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1 Abstract

Phylogenomics is a field of molecular evolutionary research devoted to the study of
functional and evolutionary aspects of genomes from the perspective of phylogenetic
reconstruction based on whole genomes. Current approaches to genome phylogenies
usually operate within the framework of bifurcating phylogenetic trees. However, several
evolutionary process are non tree-like in nature, including recombination, hybridization,
genome fusions, and lateral/horizontal gene transfer (LGT or HGT). Phylogenetic networks
have been therefore developed in order to analyze and depict reticulated evolutionary
processes during gene and species evolution. Networks comprise entities (vertices)
connected by pairwise relations (edges). Approaching genome evolution with networks,
rather than trees, thus enables the reconstruction of both vertical and lateral gene transfer
events. Phylogenomic networks are a special type of phylogenetic network reconstructed
from fully sequenced genomes. The vertices in phylogenomic networks correspond to
genomes that are connected by edges representing evolutionary relations inferred from
genomic data. In the literature, phylogenomic networks have mainly been used to study
genome evolution in prokaryotes and bacteriophages where lateral gene transfer is a
common mechanism of natural variation. Their applications in the literature can be divided
into two network types depending on the evolutionary relations to be characterized. In gene-
sharing networks, edges represent shared orthologous protein families among the genomes
in the network. In LGT networks, genomes are connected by edges representing LGT events
reconstructed by other means, for example using phylogenetic trees. Modeling genome
evolution using networks offers access to the extensive available toolbox of network
research. The structural properties of phylogenomic networks open up fundamentally new

insights into genome evolution.



2 Zusamenfassung

Phylogenomik ist ein Zweig der molekularen Evolutionsforschung. Ziel der Phylogenomik ist
es, evolutiondre Aspekte in der Genombiologie anhand phylogenetischer Einordnung
kompletter Genome zu erfassen. Heutige Ansatze der Genomphylogenie beziehen sich
meist auf bifurzierende, phylogenetische Baume. Viele evolutiondre Prozesse allerdings, wie
z. B. die Rekombination, Hybridisierung, Genomfusionen, oder auch lateraler/horizontaler
Gentransfer (LGT oder HGT) sind nicht baumartig aufgebaut. Es wurden daher
phylogenetische Netzwerke entwickelt, um neben vertikalen auch komplizierter verastelte
evolutionare Prozesse in der Genom- und Speziesevolution zu analysieren und darzustellen.
Das Netzwerkmodell — bestehend aus paarweise verbundenen Objekten — ermdglicht die
Rekonstruktion sowohl von Vertikalevererbung, als auch von lateralen
Gentransferereignissen.  Phylogenomische Netzwerke sind eine aus vollstandig
sequenzierten Genomen berechnete spezielle Klasse phylogenetischer Netzwerke. Die
Knoten dieser Graphen entsprechen den Genomen, welche Uber Kanten, die evolutionaren
Beziehungen entsprechen, miteinander verbunden sind. In der Literatur werden
phylogenetische Netzwerke vorwiegend zur Erforschung der Genomevolution von
Prokaryoten und Bakteriophagen verwendet. Lateraler Gentransfer ist bei diesen
Organismen ein gangiger Mechanismus zum Austausch genetischen Materials und tragt
somit wesentlich zur Artenvielfalt bei. In der Literatur finden zwei Klassen von Netzwerken
Verwendung, abhangig von der Art der evolutiondaren Verbindung. In Netzwerken
gemeinsamer Gene reprasentieren die Kanten orthologe Proteinfamilien, die in den
verbundenen Genomen gemeinsam vorkommen. Kanten in LGT-Netzwerken reprasentieren
durch phylogenetische Baume abgeleitete LGT Ereignisse. Die Modellierung der Evolution
von Genomen in Form eines Netzwerks ermdéglicht es, vielseitige Werkzeuge, die fir die
Erforschung von Netzwerken und Graphen in anderen Wissenschaftsbereichen entwickelt
wurden, zu benutzen. Strukturelle Eigenschaften phylogenomischer Netzwerke kénnen neue
Erkenntnisse Uber grundlegende Prozesse und biologische Mechanismen wahrend der

Genomevolution liefern, welche vorher verborgen blieben.



3 Introduction

The evolutionary history of species is most commonly depicted as a bifurcating phylogenetic
tree comprising nodes and branches. The nodes in the tree correspond to contemporary
species (external nodes) and their ancestors (internal nodes). The branches represent
vertical inheritance linking ancestors with their descendants (Figure 1a). The accumulation of
fully sequenced genomes since 1995 has enabled the practice of phylogenomics, that is, the

study of phylogenetic relationships at the whole genome level?

The evolutionary
reconstruction of gene phylogenies from many genomes allows a more accurate
reconstruction of evolutionary events such as gene loss, gene gain, and gene duplication’

(Figure 1Db).
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Figure 1 | A phylogenetic tree composed of nodes and branches with contemporary nodes in
green and ancestral nodes in blue. (A) A phylogenetic tree of genes or species. The branches
represent vertical inheritance. (B) A phylogenetic tree of genomes. The multiple lines composing each
branch correspond to different genes in the genome. The arrows mark a gene duplication event (gray),
a gene loss event (purple), and a gene birth event (yellow).

But there is more to microbial genome evolution than branching patterns in bifurcating
trees. Prokaryotic species evolve not only through vertical inheritance but also by DNA
acquisition via lateral gene transfer®*. During an LGT event a recipient genome acquires
genetic material from a donor genome. The acquired DNA becomes an integral part of the
recipient genome and is inherited by its descendants®. LGT is a major mechanism for natural
variation in prokaryotes where several mechanisms for DNA acquisition have evolved,
including transformation®, transduction’, conjugation®, and gene transfer agents®'® (Box 1).

LGT among eukaryotic species is a rare event except in the case of endosymbiosis where



donors and recipients are found in intimate relations making gene transfer feasible and
sometimes also beneficial to the host'"'?. But looking more deeply into the evolutionary past,
eukaryotes have a bacterial ancestry; the bioenergetic organelles of eukaryotes —
mitochondrion and chloroplast — have evolved through an endosymbiosis event of an
eubacterial symbiont>". The evolution of eukaryotic organelles is characterized by
extensive LGT from the engulfed

bacterium to the host nuclear genome ™. Box 1: LGT mechanisms in bacteria

While evolution by gene transfer Conjugation: the transfer of DNA via
proteinaceous cell-to-cell junction in bacteria.

during eukaryotic evolution was abundant . o agents (GTA): phage-like DNA-

in the past but is rare today, LGT during carriers that are produced by a donor cell under
. . . stress conditions and released to the environment
prokaryotic evolution is frequent and (observed in oceanic Alphaproteobacteria).

abundant today and probably throughout Transduction: DNA acquisition during the course

24 of phage infection in bacteria.

the past as wel The frequency of

Transformation: the uptake of raw DNA from the
protein families affected by LGT during environment into a microbial cell.

microbial evolution as inferred from gene phylogenies is estimated to range between 60% '*?°
and 90%2". Other authors reported much lower frequencies: Ge et al.?
2% of the protein families evolved by LGT, and Beiko et al.” detected LGT in only 14% of

the protein families. However, these low estimates should be contrasted with the

estimated that merely

experimental assessment of LGT frequency calculated in vitro from gene acquisition rate in
Escherichia col**. Out of 246,045 LGTs from 79 different donor species via a plasmid
(similar to LGT by transformation or conjugation), only 1,402 instances failed to integrate into
the E. coli genome. In remaining 99.4% of the transfers the gene was transferred
successfully?*. Genes that were identified as resistant to lateral transfer are common among
proteins involved in complex biological mechanisms, such as the ribosome, where both
sequence conservation and gene copy number confer major selective constraints on protein
function®. Cellular pathways posing a barrier to LGT of their member proteins are most
common in information processing pathways® but are found in metabolism and cellular
processes pathways as well?.

The widespread occurrence of LGT means that a tree model that takes only vertical
inheritance into account fits only a very small fraction of prokaryotic genome history. The

27,28

most natural generalization and alternative to trees are networks“"“". By graph theory

definitions, a phylogenetic tree is a connected, acyclic, directed graph®. If we allow the
graphs to be cyclic (not only at the root), then we enter the realm of phylogenetic

networks®®?'.



3.1 Networks

A network is a mathematical model of pairwise relations among entities. The entities (vertices
or nodes) in the network are linked by edges representing the connections or interactions
between these entities (Box 2). In a co-authorship network, for example, the vertices
represent scientists and the edges represent common publications to the scientists that they
connect®. In an aviation network, airports are connected by flights®*. Network approaches
are common in almost all fields of science including social sciences, cell biology, ecology,
and statistical physics. The network model supplies an abstract representation of a whole
system of interacting entities enabling investigation of the unifying principles behind complex
relations among them. Hence the most basic issues in network research are structural®.

Network properties and connection pgoy 2: Network terms

patterns can inform us about the topology, Degree (or Connectivity): the number of edges

dynamics, and development of the that connect the node with other nodes.
34-37 Directed network: a network where the entities
) are connected by asymmetric relationships.

A network of N vertices can be fully  Edge (or Link): related vertices are connected by

defined by a matrix, A=[ayjy- , with a; # 0 2N €dge-
) ) ) . Phylogenetic network: a network of biological
if an edge is connecting between vertex i entities connected by links  representing

and vertex j, and a; = 0 otherwise. In a evolutionary relations.
Network: an abstract representation of a set of
entities connected by links representing symmetric

whether the vertices are connected. so ©OF asymmetric relations between the entities.

Vertex (or Node): an individual entity within the
network.

modeled system

binary network the information is limited to

that a; = 1 if vertices /, j are connected and
a; = 0 if vertices /, j are disconnected. In a
weighted matrix the edges can also have a certain weight that signifies the strength of the
connection between the vertices. Vertex connectivity is the number of vertices connected to
the vertex. In a weighted network the vertex connectivity is calculated as the total edge
weight of edges connecting to the vertex® (Figure 2a).

For example, in a co-authorship network, scientists are connected by edges signifying
common publications®. The edge weight is the number of publications coauthored by the two
scientists linked by the edge. The connectivity of a scientist in this network is the number of
edges connected to it, representing the number of her or his co-authors. The weighted
connectivity of a scientist vertex is the total edge weight of all edges linked to it, which is the
total number of her or his publications with all co-authors®. A comparison of vertex
connectivity in co-author networks reconstructed for different scientific disciplines reveals

stark differences in co-authorship relations depending on the scientific field.
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Figure 2 | Network models. (A) A network composed of vertices (circles) and edges (lines) (top). 1) A
binary matrix representation of the network. Cells of connected vertices i and j are set to 1. Vertex
connectivity (C;) is calculated as the sum of edges linked to the vertex. 1I) A weighted matrix
representation of the network. Cells of connected vertices i and j contain the edge weight linking the
vertices. (B) A directed network comprising vertices and directed edges. |) A binary representation of
the directed matrix. Cells of edges directed from vertex i to vertex j are set to 1. Vertex IN degree is the
sum of vertices connected to the vertex. Vertex OUT degree is the number of vertices to which the
vertex is connected. 1) A weighted matrix representation of the directed network. Cells of edges
directed from vertex i to vertex j contain the edge weight. Vertex IN degree is the sum of edges

connected to the vertex. Vertex OUT degree is the sum of edges connecting the vertex to other
vertices.

For example, the mean co-authors per scientist in the biomedical studies (18.1+1.3) is much
higher than that of physicists (9.7+2). Scientists in the field of high-energy physics where
large experimental collaborations are common have on average 173+6 co-authors®.

In directed networks the edges are polarized from one vertex to the other (Figure 2b).
In the matrix representation of a directed network of N vertices, a; # O if a directed edge is



pointing from vertex i to vertex j, and a; # O if a directed edge is pointing from vertex j to
vertex i. Directed networks can be either binary or weighted. Vertex connectivity in a directed
network is calculated depending on the edge direction. The OUT and IN degrees of any given
vertex are defined as the number of edges that are directed from or into the vertex

3943 (Figure 2b). For example, in a directed network of phone calls among

respectively
individuals the edges signify a phone call between the two individuals they connect, and the
edge direction defines the calling individual and the receiving individual*'. In the phone calls
network, the edge weight a; is the number of phone calls from individual i to individual j.
Vertex OUT and IN degrees correspond to the number people to whom the individual called
and the number of people that called the individual respectively®'.

Directed networks of biological systems include mainly models of metabolic

4044 and regulation schemes**. In a directed network of metabolic processes the

pathways
vertices represent chemicals (metabolites) and the edges represent the reactions catalyzed
by the corresponding enzyme(s). The edges are directed from the substrate to the product of
the enzymatic reaction*°. Substrate IN and OUT connectivity distribution in metabolic networks
is similar among species from the three domains of life, suggesting common principles of
metabolic pathway organization within cells*°. Regulation networks have been used to model
different regulatory mechanisms of gene expression. In a transcriptional regulation network
the vertices represent genes and the edges are directed from the regulating gene (i.e.,
transcription factor) to the regulated gene®. The distribution of gene IN and OUT degrees in
the transcriptional regulation network of E. coli shows that transcription factors regulate the
transcription of three genes on average, and that most genes are regulated by one or two
transcription factors*.

