wall. Some of the
genes encoding these 260 proteins were among those with the
highest expression levels at high temperatures (see above}, and
among those showing the largest expression decreases upon shift
to lower temperatures. It seems the expression of excreted pro-
teins, which are probably part of the cell wall decreases signifi-
cantly at 28°C.

T-dependent expression changes of genes realizing
C-metabolism

A decrease in temperature resulted in pronounced changes in
frequency of transcripts realizing metabolic pathways in
G.sulphuraria. After 12 h and 48 h at 28°C genes annotated as
enzymes were 15-fold (P=0.002) and 1.8-fold (P=7.4 x 1079
enriched among upregulated DEC's, respectively. Transcripts
involved in amino acid biosynthesis showed little enrichment
among upregulated DEG's after 3h at 28°C. Yet after 12h,
pathway analysis (KEGG map 01230) and enrichment analysis
(MAPMAN Bin 13} indicated a 2-fold enrichment (P =0.006
and P=0011, respectively) of amino acid biosynthesis.
Further pathway analyses showed that metabolism of a variety
of amino acids seems upregulated after 12h at 28°C
(Supplementary Table $1). Upon temperature elevation to
46°C, amino acid biosynthesis seemed to be generally down-
regulated, again. The upregulation of amino acid biosynthesis at
28°C, as indicated by gene expression frequencies, could either
allow for increased protein biosynthesis, especially ribosomal
proteins (see above), or might drive the biosynthesis of betaine
(see below}, or both.

Measurements of photosynthetic oxygen evolution at dif-
ferent temperatures indicated cessation of photosynthesis at
28°C (Fig. 2B). Compared to this, the time course of expression
levels of genes encoding the photosynthetic machinery (Fig.
2A) did not show pronounced, rapid T-dependent changes.
This lack of correlation between expression of genes encoding
the photosynthetic machinery and photesynthetic activity in-
dicates posttranscriptional regulation of photosynthesis. The
rapid temperature decrease to 28°C probably resulted in an
inhibition of the light-dependent processes of photosynthesis.

When inspecting a hierarchical cluster analysis (Supplementary
Fig. $4), we noticed that glycogen-degrading enzymes, such as 4-
alpha-glucanotransferase (Gasu_34050.1), were upregulated upon
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Fig. 2 T-dependent regulation of photosynthesis. {A) Expression pro-
files of genes involved in photosynthesis (MAPMAN Bin: 1) show no
common, and mostly small changes in expression. The heavier, black
trace represents the average of all 43 expression levels. (B)
Photosynthetic O, evolution is inhibited after transfer to 28°C and
quickly resumes after transfer to 46°C. For each time point {immedi-
ately before and 1.5, 3, 6, 12, 24 and 48 h after T change) eight meas-
urements {two measurements each on four different samples; open
symbols) were performed {closed symbols average + SE). The colored
bar in the middle indicates the temperature protocol {light red for
42°C/46°C, light blue for 28°C) and time points when samples for
RNA isolation were taken {vertical black lines).

temperature decrease, while enzymes catalyzing glycogen biosyn-
thesis and gluconeogenesis, such as glycogenin (Gasu_06400.1)
and pyruvate, water dikinase (Gasu_42070.1), displayed opposite
T-dependence. The genes encoding glycogenin and pyruvate,
water dikinase were among those displaying the highest increase
in expression 12 h after temperature increase from 28°C to 46°C,
29- and 19-fold, respectively. To investigate the T-dependence of
central carbon metabolism, all genes encoding enzymes of the
central carbon metabolism that displayed significant changes in
transcript frequencies 12h after temperature change were ex-
tracted (Supplementary Table S2). Most of the extracted genes
encode enzymes catalyzing largely irreversible reactions, which are
known to promote either catabolic (glycogen degradation and
glycolysis) or anabolic (gluconeogenesis and sucrose or glycogen
synthesis) carbon metabolism. Pronounced T-dependent tran-
scriptional control of central carbon metabolism was observed
at two points, (i) glycogen metabolism and (i) the transition be-
tween  glycolysis pyruvate
(Supplementary Table $2). After temperature decrease, enzymes
catalyzing glycogen degradation, such as glycogen phosphorylase,

and  mitochondrial oxidation

Plant Cell Physiol. 0(0): 1-11 {2019) doi:10.1093/pcp/pcy240

had increased transcript frequencies. After temperature increase
enzymes catalyzing glycogen biosynthesis, such as glycogenin, had
increased transcript frequencies. After temperature decrease, en-
zymes feeding phosphoenolpyruvate (PEP} into mitochondrial
pyruvate oxidation, such as pyruvate kinase and PEP carboxylase,
had increased transcript frequencies, while pyruvate dehydrogen-
ase kinase, which limits mitochondrial pyruvate oxidation, and
pyruvate, water dikinase, which feeds pyruvate into gluconeogen-
esis, had decreased transcript frequencies. After transferring cells
back to higher temperatures, transcript frequencies displayed op-
posite changes, probably limiting mitochondrial pyruvate oxida-
tion and feeding pyruvate into gluconeogenesis, instead
(Supplementary Table 52). These results indicated a predominance
of glycogen degradation and glycolysis at low temperatures, and a
predominance of gluconeogenesis followed by glycogen synthesis,
at higher temperatures.

When inspecting a analysis
{Supplementary Fig. $4), we also noticed that transcripts for
enzymes catalyzing fatty acid and membrane lipid biosynthesis
(anabolism} increased upon temperature decrease (42°C —
28°C), while transcripts for enzymes catalyzing membrane
lipid and fatty acid degradation (catabolism) decreased in fre-
quency. Temperature increase (28°C — 46°C) reversed these
transcript frequency changes. Te investigate the T-dependence
of lipid metabolism, genes encoding enzymes of lipid metabol-
ism and displaying significant changes in transcript frequencies
12 h after temperature change were extracted (Supplementary
Table $3). Increased fatty acid biosynthesis at lower tempera-
tures seemed to drive membrane lipid biosynthesis and not
storage lipid biosynthesis. A 2.5-fold increase in transcript fre-
quency of triacylglycerol lipase (Gasu_17090.1; EC 3.1.1.3), at
28°C, seemed to indicate an upregulation of storage lipid deg-
radation. In higher plants, adaptation to lower temperatures is
related to a larger fraction of unsaturated fatty acids, and an
increasing fraction of unsaturated fatty acids at lower tempera-
tures has been show for Galdieria as well (Nagashima 1994).
Pathway analysis indicated a 49-fold enrichment (P = 0.0094) of
transcripts required for biosynthesis of unsaturated fatty acids
(KEGG map 01040) among DEG'’s upregulated within 12 h after
temperature decrease. Four genes annotated as desaturases
showed significantly increased transcript frequencies at 28°C
(Supplementary Table S3). In addition to lipid desaturation, in
G.sulphuraria, a decrease in temperature seemed to result in
increased fatty acid and membrane lipid biosynthesis, possibly
increasing the area of internal membrane systems. Upon tem-
perature increase from 28°C to 46°C, transcripts for fatty acid
and membrane lipid biosynthesis were downregulated within
3h, and fatty acid degradation seemed upregulated
(Supplementary Table S3}.

Genes encoding all three steps of the folate cycle and the key
enzyme of the S-adenosylmethionine (SAM) cycle were located
together in a cluster of 89 genes (Supplementary Fig. S7).
Transcripts from genes in this cluster displayed an increase in
expression at 28°C during the first 12h, and a rapid, lasting
decrease in expression at 46°C (Fig. 3). Genes encoding en-
zymes for different metabolic pathways were enriched in this
cluster of 89 genes. Pathway analysis indicated a 6.0-fold

hierarchical  cluster
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Fig. 3 Cold-induced upregulation of genes involved in different meta-
bolic pathways. Time course of log,(FPKM) values {biological repli-
cates averaged) from 89 genes forming a cluster {compare
Supplementary Figs. 54, 57) that contains 34 enzymes catalyzing
one-carbon metabolism, polyamine biosynthesis, fatty acid biosynthe-
sis and amino acid biosynthesis. The heavier, black trace represents
the average of all 89 expression levels. The colored bar on top indicates
the temperature protocol {light red for 42°C and 46°C, light blue for
28°C) and time points when samples were taken (vertical black lines).

enrichment (P=59 x 10°% of ‘Biosynthesis of amino acids’
(KEGG map 01230; compare above), a 7.4-fold enrichment
(P=0.04) of ‘Glycerophospholipid metabolism’ (KEGG map
00564), and a 13.5-fold enrichment (P =0.04) of ‘One carbon
pool by folate’ (KEGG map 00670). The genes encoding the
three steps of the folate cycle (Fig. 4), displayed 2.7- to 9.6-
fold higher transcript frequency at 28°C (12h) compared to
42°C. Two of three paralogs of SAM synthetase, the key
enzyme of the SAM cycle, displayed 3.4- and 3.8-fold higher
transcript frequencies at 28°C. All enzymes catalyzing folate
and SAM cycle (Fig. 4} had elevated transcript frequencies at
lower temperatures. Other genes from the same cluster indicate
an upregulation of metabolic and transport processes con-
nected to SAM and folate cycle (Supplementary Figs. 57, S8).
Transcript levels for adenosine kinase and for an ATP:ADP
antiporter were 4.6-fold and 2.9-fold elevated at 28°C (12 h),
respectively. Adenosine kinase phosphorylates adenosine into
AMP, which is phosphorylated to ADP by adenylate kinase,
showing increased transcription levels at 28°C, as well
(Supplementary Figs. S7, $8). At lower temperatures, regener-
ation of ADP from adenosine and transmembrane ATP: ADP
exchange seemed to be upregulated. Three transcripts for SAM
transporters, also from the same cluster, with 2.1 to 3.5-fold
higher transcript frequencies at 28°C indicated that not only
SAM biosynthesis but also transmembrane SAM transport was
upregulated. Biosynthesis of serine from glyceraldehyde-3-
phosphate (CAP) to provide one-carbon units for folate and
SAM cycle, seemed upregulated at 28°C (Supplementary Figs.
$7, $8). Glycine decarboxylase, which feeds methylene-tetrahy-
drofolate into the folate cycle was 1.7-fold upregulated at 28°C.
In contrast, transcript frequency for formate-tetrahydrofolate
ligase, which would drain the folate cycle, was reduced to 0.3-

fold at 28°C (Supplementary Figs. S7, $8). These changes in
transcript levels all point to an upregulation of SAM biosynthe-
sis. But, what is this SAM used for?

The transcript with the largest increase in frequency, 13-fold
(28°C, 12h), in this cluster (Supplementary Fig. S7) encodes
sarcosine  dimethylglycine  methyltransferase ~ (SDMT,
Gasu_06500.1). SDMT uses SAM to methylate sarcosine
(methylglycine) into dimethylglycine and dimethylglycine into
betaine (Fig. 4). Among 122 genes in the G.sulphuraria genome
encoding proteins that are annotated as SAM-dependent or as
interacting with SAM, no other displayed comparably large 7-
dependent transcription changes. Three paralogous SDMT
genes in G.sulphuraria likely originated from a single horizontal
gene transfer event (Schénknecht et al. 2013), followed by gene
duplications. Transcripts  for the other two SDMTs
(Gasu_07580.1 and Gasu_07590.1} had 1.4- and 3.9-fold
increased frequencies at 28°C (12h) compared to 42°C.
SDMT homologs have not be detected in any other eukaryotic
organism, and enzymatic activity, i.e. SAM-dependent methy-
lation of sarcosine and dimethylglycine, has been demonstrated
experimentally for one SDMT (Gasu_07580.1} from
Gsulphuraria (McCoy et al. 2009). Based on the transcript
changes summarized in Figs. 3, 4, we postulate that at lower
temperatures folate cycle and SAM cycle are upregulated to
provide methyl residues for betaine biosynthesis by SDMT, and
triose phosphates are metabolized into serine to drive the folate
cycle and provide glycine for betaine biosynthesis. It has been
shown experimentally that G.sulphuraria does accumulate
betaine under salt stress (Schénknecht et al. 2013; Fig. $15).
Four transcripts in the cluster of 89 genes (Supplementary
Fig. 7} indicate that polyamine biosynthesis might be upregu-
lated at 28°C, which would also consume SAM. In the same
cluster is Gasu_37790.1, encoding glutamine synthetase (EC
6.3.1.2), the enzyme that assimilates ammenia inte amino
acids. Elevated ammonia assimilation probably provides the
organic N required for amino acid biosynthesis (see above).

It seems that increased SAM biosynthesis at lower tempera-
tures drives betaine biosynthesis (Fig. 4), increasing the
demand for amino acids. Betaines and polyamines have been
implicated in tolerating cold stress and other stresses
(Sakamoto and Murata 2002). Obviously, cold stress is relative!
For an organism such as Gsulphuraria, which has its growth
optimum at 45°C (Doemel and Brock 1971}, a growth tempera-
ture of 28°C is likely to cause cold stress. Our results indicate
that G.sulphuraria acclimates to this cold stress by synthesis of
betaines, comparable to the biochemical acclimation of some
non-thermophilic organisms at lower temperatures.

Summarizing, the following T-dependent changes in meta-
bolic fluxes are indicated by the observed expression changes:
after transfer to 28°C, storage polysaccharides in the form of
glycogen (Shimonaga et al. 2008) are broken down, and the
resulting hexose phosphates are metabolized in the glycolytic
pathway to produce PEP for the cycle
(Supplementary Table S2). Intermediates of glycolytic pathway
and citric acid cycle provide carbon skeletons for increased
amino acid biosynthesis (Supplementary Table S1). Amino
acids are used for the increased synthesis of ribosomal proteins

citric  acid
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Fig. 4 One-carbon metabolism is upregulated at 28°C. Genes encoding enzymes catalyzing one-carbon metabolism, ie. $-adenosylmethionine
{SAM) cycle and folate cycle, have increased expression levels at 28°C. For enzyme names, EC numbers and gene names see Supplementary Fig.
S8. Numbers give fold increase in transcript frequency at 28°C {12 h), compared to 42°C, with bold face indicating transcripts that cluster

together. SAH,
tetrahydrofolate.

S-adenosylhomocysteine;

(Fig. 1} and to drive C1 metabolism, folate cycle and SAM cycle
(Fig. 4). SAM and amino acids feed the metabolic reactions
producing betaine, which has been shown to facilitate acclima-
tion to stress in Gsulphuraria. After increasing the temperature
to 46°C, pyruvate and triose phosphates from photosynthesis
seem o enter gluconeogenesis producing hexose phosphates,
which are metabolized into glycogen (Supplementary Table §2).