Network models are highly efficient as information visualization tools. Modeling
complex systems using networks approach supplies an abstract visual representation of the
system®” enabling our brains (the most powerful computers known) to look for patterns in the
data. Ordering the vertices in the network according to a predefined layout can assist in the
search for visual patterns that can then be formulated as hypotheses regarding the modeled
system, and be tested statistically. For example, the network graph of facebook user
connections comprising 500 million people interconnected via the facebook virtual social
network is incomprehensible. However, distributing the vertices in the network according to
the geographical coordinates of user address reveals a clear link pattern resembling the
globe®. The clear geographical structure of human pairwise connections conducted via the
World Wide Web (WWW) suggests that human relations are primarily initiated by a meeting

in the real world*.

10



3.2 Phylogenetic networks

Network models are commonly used in phylogenetic research for the reconstruction of
evolutionary processes that are non tree-like in nature, including hybridization,
recombination, genome fusions, lateral gene transfer, and the like®'. The application of
networks to phylogenetic data permits the modeling and visualization of reticulated

evolutionary events that cannot be represented using a bifurcating phylogenetic tree 3%234%-

%2 Network applications can be also used for tree-like (vertical inheritance only) gene
phylogenies in order to analyze conflicting phylogenetic signals stemming from either the
data or model misspecification®’. Similarly to phylogenetic trees, phylogenetic networks can
be reconstructed from various data types including molecular sequences, evolutionary
distances, presence/absence data, and trees themselves®*3",

Split networks, for example, are reconstructed from bipartitions in a set of taxa as
31,53-55

implied by the underlying data . The splits are classified as compatible if they
correspond to the branching pattern of a phylogenetic tree, and incompatible if they do not®®.
A phylogenetic splits network includes both compatible and incompatible splits, hence it can
be used to depict and analyze multiple evolutionary scenarios, not only those that are
represented by a single phylogenetic tree®"*. A phylogenetic reconstruction of a split
network from concatenated gene alignments can reveal conflicting phylogenetic signals
resulting from hybridization events such as those that occurred during the evolution of the
domesticated apple®® or the origin of the symbiotic hybrid Euglena gracilis®’.

The network of shared microbial transposases is an example of a phylogenetic
network reconstructed from gene presence/absence data®®. Transposase are the most
abundant genes in nature®®. These enzymes promote DNA transfer between microbial
genomes during conjugation®. An analysis of transposase sequence divergence patterns
showed that these enzymes are transferred more frequently by LGT then by vertical
inheritance®’. Thus the distribution of shared transposases among microbial genomes is
expected to correlate with LGT via conjugation. Since this gene transfer mechanism requires
a physical contact between the donor and recipient’, a network of shared transposases is
expected to reveal genetic interactions by LGT among species residing in the same habitat.
In the microbial transposase network the vertices are species and the edges correspond to
transposase families shared between the genomes that they connect®. The shared
transposase network reveals that most of the interactions are between closely related
species living in the same environment. However, inter-habitat connections are also quite
common in the network supplying evidence for prokaryotic mobility across habitats, either at
present or in the past™.

Phylogenomic networks are a special type of phylogenetic networks that are

reconstructed from the analysis of whole genomes. The vertices in a phylogenomic network

11



correspond to fully sequenced genomes that are linked by edges representing evolutionary

relationship reconstructed from whole-genome comparisons. Current applications in the

62,63 19,23,64-67

literature include genomes from the three kingdoms of life
63,68,69

, or prokaryotes only as

well as genomes of plasmids and bacteriophages® . Phylogenomic networks can be

divided into two main types: gene-sharing and lateral gene transfer networks.

3.3 Phylogenomic networks of shared genes

Networks of shared genes are reconstructed from the presence/absence pattern of all
orthologous protein families distributed across the genomes in the network?*2%¢7° The
vertices in the network are genomes (species) and the edges correspond to gene sharing
between the genomes they connect. The gene sharing network reconstruction procedure
includes the following steps: (1) select the genomes to be included in the network, (2) sort all
proteins encoded in the selected genomes into protein families, and (3) calculate the number
of shared genes for each genomes pair by the number of protein families in which both
genomes are present. Genomes that share at least one protein are connected by an edge. In
the simplest form of this network, the edge weight corresponds to the number of shared

protein families between the genomes it connects®*®

(Figure 3A). Because genome size can
vary considerably among species (up to twelve-fold in inter-kingdom comparisons) the edge
weight in some gene sharing networks is normalized by the genome sizes of the connected
vertices?®2%*7° A graphical representation of a gene-sharing network can reveal an internal
structure within the network. For example, a network reconstructed from both eukaryotic and
prokaryotic genomes reveals a strong phylogenetic structure within the network with a clear
distinction between the three domains of life®?. Phylogenomic shared-genes networks of
(e.g.
Figure 3A) as well as abundant gene sharing across taxonomic groups that is characteristic
of evolution by LGT?063¢6,

Gene-sharing networks in the literature are typically reconstructed from complete

microbial genomes reveal strong connections between closely related species®®?

genomes of known taxonomic classification?>®2®°. Nevertheless, there are also examples for

%8389 or bacteriophages’ or even environmental

networks comprising genomes of plasmids
metagenomes®®. For example, Lima-Mendez et al.”® have looked into the issue of
bacteriophage classification using a phylogenomic shared genes network reconstructed from
306 bacteriophage genomes. Even more so than prokaryotes, phages also evolve by
frequent LGT, making their classification into phylogenetically related groups very difficult”.
The phylogenomic phage network reveals that clusters of similar genomes in terms of gene

sharing comprise phages of various host ranges and nucleic acid types (double or single

12



stranded DNA/RNA)”. Hence, in this case the network approach can contribute to a
development of a system for phylogenetic classification of phages”.

Halary et al.?® used a phylogenomic network of shared genes to study the evolution of
genetic diversity from a “DNA centered” point of view. Their network comprises 111 genomes
of eukaryotes and prokaryotes, as well as several thousands of phage and plasmid protein
sequences, many of the latter were obtained from metagenomic datasets. The network of
genes shared across the different DNA carrier (that is, chromosomes, phages, plasmids)
revealed multiple genetic worlds with clear boundaries between the different DNA carriers,
with most protein families having a distribution that is limited to a specific type of DNA carrier.
However, the network also contains a large connected component where chromosomes,
plasmids, and phages are highly interconnected. Frequent links between bacterial
chromosomes and plasmids in that component indicate that LGT by conjugation is highly
prevalent in natural habitats®.

Shared gene content among fully sequenced genomes can also be used to
reconstruct splits networks®”". Using the extensive set of tools developed for splits network
reconstruction®® enables the analysis and depiction of conflicting phylogenetic signals within
gene sharing data. An example is the splits network of protein domain order reconstructed
for 167 fully sequenced genomes from the three domains of life’". The network reveals clear
conflicting phylogenetic signals at the origin of Viridiplantae that are grouped with eukaryotes
but share a significant split with cyanobacteria. The plants-cyanobacteria split is a
phylogenetic evidence for the cyanoacterial origin of plastids within photosynthetic
eukaryotes. Many genes in plant genomes originated by endosymbiotic gene transfer from

the genome of the cyanobacterial endosymbiont into the nuclear genome of the host’.

Consequently, plant genomes are a mosaic of eukaryotic and cyanobacterial genes'®"%7°.
Splits networks of shared gene content among prokaryotes can also reveal insights
into the most ancient splits among microbial genomes®. The splits in this type of network are
reconstructed from the presence/absence pattern of protein families across fully sequenced
microbial genomes. Each protein family defines a partitioning of the genomes into those that
encode for that protein and those that do not. Such a split network reconstructed from 22
archaebacterial and 169 eubacterial genomes reveals a deep split between the two
prokaryotic domains®. To test for the position of the root in the microbial network of life

Dagan et al.®

used the mid-point rooting approach, according to which the root in a
phylogenetic tree is placed at middle of the longest branch”. An application of this approach
to the shared genes split networks revealed an ancient divide within microbial life between

archaebacteria and eubacteria and an inter-domain root position®”.

13
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Figure 3 | Phylogenomic networks of shared genes reconstructed from 329
gammaproteobacterial genomes. (A) A matrix representation of a phylogenomic shared genes
network. Protein families were reconstructed under the constraint of 30% (top) and 70% (bottom)
amino acid identities (for details see ref. 66). The species are sorted by an alphabetical order of the
order and genus. The color scale of cell aij in the matrix indicates the number of shared protein
families between genomes i and j. The matrix representation of the phylogenomic shared-genes
network reconstructed from Gammaproteobacterial genomes clearly shows groups of highly
connected species having many genes in common. These groups usually comprise closely related
species. Examples are 14 Shewanella species (Alteromonadales order) at the top-left corner, and six
Xanthomonas species (Xanthomonadales order) at the bottom-right corner of the matrix intra-
connected species corresponding to (top to bottom) 12 Escherichia species, 7 Salmonella species, 6
Shigella species, and 12 Yersinia species, which have many genes in common. Applying a higher
protein similarity cutoff (right) yields a shared genes network of conserved genes only. The network
shows a clear phylogenetic signal with most genes shared among closely related species. (B) A
phylogenomic network of laterally shared genes reconstructed by the minimal lateral network (MLN)
approach64 (left). Vertical edges (tree branches) are indicated in gray, with both the width and the
shading of the edge shown proportional to the number of inferred vertically inherited genes along the
edge (see scale on the left). The lateral network is indicated by edges that do not map onto the vertical
component, with number of genes per edge indicated in color (see scale on the right). Edges of
weight<10 are excluded®. (C) A three-dimensional projection of the gammaproteobacterial MLN.
Lateral edges are classified into three groups according to the types of vertices they connect within the
reference tree. (i) 3,432 external-external edges (red) correspond to laterally shared genes between
contemporary genome. (ii) 5,083 internal-external edges (blue) represent gene sharing between a
clade (a group of species) and a contemporary genome. (iii) 2,191 internal-internal edges (green)
correspond to gene sharing between groups of species.

3.4 Phylogenomic LGT networks from shared genes

Phylogenomic LGT networks are still a young area of endeavor. They were developed to
study the lateral component in microbial evolution and are reconstructed from LGT events
inferred from genomic data'®?*#4%%" Networks of laterally shared genes (LSG) are a special
case of gene sharing networks. They focus on distribution patterns resulting from LGT during
prokaryotic evolution. The vertices in the network are the external and internal nodes of a
reference species phylogenetic tree. Edges in the network correspond to gene transfer

events between the nodes they connect'®®*%

(Figure 2B). LGT inference in current
applications of LSG networks is based on mapping gene gain and loss events within each
protein family onto the reference tree nodes. A gene gain event can be either a gene birth or
a gene acquisition via LGT. The underlying assumption is that gene birth is much more rare
than LGT for genes of related sequence. Hence, in protein families were N >1 gain events
were inferred, only one of the gains is a gene birth and the remaining N-1 gain events are
gene acquisitions by LGT. In the LGS network, nodes in the reference tree are connected if
there is at least one protein family that is shared between the nodes via a putative LGT
event. Edge weight in the LSG network corresponds to the number of laterally shared gene
gains between the connected nodes '

Two different LSG network reconstruction methods are documented in the literature.

Gene gain and loss events in the ‘net of life’ network' are inferred by a parsimonious

15



algorithm for ancestral gene content reconstruction’. In the minimal lateral network (MLN)
approach® gene gain and loss events are reconstructed by the ancestral genome size
criterion?®. The application of phylogenomic LSG network including both gene inheritance
and gene acquisition by LGT enables an inference of the cumulative impact of LGT during
microbial evolution. An MLN reconstructed from 181 fully sequenced microbial genomes
revealed that, on average, 81+15% of the proteins in each genome are affected by LGT at

some time during evolution®.

3.5 Phylogenomic LGT networks from trees

Phylogenomic LGT networks have been reconstructed from LGT events detected in gene
phylogenies as well®%. As in LSG networks, the phylogenomic LGT network reconstruction
requires a species tree that is considered as a reference for distinction between vertical
inheritance and LGT. For the network reconstruction, a phylogenetic tree is reconstructed for
each protein family. Branches (splits) in the protein family tree that are found in disagreement
with the reference species tree are considered as LGT events and are included in the
network®*%’.

The LGT network depicted by Beiko et al.?® is a summary of all LGT events inferred
from 22,432 phylogenies of orthologous protein families encoded in 144 prokaryote
genomes. The nodes in the network correspond to 21 higher taxonomic groups of microbes
(e.g., Cyanobacteria, Euryarchaeota, Bacilli, etc.). Edges in the network correspond to LGT
events between members of the groups and are weighted by the number of laterally
transferred genes®. The network comprises a total edge weight of 1,398 LGT events. The
heaviest edges in the network connect the vertices of Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria. The sum of the edge weights linking these
three groups corresponds to 56% of the transfers in the network, indicating that LGT is highly
frequent among species in these classes®.

LGT inference methods that include the identification of the donor and recipient in the
gene transfer event enable the reconstruction of a directed phylogenomic network. Popa et
al.%” described a directed network of LGT (dLGT) comprising 32,027 recent LGT events
reconstructed from 657 fully sequenced microbial genomes. The vertices in this network are
contemporary and ancestral microbial species (as in the LSG network). Edges in the dLGT
network correspond to one or more recent LGT events between the species they connect
and are directed from the donor to the recipient. The edge weight is the number of genes that
were laterally transferred between the connected genomes® (Figure 3C). The nodes in the

dLGT network are arranged by the density of their connections.
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Figure 4 | A phylogenomic directed LGT (dLGT) network. The nodes represent species and their
ancestors. The edges represent LGT events and are directed from the donor to the recipient. Nodes of
non-Gammaproteobacteria species are colored in gray. Most of these are Betaproteobacteria67. (A)
Node color corresponds to the taxonomic order of donors and recipients listed on the left. The edge
color corresponds to the number of transferred genes (see scale at the bottom). Most of the colorful
edges connect between nodes having the same color hence most of the recent LGT in this network
occurs between donors and recipients from the same taxonomic group. Genomes of intracellular
endosymbionts (e.g. the parasites Legionellales and Thiotrichales) are forming genus-specific clusters
that are disconnected from the larger component. The lack of detected recent LGT between those
endosymbionts and other species in the network can be due to their interaction with the host, which is
a barrier to LGT. (B) Community structure within the dLGT network. Node color corresponds to the
community to which it belongs. Nodes from the same community are colored in the same shade. Most
of the communities comprise closely related species from the same genus. The enterobacteriales form
two communities. The green community includes only Yersinia species, the blue community includes
Escherichia, Shigella, Salmonella, and Citrobacter species. (C) Cellular characteristics in the dLGT
network showing the pathogens (red) and non-pathogens (white) in the network. The presence of LGT
links between pathogens and non-pathogens suggest that non-pathogens may mediate DNA transfer
between pathogenic populations67.
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Highly connected species, having frequent recent LGTs between them, are placed close
together in the graph (Figure 3C). Species from the same taxonomic group are colored by
the same node color. The resulting network shows that vertices that are close together in the
graph often have the same color (e.g., the clusters of Enterobacteriales or Xanthomonadales
in Figure 3C). Hence most of the recent LGT events within the dLGT network are among
closely related species. Using an approach based on directed LGT networks enables
coupling of information regarding LGT events and cellular properties of donors and

recipients. The dLGT network reconstructed by Popa et al.®’

revealed that DNA repair
mechanisms such as non-homologous end joining may be involved in DNA integration into
the recipient genome during an LGT event, enabling gene acquisition from distantly related

donors.

3.6 Structural properties of phylogenomic networks

Structural properties of networks can be analyzed and understood using an extensive set of
tools developed over the years®®. Node (or vertex) connectivity, for example, is a measure
that quantifies the extent to which a node is central within the network®®. A similar measure,
vertex centrality, quantifies the frequency in which the vertex occurs along the shortest path
between any vertex pair in the network. The overall distribution of vertex centrality is
commonly used to test for internal structure within the network. A distribution that is different
from that of a random network indicates that vertices in the network have a preferential
attachment resulting from the evolutionary history of the network® .

Vertex connectivity in phylogenomic LSG networks can serve as a measure for the
frequency in which the species donates or acquires genes by LGT. The genomes of the
plancomycetes Rhodopirellula baltica str. SH1 (Pirellula sp.) and the alphaproteobecteria
Bradyrhizubium japonicum, for example, are highly connected within the LSG network (hub
genomes)'®. These two species harbor a relatively big proteome, R. baltica with 7,325
proteins and B. japonicum with 8,317 proteins. Genome size and the frequency of acquired
genes are positively correlated’” hence species having large genomes are expected to be
highly connected in phylogenomic networks of LGT. In the dLGT network genome size
correlates positively with both IN and OUT vertex degree (ry = 0.38, royr = 0.39) indicating
that species having large genomes are not only frequent recipients but also frequent
donors® . In the phylogenomic gene-sharing network among different DNA carriers, plasmids
have significantly higher centrality than phages®. This result suggests that LGT in nature is
more frequently mediated by conjugation then by transduction®®. Edge weight distribution in
weighted networks can also supply information regarding link patterns in the network. The

edge weight distribution in the LSG and dLGT networks is linear in a log-log scale indicating
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that the majority of LGT events are of one or few genes while bulk transfers of many genes
are r.are19,64,66,67.

Another measure of interest is the diameter of a network, which quantifies the mean
shortest path length between any two vertices in the network®. In the aviation network, for
example, this is the average number of flights that one needs to book in order to travel from
any city to any other city in the world®*. Networks having a small diameter are designated
‘'small world’ networks*3>3"7® The human society is an example for such a network; the
median of distances between any given pair of humans measured by mutual acquaintances
is only 5.5 ™" 7®_ The diameter of the LSG network measured by the mean shortest path
between any genomes pair ranges between 2-5 nodes indicating that they form a small world
network'®®*. This implies that a gene can be transferred between any two random species by
no more than five LGT events via intermediate recipients/donors. This could be the reason
for the rapid percolation of antibiotic resistance genes’® within pathogenic populations.

Networks may also display community structure®®. A network that includes groups of
vertices that are densely connected within the group but scarcely connected with vertices
from other groups is said to have an internal community structure**®°®2, Communities are the
functional building blocks of the network and may supply information about its evolutionary
history®'®2, An example is the network of protein-protein interactions within the cell. In this
network proteins (vertices) that were found to interact are linked by an edge. The protein-
protein interaction network has a significant community structure. Proteins that function in the
same cellular process form communities of densely interacting proteins while proteins from
different cellular processes interact sparsely®.

The phylogenomic networks of shared genes among prokaryotes have a clear
community structure that largely corresponds to the taxonomic classification of the connected
species®. In Proteobacteria, the community structure within a network comprising 329
genomes reveals a deep split, one that was not detected by common phylogentic methods,
between alpha-, delta-, and epsilon-proteobacteria in one group and beta- and gamma-
proteobacteria in the other group®. Communities in the network of shared genes among
DNA carriers are strictly homogeneous with regards to plasmids and phages. This indicates
that these two gene vehicles rarely carry the same genes®. Community structure within the
dLGT network reveals groups of species that are connected by LGT events much more than
with species outside the group. Most of the communities in this network comprise species
from the same taxonomic group, hence the majority of recent LGT events occur between
closely related donors and recipients. The rare communities that group together distantly
related species are an evidence for frequent LGT within a common habitat or via a common

phage?.
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3.7 Summary

Network models capture a substantial component of genome evolution, which is not tree-like
in nature. Therefore, in biological systems where reticulated evolutionary events are
common, phylogenomic networks offer a general computational approach which is more
realistic biologically and evolutionarily more accurate. The prevalence of LGT during
microbial and viral evolution make phylogenomic networks an essential tool in the study
these systems.

Each of the different phylogenomic network types presented here offers a different
insight into microbial genome evolution. Phylogenomic networks reconstructed from gene
sharing are an efficient visualization tool to examine gene distribution patterns across
genomes. Community structure within these networks may be helpful for taxonomic
classification of bacterial species and bacteriophages?”’®. Networks of laterally shared genes
(LSG) pose an alternative to whole genome phylogenies by supplying a more realistic model
of microbial evolution including a distinction between vertical and lateral gene transfer'®%.
The directed phylogenomic network reconstructed from trees, where both donor and
recipient in the recent LGT event are inferred®’, enables a detailed analysis of species
characteristics that are related to evolution by LGT.

Much of microbial evolution is better described by networks then by trees, owing to
the prevalence of LGT. The network model enables to study several genomic and species
characteristics in parallel such as evolutionary relations, common habitats, shared gene
content, and common metabolic pathways. The rapid advance of new sequencing
technologies will deliver a genome sample density that was previously unthinkable. It is clear
that there is abundant interspecific gene recombination among prokaryotic genomes in
nature. Phylogenomic networks enable the mathematical modeling of that evolutionary

process and the investigation of cellular mechanisms that drive microbial genome evolution.
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3.8 Thematic contents of this thesis

This habilitation, while as a whole dealing with phylogenomic networks, is divided into five
complementary sections comprising a total of 13 publications.

The first chapter presents an introduction to non tree-like evolutionary processes. This
chapter includes two review articles focusing on the prevalence of reticulated processes
during genome evolution (Dagan and Martin 2006) and the need to utilize network
approaches in the study of genome evolution (Dagan and Martin 2009).

The second chapter deals with the inference of gene transfer from the organelles to the
nuclear genome during eukaryotic evolution. Two research articles are included in this
chapter. The first deals with the reconstruction of the mitochondrion ancestor (Esser et al.
2007). The second includes a survey for genes of cyanobacterial origin within plants
genomes, the evolutionary history of which suggests that the plastid ancestor was a
heterocyst-forming cyanobacterium (Deusch et al. 2008).

The third chapter deals with the inference of lateral gene transfer (LGT) during
prokaryote evolution. One article investigates possible biases in LGT inference from
phylogenetic trees (Roettger et al. 2009). The other article presents a novel approach to
quantify LGT frequency during microbial evolution using the ancestral genome size
constraint (Dagan and Martin 2007).

The fourth chapter comprises five applications of phylogenomic networks to different
evolutionary questions. Two articles present the utility of a minimal lateral network for
estimating the cumulative impact of LGT during microbial evolution (Dagan et al. 2008) and
for studying proteobacterial phylogeny (Kloesges et al. 2011). A third article presents a
phylogenomic network approach to inferring the root of the tree of life (Dagan et al. 2010).
The fourth article presents a novel approach to study microbial genome evolution using
directed LGT networks (Popa et al. 2011). A fifth article demonstrates the utility of minimal
lateral networks to examine the prevalence of lateral word transfer (borrowing) during
language evolution (Nelson-Sathi et al. 2011).

The final chapter deals with the cumulative impact of chaperone-mediated folding on
genome evolution. The first article reveals the genomic imprints of chaperone-mediated
folding in prokaryotes (Bogumil and Dagan 2010). The second article uncovers common
physiochemical properties among proteins that are folded by the same molecular
chaperones in yeast (Bogumil et al. 2011).

This introductory chapter is itself currently under consideration for publication as a

review article.
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5 An introduction to non tree-like evolutionary processes.

5.1 The tree of one percent

Dagan T, Martin W: The tree of one percent. Genome Biol 2006, 7:118.

(Own contribution: 50%).
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Abstract

Two significant evolutionary processes are fundamentally not tree-like in nature - lateral gene
transfer among prokaryotes and endosymbiotic gene transfer (from organelles) among eukaryotes.
To incorporate such processes into the bigger picture of early evolution, biologists need to depart
from the preconceived notion that all genomes are related by a single bifurcating tree.
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represents about 3,000 protein-coding genes, the 31-protein
ree of life represents only about 1% of an average prokary-
otic proteome and only 0.1% of a large eukaryotic proteome.
Thus, the positivists can say that there is a tree of life after
all: a bit skimpier than expected, but a tree nonetheless. But
he microbialists, glaring at the same data, can say that the
glass is only 1% full at best, and more than 99% empty!

here might be a tree there, but it is not the tree of life, it is
he ‘tree of one percent of life’.

Looking at the issue openly, the finding that, on average,
only 0.1% to 1% of each genome fits the metaphor of a tree of
ife overwhelmingly supports the central pillar of the micro-
ialist argument that a single bifurcating tree is an
insufficient model to describe the microbial evolutionary
[process. If throwing out all non-universally distributed
genes and all suspected cases of LGT in our search for the
ree of life leaves us with a tree of one percent, then we
should probably abandon the tree as a working hypothesis.

hen chemists or physicists find that a given null hypothe-
sis can account for only 1% of their data, they immediately
start searching for a better hypothesis. Not so with microbial
evolution, it seems, which is rather worrying. Could it be that
many biologists have their heart set on finding a tree of life,
regardless of what the data actually say?

hich hypotheses (if any) are we testing?
By themselves, genomes cannot tell us anything about
evolution, microbial or otherwise. Evolutionary biology is
about hypothesis testing: one checks to see if data from
genomes provide support or not for one or the other
hypothesis that was generated independently of the genome
data used to test it. What ideas about early evolution that
could be tested with genome data are currently discussed by
specialists in the field? We consider five distinetly different
iews, each of which enjoys some popularity.

[The rRNA tree

he first is the classical ribosomal RNA (rRNA) tree of life as
constructed by Carl Woese and colleagues [13-16] from the
ate 1970s onwards (Figure 1a). It suggests, in its current
interpretations, that the universal ancestor of all life (the
[progenote) was a communal collection of information-
storing and information-processing entities that were not yet
organized as cells. LGT is seen as the main mode of genetic
novelty at the early stages of evolution, and the process of
rertical inheritance arises only with the process of ‘genetic
annealing’ from within this mixture. At this point, the
emerging cellular lineages of prokaryotes and eukaryotes
become refractory to LGT, and are considered to traverse a
ind of ‘Darwinian threshold’ from the organizational state
of supramolecular aggregates to the organizational state of
cells. Traversing that threshold is seen as equivalent to the
[primary emergence, from the broth in which life arose, of the
hree kinds of cells that we recognize today - archaebacteria,

eubacteria and eukaryotes. The classical tree [13] assumed
its current shape when anciently diverged protein-coding
genes suggested that the root of the universal tree lies on
the bacterial branch [17,18]. This view admits that
chloroplasts and mitochondria did arise via endosymbiosis,
but it sees no role for mitochondria or any other kind o
symbiosis in the emergence of the eukaryotic lineage, an
the genetic contribution of mitochondria to eukaryotes is
seen as detectable, but negligible in evolutionary or
mechanistic terms [19]. The classical tree is taken by some
to indicate that eukaryotes are in fact sisters of archaea at
the level of the whole genome [9,16], a view that is,
however, mainly founded on extrapolation from the rRN
tree to the rest of the genome without actually looking at all
of the data.