Genes acquired via horizontal gene transfer
display T-dependent changes in expression

FPKM (fragments per kilobase of exon per million reads
mapped) values displayed a log-Normal distribution, as ex-
pected (Supplementary Fig. S9A), and the distribution of
FPKM values and the total number of reads were comparable
for all 25 samples. A comparison of FPKM values from HGT
candidates with the entire transcriptome indicated an almost
4-fold expression HGT
(Supplementary Fig. S9A). Yet a further analysis indicated
that this low expression level reflects low expression of
Archaeal ATPases (217 Archaeal ATPases out of 337 HGT can-
didates), while the remaining HGT candidates (120) displayed
expression levels as expected for genes encoding transporters or
enzymes (Supplementary Fig. S9B)—the two functional groups
dominating HGT candidates (Schiénknecht et al. 2013).

Most clusters showing pronounced T-dependent changes in

lower level of candidates

gene expression contained one or more HGT candidates
{marked in orange in Supplementary tables and figures).
Some HCGT candidates, such as SDMT (Fig. 4 see above)

SAM, S-adenosylmethioning

SDMT, sarcosine dimethylglycine methyltransferase; THF,

displayed relatively large T-dependent expression changes.
We therefore tested whether HGT candidates were enriched
among DEC’s. This seemed to be the case. Genes were binned
by Apmalog.(FPKM) or Py, (EdgeR), which served as proxy for
magnitude or statistical significance of expression differences,
respectively (Fig. 5). There was an increase of the percentage of
HGT candidates towards larger or more statistically significant
gene expression changes, which did revert at the largest
Amad0g,(FPKM}) values and smallest P-values. HGT candidates
were enriched close to 2-fold among genes displaying relatively
large (4-8-fold) or statistically more significant T-dependent
changes in gene expression. This enrichment (Fig. 5) indicates
that HGT candidates may play a role in cold acclimation in
Gsulphuraria. A good example are the three SDMT’s, which
had been interpreted to improve salt tolerance in
G.sulphuraria (Schonknecht et al. 2013), and which seem to
play a role in cold acclimation (Figs. 3, 4).

The two largest protein families in G.sulphuraria did probably
originate from a single horizontal gene transfer followed by mul-
tiple rounds of gene duplications (Schonknecht et al. 2013).
These proteins show similarity to Archaeal ATPases, which
belong to the large family of STAND ATPases, soluble ATPases,
which seem to be involved in stabilization or modification of
other macromolecules (Leipe et al. 2004). Due to higher gene
copy numbers in (hyperjthermophilic bacteria and archaea it has
been speculated that Archaeal ATPases might be involved in
adaptation to high temperatures (Schénknecht et al. 2013).
Our RNA-Seq data indicate that genes encoding these putative
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Fig. 5 HGT candidates are enriched among genes displaying larger or
more significant expression differences. Genes were binned by either
Apmadog(FPKM) (left) or Pan(EdgeR) values {right), which were taken
as a proxy how large in magnitude or how statistically significant
expression differences are. For each bin the percentage of HGT can-
didates was calculated. There is a close to 2-fold increase in the
percentage of HGT candidates towards larger or statistically better-
supported differences in expression levels.

Archaeal ATPases in Gsulphuraria are expressed. The expression
levels of most Archaeal ATPase genes were relatively low, on
average about 4-fold lower than the median expression level of
log: (FPKM) = 5.4 for all transcripts (Supplementary Fig. $98).
Unexpectedly, expression levels for Archaeal ATPases did in-
crease at lower temperatures (Fig. 6). While the expression
changes were only about 2-fold (on average 1.8-fold and 2.5-
fold for family #1 and #2, respectively}, they were very consistent
and statistically significant (P=15 % 107> and P =85 x 107>
for family #1 and #2, respectively). Comparing the time courses
for family #1 and #2 of the Archaeal ATPases, family #1 showed
more of a continuous decrease or increase in expression during
the cold or warm periods, respectively, which in family #2 was
superimposed by rapid increase or decrease in expression during
the first 3 h of cold or warm periods, respectively (Supplementary
Fig. S10). In a hierarchical cluster analysis of all transcripts
(Supplementary Fig. S4), most family #1 members (89 of 131,
plus 20 family #2 members) grouped together in one cluster of
494 genes, and many family #2 members (47 out of 96, plus 1
family #1 member) grouped together in another cluster of 143
genes. Enrichment analyses were performed for both clusters to
obtain insight, which functional categories dominated these clus-
ters. For the larger cluster, containing most family #1 members,
several MAPMAN categories, such as ‘protein’, ‘protein.degrad-
ation.subtilases’, ‘amino acid metabolism’, or ‘DNA binding’ were
depleted, while the protein family of peptidyl-prolyl cis-trans
isomerase B was enriched (P=3.1%). Peptidyl-prolyl cis-trans
isomerases catalyze the cis-trans isomerization of proline imidic
peptide bonds and regulate protein folding It is tempting to
speculate that Archaeal ATPases might be involved in regulating
or stabilizing protein structure, as other STAND ATPases do.
Genes that most likely originated by horizontal gene transfer
display above average T-dependent expression changes (Fig. 5},
indicating a possible function in cold acclimation. Enzymes,
such as SDMT (Fig. 4), probably catalyze the biosynthesis of
metabolites promoting cold acclimation. Archaeal ATPases
may stabilize proteins, or other macromolecules under cold.

15 KV
o I 2 (o]
= /oo Y
4 < W
10 b o
-

o

log,(FPKM)

42°C 28°C

Fig. 6 Genes encoding Archaeal ATPases are expressed, and expression
increases at lower temperatures. Box plots summarize log,(FPKM) values
for all genes {All, white), and for genes encoding Archaeal ATPases of
family #1 {#1, grey), or family #2 (#2, dark green) at 42°C {left, light red
bar) and at 3 h 28°C {right, light blue bar, compare Supplementary Fig,
S10 for complete time courses). Whiskers give 1 to 99 percentile intervals.
Horizontal dashes lines connect median values for each of the three
groups of genes (All, #1 and #2), and values above to right boxes give
P-values {paired t-test) comparing log,(FPKM) values at 42°C and 28°C
for Archaeal ATPases of family #1 or #2.

In summary, it seems that HGT candidates might have acquired
new or additional functions that contribute to cold acclima-
tion. For an Arctic Chlamydomonas species is was recently
shown that improved freezing tolerance was acquired by
HGT of a heat shock protein from a psychrophilic bacterium
(Liu et al. 2018). These findings indicate that adaptation of
(unicellular) eukaryotic organisms to environmental stress has
probably been facilitated by HGT.

Materials and Methods

Cultivation of G.sulphuraria

Three replicate cultures of G.sulphuraria strain 074 W were pre-
grown at photoautotrophic conditions in 2x Allen Medium
(Allen 1959} at 42°C and constant illumination of 90 pmol
photons m™Z s, for two weeks. The cultures were shifted to
28°C for 48 h, to 46°C for 48 h, and to back 28°C for another
48 h. Immediately before each temperature change, and 3 h and
12h after each temperature change samples were taken
(Supplementary Fig. S1). Growth parameters were recorded
by determining the optical density at 4 = 750 nm (ODysqo).

RNA isolation and sequencing

For RNA isolation, 10 mL samples were centrifuged for 5 min at
3,500 rpm and 4°C. RNA was isolated from cell pellets using the
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acid guanidinium thiocyanate-phenol-chloroform extraction
method (Chomczynski and Sacchi 2006). To remove DNA,
the isolates were treated with RNase-free DNase | (New
England Biolabs, Ipswich, USA) for 30 min.

2 x 100 bp paired end RNA-Seq libraries were prepared fol-
lowing the lllumina TruSeq RNA Sample Prep v2 LS Protocol’
(lumina, San Diego, USA). All reagents were scaled by 2/3 to
the volume proposed in the protocol. RNA integrity and the
quality of all sequencing libraries was assessed using a 2100
Bioanalyzer (Agilent Technologies, Santa Clara, USA). Libraries
were equimolarly pooled (2nM)} and sequenced with the
llumina HiSeq2000 platform at the Genomics and
Transcriptomics Laboratory of the Biologisch-Medizinisches
Forschungszentrum in Dusseldorf, Germany. A total of 25 sam-
ples was analyzed, biological duplicates for time points t0, t4, t5,
t6 and t9, and triplicates for time points t1, t2, t3, t4, t7 and t8
(Supplementary Fig. S1}.

Data analysis

The 2 x 100 bp paired end reads were mapped to the reference
genome sequence of G.sulphuraria 074 W, available for down-
load at NCBI (GCF_000341285.1). Read mapping and gene ex-
pression estimates were performed using RSEM (Li and Dewey
2011} running with the ‘very sensitive’ option. Differential gene
expression was calculated with EdgeR (Robinson et al. 2010)
implementing the quasi-likelihood F-test (QLF-test} functions
in order to address the uncertainty in estimating the dispersion
for each gene (Lun et al. 2016) (Supplementary Table $4). A
significance threshold of 0.01 was applied after the P-value was
adjusted with FDR via Benjamini—Hochberg correction
(Benjamini and Hochberg 1995).

Specific sets of DEG were calculated comparing (i} all sam-
ples taken at warmer temperatures (42°C or 46°C) against all
samples taken at 28°C, as well as (i} each time point in relation
to first time point (eg t0 vs. t1, t0 vs. t2, t0 vs. £3, etc,;
Supplementary Table S4) and (jii} all consecutive time points
along the temperature shift timeline (e.g. t0 vs. t1, £1 vs. t2, £2 vs.
t3, etc.). As proxy for an overall expression change of each gene,
we calculated Ay, log,(FPKM) values as the difference be-
tween the two time points with the highest and the lowest
average log,(FPKM) value. As a proxy for which genes show
the ‘most significant’ expression difference, we extracted the
lowest P-value for each gene from EdgeR analyses, Py, (EclgeR),
comparing each sample to each other sample (for all 25 sam-
ples). Since Apaxlog:(FPKM) and Pyyin(EdgeR) values are sensi-
tive for outliers, these values were not used to rank genes, but
were only used to analyze whether certain categories of genes
(such as HGT candidates) were enriched among sets of genes
with increasing magnitude or significance of expression
difference.

Gene set enrichment analyses were performed with Gene
Ontology terms (The Gene Ontology Consortium 2015),
MapMan categories (Thimm et al. 2004) based on the
Mercator Automated Sequence Annotation Pipeline (http://
www.plabipd.de/portal/mercator-sequence-annotation), and
Gsulphuraria  protein families (Schonknecht et al. 2013).

Plant Cell Physiol. 0(0): 1-11 {2019) doi:10.1093/pcp/pcy240

Metabolic pathway analysis was performed using KOBAS 2
(htep://kobas.chbi.pkuedu.cn/) (Xie et al. 2011}. P-values for
gene set enrichment analyses and metabolic pathway analyses
were calculated with Fisher’s exact test. P-values from multiple
comparisons were corrected by the Benjamini—Hochberg
procedure.

Hierarchical cluster analysis was performed on both the
entire transcriptome (Supplementary Fig. $4) and enriched
gene sets with MeV 4.9.0 (Howe et al. 2011). SignalP4
(Petersen et al. 2011) was used to detected N-terminal signal
peptides, indicating excretion of the gene product. TargetP
(Emanuelsson et al. 2007} was used to estimate the compart-
mental localization of gene products.

Data deposit

The complete RNA-seq data set is provided in Supplementary
Table S4. The RNA-seq data reported in this article have been
submitted to the Biotechnelogy
Information  Gene with
number GSE118890.

National Center for

Expression Omnibus accession

Photosynthetic oxygen evolution

Photosynthetic oxygen generation was measured after 1.5 h,
3h,6h, 12h, 24h and 48 h at 42°C and 28°C during the shift
experiment using a Clark-type electrode. One milliliter samples
were taken directly from the shaking batch cultures and in-
jected into the measuring cuvette containing a stir bar to
keep G.sulphuraria in suspension and provide homogeneous
gas levels. In total, eight samples for each of the 10 time
points were taken and analyzed. The measuring cuvette was
connected to a heating device to keep sample temperature
constant at 42°C/28°C during measurements.

Supplementary Data

Supplementary data are available at PCP online.
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ARTICLE INFO ABSTRACT

Keywords: Cyanidioscityzon merolae (C. merolae) is an acidophilic red alga growing in a naturally low carbon dioxide (CO»)
Cyanidioschyzon merolae environment. Although it uses a ribulose 1,5-bisphosphate carboxylase/oxygenase with high affinity for CO,, the
RNA-seq survival of G. merolae relies on [unctional photorespiratory metabolism. In this study, we quantified the tran-

CO; limitation

Hhen scriptomic response of C. meroiae to changes in CO, conditions. We found distinct changes upon shifts between
Photorespiration

CO; conditions, such as a concerted up-regulation of photorespiratory genes and responses to carbon starvation.
‘We used the transcriptome data set to explore a hypothetical CO, concentrating mechanism in C. merolae, based
on the assumption that photorespiratory genes and possible candidate genes involved in a CO, concentrating
mechanism are co-expressed. A putative bicarbonate transport protein and two a-carbonic anhydrases were
identified, which showed enhanced transeript levels under reduced CO, conditions. Genes encoding enzymes of
a PEPCK-lype C4 pathway were co-regulated with the photorespiratory gene cluster. We propose a model of a
hypothetical low CO, compensation mechanism in C. merolae integrating these low CO,-inducible components.

1. Introduction

Photosynthetic biomass production is initialized by the fixation of one
molecule of CO, to the acceptor molecule ribulose 1,5-bisphosphate, cat-
alyzed by the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase
(Rubisco). The resulting two molecules of 3-phosphoglycerate (3-PGA) are
fed into the Calvin-Benson-Bassham cycle (CCB) for reduction to carbo-
hydrates and regeneration of the acceptor molecule. Rubisco catalyzes also
an oxygenation reaction in which O, is added to the acceptor molecule,
resulting in a proportion of Rubisco occupied with the non-productive side
reaction yielding one molecule of 3-PGA and one molecule of 2-phos-
phoglycolate (2-PG). The latter inhibits multiple essential enzymes and
must hence be efficiently detoxified. The photorespiratory pathway con-
verts two molecules of 2-PG into one molecule of 3-PGA under consump-
tion of energy and release of CO, and ammonia (reviewed in Bauwe et al.,
2010; Hagemann et al., 2016). Two factors are critical for the rate of car-
boxylation versus oxygenation by Rubisco: The specificity of the enzyme
for CO5 and the ratio of [COs] to [O5] at the site of Rubisco. Rubisco en-
zymes from organisms of various photosynthetic lineages have different

evolutionary origins, and differ in substrate specificity and reaction velo-
city. Cyanobacteria and land plants use Rubisco Form 1A and 1B, which are
of cyanobacterial origin, while non-green algae, such as red algae, contain
Form 1C and 1D, which are of proteobacterial origin (ITauser et al., 2015).
As a consequence of the reaction mechanism, higher specificity for CO,
decreases Rubisco's velocity, while an increase in velocity is accompanied
by a decline in specificity (Tcherkez et al., 2006). Cyanobacteria employ a
fast Rubisco with low specificity for CO., while land plant Rubisco achieves
a higher CO, specificity at the expense of velocity (Savir et al., 2010).
Rubisco enzymes of thermophilic cyanidiophycean red algae, such as
Galdieria parta and Cyaniditm caldarium, exhibit the highest CO,, specificity
and thus lowest velocity, measured to date (Uemura et al., 1997).