The introns-early tree

The introns-early (or eukaryotes-first) tree emerged when
Ford Doolittle [20] suggested that the ancestral state off
genes might be ‘split’, and that some introns in eukaryotic
genes might thus be carryovers from the assembly off
primordial protein-coding regions. In that case, the organi-
zational state of eukaryotic genes (having introns) would
represent the organizational state of the very first genomes|
[21] and the intronless prokaryotic state would be a derived
condition (Figure 1b), a view that was christened ‘introns-
early’ [22]. Doolittle has since abandoned this view [23], but]
it has found other proponents [24,25]. They draw upon
different lines of evidence in support, and call their position
‘introns-first’ rather than introns-early [25]. They agree that
the eubacterial root assumed for the rRNA tree is
questionable and that a eukaryote root is more likely [26,27],

Some of the proponents of the introns-first hypothesis
interpret various aspects of RNA processing in eukaryotes
(in addition to introns), such as rRNA modification|
through small nucleolar RNAs (snoRNAs), as direct
carryovers from the RNA world and hence as evidence for
eukaryote antiquity [26,28,29]. There is no prokaryote-to-
eukaryote transition in the introns-early tree, because
prokaryotic genome organization is seen as a very earl

derivative of eukaryotic gene organization. Accordingly,
the relationship of eukaryotes and prokaryotes is depicte

largely as a more-or-less unresolved trichotomy [19], an

the contribution of organelles or symbiosis to eukaryote
evolution is admitted as existing, but negligible in terms o
evolutionary significance.

The neomuran tree

The neomuran tree (Figure 1c) stems from the work of Tom|
Cavalier-Smith [30-32]. No theory on the relationship o
prokaryotes to eukaryotes, current or otherwise, is more
explicit in terms of details of mechanism [32]. In the main, it
suggests that the common ancestor of all cells was a free-
living eubacterium (in the most recent version of the theory,
a Chlorobium-like anoxygenic photosynthesizer) and that
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Figure |
Five different current views of the general shape of microbial evolution. (a) The ‘classical’ tree derived from comparison of rRNA sequence and rooted
ith ancient paralogs. It is thought to arise from a collection of non-cellular supramolecular aggregates in the primordial soup, between which there is
lateral gene transfer (LGT). A process dubbed genetic annealing gives rise to cells. In this scenario, the three domains of life - Eubacteria, Archaebacteria
and Eukaryotes - branch off in that order. (b) The introns-early tree. This proposes that the ancestor of all three domains contained introns, which were
lost in the Archaebacteria and Euacteria. (c) The neomuran tree. This introduces an ancestral group of organisms from which Archaeabacteria and
Eukaryotes arose after the loss of the eubacterial-type cell wall in one lineage (the neomuran revolution). (d) The symbiotic tree. This proposes that the
ancestor of eukaryotes originated by the endosymbiosis of one prokaryote (X) in another prokaryote host (Y), giving rise to nucleated (n) eukaryotic
ells. The different groups of eukaryotes arose by subsequent separate endosymbiotic events involving various prokaryotes - the ancestors of plastids (p)
and mitochondria (m) - in host cells of this lineage. (e) The prokaryote-host tree. This also incorporates endosymbiosis as the origin of mitochondria and
plastids, but proposes that the endosymbiotic event that gave rise to a cell containing nucleus and mitochondria occurred in a prokaryotic host. This
leads to a ring-like relationship between the ancestral organisms rather than a tree (see inset 2). This model also invokes extensive LGT throughout
microbial evolution (see inset 1). See text for further details.
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eubacteria were the only organisms on Earth until about
000 million years ago. At this time, a member of the
eubacteria, in recent versions an actinobacterium, lost its
murein-containing cell wall and was faced with the task of
reinventing a new cell wall (hence the Latin name: neo, new;
murus, wall). This led to the origin of a group of rapidly
evolving organisms that Cavalier-Smith calls the Neomura.

he loss of the cell wall precipitated an unprecedented
process of descent with modification in this group. During a
short period of time (perhaps 50 million years), the
characters that are shared by archaebacteria and eukaryotes
arose (for a list of those characters, see [31]). The neomuran
ineage then underwent diversification into two lineages, with
another long list of evolutionary changes in each. One lineage
invented isoprene ether lipid synthesis and gave rise to
archaebacteria. The other became phagotrophic and gave rise
o the eukaryotes. In older versions of this hypothesis, some
eukaryote lineages branched off before the mitochondrion
vas acquired; these lineages were once called the Archezoa
[30]. In newer versions, the mitochondrion comes into the
eukaryote lineage before any archezoan can arise. No
evolutionary intermediates from the transitions of actino-
bacteria into neomurans, archaebacteria, and eukaryotes
[persist among the modern biota, which is a distressing aspect
of the theory for many specialists. The neomuran theory
accounts mainly for cell biological characters, but not for
sequence similarity among genes.

[The symbiotic tree: a merger of distinct branches

At about the same time that archaebacteria and introns
vere being discovered, biologists were still fiercely
debating the issue of whether mitochondria and
chloroplasts were once free-living prokaryotes [33] or not
[34]. Lynn Margulis had revived the old and controversial
heories from the early 2oth century regarding the
endosymbiotic origin of chloroplasts and mitochondria
[35,36]. Margulis’s version of endosymbiotic theory was
one of eukaryotes-in-pieces, and has always contained an
additional partner at eukaryote origins to which no
specialists other than herself have given credence: the
spirochete origin of eukaryotic flagella [35-37]. Other
[prokaryote symbioses en route to eukaryotes involve the
possible endosymbiotic origin of peroxisomes [38,39], or
an endosymbiotic origin of the nucleus [40-42]. Common
o those theories are a eubacterial-archaebacterial merger
of some sort at the origin of eukaryotes (X and Y in Figure
1d), giving rise to a nucleated but mitochondrion-lacking
cell - an archezoon [30] - followed by the origin of
mitochondria.

From the viewpoint of more modern data, the spirochete
origin of eukaryotic flagella can be seen as both unsupported
and unnecessary [43], as can an endosymbiotic origin for
[peroxisomes, for which there are also no supporting data
[44]. The origin of the nucleus is still debated [45].

The prokaryote-tree with LGT: a merger of
ephemeral genomes

An exciting prospect predicted by all the foregoing hypo-
theses was that the most primitive eukaryotic lineages
should lack mitochondria. That sent molecular biologists
scrambling to study contemporary eukaryotes that were
thought to lack mitochondria, work that unearthe
findings of the most unexpected kind: all of the
purportedly primitive and mitochondrion-lacking lineages|
were not really primitive nor did they even lac
mitochondria. The mitochondria are there, it turns out, but
they do not use oxygen [46,47], they are small [48], an
some do not even produce ATP [49]. These ‘new’ members
of the mitochondrial family among eukaryotic anaerobes
(and parasitic aerobes [50]) are calle
hydrogenosomes and mitosomes (reviewed in [51]). That
pointed to the possibility that there never were anyj
eukaryotes that lacked mitochondria; hence, the host that]
acquired the mitochondrion might have just been an
archaeon outright (Figure 1e). Several hypotheses of this|
sort have been published, some of which account for the
common ancestry of mitochondria and hydrogenosomes|
(reviewed in [52]) and some of which account for the origin|
of the nucleus [53].

some

Like the symbiotic tree, the prokaryote-host tree can
accommodate LGT [54] without problems (Figure 1e, inset
1), and furthermore implies the existence of ring-like|
structures [55], rather than tree-like structures linking
prokaryotes and eukaryotes at the level of gene content and
sequence similarity (Figure 1e, inset 2). The only real
difference between the symbiotic tree and the prokaryote-
host tree hypotheses concerns the number of symbiotic
partners involved at eukaryote origins - more than two
versus two, respectively - and the existence (or
nonexistence) of primitively amitochondriate eukaryotes.
Both predictions are, in principle, testable with genome
data, but the tests become a bit more complicated than
standard phylogenetic tests, because of LGT [52].

The biggest branch is the biggest problem

For many biologists concerned with life’s deeper relationships,
the longest and most strongly supported branch in many
current versions of the tree of life as depicted in Figure 1a or in
recent papers [9,16] is also the most misleading: the central
branch that implies a sister-group relationship between
eukaryotes and archaebacteria [9,13]. It is misleading because
at the level of genome-wide patterns of sequence similarity,
eukaryotes are far more similar to eubacteria than they are to
archaebacteria [56]. Put another way, eukaryotes possess|
more eubacteria-related genes than they possess
archaebacteria-related genes [56,57]. This has escaped the
attention of almost everyone, and is one of evolutionaryj
biology’s best-kept secrets, at least in circles where the rRN.
tree is thought to speak for the whole genome.
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As a representative eukaryote example, the non-redundant set of human proteins (NCBI's Refseq database [70]) was compared using BLAST to a data
set containing all proteins from 224 prokaryotic genomes: (a) 24 archaebacteria and (b) 200 eubacteria. In each panel, individual genomes are
represented by columns and individual proteins by rows; numbers of proteins are indicated on the left and percentage amino-acid identity by the color
scale shown on the right. BLAST hits with an e-value = 1020 and = 20% amino-acid identity were recorded. The percent identity of the best blast hit for
each human protein in each prokaryote was color coded as shown on the right and plotted with MATLAB®. The 3| proteins that were used in the
recent tree of life [9] are marked with ticks in column (c). A table containing the numbers, genes, and species underlying the figure is available as

dditional data file I.

An example emphasizing this point is shown in Figu
vhere the percentage amino-acid identity between euk
otic proteins (human in this example; y in [56]) and
heir homologs in prokaryotes (when present) is depicted. Of

g sequence identity with eubacterial homologs,
vhereas 877 (15%) are more similar to archaebacterial
homologs (196 are ties). The proteins comprising the recent
ree of life - or the tree of one percent [9] - belong almost
xclusively to the informational class [57]; that is, they are
nvolved in information storage and proc g. It is well
known that eukaryotic informational genes are archaea-like

indicate a close relationship of eukaryotes and

archaebacteria, but as is clearly visible in Figure 2, they
speak for only a very small minority of eukaryotic genes [56].

Eukaryotes p ss genes that they have inherited from
archaebacteria and from eubacterial organelles [58]. But in|
plants, the acquisition of genes from

has been estimated as

from mitocho

substantial gene influxes cannot be represented with|
bifurcating trees, they are usually just ignored.

A refreshing exception to the assumption that the tree of life
is a tree to begin with is the recent paper by Rivera and Lake
[55], who reported a procedure that takes LGT into account;

Genome Biology 2006, 7:118

juswwod




it shows eukaryotes as the sisters of archaebacteria and
eubacteria simultaneously (Figure 1e, inset 2). But Rivera
and Lake [55] did not force the data onto a tree; rather, they
ooked to see whether the data were actually tree-like in
structure, and found that a directed acyclic graph (a ring)
represents the underlying evolutionary process linking
prokaryotes to eukaryotes better than a tree does. They
offered crisp arguments that endosymbiosis is the most
ikely cause for the ring-like nature of the data.

But not everyone agrees that symbiosis was important in
eukaryote evolution. Some biologists, mainly from the
[positivist camp, categorically reject the idea that eukaryotes
acquired many, or any, genes from endosymbionts, and
hey scorn the notion that endosymbiosis had anything to
do with eukaryote origins [15,19,39]. An argument salient to
hat view is the sweeping claim that endosymbiosis and
gene transfer from endosymbionts fails to account for the
evolution of any outstanding eukaryote characters [19],
such as the nucleus. A more optimistic view from the
microbialist camp is that the endosymbiotic origin of
mitochondria could have made a major contribution to the
genetic makeup of eukaryotes [58,59]. This could account
or the finding that operational genes of bacterial origin are
in the majority in eukaryote genomes [52]. The origin of
mitochondria could have even precipitated the origin of the
nucleus via the introduction of introns into eukaryotic
ineages [53]. The roles of LGT and endosymbiosis in
evolution have always been controversial. Genomes attest
hat both processes are important [23], but neither can be
andled by strictly bifurcating trees as a means to represent
zenome evolution.

Seeing the wood for the trees

he need to incorporate non-treelike processes into ideas
about microbial evolution has long been evident [57,60-63].
But mathematicians and bioinformaticians are just now

eginning to explore the biological utility of graphs that can
recover and represent non-treelike process that sometimes

nderlie patterns of sequence similarity in molecular data
and patterns of shared genes. These approaches can involve
networks [64-67], rings [55], or simply tack inferred gene
lexchanges onto trees [4,68,69]. These newer approaches aim
o recover and depict both the tree-like (vertical inheritance
hrough common descent) and the non-treelike (LGT and
endosymbiosis) mechanisms of microbial evolution. As such,
hey represent important advances, because both mecha-
nisms are germane to the processes through which microbes
evolve in nature.

So, are we close to having a microbial tree of life [9]? Or are
ve closer to rejecting a single tree as the null hypothesis for
he process of microbial genome evolution [1,54]? All in all,
he latter seems more likely, for if our search for the tree of
ife delivers the tree of one percent, then we should be

searching for graphs and theories that fit the data bette
than a single bifurcating tree.

Additional data file
Additional data file 1 is a table containing the numbers,
genes, and species on which Figure 2 is based.
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5.2 En route to a network of genomes

Dagan T, Martin W: Getting a better picture of microbial evolution en route to a network
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also discordant with the a priori expected relationships
for the taxon labels (the species containing the respect-
ive gene), disregarding for the moment the issue of
whence those a priori expectations stem, can readily
be explained by assuming some number of ancient
gene duplications and differential loss. But each time
we assume a duplication and a loss to explain discor-
dant branches, we are assuming the presence of an
additional gene in the genome ancestral to the species
under study. That is fine for one or two genes, or
maybe a dozen or maybe a hundred. If, however, we
have to add that kind of corollary assumption to
every prokaryotic gene and its tree, then the size of
the ancestral genome that results from those corollary
assumptions begins to burgeon and quickly reaches an
untenable size, that is, it becomes the genome of Eden,
as put it. That logical constraint
turns out to be a very useful tool, it turns out, in our
efforts to understand gene transfer and chromosome
evolution, as we briefly explain in the following.

We recently undertook an endeavour to describe
prokaryote genome evolution in terms of networks
( ). In essence, we assorted 539 723
protein coding genes among 181 sequenced prokar-
yote genomes into 54 349 families using the standard
MCL algorithm. Many of those families have a very
patchy distribution, that is, members of many families
are found in a few genomes from different taxonomic
groups. If we make the extreme and testable assump-
tion that there has been no LGT in the evolution of
those genes among the 160 eubacteria and 21 archae-
bacteria sampled, then the distributions of those genes
shared across more than one genome would be
governed by lineage specific gene origin and gene
loss only. That assumption can be tested by comparing
the distribution of inferred ancestral genome sizes
under such assumptions with the modern distribution
of contemporary genome sizes, measured in gene
families to see if they are significantly different,
which they are ( ). A premise
underlying that test is that there is no a priori reason
to expect that prokaryotic genome sizes in the past
were fundamentally different from those observed
today. If we assume that there is no LGT then we
are also assuming that all gene trees are compatible,
and each gene is present in the genome ancestral to
its first appearance in the evolution of the genomes
we are considering. Thus gene distributions alone
demand a certain amount of LGT among prokaryotic
genomes, at least approximately 1 LGT per gene
family per gene family lifespan, because too much
vertical inheritance leads us into the genome of Eden
problem ( ). Allowing LGT
reduces the inferred size of ancestral genomes, but
allowing too much LGT reduces their size to distri-
butions that are once again significantly different
from modern genome sizes, but too small (the
genome of Lilliput) rather than too large.

The constraint of ancestral genome size opens two
inroads to studying genome evolution. First, it permits
estimates for how much LGT has gone on in prokar-
yote evolution ( ). Those
estimates are attained without comparing gene trees
and furthermore by assuming all gene trees to be
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compatible, hence they constitute minimum lower
bound estimates. Second, it permits us to address
genome evolution in terms of evolutionary networks
consisting of vertically and laterally inherited genes.
How? Given an assumed (or inferred) phylogeny for
any given component of the genomes in question,
then each of the ancestral nodes in that phylogeny cor-
responds to a genome-sized collection of genes. The
constraint of genome size provides a criterion to
decide whether a gene is present at a given ancestral
node, that is, present in an inferred ancestral genome,
or not. That is important because if we have a criterion
for deciding which genes are present at which nodes,
then shared genes across nodes correspond to edges
in a network, and we can construct an evolutionary
network that captures both vertical and horizontal
components of gene inheritance, as illustrated in

a shows an assumed phylogeny for 181
genomes and corresponds to the topology and species
designations shown in fig. 3a and the supplementary
material of . The tree that we use
as a vertical backbone was not just assumed from
thin air, rather it was constructed from analyses of
the rRNA operon assuming monophyly for the prokar-
yotic taxa shown, but its specific branching order
might as well just have been assumed, for two reasons.
First, there is currently little evidence to suggest that
any genes in prokaryote genomes have strictly
co-evolved with the rRNA operon over the whole of
evolutionary time ( ), hence even
if we had the right rRNA tree, there remains the
more pressing question of ‘for what would it be a
proxy?’ ( ). Second, for 181
genomes there are 3.6 x 10°7? possible trees, and
the chances of getting the right tree are comfortingly
negligible (by comparison there are about 10%° protons
in the universe, very close to the number of trees for
60 genomes). Nonetheless, we can work with that
assumed tree and specify as its root the branch
between eubacteria and archaebacteria, because that
is where genome similarity as measured in shared pro-
portions of shared genes would place the root (

), notwithstanding other suggestions
as to where the root might be (see the contribution
by Lake er al. 2009). Then, given the genome of
Eden constraint, we can draw an edge between all nodes
that are connected by a shared gene, that is, nodes that
are connected by the presence of a member of one
of our 54 349 protein families, which would give us a
network of genomes.

Before drawing such a network, there is a matter to
consider concerning the congruence between the
edges to be drawn in the figure (shared genes) and
the process they are intended to represent (LGT). If
we infer that there was only one LGT in the history
of a given gene family, then there is only one lateral
edge connecting the nodes bearing that gene. In that
case, there is a 1:1 correspondence between the
number of lateral edges and the number of LGTs.
But if three nodes need to be connected by lateral
edges, then there are three edges that connect them
but there are only two LGT events at the minimum
need to be assumed, which applies to 27 per cent of
the genes in the present example. Similarly, if four
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nodes need to be connected by lateral edges, then
there are six edges that can connect them, but only
three LGT events are needed to explain the gene distri-
bution. Kunin et al. (2005) dealt with this problem by
assigning weights to lateral edges corresponding to
their probabilities of 2/3, 3/6, etc. We dealt with it by
taking 1000 replicate samples from the matrix rep-
resentation of the lateral network in which superfluous
edges are randomly deleted, such that the number of
lateral edges and the number of LGT events exactly
correspond ( ). Using that procedure,
we can plot the lateral edges onto a, which
represents vertical inheritance among genomes, and
furthermore depict lateral transfer among genomes
as well, which was one aim of our undertaking to use
networks for describing genome evolution.

Among the 1000 replicates, there are 2330 + 16
lateral edges that connect internal nodes to internal
nodes ( , 5886 + 20 lateral edges that connect
internal nodes to external nodes ( and
4046 + 16 lateral edges that connect external nodes
to external nodes ( . Each of these edges cor-
responds to a lateral gene transfer, and if we plot all
edges in one figure, the result is that shown in

e. We designate the network as a minimal lat-
eral network because the procedures that were used
to determine gene presence or absence at nodes
entail two simplifying assumptions that severely under-
estimate the amount of LGT that has actually gone on
among genomes: (i) we assume that all genes are
orthologous, that is, that all multiple occurrences of
a gene family in a genome are assumed to be the
result of recent gene duplications within that
genome, and (il) we assume that all gene trees for all
families are compatible. Those are rather severe
assumptions, but they do deliver estimates for the
minimum LGT rate and the minimum number of
LGT events to be plotted in the network.

3. INCLUDING EUKARYOTES IN THE NETWORK

Ideally, one would like to see eukaryotes and prokar-
yotes in the same network of shared genes and it can
be expected that such graphs will eventually emerge.
But current gene sharing networks encompass only
prokaryotes (Kunin ez al. 2005; ) or
phage ( ). They depict
genome evolution among prokaryotes as a process of
donor-—recipient relationships that has been more or
less continuous over evolutionary time, with genes

acquired by conjugation (plasmids), transduction
(phages), transformation (natural competence)
( ) or gene transfer agents
( att ) but also being transmitted ver-

tically by the process of chromosome replication as
well, in agreement with some current views the process
of microbial genome evolution ( :
). While these four mechanisms of gene spread
among prokaryotes just mentioned are very well
characterized at the molecular and genetic level, simi-
lar genetically and molecular defined mechanisms have
not been characterized among eukaryotes. Thus it
would seem that there is a big difference between pro-
karyotes and eukaryotes concerning the prevalence,
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mechanisms and biological significance of lateral
gene transfer. Indeed, it is not unusual to find that
three strains of the same prokaryotic species such as
E. coli might share less than 40 per cent of their
genes in common ( ), while sequen-
cing a representative for a eukaryotic lineage, such as
Entamoeba, might reveal only 1-2% of the genome
consisting of genes that might have been specifically
acquired in that lineage ( ). Clearly,
the frequency and impact of LGT in prokaryote and
eukaryote genomes is different.

But at the same time, a particular kind of gene
transfer among eukaryotes, namely gene transfer from
organelles, or endosymbiotic gene transfer (

), represents a very important source
of genetic novelty among the eukaryotes (

; ). Gene transfer
from organelles sets eukaryotes apart from prokar-
yotes, which in contrast to eukaryotes lack organelles
descended from free-living prokaryotes. That is not
to say that no prokaryotes harbour prokaryotic endo-
symbionts, for there are two such examples known
( : ), but there are
no prokaryotes known to harbour double-membrane
bounded organelles, raising the question of what is
an endosymbiont and what is an organelle (

). A practical distinction between
the two is whether the endosymbiont has evolved a
protein import apparatus, as in the case of chloroplasts
( ), mitochondria (

) and secondary plastids (

), in which case it would qualify as an organelle,
or not, in which case it is best called an endosymbiont
( )

Endosymbionts living in the cytosol are very
common among eukaryotes today and probably have
been throughout evolution ( r s
but endosymbiotic associations that give rise to
organelles are not common at all. Available evidence
indicates that there was only one origin of plastids
from cyanobacteria ( ), and only one
origin of mitochondria from proteobacteria (see con-
tribution by Embley in this volume), as sketched in

. Once every 4 Gyr is rare. Both symbioses
entailed the origin of a specific protein-import machin-
ery. Both entailed the origin of a novel taxon at the
highest levels (known plants and known eukaryotes).
Both entailed a symbiosis of one cell within another,
each possessing a genome’s worth of genes. If an endo-
symbiont lyses, its chromosome is free to recombine
with that of its host, if the host lyses, the symbiosis
is over, hence the transfer of genes is generally
unidirectional from endosymbiont to host, which can
be seen as a ratchet mechanism ( ). We
can see the workings of endosymbiotic gene transfer
in eukaryote genomes today. We can see that bulk
recombination is involved, as the 367 kb insertion of
the complete mitochondrial genome in Arabidopsis
and the 121 kb insertion of the complete chloroplast
genome attest ( ). The mechanism
of insertional recombination involves non-homologous
end joining ( ). Gene
transfer from transformed mitochondria and from
transformed plastids can be demonstrated in the lab
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( : ) and there
is increasing interest in the role of stress factors, such
as oxidative stress, that might promote the rate incor-
poration of organelle sequences in nuclear genomes
over recent evolutionary time ( ).
Given the ease and frequency with which genes are
transferred from organelles to the nucleus, the question
arises as to why there are any genes left in organelles at
all, and despite many different proposals to account for
this observation, only one really fills the bill, namely
that of B ), who suggested that
organelles have retained genomes in order to allow
redox-dependent regulation of gene expression within
individual organelles that possess bioenergetic mem-
branes. This proposal is strongly supported by recent
characterization of proteins involved in redox-regulated
plastid gene regulation ( ) and
would furthermore directly account for the lack of
DNA in hydrogenosomes, anaerobic forms of mito-
chondria that generate energy via substrate level
phosphorylation, and hence lack membrane-associated
electron transport ( ).

There is also evidence for the workings of endosym-
biotic gene transfer early in evolution as well. In plants,
estimates for the fraction of genes acquired from
the ancestor of plastids range from approximately 15
to 20 per cent of nuclear protein coding genes, with
systematic underestimations owing to the difficulties
of phylogenetic inference with poorly conserved
sequences figuring prominently in the issue (

). In eukaryotes that never possessed plastids,
such as yeast, the majority of genes having homologues
among prokaryotes are more similar to eubacterial
homologues than they are to archaebacterial homol-
ogues and the former are generally involved in
metabolic functions (operational genes) while the
latter are generally involved in information storage and
expression (mformanonal genes) ( H

The generally surprising observation that eukar-
yotes possess a majority of eubacterial genes (

) is distinctly at odds with the view that
eukaryotes are sisters of archaebacteria, but it is readily
accounted for under endosymbiotic models for the
origin of eukaryotes ( ), if we allow
for the very real possibility that there was a substantial
quantity of endosymbiotic gene transfer subsequent to
the origin of mitochondria. That brings us to the
question of which genes, exactly, the ancestor of mito-
chondria, or the ancestor of plastids for that matter,
possessed? We can phrase that question another way,
and in the specific context of this paper, namely,
what is the relationship of | to ? Both
figures purport to represent something that most
people who will ever read this paper generally accept,
namely that plastids and mitochondria really are
descended from free living endosymbionts (/i )
and that prokaryotes really do redistribute their genes
across chromosomes over time ( ). If we add
to that the recognition that many genes in eukaryote
genomes really do stem from those two endosymbionts
via endosymbiotic gene transfer, then which genes did
those endosymbionts harbour in their chromosomes at
the time when they became endosymbionts?
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If we take the evidence seriously that prokaryotes
really do pass their genes around over time, as we
should, then it would appear that the collection of
genes possessed by the ancestor of mitochondria is
probably best preserved in its most contiguous form
among eukaryote genomes, rather than among prokar-
yote genomes. This issue has been around for about 10
years ( H ) but for the most
part it has been disregarded, with some exceptions
( ). For example,

recently reported that there are some genes
the plants and chlamydias share more or less specifi-
cally, and they suggested that this constitutes evidence
for the participation of an additional endosymbiont, a
chlamydial one, at the origin of plastids. But if we let
go of the notion that the chromosomes of prokaryotic
‘lineages’ are static collections of genes that have
co-evolved in a linked manner within the same
chromosome over billions of years ( IF
as data from genomes suggests that we should
( ), then we can contrast
two ways of looking at the chlamydia data as an
example of many similar sorts of observations emer-
ging from genomes: (i) is it more reasonable to
assume that a gene or group of genes can be used as
a proxy for the existence of an additional endosym-
biont in the plant lineage? Put another way, does
every gene, in the extreme, serve as a proxy for the
expected patterns of sequence similarity for the rest
of the genes present in a given chromosome at a
given point in time? Or (ii) are prokaryotic chromo-
somes, including those related to the ancestors of
organelles, really ‘fluid’ structures, with genes
coming in and going out over time? In our view, the
latter question is much closer to being a formulation
to which we could respond with a straightforward
‘yes’ and feel comfortable saying so.