In addition to the capacities of the enzyme, the [CO] to [0;] ratio
next to Rubisco strongly influences the carboxylation versus oxygena-
tion rate. To overcome this constraint, many photosynthetic organisms
evolved a CO, concentrating mechanism (CCM), which raises the CO,
concentration in close vicinity to Rubisco and thereby enhances the
carboxylation rate (Giordano et al., 2005; Raven et al., 2012). The
occurrence of GCMs was demonstrated for cyanobacteria, most algae

Abbreviations: CA, carbonic anhydrase; GCM, CO, concentrating mechanism; HC, high CO5; LG, low CO,: RNA-seq, RNA-sequencing
** This article is part of a special issue entitled: Light driven reactions in model algae published at the Journal of Plant Physiology 217C.
* Corresponding author: Postal address: Institute of Plant Biochemistry, Heinrich Heine University, Universititsstrale 1, 40225 Disseldorf, Germany.

E-mail address: m eisenhut@hhu.de (M. Eisenhut).
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and aquatic plants, as well as for C, and Crassulacean acid metabolism
plants (reviewed in Raven er al., 2008). The cyanobacterial CCM em-
ploys inorganic carbon (C;) uptake mechanisms for cytoplasmic bi-
carbonate (HCO3 ™ ) accumulation and specific microcompartments, the
carboxysomes, which encapsulate Rubisco and carbonic anhydrase
{CA). The cytoplasmic HCO5~ diffuses into the carboxysome and is
converted into CO, by CA. Thus, the CO, concentration is increased by
a factor of up to 1000 next to Rubisco {Badger and Price, 2003; Kaplan
and Reinhold, 1999). However, even the action of a CCM cannot fully
repress the oxygenase activity of Rubisco (Fisenhut et al., 2006, 2008;
Nakamura et al., 2005; Zelitch et al.,, 2009). While among aquatic
photosynthetic organisms the cyanobacterial and green algal CCM are
well studied, it remains unclear whether thermophilic red algae also
employ such a mechanism to improve photosynthetic efficiency
{Giordano er al., 2005; Zenvirth et al., 1985).

Cyanidioschyzon merolee (C. merolae) is a model organism for cya-
nidiophycean red algae. The 16 Mbp genome of the single-cell organism
is fully sequenced {Martsuzaki et al., 2004) and techniques for targeted
gene knockout by homologous recombination as well as transient
transformation for, e.g., localization studies are available {(Imamura
et al., 2010; Minoda et al., 2004; Watanabe et al.,, 2011). C. merolae
tolerates temperatures up to 57 “C and prefers acidic {pH < 2) growth
medium (Seckbach, 1995). Under these conditions, CO, is the prevalent
inorganic carbon {(C;) species in the aquatic environment. Although red
algae use a Rubisco with high specificity for CO, over Oy, the reduced
solubility of CO, at high temperatures forces C. merolae to perform a
plant-like photorespiratory cycle (Rademacher et al., 2016).

In this work, we quantified the transcriptional response of C. mier-
olae in response to changes in CO, concentrations by RNA-sequencing
{RNA-seq) and applied the data set to predict a hypothetical CCM in C.
merolae and to search for possible components.

2. Material and methods
2.1. C. merolae cultivation

C. merolee 10D wildtype (WT) cells were cultivated in 2x modified
Allen’s growth medium, pH 2 (Minoda et al., 2004), at 30 °C, bubbled
with high CO, concentrations {5% CO, in air, HC) or low CO, con-
centrations {0.04% CO, in air, LC) at 90 pmol photons m ™2 s~ ! light in
a Multi-Cultivator MC 1000-OD system (Photon Systems Instruments,
Drasov, Czech Republic).

For the CO, shift experiment, three independent biclogical replicates of
continuously HC grown €. merolaze WT cells were cultivated for 24 h under
HC conditions with an initial optical density at 75¢ nm (ODysg) of 0.7. After
24 h, cells were shifted by changing the CO» concentration in the aeration
for 24 h to LC conditions and afterwards shifted back to HC conditions for a
24 hrecovery phase. For RNA extraction, 5 mL samples (ODzg = 1.0) were
taken immediately before the shift to LC (HC 0h), 3 h after shift to LC (LC
3h), 24 h after shift to LC (LC 24 h), and 24 h after a recovery phase at HC
(HC 24 h). A sampling scheme is illustrated in Fig. 1A.

2.2. Gene expression analysis by RNA-seq

For RNA isolation, the 5 mL samples were centrifuged for 5 min at
4 °C {3000 rpm). RNA extraction from the cell pellet was performed
using the EURx GeneMatrix Universal RNA Purification Kit {(Roboklon,
Berlin, Germany) following the manufacrurer’s protocol for RNA cell
extraction. DNA was removed by treatment with RNase-free DNasel
{New England Biolabs, Ipswich, USA).

Libraries were prepared using the TruSeq RNA Sample Prep Kit v2
(Illumina, San Diego, USA). RNA integrity, sequencing library quality
and fragment size were checked on a 2100 Bioanalyzer {Agilent).
Average library size was 320bp with equimolar pooling (2nM).
Demultiplexed Illumina reads were aligned with RSEM (parameters:
—very-sensitive; —cale-pme; — cale-ci; — gibbs-burnin 500) with the
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Fig. 1. Overview of the CO, shift experiment. A. Experimental set-up of the CO, shift
experiment. C. merolae cells were cultivated under high €O, (5% CO, in air, HC) con-
ditions, shifted for 24 h to low CO, (0.04% CO; in air, LC) conditions, and then shifted
back to HC conditions. Samples for RNA-seq were taken immediately before the shift to
LC (HC Oh), 3h (LC 3h) and 24 h (LC 24h} after the shift to 1C, and 24 h after the
recovery at HC (HC 24 h). The color code for the different samples applies for the com-
plete study. B. Principle component analysis of RNA-seq data.

default aligner bowtie2 (Li and Dewey, 2011) to the reference tran-
scriptome of €. merolae 10D {ASM9120v1.30.gtf) (Nozaki et al., 2007),
which was retrieved from the ENSEMBL database (Yates et al., 2016).

Differential gene expression was analyzed using the EdgeR package
{McCarthy et al., 2012) in R. All sequenced conditions were analyzed in
a pairwise manner with HC 0 h as reference point. A g-value of 0.01 was
chosen as significance threshold for single gene differential expression
after correction for multiple testing via the Bonferroni algorithm to
limit the false positive rate to close to zero at the cost of a higher false
negative rate (Krzywinski and Altman, 2014). For K-means clustering
transcripts per million (TPM) values were scaled to their average. Sum
of square errors were used to determine the suitable number of clusters
at 10, K-means clustering with Euclidean distance carried out 10,000
times, and the clustering with the best SSE ratio used for further ana-
lysis. Principle component analysis was performed on scaled TPM va-
lues.

The MapMan-based functional categorization of all genes in the C.
merolae genome was performed by comparing their protein sequence to
Arabidopsis TAIR1Q (htrp://www.arabidopsis.org/) using the standalone
version of NCBI BLASTP (2.2.31+) with default setings. The MapMan
categorization was transferred from TAIR10. Functional enrichment was
performed on hierarchical, independent MaphMan categories reduced to
their first and second level using Fishefs exact tests. All P-values were
corrected for multiple testing via the Benjamini Hochberg algorithm (Table
51) (Benjamini and Hochberg, 1995). GO terms for C. merolae proteins were
retrieved from the Uniprot database and matched to gene identifiers using
the ENSEMBL database (Yates et al., 2015). GO term enrichment was tested
with the TopGO package {parameters; nodeSize = 10, ontology = “BP”)
(https: //bloconductor.org/packages/release/bioc/html/topGO.html;  Alexa
and Rahnenfuhrer, 2016) in R. Statistically significant terms were calcu-
lated with classic Fishefs exact test and without weighing and corrected
according to Benjamini-Yekutieli to account for dependency of GO terms
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Fig. 2. Global transcriptional response of C. merolae
toward changes In CO, concentrations. A, Short-term
(3 h after shift from HC to LC conditions) effects of
reduced CO; availability on gene expression. B. Long-
term (24 h after shift from HC to LC conditions} ef-
fects of reduced CO2 availability on gene expression.
C. Recovery effects 24 h after re-shift from LC to HC
conditions. Changes are given as log2-fold changes
compared to HC Oh. Significance was tested with
EdgeR (g < 0.01; Robinson et al, 2010}

Am HCOhvs. LC3h Bm HC O0hwvs LC 24 h Cm HCQOhwvs HC 24 h
& 54373 genes up & 54490 genes up & 5167 genes up
o ol I - @
E 0| e d o R N 2 e C——
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& 51179 genes down & -51531 genes down & -51 35 genes down
10 10
1e-01 18+01 18403 1e-01 1e+01 1e103 1e-01 1e+01 18403

mean expression mean expression

{Benjamini and Yekutieli, 2001) (Table S2). Only significant enrichments
{q < 0.05) are reported in the text. Transcription factors were annotated
based on Pérez-Rodriguez et al. {2010). Heatmaps were created using
the heatmap.2 package (https://cran.r-project.org/web/packages/gplots/
gplots.pdf).

The complete RNA-seq data set is provided in Table $3. The read data
have been submitted to the National Center for Biotechnology Information
Gene Expression Omnibus under accession number GSE100372 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE100372).

2.3. In silico analyses of carbonic anfrydrases

Amino acid sequences of CMT416C and CMI270C were retrieved
from the Cyanidioschyzon merolae Genome Project data base (htrp://
merolae.biol.s.u-tokyo.acjp) and the alignment performed with the
ClustalW on the Phylogeny.fr platform (http://www.phylogeny.fr,
Dereeper et al., 2008). The SOSUI platform (http://harrier.nagahama-i-
bio.ac.jp/sosui/, Hirokawa et al., 1998) was employed to search for
transmembrane regions. TargetP1.1 (http://www.chs.dtu.dk/services/
TargetP/, Emanuelsson et al,, 2000) was used for prediction of hy-
pothetical targeting peptides.

2.4. Analysis of subcellular locelization of carbonic anhydrases

For subcellular localization of the carbonic anhydrases (CA)
CMT416C and CMI270C in Nicotiena benthamiana (N. benthamiana)
protoplasts and C. merolae cells, respectively, two constructs were
generated for each protein, fusing CMT416C and CMI270C with the
yellow fluorescent protein {YFP) either at the N- or C-terminus. The
coding sequences were amplified by PCR using C. merolae genomic DNA
as template and cloned into the pUBN-YFP or pUBC-YFP vector ap-
plying gateway technology (Grefen et al., 2010). In pUBN-YFP and
pUBC-YFP expression of the fusion proteins is under the control of the
UBIQUTIN 10 promoter. Primer sequences are listed in Table S4.
Transient transformation of N. benthamiana leaves was carried out using
the Agrobacterium tumefaciens strain GV3101. Protoplast isolation and
microscope analysis was performed 2 d after infiltration using a Zeiss
LSM 510 Meta confocal —scanning laser microscope as described in
Breuers et al., 2012, Transient transformation of €. merolae cells was
performed as described by Ohnuma et al., 2008. Microscope analysis
was perfomed 24 h after transformation with a Zeiss LSM 780 micro-
scope.

3. Results
3.1. Effects of reduced CO, concentrations on transcriptome

To analyze transcriptional changes in response to altered €Oy con-
centrations, we performed a CO4 shift experiment. C. merolae cells were
cultivated for 24 h under HC {5% CO5 in air) conditions, then shifted
for 24 h to LC conditions (0.04% CO» in air), and finally shifted back to
HC conditions for another 24 h. Samples were taken in biological tri-
plicates immediately before the shift to LC {HC 0 h), 3 h after the shift
{LC 3h), 24h after the shift (LC 24 h), and 24 h after the recovery

Significantly changed genes are highlighted as red
dots. Numbers of significantly up- and down-regu-
lated genes are indicated.

mean expression

under HC conditions (HC 24 h). The experimental set-up is illustrated in
Fig. 1A. RNA-seq analysis generated 726,326,434 Illumina paired-end
reads with about 18.4 Million paired-end reads per sample on average.
92% of the RNA-reads mapped to the reference genome of C. merolae
{Marsuzaki et al., 2004).

To evaluate reproducibility among biclogical replicates, a principle
component analysis (PCA) was performed on the transcripts per million
(TPM) values. The biological triplicates clearly clustered together
{Fig. 1B), indicating lower variation between biological replicates
compared to the treatment. Furthermore, the separation of the samples
in the PCA indicated long-term and short-term LC effects as principle
components 1 and 2, accounting for 42% and 26% of transcriptional
variation, respectively (Fig. 1B).

Consistent with the PCA of all expression values, we found a larger
number of genes significantly (q < 0.01, Bonferroni corrected)
changed 24 h (long-term, 1021 genes in total, Fig. 2B, Table 53) after
the shift from HC to LC conditions than 3 h {(short-term, 552 genes in
total, Fig. 2A, Table 83) after the shift. For 102 genes, the 24 h culti-
vation phase under HC conditions was not sufficient to fully recover the
initial HC expression situation (Fig. 2C, Table $3) accounting for the
difference between HC 0 h and HC 24 h in the PCA (Fig. 1B).

3.2. Identification of COy-dependent gene expression patterns

To search for CO,-dependent gene expression patterns, we per-
formed K-means clustering. As a result, 10 different clusters were
generated (Fig. 3). Clusters 1, 2, 3, and 4 contained genes, which were
characterized by short-term reduced transcript levels. Genes of clusters
5 and 6 showed a decline in transcript level during the 24 h LC treat-
ment. Clusters 7 and 8 contained genes with rapid transcript accumu-
lation after 3h LC conditions, while in cluster 9 transcript levels con-
stantly increased until 24 h after LC shift. Cluster 10 contained genes
that were specifically induced in expression 24 h after LC shift.