It will probably take some time before LGT among
prokaryotes ( ) and the endosymbiotic origins
of chloroplasts and mitochondria ( ) can be
reconstructed at the computer in a unified framework
that starts with genome sequences and ends up with a
network that is both readily printable and readily inter-
pretable. It will take longer still before the secondary
endosymbioses can be included in such an endeavour,
because the data coming from those genomes are
painting an increasingly complex picture (

H Js
Apropos complexity, as the tsunami of data from
eukaryote genome projects rolls in, it is being churned
through various alignment and phylogeny pipelines
and many of the trees so produced are showing
unusual branching patterns or unusual sequence
similarities. This has led to a situation where many
reports for LGT among eukaryotes are emerging, the
most spectacular being the initial claim for several
hundred laterally acquired bacterial genes in the
human genome, which turned out not to be true
( I 3 ). However,
because eukaryotes, in contrast to prokaryotes
( i ), lack
genetically and molecularly well-defined mechanisms
of gene transfer across species boundaries, the search
for mechanisms to explain the presence of odd
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branching or otherwise unexpected sequences has
been expanded to include mere physical contact
between organisms ( ) or even
LGT via meteorites ( ), to
highlight one prominent example. Such suggestions
leave us less than comfortable.

In addition to the lack of molecularly characterized
mechanisms, another contrast of LGT among prokar-
yotes to reports of eukaryote-to-eukaryote LGTs is
that the latter all too often entail oddly branching
copies of highly similar genes (

) but without any corresponding effects for
organismic ecology, whereas LGT among prokaryotes
can, and often does, transform the overall physiology
of an organism ( .

B ) with dramatic and
obvious consequences for its ecology and evolution.
In that vein, chloroplasts and mitochondria also
transformed the physiology of their hosts through
endosymbiosis and donated some fundamentally new
genes to their hosts (for example, for photosynthesis
and mitochondrial ATP synthesis), not just divergent
copies of the same ones.

Thus, LGT among prokaryotes and gene transfer in
the context of endosymbiosis can be correlated to
changes in ecology and physiology, but most of the
reports for ‘odd-branch’ LGT among eukaryotes
cannot ( ). This is not to say
that eukaryotes never acquire genes from other eukar-
yotes. But the ‘odd branch’ approach to LGT has
some hefty caveats because there are lots of genes
out there in the databases and there are thousands of
alignments and trees that can be made from them.
Some of those trees will have high support values for
artefactual branches for reasons intrinsic to the com-
putational process of phylogenetic reconstruction
( ; Bapteste er al. 2008;

), and even the random choice of whether we
align amino acids in a protein sequence from N-terminus
to C-terminus orin the reverse order can exert a dramatic
influence on phylogenetic and phylogenomic results
( . ). Such
issues still loom somewhat over investigations of LGT
that are based in tree comparisons alone and where
the inference of LGT can account for differences in
observed branching patterns, but little else.

4. WARNING: MANY PEOPLE DISAGREE WITH
SOME VIEWS EXPRESSED HERE
We have presented two figures here to illustrate our
current views on early evolution from the standpoint
of endosymbiosis ( ) and LGT ( ).
might be more controversial than in
various aspects and we feel obliged to point out that
many scientists would staunchly disagree with aspects
of the sketch presented in , hence a few words
seem in order to justify why we drew it the way we did.
In , we have sketched the origin of the host
lineage for the origin of mitochondria as an archaebac-
terium outright, because it precludes the notion that
nucleated but mitochondrion-lacking cells (archezoa)
ever existed ( ) in agree-
ment with some recent analyses based on supertrees
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( ) and based on careful phylogenetic
studies of informational genes ( ). Some
would staunchly disagree, maintaining that there are
indeed eukaryotes around that never possessed mito-
chondria ( ), that the host that
acquired the mitochondrion was a eubacterium
¢ ), or that the common ancestry of mito-
chondria and hydrogenosomes is somehow tenuous
( B ). We politely
disagree, and will not argue their case here. We have
indicated a later origin of eukaryotes than of prokar-
yotes, consistent with microfossil evidence suggesting
their later emergence ( .

), and this runs contrary to views, with
which we disagree, that eukaryotes represent a lineage
that is as old as or older than prokaryotes (

). We have drawn the root in
between archaebacteria and eubacteria, with which
many scientists would also disagree, maintaining that
archaebacteria arose via mutations from a bona fide
eubacterium ( ) or that prokar-
yotes are derived from eukaryotes (

) or that other placements of the root are prefer-
able (see contribution by Lake ez al. 2009). Again, we
disagree and do not argue the opposing views.

Our placement of the root is consistent with geo-
chemical evidence for the ant1qu1ty of both prokaryotic
groups ( ) and
with the observation that the two main groups of pro-
karyotes are deeply divergent, not only at the level of
their cell wall and membrane constituents (

), but also at the level of processes so
basic as DNA maintenance (

). Also, we have drawn the base of to
suggest that the first prokaryotes might have arisen
from something that looks like a hydrothermal vent,
which need not be true, but there are enough
similarities between energy-releasing geochemical
reactions involving H, and CO, at some modern
hydrothermal vents and energy releasing biological
reactions involving H, and CO, among some
modern microbes to pursue the idea further (

). Many scientists would disagree with the
view that hydrothermal vents had anything to do
with the origin of life ( ).

Finally, there is the matter that we have not
suggested any branching orders for either prokaryotic
groups or eukaryotic groups in , other than
implying that the organelle-generating symbioses
among eukaryotes correspond to a relative temporal
sequence. Among the prokaryotes, we have schemati-
cally indicated some kind of metabolic diversification
(colours), but without suggesting what the order of
appearance for different metabolic types might be.
There is quite a lot of phylogenomic and phylogenetic
work devoted to the relative branching orders of
prokaryotic groups, and serious efforts have been
undertaken to link that branching order to geochem-
ical evidence and dates, for example in

and
. Other efforts have focused inferring geological
history from phylogenetic trees (
But a general problem arises in such studies. In order
to construct a tree for all groups, one has to have genes
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6.2 A heterocyst-forming plastid ancestor

Deusch O, Landan G, Roettger M, Gruenheit N, Kowallik KV, Allen JF, Martin W, Dagan T:
Genes of cyanobacterial origin in plant nuclear genomes point to a heterocyst-
forming plastid ancestor. Mol Biol Evol 2008, 25:748-761.

(Own contribution: designed the experiment, performed part of the analysis, analyzed the
data, and wrote the paper).
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7 Lateral gene transfer (LGT) during prokaryote evolution.
7.1 Biases in LGT inference

Roettger M, Martin W, Dagan T: A machine-learning approach reveals that alignment
properties alone can accurately predict inference of lateral gene transfer from
discordant phylogenies. Mol Biol Evol 2009, 26:1931-1939.

(Own contribution: conceived and designed the experiment, analyzed the data, and wrote the
paper).
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7.2 LGT frequency during microbial evolution

Dagan T, Martin W: Ancestral genome sizes specify the minimum rate of lateral gene
transfer during prokaryote evolution. Proc Nat/ Acad Sci USA 2007, 104:870-875.

(Own contribution: conceived and designed the experiment, performed the analysis,
analyzed the data, and wrote the paper).
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8 Phylogenomic networks.
8.1 The cummulative impact of LGT in prokaryote genome evolution

Dagan T, Artzy-Randrup Y, Martin W: Modular networks and cumulative impact of lateral
transfer in prokaryote genome evolution. Proc Natl Acad Sci USA 2008, 105:10039-
10044.

Featured in Editor's Choice. Science 2008, 321:747.

(Own contribution: conceived and designed the experiment, performed the analysis,
analyzed the data, and wrote the paper).
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8.2 A minimal lateral network of proteobacterial genomes.

Kloesges T, Martin W, Dagan T: Networks of gene sharing among 329 sequenced
proteobacterial genomes reveal differences in lateral gene transfer frequency at
different phylogenetic depth. Mol Biol Evol 2011, 28:1057-1074.

(Own contribution: conceived and designed the experiment, performed part of the analysis,
analyzed the data, and wrote the paper).
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8.3 Phylogenomic networks root the tree of life

Dagan T. Roettger M, Bryant D, Martin W: Genome networks root the tree of life between
prokaryotic domains. Genome Biol Evol 2010, 2:379-392.

(Own contribution: conceived and designed the experiment, performed part of the analysis,
analyzed the data, and wrote the paper).
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8.4 Directed networks reveal barriers and bypasses to LGT in prokaryotes

Popa O, Hazkani-Covo E, Landan G, Martin W, Dagan T: Directed networks reveal
barriers and bypasses to lateral gene transfer in prokaryotes. Genome Res 2011,
21:599-609.

(Own contribution: conceived and designed the experiment, performed part of the analysis,
analyzed the data, and wrote the paper).
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8.5 Minimal lateral network of languages

Nelson-Sathi S, List JM, Geisler H, Fangerau H, Gray RD, Martin W, Dagan T: Networks
reveal abundant hidden borrowing in the evolution of Indo-European languages.
Proc Roy Soc Lond B 2011, in press.
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(Own contribution: designed the experiment, performed part of the analysis, analyzed the
data, and wrote the paper).
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Networks uncover hidden lexical borrowing

in Indo-European language evolution
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Language evolution is traditionally described in terms of family trees with ancestral languages splitting
into descendent languages. However, it has long been recognized that language evolution also entails hori-
zontal components, most commonly through lexical borrowing. For example, the English language was
heavily influenced by Old Norse and Old French; eight per cent of its basic vocabulary is borrowed.
Borrowing is a distinctly non-tree-like process—akin to horizontal gene transfer in genome evolution—
that cannot be recovered by phylogenetic trees. Here, we infer the frequency of hidden borrowing
among 2346 cognates (etymologically related words) of basic vocabulary distributed across 84 Indo-
European languages. The dataset includes 124 (5%) known borrowings. Applying the uniformitarian
principle to inventory dynamics in past and present basic vocabularies, we find that 1373 (61%) of the
cognates have been affected by borrowing during their history. Our approach correctly identified 117
(94%) known borrowings. Reconstructed phylogenetic networks that capture both vertical and horizontal
components of evolutionary history reveal that, on average, eight per cent of the words of basic vocabulary
in each Indo-European language were involved in borrowing during evolution. Basic vocabulary is often
assumed to be relatively resistant to borrowing. Our results indicate that the impact of borrowing is far
more widespread than previously thought.

Keywords: community structure; lateral transfer; phylogenetics

1. INTRODUCTION

Genome evolution and language evolution have a lot in
common. Both processes entail evolving elements—
genes or words—that are inherited from ancestors to
their descendants. The parallels between biological and
linguistic evolution were evident both to Charles
Darwin, who briefly addressed the topic of language
evolution in The origin of species [1], and to the linguist
August Schleicher, who in an open letter to Ernst
Haeckel discussed the similarities between language
classification and species evolution [’]. Computational
methods that are currently used to reconstruct genome
phylogenies can also be used to reconstruct evolutionary
trees of languages [,!]. However, approaches to
language phylogeny that are based on bifurcating trees
recover vertical inheritance only [7,°-7], neglecting
the horizontal component of language evolution
(borrowing). Horizontal interactions during language
evolution can range from the exchange of just a few
words to deep interference [~]. In previous investi-
gations, which focused only on the component of
language evolution that is described by a bifurcating
tree [7,5—7], the extent of borrowing might therefore
have been overlooked.
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Lexical borrowing is the transfer of a word from a
donor language to a recipient language as a result of a cer-
tain kind of contact between the speakers of the two
languages [“]. This is one of the most common types of
interaction between languages. Lexical borrowing can
be reciprocal or unidirectional, and occurs at variable
rates during evolution. Factors affecting the rate of lexical
borrowing during evolution include the intensity of con-
tact between the speakers of the respective languages,
the genetic or typological closeness of the languages
(which facilitates the inclusion of foreign words), the
amount of bi- or multi-lingual speakers in the respective
linguistic communities, or a combination thereof
[10,11]. For example, English has been heavily influenced
throughout its history by different languages such as Old
Norse and Old French [1], it has been estimated that
8 per cent of its basic vocabulary is borrowed from
those languages [! °]. Icelandic, on the other hand, has
preserved most of its original words [ 1].