To functionally characterize these clusters, we tested them for en-
richment of gene ontology (GO) terms and Map©Man categories {Thimm
et al., 2004) expecting similar enrichments with these independent
methods. Among the clusters, which contained short-term (3 h after LC
shift) down-regulated genes, we found cluster 2 enriched for genes of
the GO terms photosynthesis, light reactions, and tetrapyrrole bio-
synthesis {Table S2) and cluster 3 enriched with terms related to ve-
sicle-mediated transport. Clusters 5 and 6 contained genes with reduced
abundance in long-term CO, deprivation {24 h after LC shift). Cluster 5
showed an enrichment in the MapMan category DNA synthesis/chro-
matin structure {Table $1) and corresponding GO terms related to DNA
replication (Table 52), while cluster 6 was enriched in genes belonging
to GO terms and MapMan categories related to translation and protein
biosynthesis (Table $2) and protein biosynthesis {Table 51), respec-
tively. For cluster 7, which contained short-term LC-induced genes, we
observed a significant enrichment of genes involved in the MapMan
category photosynthesis: light reactions {Table S1). Among the clusters
8, 9, and 10, which contained constantly and long-term LC-induced
genes (Fig. 3), cluster 8 was significantly enriched for genes connected
to photorespiration {Table S1). No significant enrichments were de-
tected for cluster 9 and 10.
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Fig. 3. Analysis of CO,-dependent expression pat-
terns by K-means clustering. K-means cluster are
shown in z-scores. Presented are 10 different clusters
(1-10}, representing different expression patterns
upon changes in CO, eonditions. Color-coded arrows
indicate different samples.
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All genes encoding the photorespiratory enzymes (Rademacher
et al.,, 2016) were strongly induced, ranging from 2.6-fold for hydro-
xypyruvate reductase (CMQ289C) to 53-fold for alanine:glyoxylate
aminotransferase ({CMS429() 3 h after shift from HC to LC conditions.
Though at a lower level compared to the LC 3 h value, these genes were
still significantly up-regulated 24 h after the LC shift {Fig. 4, Table S5).
Besides the photorespiratory genes, we also identified core elements of
a hypothetical C, cycle, funneling pyruvate into a PEP oxaloacetate
cycle (Fig. 4, Table S5), significantly up-regulated during the LC
treatment. Cluster 8 contained the genes encoding phosphoenolpyr-
uvate carboxylase (PPC, CME095C) and phosphoenolpyruvate carbox-
vkinase (PEPCK, CMN285C). With a 22-fold induction, pyruvate
phosphate dikinase (PPDK, CMF012C) was one of the 10 most up-
regulated genes 3 h after the CO, shift. The rranscript accumulation was
even higher 24 h after LC shift. Accordingly, PPDK belonged to cluster
9. The pyruvate regenerating mechanism via malate dehydrogenase and

tt

NADP-malic enzyme exists in C. merolae as both genes were expressed
at HC 0 h. Their expression however was significantly reduced in re-
sponse to the LC shift {Fig. 4, Table S5).

3.3. Bicarbonate transporters and carbonic anhydrases

We furthermore employed the RNA-seq data set to search for possible
components of a hypothetical CCM. We followed the rationale that candi-
date genes involved in an inducible CCM should be co-regulated with genes
encoding proteins of the photorespiratory metabolism, as demonstrated for
the green alga Chlamydomonas reinhardtii (C. reinhardtii) (Fang et al., 2012).
Thus, we investigated clusters 8 and 9, which contained the majority of
photorespiratory genes, for the occurrence of HCO; ™ transporters and CAs,
which might participate in a hypothetical CCM. BlastP analyses identified
two candidate proteins in C. merolae homologous to known HCO;™ trans-
port proteins in C. refnhardtii (Table S6). The protein CMN251C showed

Fig. 4. The transcriptional response of genes in-
volved In photorespiratory metabolism and HCO3™
homeostasis to changes in CO; availability. The ex-

pyruvate

pression profiles of all genes involved in photo-
respiration and carbon sequestering from HCOz ™ are

HOL3

glulamale
GOGAT
cmlzsac N 0s0c
HnLa L24H HOLE L24H
g(utamme a-ketoglutarate

presented as log2-fold changes relative to their ex-

3-phosphoglycerate 2-phosphoglycolate C ] . X N .
D ‘gy (P Fy pression at sampling point HO, and are illustrated as
GLYK PGLP heat map. The sampling points are indicated by HO
| [* *| [<FESEiTS cluRaz1C
HOL3 L24 H HOL3 L24 H Chioroplast {HC 0h), L3 (LC 3h}, L24 (LC 24 k), and H (HC
24h) All significant expression changes, at
lycerate lyeolate N ' 5 '
gly ahy q < 0.05, are indicated by white asterisks.
glycerate glycolate
HO
HPR 5 co,
ehiiiee GOX [ Calalase
T — cradssc || IEHEINNCM0soc ¥-CA o-CA
. HOL3 L2¢ H |HOLS L24 H SMDO:
i bt
H,0, 0, .
nydroxypyrvata glyoxylate  © ¢ ? |HOL3 L2aH Ni0Ls (#411
AGT
=cmce4wc PPDK
Peroxisome [CMR11TC CMFO12C v
| % EYHEES OLELovH HLO,
= PYMUVALC ——p  PEP
serine glycine
sarine glycine
t D SHM NADP-ME PPC
" cmotaze AN 0s1c CMNZF.EC _CMEDSEC
ggf T ey it HOLS L2 H HUL:! L2a H
* lcuM263C cmioetc
oMUo14C ||[HOL3 L2d H malate m——————————— OAA -
CMGOBEC MDH .
Mitochondrion HOL3 L2¢ H CMTB11C Cytosol :
[cMPie3c L
HOL3 124 H .
52

117



[11.4 Manuscript 4

N. Rademacher et al.

A
150
— ns
=
[a
t‘ -[
= 1001 *k
c
g ™
€
2 ns
res 504 ns ns ns
B =l
c
©
" s I = ? I
O O O 0o
o W NN
> = ; ‘;
CMN251C CMS091C
B
. 2,500
= I
=, 2,000
=
2 1,500
£ e ¥
5 10009 | I
E ns
- *
E 500 k'S * gkk NSNS
= s JON n i

n
=o

T
Q0O
oWwWhN
=

I
O
N
i
=]

CmCA1 CmCA2 CmCA3 CmCA4

Fig. 5. Effect of changes in CO; concentrations on transeript abundances of genes en-
coding hypothetical HCO; ™ transporters and carbonic anhydrases. A: COz-dependent
changes in transcript amounts of CMN251C and CMS091C, encoding hypothetical HCOz ™
transporters. B. COp-dependent changes in transcript amounts of CmCA1 (CMT416C),
CmCA2 (CMI270C), CmCA3 (CMMO52C), and CmCA4 (CMD023C). Transcript amounts
are given In transeripts per million (TPM). Significant differences in relation to the HC O h
value (paired t-test, two-tailed}, are indicated as * (P < 0.05) and **{P < 0.01}, ns: not
significant.

homology to the HIGH-LIGHT INDUCED GENE3 (HLA3) HCOs™  trans-
porter, which is induced under limiting CO» conditions in C. reinhardti
{Tirwmani et al, 2014). The protein CMS091C is homologous to the
CHLOROPLAST ENVELOPE PROTEINS] and 2 (CCP1 and CCP2), which
showed HCQOs ™ transporter function in C. reinhardti (Tirumani et al., 2014).
Expression of the gene CMN251C followed the same transcription pattern as
the photorespiratory genes with a 2-fold transeript accumulation 3h and
24 h after the shift to LC conditions (Fig. 5A, Table S5, cluster 8). In con-
trast, expression of CMS091C did not cluster together with the photo-
respiratory genes. The transcription pattern was not affected by the CO,
conditions (Fig. 5A, Table S5) and grouped in cluster 4.

BlastP analyses with known a-, B-, and y-CAs of the model plant
Arabidopsis thaliona {A. thaliana) {Fabre et al., 2007) revealed four
proteins homologous to CAs in €. merolae: CmCA1 {CMT416C), CmCA2
{CMI270C), CmCA3 (CMMO052C), and CmCA4 {(CMD(23C). CmCAl and
CmCA2 were homologous to a-CAs and CmCA3 and CmCA4 homo-
logous to y-CAs of A. thaliona (Table S7). Genes encoding a-CAs showed
CO,-dependent transcriptional dynamics (Fig. 5B, Table S5). Expression
of CmCA1 was most affected by the changing CO, conditions. While
under HC conditions the gene was only weakly expressed, we observed
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a 67-fold accumulation of CmCA1 transcript 3 h after the shift to LC
conditions and a 33-fold increased value 24 h after the shift. The final
24 h HC treatment lead to full recovery to the initial HC transcript value
{cluster 8). Transcript amounts of CmCAZ2 increased 1.5-fold 3 h after
the LC shift, went down to 50% of the initial HC value after 24 h LC
treatment and fully recovered to the HC default value after 24h HC
conditions (cluster 7). In contrast, both y-CAs, CmCA3 and CmCA4,
were quite constantly expressed in C. merolae under HC and LC con-
ditions (Fig. 5B, Table §5). The LC shift induced a slight reduction (0.7-
fold) in transcript abundances for CmCA3 (cluster 6), while transcript
amounts were slightly but significantly increased {1.2-fold) for CmCA4
24 h after shift to LC conditions {cluster 10).

3.4. Subcellular localization of CmCAI and CmCA2

On the basis of the LC-inducible expression of CmCA1 and CmCAZ,
we investigated the encoded proteins in more detail. An amino acid
alignment showed an identity of 90% berween both proteins.
Interestingly, CmCA1 contained an additional N-terminal extension of
109 amino acids length (Fig. 51). Closer investigation of this extension
indicated the occurrence of a rransmembrane region (23 amino acids
length) predicted by the SOSUI tool (Hirckawa et al., 1998) and a
mitochondrial target peptide predicted by TargetP {(Emanuelsson et al.,
2000) (Fig. 81). To determine in which subcellular compartment the a-
CAs of C. merolae reside, localization constructs were designed with an
N- or C-terminal YFP-fusion to avoid masking of a hypothetical target
peptide signal. In transiently transformed tobacco protoplasts
YFP:CmCA1l, YFP:CmCA2, and CmCA2:YFP were detected in the cy-
tosol. For CmCA1:YFP the fluorescent signal was mostly detected
around chloroplasts, indicating a possible attachment of CmCAl to the
chloroplast envelope (Fig. 6A). Transient expression of the YFP fusion
proteins in C. merolae cells consistently revealed cytosolic localization
of YFP:CmCAl, YFP:CmCA2, and CmCA2:YFP. In the case of CmC-
AL:YFP we observed YFP fluorescence at the interface between chlor-
oplast and mitochondrion {Fig. 6B).

4. Discussion

The impact of reduced CO, availability on the transcriptome of C.
merolae was large. In the short-term (3 h after shift to LC conditions),
11% of all genes were changed in transcript abundance {Fig. 2), which
is well in the range of a comparable study with C. reinhardtii 4 h after a
shift from HC to LC conditions (Fang et al., 2012) and markedly dif-
ferent from the response of land plants {Eisenhut et al., 2017; Queval
et al.,, 2012). Long-term {24 h) LC treatment increased the number of
significant changes (21% of all genes changed, Fig. 2) in line with the
larger variation captured in the PCA in the direction of long-term
change compared to short-term change (Fig. 1B).

The three sampling time-points captured three pivotal phases in the
responses of C. mierolae to changes in CO, availability: the initial
counter response including up-regulation of photorespiration and a
potential CCM, the long-term acclimation to reduced carbon in the
metabolic system, and the resupply with carbon in the system.
Intriguingly, the short-term high abundance response evident in the
clusters 8 and 9 (Fig. 3) included not only the full set of genes encoding
the enzymes of the photorespiratory cycle {derived from Rademacher
et al.,, 2016), but also CAs and genes known to be involved in the C,4
cycle (Table S5). This coordinated up-regulation (Fig. 4, Table §5)
strongly underscores the importance of the photorespiratory pathway
in €. merolae under COy concentrations present in its ecological niche,
and points to a concerted transcriptional regulon of the photo-
respiratory genes. Among the potential transcriptional regulators
changing in expression concomitantly in clusters 8 and 9, the strongest
changes in amplitude were present in putative histone de-acetylases
{CMQ158C, CMG132C, Table 55), suggesting a potential role of epige-
netic processes, in a gene similar to sigma factor B {CMR165C, Table
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Fig. 6. Subcellular localization studies of carbonie anhy-
drases. CmCA1 (CMT416C) and CmCA2 (CMI270C}) were N-
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55), which likely mediates chloroplast transcription, and in a regulator
homologous to BRUTUS (CMM141C, Table 85), which controls the iron
response transcription factor POPEYE in higher plants. Long-term
carbon shortage at the LC 24 h time-point reduces growth (Rademacher
et al.,, 2016) and consequently growth associated processes, such as
DNA replication, the cell cycle, and protein biosynthesis were reduced
in transcriptional abundance (Fig. 3: clusters 5 and 6, Table S1, Table
52). Reduction of transcriptional abundance for these processes has also
been observed in carbon starved land plants (Brilhaus et al., 2016) and
carbon starved C. reinhardtii cells (Brueggeman et al., 2012; Fang et al.,
2012) pointing to a preserved ancient survival mechanism. During the
response to LC, induced by low external CO, in algae or by drought
induced stomatal closure in land plants, the responses are however
different. In both cases, the species initially respond with a reduction in
the transeriptional investment into photosynthesis (Fig. 3, cluster 2)
{Brilhaus et al., 2016). The long-term responses however present a
different pattern. The land plant maintains the low expression levels of
photosynthetic genes, while the red alga recovers its transcriptional
investment. . merolae naturally grows under LC conditions and pre-
sumably recovers photosynthetic transcript abundance because its ac-
climation response re-enables efficient photosynthesis. The resupply of
abundant CO, and presumably concomitant availability of fixed carbon
mitigated the majority of changes induced by 24 h of LC status as is
evident from the short distance between HC O h and HC 24 h points in
the PCA (Fig. 1B), and from the overall pattern (Fig. 3). This mitigation
of changes has also been observed in land plants upon resupply with
water, which in turn caused resupply with carbon (Brilhaus et al.,
2016). However, a low number of genes {Fig. 2C) did not return to the
initial HC starting expression value after a 24 h HC treatment. Among
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and C-terminally fused with YFP, respectively. A. Fluorescent
pictures of tobacco protoplast, transiently expressing
YFP:CmCAl, CmCAL:YFP, YFP:CmCA2, and CmCA2:YFP fu-
sion proteins, respectively. Pictures were recorded 48 h after
infiltration of N. benthamiana leaves. B} Localization of
CmCAl and CmCA2 in C. merolee. Shown are merged pic-
tures. The YFP signal is presented in green and yellow, re-
spectively, chlorophyll autofluorescence in red. C. merolae
cells were transformed 24 h before microscope analysis.
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CmCA1:: YFP

YFP::CmCA2

CmCA2:: YFP

these, we detected the gene encoding catalase {CMIG50C), which par-
ticipates in the photorespiratory metabolism. The ongoing significantly
enhanced gene expression might indicate that this time period was not
sufficient for C. merolae to fully return to the metabolic or energetic
state of HC cells despite attaining a growth rate equal to before treat-
ment {Rademacher et al., 2016).

Co-expression is a powerful tool to search for unknown components
in functionally related processes. It was demonstrated for C. reinhardtii
that genes involved in photorespiratory metabolism are co-regulated
with genes involved in an inducible CCM (Fang et al., 2012) and a
photorespiratory rransporter was identified by co-expression analysis in
higher plants (Bordych et al., 2013; Pick et al., 2013). Thus, we sear-
ched clusters 8 and 9, which contained photorespiratory genes, for
candidates establishing a hypothetical CCM in C. merolae. We identified
a hypothetical HCOs ™ transporter, two CAs, and enzymes constituting a
PEPCK-type C4 cycle within the LC-inducible clusters 8 and 9 (Table
55). We suggest the following hypothetical model {Fig. 7) for the con-
certed action of these proteins to function as CCM in C. merolae:

In its natural habitat with an acidic pH the major form of C; is COq,
which diffuses into the red algal cell. The cytoplasmic CAs (CmCAZ2 and
CmCA3, Fig. 6) convert the CO, rapidly into HCO;~ and thus in-
tracellularly capture the C;. Additionally, we identified the protein
CMN251C, which shows homology to the LC-inducible HLA3 HCO5 ™
transporter from C. reinhardtii {Table S6). The protein is predicted to
reside in the plasma membrane. Thus, CMN251C is a promising can-
didate for C; uptake under LC conditions in C. merolae. Photosynthesis
in the red alga is most efficient at a low extracellular pH and decreases
at a neutral pH (Zenvirth et al.,, 1985) calling into question whether
HCO, ™ is the major C; species taken up from the external medium by C.
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Fig. 7. Hypothetical model of a CCM & C. merolae. At low pH, C; from the aquatic en-
vironment predominantly diffuses as CO» into the cell, where it is converted by cyto-
plasmic CAs, CmCA2 and CmCA3, into HCO;™. Traces of environmental HCO; ™ are
imported by the plasma membrane protein CMN251, which is homologous to HLA3. From
the cytoplasmic pool, HCO3 ™ is drained by the action of PPC, generating OAA and pulling
more environmental CO, into the cytoplasm. Decarboxylation of OAA by PEPCK allows
stepwise release of CO,, which diffuses into the chloroplast for fixation by Rubisco.
Besides this PEPCK-type C, cycle, the concerted action of GDC and CmCA1 might function
as a CO; pump, by accumulating high amounts of CO; in the mitochondrion, which is in
close proximity to the chloroplast in the red algal cell. More details are presented in the
text. Proteins, which are encoded by genes of the LC-inducible clusters 8 and 9 and
presented in black boxes.

merolae. Possibly, CMIN251C’s role is the harvest of trace amounts of
environmental HCOs™ under C; limited condition or serving as a COa
diffusion facilitator.

Genes encoding the components of a PEPCK-type C, pathway
{Fig. 4) were also contained in the photorespiratory gene cluster 8. This
might indicate a temporary HCO5;™ partitioning via PPC and PEPCK
from the cytoplasmic HCO;~ pool into organic acids, thereby in-
creasing the concentration gradient and hence generating additional
“pull” for CO, entry into the cell. By the action of PEPCK the CO, is
released stepwise and allowed to diffuse into the chloroplast for fixation
by Rubisco. A single cell C, metabolism as proposed in diatoms is a
distinet possibility. For example, in LC-acclimated Thalassiosira weiss-
Aflogii cells, it was shown that repression of PPC activity by the inhibitor
3,3-dichloro-2-dihydroxyphosphinoylmethyl-2-propencate resulted in a
90% decrease in the rate of photosynthesis, which could be overcome
by HC (Reinfelder et al., 2004). For the model diatom Phaeodactylum
tricornutum, the primary function of C4 metabolism might not be in COy
fixation but rather play a role in dissipating energy and maintaining pH
homeostasis (Haimovich-Dayan et al., 2013). Alternatively, the tran-
sient upregulation of PPC and PEPCK under CO, limitation might have
to do with overcoming short-term carbon limitation and gluconeogen-
esis from lipid stores and/or protein degradation.

The shift to LC conditions enhances the flux through the photo-
respiratory cycle in C. merolae (Rademacher et al., 2016). Accordingly,
photorespiratory glycine cleavage in the mitochondrion by the GDC
generates increased amounts of CO» and NHs. The latter is likely pro-
tonated to NH,* at the pH of the mitochondrial matrix leading to an
alkalization {Eriksson er al., 1996). A function in maintaining the pH
homeostasis was suggested for the LC-inducible mitochondrial CAsin €.
reinhardtii {(Eriksson et al., 1996). In accordance, we postulate that
CmCA1l, which was almost exclusively expressed under LC conditions
(Fig. 5B), fulfills this function in C. merolae. Interestingly, we observed
in transiently transformed €. merolae cells the YFP fluorescence signal
of a CmCAL:YFP protein at the interface between chloroplast and mi-
tochondrion {Fig. 6B). A localization to the mitochondrial membrane is
in accordance with the in silico prediction of a transmembrane helix and
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a mitochondrial targeting peptide in the N-terminal extension specific
for CmCAl (Fig. S1). If CmCAl was indeed attached to the mitochon-
drial membrane, its CO, production might allow high CO, accumula-
tion in close proximity to the chloroplast. Thus, the mitochondrial CO,
provision by the concerted action of GDC and CmCA1 might serve as a
CO, pump for CO; enrichment around Rubisco as part of a CCM. Al-
ternatively, CmCA1’s role may be the intracellular trapping of the high
volume of CO, released during photorespiratory glycine decarboxyla-
tion avoiding leakage of CO, from the cell.

Clusters 8 and 9 also contained numerous genes encoding proteins
of unknown function (Table S3). These LC-responsive proteins are po-
tential candidates for involvement in the LC acclimation in C. merolae
either to detoxify Rubisco oxygenation products or to enrich CO at the
site of Rubisco.

Although the RNA-seq data only provide tanralizing suggestions
about a CCM in the red alga and eventually cannot distinguish between
a transport based CCM, a biochemical CCM, a mixed type as here
suggested (Fig. 7), or an as of yet undiscovered mechanism, C. merolae
has demonstrated higher apparent affinity to CO; under LC conditions
(Rademacher et al., 2016; Zenvirth et al., 1985), raising the possibility
that one or more of the mechanism described above are functional.

5. Conclusion

In conclusion, the red alga €. merolee shows a distinct transcrip-
tional response to reduction in CO, availability. The CO, limitation
makes the cells reduce transcripts of protein biosynthesis and DNA re-
plication when growth is stalled. As one strategy to acclimate to LC
conditions, abundance of photorespiratory transcripts is uniformly up-
regulated. Additionally, transcripts constituting a hypothetical PEPCK
C4 pathway, a C; transporter, and the mitochondrial CA CmCAl are
higher in abundance. Whether this represents a CCM footprint or a
physiological adaptation in pH maintenance or energy homeostasis
remains to be genetically and physiologically tested.
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Systems Biology of Cold Adaptation
in the Polyextremophilic Red Alga
Galdieria sulphuraria

Alessandro W. Rossoni and Andreas P. M. Weber*

Cluster of Excellence on Plant Sciences (CEPLAS), Institute of Plant Biochemistry, Heinrich Heine University Disseidorf,
Dijsssldorf, Germany

Rapid fluctuation of environmental conditions can impose severe stress upon living
organisms. Surviving such episodes of slress requires a rapid acclimation response,
e.g., by transcriptional and post-transcriptional mechanisms. Persistent change of the
environmental context, however, requires longer-term adaptation at the genetic level.
Fast-growing unicellular aquatic eukaryotes enable analysis of adaptive responses at
the genetic level in a laboratory setting. In this study, we applied continuous cold stress
(28°C) to the thermoacidophile red alga G. sulphuraria, which is 14°C below its optimal
growth temperature of 42°C. Cold stress was applied for more than 100 generations
to identify components that are critical for conferring thermal adaptation. After cold
exposure for more than 100 generations, the cold-adapted samples grew ~30% faster
than the starting population. Whole-genome sequencing revealed 757 variants located
on 429 genes (6.1% of the transcriptome) encoding molecular functions involved in cell
cycle regulation, gene regulation, signaling, morphogenesis, microtubule nucleation, and
transmembrane transport. CpG islands located in the intergenic region accumulated
a significant number of variants, which is likely a sign of epigenetic remodeling. We
present 20 candidate genes and three putative cis-regulatory elements with various
functions most affected by temperature. Our work shows that natural selection toward
temperature tolerance is a complex systems biology problem that involves gradual
reprogramiming of an intricate gene network and deeply nested regulators.

Keywords: microevolution, CGyanidiales, extremophile, temperature adaptation, cold stress, red algae

INTRODUCTION

Small changes in average global temperature significantly affect the species composition of
ecosystems. Indeed, 252 Ma years ago up to ~95% of marine species and ~70% of terrestrial
vertebrates ceased to exist (Benton, 2008; Sahney and Benton, 2008). This event, known as
the Permian-Triassic extinction, was triggered by a sharp increase in worldwide temperature
(+8°C) and CO; concentrations (42000 ppm) during a period spanning 48,000-60,000 years
(McElwain and Punyasena, 2007; Shen et al., 201 1; Burgess etal., 2014). In comparison, atmospheric
CO; has increased by ~100 ppm and the global mean surface temperature by ~1°C since the
sinking of the Titanic in 1912, a little more than 100 years ago. Anthropogenic climate change
and its consequences have become a major evolutionary selective force (Palumbi, 2001). Higher
temperatures and CO; concentrations result in increased seawater acidity, increased UV radiation,
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and changes in oceanwide water circulation and upwelling
patterns. These rapid changes represent dramatically accelerating
shifts in the demography and number of species, leading to loss of
habitats and biodiversity (Hendry and Kinnison, 1999; Stockwell
et al., 2003). A global wave of mass extinction appears inevitable
(Kolbert, 2014). In this context, it is relevant to assess the effects
of temperature change on genome evolution. Aquatic unicellular
eukaryotes are particularly well-suited to addressing this
question due to their short generation time and straightforward
temperature control of their growth environment.

Microorganisms rapidly acclimate and subsequently adapt to
environmental change (Lopez-Rodas et al., 2009; Huertas et al.,
2011; Romero-Lopez et al., 2012; Osundeko et al., 2014; Foflonker
etal, 2018). These adaptations are driven by natural selection and
involve quantitative changes in allele frequencies and phenotype
within a short period of time, a phenomenon known as
microevolution. The Galdieria lineage comprise a monophyletic
clade of polyextremophilic, unicellular red algae (Rhodophyta)
that thrive in acidic and thermal habitats worldwide (e.g.,
volcanoes, geysers, acid mining sites, acid rivers, urban
wastewaters, and geothermal plants) where they represent up to
90% of the total biomass, competing with specialized Bacteria
and Archaea (Seckbach, 1972; Castenholz and McDermott, 2010).
Accordingly, members of the Galdieria lineage can cope with
extremely low pH values, temperatures above 50°C, and high salt
and toxic heavy metal ion concentrations (Doemel and Brock,
1971; Castenholz and McDermott, 2010; Reeb and Bhattacharya,
2010; Hsieh et al., 2018). Some members of this lineage also
occur in more temperate environments (Gross et al, 2002;
Ciniglia et al, 2004; Qiu et al, 2013; Barcyté et al, 2018;
Tovinella et al., 2018).

Our work systematically analyzed the impact of prolonged
exposure to suboptimal (28°C) and optimal (42°C) growth
temperatures on the systems biology of Galdieria sulphuraria
for a period spanning more than 100 generations. We chose
G. sulphuraria as the model organism for this experiment due
to its highly streamlined haploid genome (14 Mb, 6800 genes)
that evolved out of two phases of strong selection for genome
miniaturization (Qiu et al., 2015). In this genomic context, we
expected maximal physiological effects of novel mutations, thus
possibly reducing the fraction of random neutral mutations.
Furthermore, we expected a smaller degree of phenotypical
plasticity and hence a more rapid manifestation of adaptation at
the genetic level.

MATERIALS AND METHODS

Experimental Design and Sampling

A starting culture of G. sulphuraria strain RT22 adapted to
growth at 42°C was split into two batches, which were grown
separately at 42°C (control condition) and 28°C (temperature
stress) for a period spanning 8 months. Bacteria were cultured
on agar plates under non-photosynthetic conditions, with
glucose (50 mM) as the sole carbon source. To select
for fast-growing populations, the five largest colonies of
each generation were picked. The samples were propagated

across generations by iteratively picking the five biggest
colonies from each plate and transferring them to a new
plate. The picked colonies were diluted in 1 ml Allen
Medium containing 25 mmol glucose. The ODygp of the cell
suspensions was measured at each re-plating step using a
spectrophotometer. Approximately 1,000 cells were streaked
on new plates to start the new generation. The remaining
cell material was stored at —80°C until DNA extraction.
This process was reiterated whenever new colonies with a
diameter of 3-5 mm became visible. During the 240 days of
this experiment, a total of 181 generations of G. sulphuraria
RT22 were obtained for the culture grown at 42°C, whereas
102 generations were obtained for G. sulphuraria RT22
grown at 28°C.

DNA Extraction and Sequencing

DNA from each sample was extracted using the Genomic-
tip 20/G column (QIAGEN, Hilden, Germany), following
the steps of the yeast DNA extraction protocol provided
by the manufacturer. DNA size and quality were assessed
via gel electrophoresis and Nanodrop spectrophotometry
(Thermo Fisher Scientific, Waltham, MA, United States).
TruSeq DNA PCR-Free libraries (insert size = 350 bp)
were generated. The samples were quantified using
the KAPA library quantification kit, quality controlled
using a 2100 Bioanalyzer (Agilent, Santa Clara, CA,
United States), and sequenced on an Illumina (San Diego,
CA, United States) HiSeq 3000 in paired-end mode (1 x 150 bp)
at the Genomics and Transcriptomics Laboratory of the
Biologisch-Medizinisches Forschungszentrum in Diisseldorf,
Germany. The raw sequence reads are retrievable from
the NCBIs Small Read Archive (SRA) database (Project
ID: PRINA513153).