A key part of inferences in historical linguistics is the
identification of cognate sets. These are sets of words
from different languages that are etymologically related.
The words in a cognate set are derived from a single
common ancestral form that was present in an ancestral
language. Cognate judgement is an arduous enterprise
since it includes the complete evolutionary reconstruction
of all words in the sampled languages for a certain
concept. Historical linguists usually make use of an
in-depth analysis of structural resemblances between the

This journal is © 2010 The Royal Society
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is based on maximizing a modularity function defined as the
number of edges within a community minus the expected
number of edges [7!]. Initially, an optimal division into
two components is found by maximizing this function over
all possible divisions by using spectral optimization, which
is based on the leading eigenvector of the matching modular-
ity matrix. To further subdivide the network into more than
two modules, additional subdivisions are made, each time
comparing the contribution of the new subdivision with the
general modularity score of the entire network. This process
is carried out until there are no additional subdivisions that
will increase the modularity of the network as a whole [*1].

(c) Reference trees

Language trees were inferred by a Bayesian approach using
MRrBaves [37] as detailled by Gray & Atkinson [?]. In
addition, neighbour-joining (NJ) trees [73] were recon-
structed from Hamming distances using SpLITsSTREE [#1].
A reference tree with English internal to the Germanic
clade was produced manually from the Bayesian tree. A ran-
domized reference tree for the Dyen dataset was produced by
randomizing the language names in the Bayesian reference
tree. Trees are available in Newick format at

(d) Borrowing models and the minimal lateral
network

In the loss-only (LO) model, all COGs are assumed to have
originated at the root of the reference tree. The loss events for
each COG are estimated by using a binary recursive PERL
algorithm that scans the reference tree and infers the mini-
mum number of losses [*5]. When a COG is absent in a
whole clade, a single loss event is inferred in the common
ancestor of that clade. In the single-origin (SO) model,
each cognate is assumed to have originated at its first occur-
rence on the reference tree. A binary recursive algorithm
scans the reference tree from root to tips to identify the
first ancestral node that is the common ancestor of all cog-
nate ‘present’ cases.

In the BOR1 model, each cognate is allowed to have two
word origins, where one is a borrowing. A preliminary origin
is inferred as in the SO model, followed by researching for a
cognate origin in each of the two clades branching from the
preliminary origin node. If the hypothetical taxonomic unit
that was inferred as the preliminary origin has no cognate
‘absent’ descendants, the cognate is inferred to have an SO.
Once the nodes of the two origins are set, losses are inferred
as in the LO model.

We tested additional models allowing four, eight and 16
origins, where one is an origin, and the rest are borrowings.
These are implemented in the same way as in the BORI1
model, except that the origin search is iterated. For example,
a search for origins under the BOR3 model entails (i) a
search for a preliminary origin (as in the SO model), (ii) a
search for the next origin in descendants (as in the BORI
model) and, (iii) for each next origin, another search. If an
origin has no cognate-absent descendants, the number of ori-
gins inferred is smaller than the maximum allowed. Ancestral
vocabulary size at a certain internal node is inferred as the
total COG origins that were inferred to occur at that node.
The distributions of ancestral and modern vocabulary
sizes were compared by using the Wilcoxon non-parametric
test [30].
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The minimal lateral network (MLN) [7] is calculated for
each dataset by the allowance model that was statistically
accepted by the test described above. The MLN comprises
the reference tree, with additional information of the vocabu-
lary size in all internal nodes. Lateral cognate sharing among
internal and external nodes is summarized in a 167 x 167
matrix that includes all tree nodes, where a; = a; = number
of laterally shared COGs between nodes 7 and j. The MLN
is then depicted by an in-house script using MATLAB.

3. RESULTS AND DISCUSSION

(a) Comumunity structure in the network of
shared cognate sets

For the study of evolution by borrowing, we analysed two
independent, publicly available collections of cognate sets
from Indo-European languages. Both datasets comprise
words from individual languages or dialects correspond-
ing to concepts that are included in Swadesh lists [32].
Basic concepts are expressed by simple words rather
than compounds or phrases and contain names for body
parts, pronouns, common verbs and numerals, but
exclude technological words and words related to specific
ecologies or habitats. Words expressing basic concepts are
supposed to exist in all languages and thus may serve as a
tertium comparationis for language comparison [39].
Moreover, basic concepts are rarely replaced by other
words, either through external (lexical borrowing) or
internal factors (semantic shift) [ 3,10].

The Dyen dataset [29] includes word forms for 84
languages (including Greek, Armenian, Celtic, Romance,
Germanic, Slavic, Albanian and Indo-Iranian languages)
corresponding to 200 basic vocabulary concepts [79]
sorted into 2346 COGs [3]. While obvious borrowings
were excluded in the original Dyen dataset [29], we
used an edited version where 124 marked borrowings
are coded into their respective COGs [25]. Detailed rein-
spection of Romance cognates revealed an additional six
hidden borrowings [10] (electronic supplementary
material, table S1).

The second dataset is based on etymological diction-
aries and Swadesh lists published by the ToB project
[20]. It 1s based on word forms for 110 basic vocabulary
items for a total of 98 languages from which we extracted
73 contemporary ones, including languages from the
Celtic, Romance, Germanic, Slavic, Albanian and Indo-
Iranian branches of Indo-European, sorted into 722
COGs. Detectable borrowings were excluded in the orig-
inal database; however, a recent detailed screening
revealed five undetected borrowings within Romance
languages [10].

A network analysis of the distribution of cognate word
forms across Indo-European languages should provide
new insights into the frequency and distribution of bor-
rowing in Indo-European language history. Networks
are mathematical structures used to model pairwise
relations between entities. The entities are called vertices
and they are linked by edges that represent the connec-
tions or interactions between the vertices. A network
of N vertices can be fully defined by the matrix 4 =
[a;]n+ n» With a; = a; # 0 if a link exists between nodes
t and j, and a; = a; = 0 otherwise. In the study of Indo-
European languages, each language is represented by a
vertex, i, whereas the elements of the matrix, A,
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their distribution is readily explained by an SO, while the
remaining 1373 (61%) are patchy enough to infer two ori-
gins (one borrowing event). This frequency translates to
an average rate of 0.6 borrowing events per COG
during Indo-European language evolution.

If we allow up to three borrowings per COG (the
BOR3 model; d), inferred ancestral vocabulary
shrinks towards sizes that are again significantly different
from modern ones, but this time are smaller than those of
contemporary languages (p=4.43 x 107 °, using the
Wilcoxon test); that is, too much borrowing and not
enough vertical descent are incurred from the standpoint
of ancestral vocabulary sizes. Furthermore, under the
BOR3 model, the average number of inferred word
losses per COG is less than 1. But loss of COGs within
basic vocabulary occurs quite frequently in language evol-
ution [/], hence the BOR3 model is also unrealistic in
that sense. Additional models allowing up to 15 borrow-

ings per COG result in even smaller ancestral
vocabulary sizes (electronic supplementary material,
figure S3). Hence, ancestral basic vocabulary sizes

demand borrowings to keep them realistically small, but
too much borrowing makes them unrealistically small.
Testing the present evolutionary models with the help
of a reference tree that is inferred from the same data
might bias the inference of origin and loss events. How-
ever, using the Bayesian approach to reconstruct the
tree yields the majority signal in the data. If the majority
of COGs evolve mainly by vertical inheritance, then the
tree is expected to be a reliable representation of the
language phylogeny [10]. High frequency of borrowing
events may mask the vertical signal and lead to less
reliable reconstruction. To test the robustness of our bor-
rowing frequency estimates, we repeated our analysis
using various reference trees. Use of an alternative phylo-
genetic tree reconstructed by NJ [%7] results in the same
BOR1 model (p=0.7, using the Wilcoxon test; elec-
tronic supplementary material, figure S3). In both
reference trees, English is basal to the Germanic clade.
However, this position is debated among linguists, and
traditional classifications put English inside that clade
[12,47]. To test the influence of the English position
within the tree on our borrowing assessment, we tested
all models using a reference tree with English in an
internal position. Using that reference tree also yielded
the BOR1 model (p = 0.78, using the Wilcoxon test),
with all other models rejected (o= 0.05). Using a
random phylogenetic tree eliminates all patterns of
vertically inherited COGs and accordingly results in the
BOR15 model (p=0.16, using the Wilcoxon test;
electronic supplementary material, figure S4).
Performing the same tests on the ToB dataset yielded
higher borrowing frequencies, with BOR3 being the
only statistically accepted model (p= 0.59, using the
Wilcoxon test; electronic supplementary material, figure
S5). Inference by this model results in 155 COGs of
SO, 181 COGs of two origins, 307 COGs of three origins
and 79 COGs of four origins. Hence, in 567 (79%) of the
722 COGs, we detected one or more borrowing event.
The average rate of borrowing events per COG during
language evolution in the ToB dataset is 1.4 (electronic
supplementary material, table S2). The higher borrowing
rate inferred for the ToB dataset in comparison to the
Dyen dataset might have to do with differences in their
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reconstruction. The cognate judgements in ToB are
based on a deeper etymological reconstruction in com-
parison to the Dyen dataset. This results in more words
that are distributed over fewer cognate sets, which leads
to patchy COG distribution patterns that are frequently
incongruent with the phylogenetic tree.

The sample of languages is crucial for the distinction
between COG origin by birth or borrowing because
what may seem to be a word birth within a given
sample of languages in our data could in fact be a borrow-
ing event from a non-sampled language. How severe is the
effect of external borrowing on our results? If we assume
the extreme case, for example, that all COGs in the data-
set originated by borrowing from external languages, then
we have to add one borrowing event to the average rate for
each COG. In that case, the average borrowing rate would
increase from 0.6 to 1.6 events per COG using the Dyen
dataset. However, this extreme scenario is unlikely
because it entails the assumption that the Indo-European
groups sampled here lacked the wherewithal to invent
even one new COG. Nonetheless, external borrowing
has almost certainly had an effect on these data. Although
we currently lack a dataset that would allow us to quantify
the rate of external borrowing, if we assume that it is
similar to the internal borrowing rate within our sample,
the overall borrowing rate would be double our current
estimate. Again we stress that the borrowing frequency
inferred from the present sample of languages using
our method delivers a minimum value (a conservative
lower bound).

Another aspect of the data sample used in our analysis
is the collection of cognates. Here, we study the dynamics
of vocabulary size during evolution through the proxy of
basic vocabulary (i.e. the Swadesh list). However, origin
and loss of words in the COGs sample can occur by
semantic shift where the word is present in the language
but absent from the sample. It is possible that different
meaning collections evolve under regimens different
from the ones described here. Application of similar
methods to study vocabulary size dynamics over time
using different cognate datasets will help to clarify
this issue.

Notwithstanding certain amounts of cognate misjud-
gements and parallel evolution [1#] resulting in tree-
incompatible COG distributions, our inference uncovers
abundant, and hitherto unrecognized, borrowing during
the evolution of the Indo-European languages.

Scholars usually agree that nouns are more easily bor-
rowed than verbs [19]. When classified according to the
English gloss, the Dyen dataset includes 887 (53%) cog-
nate sets corresponding to nouns within basic vocabulary
and 766 (46%) cognate sets corresponding to verbs. A
total of 503 (53%) nominal cognate sets and 450 (47%)
verbal cognate sets were identified as including hidden
borrowing events. A comparison of these frequencies
shows that there is no significant difference in borrowing
frequencies between nouns and verbs (p = 0.4, using the
G-test).

(¢) Minimal lateral networks of Indo-European
languages

COG distributions that do not map exactly onto the phy-
logenetic tree, with borrowing constrained by ancestral
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Table 2. Lateral edge (LE) frequencies between and within groups in the MLN.

normalized median LE

borrowing weight® Hy:LE, < LE,, frequency™®
group n® int ext int ext p-value
Greek 9 1.22 0.25 2 1 <0.05
Armenian 3 0 0.17 0 1 n.a.
Celtic 13 1.61 0.29 2 1 <0.05
Romance 31 2.45 0.36 1 1 <0.05
Germanic 29 2:37 0.44 1 1 < 0.05
Slavic 31 2.35 0.64 1 1 <0.05
Albanian 9 1.55 0.18 4 1 <0.05
Indic 21 3.35 0.68 2 1 < 0.05
Iranian 14 2,35 0.75 2 1 «<0.05

“Number of languages within group.
PRange of median number of COGs per lateral edge.
“One-side Kolmogorov—Smirnov test for lateral edge distribution.

9For internal edges (int), number of internal edges per number of nodes within the group; for external edges (ext), number of external

edges per number of nodes outside the group.

traits that had been lost during long periods of contact
were artificially reintroduced into the languages by the
speakers in order to bring them back to a stage of earlier
‘purity’ [50,51]. Before the 19th century, Slovene com-
prised several dialects spoken in the Alpine provinces of
the Austrian Empire, which were dominated by German
and Italian. Romanian, on the other hand, was heavily
influenced by neighbouring Slavic and Greek varieties,
with which it formed the so-called Balkan Sprachbund.
Along with the nationalist movements in Europe starting
from the end of the 18th century, both languages were
successively ‘purified’ by replacing the loanwords of
non-Slavic or non-Romance origin with ‘native’ words
from Slavic or Romance languages, respectively [50,51].
This process is somewhat different from the process of
borrowing as it was defined in the beginning of this
paper. It nonetheless illustrates additional horizontal
complexities in the processes of language evolution that
are readily detected in the MLN.