Read Mapping and Variant Calling

Single nucleotide polymorphisms (SNPs) and
insertions/deletions (InDels) were called separately on the
dataset using the GATK software version 3.6-0-g89b7209
(McKenna et al., 2010). The analysis was performed according
to GATKs best practices protocols (DePristo et al, 2011;
Van der Auwera et al., 2013). The untrimmed raw DNA-
Seq reads of each sample were mapped onto the genome
of G. sulphuraria RT22 (NCBI, SAMNI0666930) using the
BWA aligner (Li and Durbin, 2009) with the -M option
activated to mark shorter split hits as secondary. Duplicates
were marked using Picard tools'. A set of known variants was
bootstrapped for G. sulphuraria RT22 to build the covariation
model and estimate empirical base qualities (base quality
score recalibration). The bootstrapping process was iterated
three times until convergence was reached (no substantial
changes in the effect of recalibration between iterations were
observed, indicating that the produced set of known sites
adequately masked the true variation in the data). Finally,
the recalibration model was built upon the final samples
to capture the maximum number of variable sites. Variants

'http://broadinstitute.github.io/picard

Frontiers in Microbiology | www. frentiersin.org

ay 2019 | Volurme 10 | Article 927

124



[11.5 Manuscript 5

Rossoni and Weber

Microsvolution to Cold Temperatures

were called using the haplotype caller in discovery mode
with -ploidy set to 1| (Galdieria is haploid) and -mbq set
to 20 (minimal required Phred score) and annotated using
snpEff v4.31 (Cingolani et al,, 2012). The called variants were
filtered separately for SNPs and InDels using the parameters
recommended by GATK (SNPs: “QD < 1.0 | | FS > 30.0
| | MQ < 450 | | SOR > 9 | | MQRankSum < —4.0
| | ReadPosRankSum < —10.07 InDels: “QD < 1.0 | |
IS > 2000 | | MQ < 450 | | MQRankSum < —6.5 | |
ReadPosRankSum < —10.07).

Evolutionary Pattern Analysis

A main goal of this analysis was implementation of a method that
enabled discrimination between random variants and variants
that may be connected to temperature stress (non-random
variants). The following logic was implemented: All variants
were transformed to binary code with regards to their haplotype
toward the reference genome. When the haplotype was identical
to the reference genome, “0” was assigned. Variant haplotypes
were assigned “1.” Random variants were gained and lost without
respect to the sampling succession along the timeline and the
different temperature conditions. Consequently, a “fuzzy” pattern
of, eg., “110011| 0000, would indicate a mutation between
Ty and T; in the samples taken at 28°C, which was lost in
T3 and regained after Ts. The binary sequence represents the
ten samples, six “cold” and four “warm,” according to their
condition (“cold | warm”) and time point of sampling (“28°C_1,
28°C 2, 28°C 3,28°C 4,28°C 5,28°C 6] 42°C 1, 42°C
_3,42°C _6, and 42°C _97). Hence, the first six digits denote
samples taken at 28°C, the latter four digits those taken at
42°C; “000000] 0101” would represent a mutation in the T,
sample taken at 42°C that was lost in T3 and regained in
T4, and “011010| 0101” would represent a variant that does
neither with respect to the sampling succession (repeated gain
and loss) nor the growth condition of the samples (mutation
occurs at both temperatures). By contrast, variants that were
gained and fixed in the subsequent samples of a certain
growth condition were considered as “non-random variants”
that may reflect significant evolutionary patterns. Thus, “111111]
0000” would indicate that a mutation between Ty and T,
in the samples taken at 28°C was fixed over the measured
period. Similarly, “000000] 01117 would indicate a mutation
between T, and T3 in the samples taken at 42°C that was
fixed throughout the generations. As such, it was possible to
determine all possible pattern combinations for non-random
evolutionary patterns. The binary sequence “111111] 11117
represented the case where all ten samples contained a different
haplotype when compared to the reference genome. In this
specific case, systematic discrepancies between the reference
genome and the DNA-Seq reads are the cause of this pattern.
Variants following the “111111] 1111”7 pattern were removed
from the dataset.

Data Accession

The DNA sequencing results are described in Supplementary
Table 81. The lllumina HiSeq3000 raw reads reported in this
project have been submitted to the NCBIs Sequence Read

Archive (SRA) and are retrievable (FASTQ file format) via
BioProject PRJNA513153 and BioSamples SAMNI10697271 -
SAMNI10697280.

Statistical Analysis

Various statistical methods were applied for the different analyses
performed in this project. Culture growth was measured for
at 28°C (n = 6) and at 42°C (» = 10). Both datasets failed
the Shapiro-Wilk normality test (p > 0.05) and showed a
visible trend over time. The difference in growth between the
populations was tested using the Wilcoxon rank sum test.
Further, timepoints along a timeline constitute a dependent
sampling approach by which the growth performance of an
earlier timepoint is likely to influence the growth performance
of a later timepoint.

Trends in growth over the period of this experiment
were tested for significance using Jonckheere-Terpstra’s test
for trends. Enrichment of GO categories as well as k-mer
enrichment was tested using Fisher’s exact test for categorical
data, corrected for multiple testing according to Benjamini-
Hochberg. The contingency table was set up in such way that
the number of times a specific GO was affected by variants
was compared with the number of times the same GO was
not affected by variants. This category was compared against
the “background” consisting of all other GOs affected by
variants and all other unaffected GOs. The same methodology
was applied for k-mer enrichment testing. Differential gene
expression based on previously collected data (Rossoni et al.,
2018) was calculated with EdgeR (Robinson et al, 2010)
implementing the QLF-test in order to address the dispersion
uncertainty for each genme (Lun et al, 2016). All samples
taken at 28°C were compared against all samples taken at
42°C/46°C.

RESULTS
Culture Growth

Samples grown at 42°C were re-plated 10 times during the
7 months of the experiment due to faster colony growth,
whereas cultures growing at 28°C were re-plated only six times
(Figure 1A). Cultures grown at 42°C achieved an average
doubling time of 1.32 days, equivalent to an average growth rate
of 0.81/day. Cultures grown at 28°Chad an average doubling time
of 2.70 days, equivalent to an average growth rate of 0.39/day.
This difference in doubling time/growth rate between 28°C and
42°C was significant (non-normal distribution of growth rates,
Wilcoxon rank sum test, p = 0.0002) (Figure 1B). The growth
rates reported here were slightly lower than in liquid batch
cultures, where growth rates of 0.9/day-1.1/day were measured
for heterotrophic cultures grown at 42°C (unpublished data). The
changes in growth rate over time were also compared using linear
regression (Figure 1C). Although the linear regression appears
to indicate increasing doubling times in samples grown at 42°C,
Jonckheere’s test for trends revealed no significant trend in this
dataset (Jonckheere-Terpstra, p > 0.05). By contrast, samples
grown at 28°C gradually adapted to the colder environment
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FIGURE 1 | Growth parameters of Galdieria sulphuraria RT22. (A) Cultures were grown heterotrophically at 28°C (blue) and at 42°C (red) on plates made of 1.5%
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Gelrite mixed 1:1 with 2x Allen Medium containing 50 mM glucose. The fastest growing colonies were iteratively selected and re-plated over a period of ~7 months
until >100 generations were achieved under both conditions. Propagation occurred through picking the five biggest colonies from each plate and transferring them
to a new plate. (B) The doubling time at 42°C was 1.32 days on average. The doubling time at 28°C was 2.70 days on average. The differences in growth between
42°C and 28°C were significant (Wilcoxon rank sum test, p = 0.0002). Cultures grown at 42°C were re-plated 10 times due to faster growth. In comparison, cultures
growing at 28°C were re-plated only six times. (C) Samples grown at 42°C grew slightly slower over time. By contrast, samples grown at 28°C appeared to
decrease their doubling time. While no statistically significant trend could be detected at 42°C, Jonckheere's test for trends reported a significant trend toward faster

growth for the populations grown at 28°C.

and significantly (Jonckheere-Terpstra, p < 0.05) decreased their
doubling time by ~30% during the measured period.

Variant Calling

A total of 470,680,304 paired-end DNA-Seq reads were
generated on an Illumina HiSeq 3000 sequencer. Of these,
462,869,014 were aligned to the genome (98.30%) using
BWA (Supplementary Table S1). The average concordant
alignment rate was 99.71%. The average genome coverage
was 444 x (min = 294x and max = 579x). At least
95.5% of the sequence was covered with a depth of >20x.
GATK’s haplotype caller algorithm reported 6,360 raw SNPs
and 5,600 raw InDels. The SNPs and InDels were filtered
separately according to GATKs best practice recommendations.
A total of 1,864 SNPs and 2,032 InDels passed the filtering

process. On average, one SNP occurs every 16,177 nt and
one InDel every 44,394 nt. Overall, 66.17% of the filtered
variants (2578/3896) were classified as background mutations
being at variance with the genome reference (“111111] 1111”).
The 1243 remaining variants (966 SNPs + 277 InDels) were
sorted according to their evolutionary patterns, here called
“Random,” “Hot,” and “Cold” (Figure 2); 486/1243 (36.5%)
are located in the intergenic region and the other 757/1243
(63.5%) in the genic region, including 5’UTR, 3'UTR, and
introns. In addition, 1202/1243 (96.7%) variants followed
random gain and loss patterns that do not exhibit relevant
evolutionary trajectories (Figure 2). The remaining 41 variants
were gained and fixed over time, thus representing non-
random, evolutionary relevant variants. Twenty-three variants
were fixed at 28°C and 18 variants at 42°C. Consequently,
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FIGURE 2 | “Random” and “Non-random” variant acquisition patterns. “Non-random” variants were defined as mutations gained at some point during growth at
42°C or 28°C, and fixed in the genome of G. sulphuraria RT22 during the remaining time points. All variants were translated into binary code according to their
haplotype relative to the reference genome. “Cold": variant was obtained and fixed at 28°C. “Hot": variant was obtained and fixed at 42°C. Left: Evolutionary
patterns and their frequencies. In the specific case of patterns “111111| 0000" and “000000| 1111," a variant was already gained before the first sampling time
point. Hence, it was not possible to determine the condition at which the variant was gained. “Background” mutations represent the cases where the sequence of all
samples was in disagreement with the reference genome “111111] 1111."” The remaining combinations were considered as “random” evolution patterns. Here,
variants were gained but not fixated in the subsequent samples of the same growth condition. The numbers in the boxes indicate the count of a specific pattern.
Right: Count by variant type. The right column of each category indicates the number of variants located in the intergenic space. The left column counts the number
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23 variants (1.9%) were attributed to the “Cold” pattern
(11 intergenic, 12 genic) and 18 variants to the “Hot”
pattern (1.4%).

GO Enrichment-Based Overview of
Cellular Functions Most Affected by
Variants

The vast majority of the 757 genic variants was not fixed
over time and did not follow consistent evolutionary patterns

Frontiers in Microbiology | www.frontiersin.org

(Figure 2). However, the frequency at which genes and gene
functions were affected by mutation can serve as an indicator
of the physiological processes most affected by evolutionary
pressure at 28°C and 42°C. Here, we analyzed the functional
annotations of the 757 variants located on 429 genes (6.1% of
the transcriptome) using GO-Term (GO) enrichment analysis.
A total of 1602 unfiltered GOs were found within the genes
affected by variants (27.3% of all GOs in G. sulphuraria RT22),
of which 1116 were found at least twice in the variant dataset.
Of those, 234 of the GOs were significantly enriched (categorical
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data, “native” vs. “HG'T; Fisher’s exact test, Benjamini-Hochberg,
p = 0.05).

To contextualize the function in broader categories, we
manually sorted all significantly enriched GOs into the following
ten categories: “Cell Cycle,” “Cytoskeleton,” “Gene Regulation,”
“Membrane,” “Metabolism,” “Photosynthesis,” “Stress/Signaling,”
“Transport,” “Other; and “NA” (Figure 3A). GO terms belonging
to the “NA” category were considered meaningless and excluded
from the analysis [e.g., “cell part” (GO:0044464), “biological
process” (GO:0008150), “binding” (GO:0005488), and “ligase
activity” (GO:0016874)].

Cell Cycle

Functions related to the cell cycle accounted for 79/234 (33.8%)
ofthe enriched GOs. Mitosis was affected at every stage: initiation
(e.g., “positive regulation of cell proliferation,” GO:0008284,
p = 0.0024; “re-entry into mitotic cell cycle” GO:0000320,
p = 0.0405), DNA replication (e.g., “DNA replication, removal
of RNA primer;” GO:0043137, p = 0.0001; “ATP-dependent 5'-
3’ DNA helicase activity,” GO:0043141, p = 0.014), prophase
(“preprophase band,” GO:0009574, p = 0.0270), metaphase (e.g.,
“attachment of mitotic spindle microtubules to kinetochore,”
GO:0051315, p = 0.0142), anaphase (e.g., “mitotic chromosome
movement toward spindle pole” GO:0007079, p = 0.0134),
and telophase (“midbody,” GO:0030496, p = 0.0404). Mutations
also accumulated in genes controlling cell cycle checkpoints of
mitosis (e.g., “positive regulation of mitotic metaphase/anaphase
transition, GO:0045842, p = 0.0270; “mitotic spindle assernbly
checkpoint,” GO:0007094, p = 0.0441).

Genes with functions involved in cell differentiation and
maturation of Galdieria were also affected significantly by
microevolution during organellogenesis (e.g., “regulation of
auxin mediated signaling pathway,” G0:0010928, p = 0.0012;
“phragmoplast] GO:0009524, p = 0.0405 “xylem and
phloem pattern formation,” GO:0010051, 0.0012), cell
polarity (e.g., “establishment or maintenance of epithelial cell
apical/basal polarity,” GO:0045197, p = 0.0012; “growth cone;”
GO:0030426, p = 0.0096), and subcellular compartmentalization
and localization (“Golgi ribbon formation,” GO:0090161,
p = 0.0404; "establishment of protein localization,” G0:0045184,
p = 0.0124). Interestingly, some transcriptional regulators
of cell growth seem to be conserved across the eukaryotic
kingdom. GOs such as “branching involved in open tracheal
system development”™ (GO:0060446, p = 0.0012) and “eye
photoreceptor cell development” (GO:0042462, p = 0.0093)
were also found, indicating high amino acid sequence similarity
within this category. Further, temperature stress altered
genes with functions involved in cell death (e.g., “cell fate
determination” GO:0001709, p = 0.0012; “Wnt signalosome,”
GO:1990909, p = 0.0405).

Gene Regulation

Maintenance of steady and balanced reaction rates across cellular
systems is essential for cell survival and poses a major challenge
when an organism is confronted with changes in temperature
(D’Amico et al., 2002). In this context, the second largest category
within the enriched GO terms (49/234, 20.9%) was related to gene

regulation. Besides cell cycle control, thermal adaptation and
evolution was orchestrated predominantly through mutations
in genes involved in controlling the expression profiles of other
genes (“gene expression,” GO:0010467, p = 0.0118). Also, we
found a significant proportion of mutations affecting genes
linked to the epigenetic control of gene expression, which can
occur through methylation of DNA (“hypermethylation of
CpG island” GO:0044027, p = 0.0086), as well as modulation
of chromatin density and histone interactions that change the
accessibility of whole genomic regions to transcription (“H4
histone acetyltransferase activity, GO:0010485, p = 0.0040)
(Jenuwein and Allis, 2001; Bird, 2002). Further, variants may
have altered RNA polymerase efficiency (e.g., “RNA polymerase
Il transcription factor binding,” GO:0001085, p = 0.0020), mRNA
processing (e.g., “regulation of RNA splicing” GO:0043484,
p = 0.0025), post-transcriptional silencing (eg., “RNA
interference,” GO:0016246, p = 0.0093) as well as alteration
of ribosome structure components (e.g., “structural constituent
of ribosome,” GO:0003735, p = 0.0336) and rRNA methylation
components (e.g., “tRNA methylation,” G0:0031167, p = 0.0036).
In this regard, GO terms linked to posttranslational protein

modification were also enriched (“positive regulation
of  peptidyl-threonine  phosphorylation,”  GO0:0010800,
0.0086;  “N-terminal  peptidyl- methionine  acetylation,”

GO:0017196, p = 0.0007).

Cytoskeleton

Microtubule are long polymers of tubulin that are constituents
of the cytoskeleton of every eukaryote. They play a central
role in intracellular organization, stability, transport, organelle
trafficking, and cell division (Brouhard and Rice, 2018).
Because they associate spontaneously, microtubular assembly
(e.g., “microtubule nucleation” G0:0007020, p = 0.0039) and
disassembly are mostly driven by tubulin concentrations at
the beginning and the end of microtubules once a critical
microtubule size is reached (Voter and Erickson, 1984). However,
the first steps of microtubule assembly are kinetically unfavorable.
Cells solve this issue by using y-tubulin ring complex as a
template (e.g., “tubulin complex,” GO:0045298, p = 0.0031).
The reaction equilibrium between tubulin polymerization and
monomerization is temperature-dependent and requires accurate
regulation (e.g., “tau-protein kinase activity,” GO:0050321,
0.0086). Shifting temperatures from 37°C to 25°C leads to
massive microtubular dissociation in homoeothermic species
(Himes and Detrich, 1989). Additionally, tubulin adaptations
toward lower temperatures have been observed at the level of
DNA sequence as well as at the epigenetic level in psychrophilic
organisms (Detrich et al.,, 2000). Microtubule metabolism and
its role in cellular physiology accounted for 13/234 (5.6%) of
the enriched GOs.

Membranes and Transport

Another major component that is also influenced by temperature
is cell integrity with regards to membrane fluidity (5/234
enriched GOs, 2.1%) and transport (25/234 enriched GOs,
10.7%). Cell membranes are selectively permeable and vital
for compartmentation and electric potential maintenance.
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In this context, Galdieriz is able to maintain near-neutral
cytosolic pH against a 10°-fold HY gradient across its plasma
membrane (Gross, 2000). Membranes maintain a critical range
of viscosity to be able to incorporate molecules and transport
substrates and nutrients. The fluidity of a membrane is
mainly determined by its fatty acid composition. Changes
in temperature lead to changes in fatty acid composition,
which in turn affect hydrophobic interactions as well as
the stability and functionality of membrane proteins and
proteins anchored to membranes. Here, we measured a
significant enrichment in genes with functions connected
to membrane lipid bilayers (e.g., “membrane” GO:0016020,
p = 0.0002 “mitochondrial inner membrane,” GO:0005743,
p = 0.0023) as well as membrane-associated proteins (eg.,
“integral component of membrane,” GO:0016021, p < 0.0001),
transporters (e.g., “amino acid transmembrane transporter
activity,” GO:0015171, p = 5.79568E-06), and transport functions
(e.g., “transmembrane transport,” GO:0055085, p = 0.0001;
“cation transport,” GO:0006812, p = 0.0028). Furthermore,
temperature imposes significant restrictions to vesicles, which
play a central role in molecule trafficking between organelles
and in endocytosis. Vesicle formation in particular appears to be
affected by temperature (e.g., “vesicle organization,” GO:0016050,
p = 0.0012 “dathrin-coated endocytic vesicle membrane)
G0:0030669, p = 0.0025).

Stress and Signaling

Cell signaling comprises the transformation of information,
such as environmental stress, to chemical signals that
are propagated and amplified through the system where
they contribute to the regulation of various processes (e.g.,
“response to stress; GO:0006950, p = 0.0051; “hyperosmotic
response;,” GO:0006972, p = 0.0039; and “ER overload response;”
GO:0006983, p = 0. 0040). Here, we found a total of 18/234
GOs (7.7%) derived from genes involved in cell signaling upon
which temperature changes appeared to exhibit significant
evolutionary pressure driving the accumulation of variants.
A Dbroad array of receptors (G-protein coupled, tyrosine
kinases, and guanylate cyclases) performs signal transduction
through phosphorylation of other proteins and molecules. The
signal acceptors, in turn, influence second messengers and
further signaling components that affect gene regulation and
protein interactions. GO annotations indicate involvement of
temperature in genes coding for receptors (e.g., “activation
of protein kinase activityy GO:0032147, p = 4.95227E-
05; “protein  serine/threonine/tyrosine kinase  activity,
GO:0004712, p=0.00045547; and “protein autophosphorylation,”
GO:0046777, p = 1.53236E-06) as well as in genes coding for
the signal acceptors (“stress-activated protein kinase signaling
cascade,” GO:0031098, p = 6.45014E-06; “cellular response to
interleukin-3,” GO:0036016, p = 5.05371E-06; and “regulation
of abscisic acid-activated signaling pathway, GO:0009787,
p=0.006712687).

Metabolism
Maintaining metabolic homeostasis is paramount for
organism survival. The efficiency, speed, and equilibrium

of metabolic pathways are modulated by enzymes and the
specific kinetics of each reaction. Whereas microorganisms
are not capable of controlling the amount of free enthalpy
in their systems (chemical equilibriums are temperature-
dependent, AG= —RT1Ink), they are able to actively adjust
their metabolic rates by regulating the amount of available
enzyme (“Gene Expression”). Passively, mutations can alter
enzyme structure, thereby adjusting the affinity of enzymes
toward ligands. Variants affecting the genetic code of genes
attributed to this category influence a broad variety of metabolic
pathways (e.g., “cellular aromatic compound metabolic
process,” GO:0006725, p = 0.0030 and “amine metabolic
process,” GO:0009308, p < 0.0001) in both anabolism (e.g.,
“peptidoglycan biosynthetic process;” GO:0009252, p = 0.0015
and “glycerol biosynthetic process,” GO:0006114, p = 0.0086),
and catabolism (e.g., “glycosaminoglycan catabolic process,”
GO:0006027, p = 0.0011). In spite of pronounced changes
in gene expression of metabolic enzymes during short-term
cold stress in G. sulphuraria 074W (Rossoni et al., 2018)
and Cyanidioschyzon merolze 10D (Nikolova et al, 2017),
microevolution of genes directly involved in metabolic steps
appeared to play a minor role in long-term temperature
adaptation (34/234 GOs, 14.5%).

Photosynthesis

The majority of photosynthetic light reactions are catalyzed by
enzymes located in the photosynthetic thylakoid membranes.
Hence, photosynthesis is based upon temperature-dependent
proteins located in temperature-dependent ~membranes
(Yamori et al., 2014). Abnormal temperatures affect the
electron transport chain between the various components
of the photosynthetic process (Hew et al, 1969). If the
electron transport chain between photosystem I (PSI) and
photosystem II (PSII) is uncoupled, electrons are transferred
from PSI to oxygen instead of PSII. This process is also
known as PSII excitation pressure and leads to a boost of
reactive oxygen species. Long-term microevolution did not
appear to significantly affect the photosynthetic apparatus
of G. sulphuraria RT22 (3/234, 1.3%), likely because the
experiment was performed under heterotrophic conditions in
continuous darkness.

Variant Hotspots and Non-random Genic
Variants

To further investigate the temperature adaptation of
G. sulphuraria RT22, we selected candidate genes for closer
analysis using two different approaches. First, we assumed
that high mutation rates in a specific gene reflect increased
selective force upon its function and regulation. To identify
potential targets of temperature-dependent microevolution,
we searched for “variant hotspots” here defined as the 99th
percentile of genes most affected by variants. We computed
variant number-dependent Z-scores for each gene and
extracted genes with a Z-Score > 2.575. This procedure led
to identification of seven genes, so-called “variant hotspots”
containing at least seven independent variants per gene.
Next, we extracted 41 variants that followed non-random
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evolutionary patterns, here defined as the gain of a variant
and its fixation in the subsequent samples that was exclusive
to either 28°C or 42°C (Figure 2). Eighteen variants followed
an evolutionary pattern defined as “Hot” (1.36%) and 23
variants followed an evolutionary pattern defined as “Cold”
(1.59%). These non-random evolutionary patterns describe
the gain of a variant and its fixation over time either in the
42°C dataset (“Hot,” e.g., 000000] 0001, 000000| 0011), or in
the 28°C dataset (“Cold,” e.g., 000001| 0000, 0000L1| 0000),
respectively. The underlying assumption was that this subset
represented beneficial mutations. Synonymous variants were
removed from further analysis. As a result, we obtained
13 genes that followed non-random evolutionary patterns
(16 non-synonymous variants). An individual functional
characterization of each gene is contained in the Supplementary
Material (Supplementary Listing S1A for “Variant Hotspots™
and Supplementary Listing S1B for “Further Non-random
Genic Variants™).

The gene function of the selected temperature-dependent
gene candidates broadly replicated the results of the GO
enrichment analysis. Here, we found multiple enzymes
involved in cell cycle control and signaling, e.g., an oxidase of
biogenic tyramine (Gsulp_RT22_67_G1995), an armadillo/beta-
catenin repeat family protein (Gsulp RT22 107 G5273),
the GTPase-activating ADP-ribosylation factor ArfGAP2/3
(Gsulp_RT22_82_G3036), and a peptidylprolyl cis-frans
isomerase (Gsulp_RT22_64_G1844). Other  candidate
genes were involved in transcription and translation,
eg., a NAB3/HDMI transcription termination factor
(Gsulp_RT22 83 G3136), or in ribosomal biogenesis
(Gsulp_RT22_112_G5896, 508 ribosomal subunit) and required
cochaperones (Gsulp_RT22_99_G4499, Hsp40). Three candidate
genes were solute transporters (Gsulp_RT22 67_(G2013,
Gsulp RT22 118 G6841, Gsulp RT22 67 G1991). Most
interestingly, two genes connected to temperature stress
were also affected by mutations. An error-prone iota DNA-
directed DNA  polymerase {(01_Gsulp_RT22_79_G2795),
which promotes adaptive point mutation as part of the
coordinated cellular response to environmental stress, was
affected at 28°C (Napolitano et al, 2000; McKenzie et al.,
2001), as well as the 2-phosphoglycerate kinase, which catalyzes
the first metabolic step of the compatible solute cyclic 2,3-
diphosphoglycerate, which increases the optimal growth
temperature of hyperthermophile methanogens (Santos and da
Costa, 2002; Roberts, 2005).

HGT Candidates Are Not Significantly

Involved in Temperature Microevolution

Horizontal gene transfer has facilitated the niche adaptation
of Galdieria and other microorganisms by providing adaptive
advantages (Schonknecht et al, 2013; Schénknecht et al,
2014; Foflonker et al., 2018). Five of the total 54 HGT
gene candidates in G. sulphuraria RT22 gained variants
(Rossoni et al, 2019). We tested whether a more significant
proportion of HGT candidates gained variants in comparison
to native genes. This was not the case: HGT candidates

did not significantly differ from native genes (categorical
data, Fisher’s exact test, p < 0.05). Of the HGT candidates,
only Gsulp_RT22_67_G2013, a bacterial/archacal APC family
amino acid permease potentially involved in the saprophytic
lifestyle of G. sulphuraria, accumulated a significant number of
mutations {12 variants).

Genes Involved in Differential Expression

Were Not Targeted by Mutation

We tested if the 6.1% of genes that gained variants were also
differentially expressed during a temperature-sensitive RNA-Seq
experiment in G. sulphuraria 074W, where gene expression
was measured at 28°C and 42°C (Rossoni et al., 2018). Of
the 6982 sequences encoded by G. sulphuraria RT22, 4569
were successfully matched to an ortholog in G. sulphuraria
074W (654%); 342 were orthologs to a variant-containing
gene, representing 79.7% of all genes containing variants in
G. sulphuraria RT22. The dataset is representative (Wilcoxon
rank sum test, Benjamini-Hochberg, p < 0.05, no differences
in the distribution of variants per gene due to the sampling
size). Based on this result, 36.3% of the wvariant-containing
genes were differentially expressed. By contrast, 40.1% of
the genes unaffected by variants were differentially expressed
(Figute 3B). The difference between the two subsets was not
significant (categorical data, Fishers exact test, p < 0.05).
Hence, genes affected by variance during this microevolution
experiment did not react more, or less, pronouncedly to
fluctuating temperature.

Intergenic Variant Hotspots

Mutations that affect gene expression strength and pattern
are a common target of evolutionary change (Barbosa-
Morais et al., 2012). Intergenic DNA encodes cis-regulatory
elements, such as promoters and enhancers, that constitute
the binding sites of transcription factors and, thus, affect
activation and transcriptional rate of genes. Promoters are
required for transcriptional initiation but their presence alone
results in minimal levels of downstream sequence transcription.
Enhancers, which can be located either upstream, downstream,
ot distant from the genes they regulate, are the main drivers
of gene transcription intensity and are often thought to be
the critical factors of cis-regulatory divergence (Wray, 2007).
Further, epigenetic changes can lead to heritable phenotypic
and physiological changes without the alteration of the
DNA sequence (Dupont et al., 2009). As a consequence of
its evolutionary history, the genome of G. sulphuraria is
highly deprived of non-functional DNA (Qiu et al., 2015).
Here, we performed variant enrichment analysis of the
intergenic space based on k-mers ranging from k-mer length
1 (4 possible combinations, A| C| G| T) to k-mer length
10 (1,048,576 possible combinations) to identify intergenic
sequence patterns prone to variant accumulation (Table 1).
The enriched k-mers were screened and annotated against
the PlantCARE (Lescot et al, 2002) database containing
annotations of plant cis-acting regulatory elements. Only partial
hits were found, possibly due to the large evolutionary
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distance between plants and red algae, more specifically the
Gualdieria lineage, which might explain the divergence between
cis-regulatory sequences (Wittkopp and Kalay, 2012). The
sequence “CG;” which is the common denominator of CpG
islands (Deaton and Bird, 2011), was found enriched within
the k-mer set of length 2. In addition, partial hits to the
PlantCARE database with a k-mer length >5 were considered
as potential hits. Using this threshold, we found three annotated
binding motifs, the OCT (octamer-binding motif) (Zhao,
2013), REl (Repressor Element 1) (Paonessa et al, 20l6),
and 3-AF1 (accessory factor binding sites) (Scott et al.,, 1996;
Rhen and Cidlowski, 2005).

DISCUSSION

Growth Rates Adapt to Temperature

In this study, we subjected two populations of G. sulphuraria
RT22 to a temperature-dependent microevolution experiment
for 7 months. One culture was grown at 28°C, representing
cold stress, and a control culture was grown at 42°C. This
experiment aimed to uncover the genetic acclimation response
to persistent stress, rather than the short-term acclimation
response of G. sulphuraria to cold stress (Rossoni et al., 2018).
We performed genomic re-sequencing along the timeline to
measure changes in the genome sequence of G. sulphuraria RT22.
After 7 months, corresponding to ~170 generations of growth
at 42°C and ~100 generations of growth at 28°C, the cold-
adapted cultures decreased their doubling time by ~30%. The
control cultures maintained constant growth, although a trend
to slower growth might occur (Figure 1). A similar increase in
the growth rate was also observed in the photoautotrophic sister
lineage of Cyanidioschyzon, where cultures of Cyanidioschyzon
merolae 10D were grown at 25°C for a period of ~100 days,
albeit under photoautotrophic conditions. This study found
that the cold-adapted cultures outgrew the control culture
at the end of the experiment (Nikolova et al., 2017). While
faster doubling times at 28°C can be attributed to gradual
adaptation to the suboptimal growth temperatures, we may only
speculate about the causes leading to slower growth in the
control condition (42°C). Perthaps G. sulphuraria RT22, which
originated from the Rio Tinto river near Berrocal (Spain), may
be able to thrive at high temperatures, but not for such a
prolonged period.

Cultures Grown at 28°C Accumulate
Twice the Number of Mutations as

Compared to Controls

We identified 1243 filtered variants (966 SNPs - 277 InDels),
of which 757 (63.5%) were located on the coding sequence
of 429 genes and 486 (36.5%) in the intergenic region. The
mutation rate was estimated to be 2.17 x 10 %/base/generation
for samples grown at 28°C and 1.10 x 10~ %/base/generation
for samples grown at 42°C, which we interpret as an indication
of greater evolutionary stress at 28°C. Hence, suboptimal
growth temperatures constitute a significant stress condition

and promote the accumulation of mutations. In comparison,
mutation rates in other microevolution experiments were
1.53 x 107 3%/base/generation-6.67 » 107! /base/generation for
the unicellular green freshwater alga Chlamydomonas reinhardtii
and 5.9 x 10~ °/base/generation in the green plant Arabidepsis
thaliana (Ness et al.,, 2012; Sung et al,, 2012; Perrineau et al,
2014). The 100-fold higher evolutionary rates in comparison to
C. reinhardtii might result from the selective strategy employed
in this experiment (only the five biggest colonies were selected
to start the next generations). Although the cold-stressed
samples accumulated twice as many mutations per generation
in comparison to the control condition, the number of gained
variants over the same period was higher in the 42°C cultures due
to faster growth rates.

Cell Cycle and Transcription Factors Are
the Main Drivers of Temperature
Adaptation

The impact of temperature-driven microevolution on the cellular
functions of G. sulphuraria RT22 was analyzed using GO
enrichment analysis. More than 75% of the 234 significantly
enriched GOs affected genes functions involved in the processes
of cell division, cell structure, gene regulation, and signaling. In
short, the cellular life cycle appears to be targeted by variation
at any stage starting with mitosis, morphogenesis, and finishing
with programmed cell death. By contrast, genes directly affecting
metabolic processes were less affected by mutation and made
up only 10% of the enriched GOs. These observations were
also confirmed through the functional annotation of the seven
genes most affected by variants (“variant hotspots™) as well as the
13 genes carrying non-synonymous variants with non-random
evolutionary patterns.

The Intergenic Space in Galdieria Is

Equally Affected as Coding Regions

Historically, intergenic DNA has frequently been considered to
represent non-functional DNA. It is now generally accepted
that mutations affecting intergenic space can heavily influence
the expression intensity and expression patterns of genes.
Variants altering the sequence of cis-regulatory elements are a
common source of evolutionary change (Wittkopp and Kalay,
2012). Due to two phases of genome reduction (Qiu et al,
2015), the genome of Galdieria is highly streamlined and the
intergenic space accounts for only 36% of its sequence. As
a consequence, it is assumed that G. sulphuraria lost non-
functional intergenic regions that are affected by high random
mutation rates in other organisms. In this experiment, variants
accumulated proportionally between the genic and the intergenic
space, which we interpret as an indication of high relevance of
the non-coding regions in Galdieria. K-mer analysis revealed
significant enrichment of variants occurring in CpG islands.
CpG islands heavily influence transcription on the epigenetic
level through methylation of the cytosines. In mammals, up
to 80% of the cytosines in CpG islands can be methylated,
and heavily influence epigenetic gene expression regulation.
Furthermore, they represent the most common promotor
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TABLE 1 | K-mer screen of intergenic regions.

K-mer size Sequence Variant Non-variant Fisher's p (BH) Annotation Sequence PlantCARE
Comments
2 o¢] 45 81329 5.8819E-06 CpGi lsland CG NA
=30 Hits Various Various
2 TT 7 483528 2.4026E-05 »100 Hits arious Various
3 GG 13 11612 0.0117 Part of: JERE AGACCGCC Jasmonate and
slicitar-rasponsive
slernent
Part of: ABRE “arious ACGT-containing ABA
Response Element
Part of: C-box ACGAGCACCGCC Cis-acling regulatory-
elsrnent involved in light
responsivensss
Part of: Chs-unit ‘Various Various
Part of: RbeS-CMATC \arious Various
Part of:F2Fb TTTGCCGC G1-M transitton of cell
cydle
Part of: GC-motiv Various Various
Part of: GC-repeat GGCCTCGCCACG 7
Part of: Box-C TATTACCTGGTCACG  Cis-acting element
CTTTCATA involved in the basal
expression of me PR1
genes
Part of: GRA CACTGGCCGECCo Important for
transcription in leaves
Part of: OCT CGCGEATC Part of the histone H4
gene promoter, which
can express H4CT
under inducing or
non-inducing
conditions. Cell division
is accompanied by a
concornitant activation
of histone genes which
produces equivalent
armounts of core
histones to be
incarparated wilh newly
replicated DNA inta
chromatin
Part of: RE1 GGEGECECGEGEAATA Repressiny element
AGGATCGGC
GCGCCACGCC
3 T 33 183031 0.0117 Part of >30 Elernents Various Variaus
3 GCG 12 11649 0.0260 Part of: RE1 GGEGCGCEGEAACA Repressing element
AGGATCGGC
GCGCCACGCC
Part of:Unnamed_7 TTTCTTGCGETT 7
TTTTG GCATAT
Part of:GTGGC-motif Variuos Part of the rbcA
conserved DNA module
array (ooA-ChMAT)
invelved in light
responsiveness
Part of: E2F AGTGGCGGNN G1-M transition of cell
NNNTTTGAA oydle
Partof:As-1-Box TCACGAATG Involved in various
CGATGACT siress-responses

correlated with auxin
salicylic acid and
rmethyl jasmonate

({Continued)
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TABLE 1 | Continued

K-mer size Sequence Variant  Non-variant Fisher's p (BH) Annotation Sequence PlantCARE Comments
Part of: ABRE Various ACGT-containing ABA Response
Elernent
Part of: GC-motiv Warious Erhancer-like element involved in
anoxio spedific inducibility
Part of: Sp 1 Motif | [ ceecic] Involved in light responsiveness
Part of Re2f-1 GCGGEGEAAA Putative E2F binding sties in the
rice PCHNA pramater mediate
activation in actively dividing cells
Pan of ACE GCGACGTACC Cis-acting elemeant in promoter and
enhanger; involved in light
responsiveness
Part of [-Box Various Part of a light responsive slement
Part of: OCT CGCGEATC Part of the histone H3 gene
promoter, which tan express H3C4
under inducing er nen-inducing
condtions. Cell division is
ascompanisd by a concormitant
activation of histone genes which
produces equivalent amaounts of
core histones to be incorporated
with newly replicated DNA into
chromatin
Part of: CHS unit 11 AGTCETGGEOCA sequence consisting of three
TCCATCCTCCCGETCA medules: enough to make light
ATGEACCTAACCCGC inducing possible
Part of Rbc3-CMA7e  ACGCAGTGTGTG Part of a light responsive element
GAGGAGCA
B CGCEG 4 230 0.013¢ Pan of: RE1 GEGCECEGALACA Repressing element
AGGATCGG
CGOGCCACGCC
Part of: OCT CGCGBATC Part of the histone H4 gane
promoter, which can express H4C7
under inducing or nen-inducing
conditions, Cell division is
accompanied by a concornitant
activation of histone genaes which
produces equivalent amaounts of
core histones to be incorporated
with newly replicated0020DMNA into
chromatin
5 CATAT 14 6311 0.0196 Part of: [-Box CCATATCCAAT Part of a lighl responsive element
Part of.Unnamed_7 TITCTTGCGTTTITIT 7
GGCATAT
5 GAGAG g} 4444 0.0336 Part of 3-AF1 TAAGAGAGGAA Light responsive elemeant
5] CGCGGEA 4 &7 0.0005 Part of: RE1 GEGCECGGEAACAA  Repressing element
GGATCGGEC
GCGCCACGCC
Part of: OCT CGCGEATC Part of the histone H4 gane
promoter, which can express H4C7
undsr inducing or nen-indusing
conditions, Cell division is
accompanied by a concornitant
activation of histone genes which
produces equivalent amaunts of
core histones to be incorporated
with newly replicated DNA into
chromatin
6 AGAGAG 10 2182 0.0067 Part of: 3-AF1 TAAGAGAGGAA Light responsive element
6 AGCGCG 3 46 0.0067 Part of: GC-motif AGCGCGCCG ?
6 CGGGAT 4 185 0.0112 NA NA NA

({Continued)
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TABLE 1 | Continued

K-mer size Sequence Variant Non-variant Fisher's p (BH) Annotation Sequence PlantCARE
Comments

6 GAGAGA 11 2273 0.0024 NA NA NA

6 GCGCGG 3 66 00112 Part of RE1 GGGCEGE Repressing element
6 TCGGGA 4 210 0.0114 NA NA NA

6 GAGCGC 3 10 0.0409 NA NA NA

7 GAGAGAG 11 1071 <0 0001 NA NA NA

7 GCGCGGA 3 3 <0.0001 Part of: RE1 GGG{CECEG) Repressing elerment

AACAAGG. .

7 CGCGGAC 3 6 0.0003 NA NA NA

7 AGCGCGG 3 7 0.0003 NA NA NA

7 AGAGAGA 10 1284 00007 NA NA NA

7 GAGCGCG 3 13 0.0009 NA NA NA

7 TCGGEAT 4 80 0.0020 NA NA NA

7 CGCTTCCC 4 101 0.0042 NA NA NA

7 TTACGAG 4 103 0004 2 NA NA NA

7 CGAGACC 3 33 0.0066 NA NA NA

7 TAGAGAG 5 288 0.0084 NA NA NA

7 ARTCAAG G 523 0.0092 NA NA NA

7 TGAGCGO 3 4 0.0094 NA NA NA

7 CGGGATT 3 64 0.0150 NA NA NA

The non-coding sequence of Galdieria sulphuraria RT22 was scresned using k-mers spanning 1-10 nuclkotides. The k-mers of each length were tested for variant
enrichment (Fisher’s exact test). Only significantly enriched k-mers are shown hers. K-mers fonger than sight nucleotides did not produce any database hits and are
not shown. K-mer size; length of the analyzed k-mer. Sequence: the sequence of the k-mer. Variant: Number of k-mers with specific sequence affected by variants.
Non-Variant: Number of k-mers with a specific sequence not affectsd by variants. Fisher's p (BH): Benjamini—Hochberg post hoc corrected p-valus of Fisher's enrichment
test. Annotatfon: PlantCARE identifier (ID) of reguiatory element "Part of” indicates a partial hit of the k-mer sequeance to the database entry /D Sequence: Full sequence
of the regulatory element. PlantCARE Comments: Additional information provided by PlantCARE.

type in the human genome, affecting transcription of almost
all housekeeping genes and the portions of developmental
regulator genes (Jabbari and Bernardi, 2004; Saxonov et al.,
2006; Zhu et al., 2008). Hence, temperature adaptation is not
only modulated through accumulation of mutations in the
genetic region but equally driven by the alteration of gene
expression through epigenetics and mutations affecting the non-
coding region.

CONCLUSION

‘We show here that the significant growth enhancement of
samples grown at 28°C over more than 100 generations
was driven mainly by mutations in genes involved in the
cell cycle, gene regulation, and signal transfer, as well as
mutations that occurred in the intergenic regions, possibly
changing the epigenetic methylation pattern and altering the
binding specificity to cis-regulatory elements. Our data indicate
the absence of a few specific “key” temperature switches.
Rather, it appears that the evolution of temperature tolerance
is underpinned by a systems response which requires the
gradual adaptation of an intricate gene expression network and
deeply nested regulators (transcription factors, signaling
cascades, and cis-regulatory elements). Our results also
emphasize the difference between short-term acclimation
and long-term adaptation with regard to temperature stress,
highlighting the multiple facets of adaptation that can be

measured using different technologies. The short-term
stress response of G. sulphuraria and the long-term stress
response in C. merolae were quantified using transcriptomic
and proteomic approaches, respectively (Nikolova et al,
2017; Rossoni et al, 2018). At the transcriptional and
translational levels, both organisms reacted toward maintaining
energetic and metabolic homeostasis by increased protein
concentrations, adjusting the protein folding machinery,
changing degradation pathways, regulating compatible solutes,
remodeling of the photosynthetic machinery, and tuning
the photosynthetic capacity. SNP and InDel calling revealed
underlying regulators mostly affected by variation which are
potential drivers of altered transcript and protein concentrations
and ultimately determine physiology and phenotype. Some
issues, however, remained unresolved. Is the observed growth
phenotype permanent, or is it mostly derived from epigenetic
modification which could be quickly reversed? We also did
not investigate the temperature-dependent differential splicing
(Bhattacharya et al, 2018; Qiu et al, 2018) apparatus in
Galdieria, or the impact of non-coding RNA elements, both
of which may provide additional layers for adaptive evolution
(van Bakel et al., 2010).
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