The comparison between the edges reconstructed using
the two reference trees that differ in their English position
supplies a few interesting observations regarding the appli-
cability of our approach to detect borrowing events. While
both reference trees yielded the same borrowing model
(i.e. the same overall borrowing rates), there are 23 lateral
edges connecting to English in the basal position and
only 15 lateral edges connecting to English in the internal
position. A closer inspection of the COGs in which the lat-
eral edges connecting to English were detected revealed
that seven of the eight COGs detected as borrowings in
the basal position could not be verified as borrowings by
traditional historical linguistics. Thus, using different refer-
ence trees with the same COG distribution patterns does
not much affect the resulting borrowing model, but it
may increase the accuracy of concrete predictions made
by this approach (see electronic supplementary material,
table S4 for detailed etymological reconstruction of the
COGs). Consequently, the borrowing inference accuracy
in our approach is expected to increase with the accuracy
of the reference tree.

The MLN inferred from the ToB dataset shows similar
network characteristics, with the ancestors of Indian and
Iranian clades found also as highly connected nodes and
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a majority (676; 76%) of single laterally shared COGs
(electronic supplementary material, figure S6).

Of the total 666 edges in the MLN reconstructed for
the Dyen dataset, 148 (22%) edges connect between two
external nodes—that is, between two contemporary
languages. The 301 (45%) edges that connect between
an internal node and an external node represent COGs
that are shared between a group and an outlier. The 217
(33%) edges that connect between two internal nodes rep-
resent COGs that are common to two different groups, yet
their distribution pattern could not be explained by vertical
inheritance alone under the vocabulary size criterion. As a
control to see whether our method is inferring spurious
borrowing, we examined the edges within cognates that
included the 124 reinserted borrowing events. In seven
cognates, the algorithm detected no borrowings, while in
all other 117 (94%) cognates a borrowing event was
inferred. In 59 (48%), the reinserted borrowing language
was inferred as an external node. In the remaining 58
(47%), reinserted borrowing languages were inferred
within descendants of an internal node (1able 1).

The data can address the issue of whether words are
exchanged more frequently within than between main
branches of Indo-European. We can compare the prob-
ability of a certain language to be laterally connected
with languages that are either from the same main branch
or from different main branches of the Indo-European
languages. With the exception of the Armenian branch,
the probability for a lateral edge within the branch (internal
edge) is considerably higher than between branches (exter-
nal edge). Furthermore, lateral edge weights are
significantly larger in internal lateral edges than in external
lateral edges ( ). Hence, lexical borrowing in Indo-
European languages is much more frequent among
languages within the same branch in comparison to
languages from different branches. This provides new
evidence for the existence of certain cultural barriers to
lexical borrowing during language evolution [11].

The study was supported by the German Federal Ministry of
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W.M.) and the European Research Council (W.M.). We are
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9.1 Chaperonin-dependent accelerated protein evolution in prokaryotes
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9.2 Chaperone mediated protein evolution in yeast

Bogumil D, Landan G, llhan J, Dagan T: Ten chaperone modules fold and mediate
evolution of ten protein classes in yeast, 2011. submitted.
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ABSTRACT

It has long been known that many proteins require folding via molecular chaperones for their
function. Although it has become apparent that folding imposes constraints on protein
sequence evolution, the effects exerted by different chaperone classes is so far unknown.
We have analyzed chaperone-substrate interaction data in S. cerevisiae using network
methods. The results reveal a distinct community structure within the network that was
hitherto undetectable with standard statistical tools. The 69 yeast chaperones comprise ten
distinct modules that are defined by their interaction specificity for their 3,595 polypeptide
substrates. The substrate classes defined by their dedicated chaperone modules are
distinguished by various physiochemical protein properties, but not by sequence motifs, and
are characterized by significantly different amino acid substitution rates, codon usage, and
protein expression levels. Although correlations between substitution rate, codon bias, and
gene expression level have long been known for yeast, such correlations are, dramatically,
two-fold stronger for the chaperone-defined modules that we report here than they are for the
whole proteome. This indicates that correlated expression, conservation and codon bias
levels for yeast genes are mainly attributable to previously unrecognized effects of protein
folding. These results uncover proteome-wide categories of chaperone-substrate specificity
as an overriding functional constraint that has been preserved throughout fungal evolution.
The data are consistent with the view that aggregation of misfolded proteins imposes fitness
costs during evolution and furthermore strongly suggest that codon usage is selected during
evolution not for optimal translation efficiency, but for optimal synchronization between

protein translation and protein folding so as to avoid accumulation of misfolded protein.

/body

INTRODUCTION

Chaperones are essential in all living cells as they assist protein folding, prevent protein
aggregation, and play a crucial role in survival under stress conditions (1-2). Chaperons have
been shown to buffer the effects of slightly deleterious mutations, presumably by
compensating for decreased folding fidelity of mutated proteins (3-4). The protein-folding
pathway in S. cerevisiae comprises 69 molecular chaperones and their co-chaperones that
assist the folding or unfolding of proteins in the cell. Most of the proteins encoded in the
yeast genome (3,595 out of 5,880) interact with at least one chaperone, many of them
(2,952) with two or more chaperones (5). The extent to which chaperone mediated folding of

proteins has an effect on their evolutionary dynamics is not yet known.

157



To address this question, we used a network approach to investigate an extensive
dataset of chaperone-substrate interactions assembled by screening for chaperone
interactors in yeast (5). A network is a set of entities, or vertices, linked by edges that
represent the connections or interactions between these entities. The entities in our network
can be either a chaperone or a protein (a substrate). A network of N vertices can be fully
defined by a matrix, A=[a;/N*N , with a; = 1 if chaperone / and protein j interact and a; = 0
otherwise. The chaperones and substrates form two disjoint sets of nodes where interactions
between substrate nodes are not allowed, because the data reflect the interactions of
chaperones with substrate proteins, but not other possible interactions among the substrate
proteins. The network is thus semi multipartite, containing 9,194 edges of chaperone-
substrate interactions and 332 edges of chaperone-chaperone interactions. Substrate-
chaperone interactions reflect chaperone-mediated folding of the substrate, chaperone-
chaperone interactions reflect either a chaperone-mediated folding of another chaperone, or
an interaction between a chaperone and co-chaperone for folding of a common substrate.

Co-chaperones in our network were found to interact almost exclusively with chaperones.

RESULTS AND DISCUSSION

The substrate-chaperone interaction network comprises five highly connected Hsp70
chaperones that are linked to 3,595 substrates in total. The remaining 64 chaperones interact
with selected proteins ranging between 2 and 732 substrates per chaperone. Some
chaperones interact with a similar set of substrates, thereby forming communities within the
network. We examined the community structure in the network by partitioning it into modules
(6). For each possible bipartition of the network, a modularity function is defined as the
observed number of edges within a community minus the expected number. Maximizing this

modularity function using its leading eigenvector yields the modules within the network (6).

The result uncovered ten modules that include a total of 64 chaperones and 2,691
substrates, along with 843 lesser (residual) modules that contain a single protein each. Co-
chaperones are grouped into the modules based on their interaction with the chaperones.
The modules comprise chaperone groups that interact frequently with common substrates.
Five Hsp70 chaperones were not grouped into the ten main modules, forming five single-
chaperone modules (Ssa1, Ssa2, Ssb1, Ssb2, and Sse1). These chaperones are
characterized by a promiscuous substrate binding and have many substrates in common (5)
(Fig. 1A). We designate the ten main modules by their most connected chaperone. The
modules contain between one (HSP70-Ssa3) and 14 (SMALL-Hsp42) chaperones. The
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number of substrates folded by each module ranges from 65 (CCT-Cct8) to 485 (AAA+-
Hsp78) (Figure 1B).

The majority of nascent polypeptides in the yeast protein-folding pathway interact with
the ribosome-associated complex (RAC) that comprises a member of the HSP70 family and
a co-chaperone from the HSP40 family (J-proteins). Selected proteins also interact with one
or more of the following chaperone classes: prefoldin (PFD), TriC (CCT), and HSP90 (7).
Module AAA+-Hsp78, for example, includes chaperones from HSP70, HSP40, PFD, and
TriC chaperone families (Fig. 1B; Table S1). Three modules (SMALL-Hsp42, HSP90-Hsp82,
CCT-Cct8) contain only an HSP40 chaperone lacking the obligatory partner from HSP70
family. However, all substrates in these modules also interact with one or more of the five
ungrouped HSP70 chaperones. Two modules, HSP70-Ssa3 and HSP70-Ssa4, include only
an HSP70 chaperone lacking an HSP40 partner. Substrates in those two modules interact
with various HSP40 chaperones and with the Ydj1, which has no substrate specificity (8), as

the most common interactor.

Members within the modules are not restricted to a certain cellular localization (Fig.
S1), hence the cellular locations of protein folding and protein function do not always
overlap’. Module HSP90-Hsc82 is however enriched with chaperones localized in the
mitochondrion (6 out of 9). The module includes HSP60 and HSP10 that interact to fold
proteins in the mitochondrion (9). These two chaperones are homologous to the eubacterial
GroEL/GroES chaperonin system (70). Furthermore, the HSP70 (Ssc1), HSP40 (Mdj2,
Zuo1), and HSP90 (Hsc82) chaperones in this module are known to be localized in the
mitochondrion (Table S1). Notably, the HSP90-Hsc82 module is lacking both PFD and TriC
chaperones, which are homologous to archaeal chaperones (7). The evolutionary origin of
the chaperones in this module suggests that it is of mitochondrial origin, reflecting a
functional eubacterial unit within the yeast proteome (77).

To test the impact of chaperone-mediated folding on protein evolution we compared
substrate amino acid substitution rate among the modules. Weighted amino acid substitution
rate per site was calculated from a pairwise alignment of S. cerevisiae substrate proteins with
their positional ortholog from among 20 sequenced fungal genomes (72). A comparison of
amino acid substitution rate distribution among the ten modules revealed significant
differences across the modules (p < 2.2x107°, using Friedman test). The same result is
obtained for the comparison of amino acid substitution frequency per site (p = 2.58x107,
using Friedman test). Randomizing the module classification of substrates eliminates the
differences in evolutionary rate among the modules (p = 0.82, using Friedman test). Using a
post-hoc comparison of module amino acid substitution rate distribution, the chaperone-

substrate modules were grouped into four evolutionary rate categories: slow, medium,
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medium-fast, and fast evolving substrates. A comparison of module ranking across
sequenced fungal genomes revealed that module rate category is conserved in all 20
species sampled here. Modules CCT-Cct8, SMALL-Hsp31, and AAA+-Hsp78 have the
lowest mean amino acid substitution rate, while modules HSP70-Ssz1, HSP70-Ssa4, and
HSP40-Sis1 have the highest rate, regardless of the fungal genome used for the comparison
(Fig. 1B; Fig. 2). The same result is observed when using Debaryomyces hansenii or
Kluyveromyces waltii, instead of yeast, as the reference species for the comparison (Table
S2). Substrates that interact exclusively with the five ungrouped HSP70 chaperones evolve
at an evolutionary rate that is comparable to the medium-fast rate category (Fig. 2).
Substrates in the fast rate modules evolve on average 10% faster than substrates in the

medium rate modules and 25% faster than substrates in the slow rate categories.

Amino acid substitution rate, protein expression level, and codon adaptation are
known to be correlated at the genome level (13-17). Theories to explain the significant
correlation among these three gene characteristics currently evoke either poorly specified
network properties of proteins (73,78-19) or the specific effects of amino acid
misincorporation during protein translation (20-27). Amino acid substitution rate, protein
expression level, and codon adaptation are correlated for the subset of yeast proteins
included in the substrate-chaperone interaction network (Table 1). A comparison of substrate
expression level in yeast revealed significant differences among the modules (p < 2.2x107°,
using Kruskal-Wallis test). Moreover, mean substrate expression level and mean amino acid
substitution rate are significantly inversely correlated among the modules. The correlation
coefficient at the module level is r; = -0.95 (p < 2.2x107°), a value that is two-fold stronger
than the correlation coefficient observed at the proteome level (r; = -0.45, p < 2.2x107":
Table 1). The correlation between substrate expression level and substitution rate at the
module level is significantly different from the expected by random (Table S3). Similarly,
amino acid substitution rate and codon adaptation are much more strongly correlated at the
module level, and so are codon adaptation and substrate expression level (Table 1). The
correlation between substitution rate, expression level and codon adaptation among yeast
proteins that are disconnected from the substrate-chaperone interaction network are similar
to that of the connected proteins (Table S3). However, disconnected proteins have a
significantly lower expression level than connected proteins (p = 2.8x10°, using one-sided
Kolmogorov-Smirnov). This suggests that disconnected proteins are folded by chaperones
but were so far not detected in surveys for chaperone interactors, possibly due to their low

expression level.

However, if the reliance on chaperones for folding is related to protein expression

level (22), then it is possible that expression level is the determinant of evolutionary rate
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differences among the substrates in the modules, and not chaperone-mediated folding itself.
A comparison of amino acid substitution rates among the ten modules while adjusting for the
variability in protein expression level reveals that modules in the slow and fast rate
categories have significantly different substitution rates, also when adjusted for variability in
substrate expression levels (a=0.05, using ANCOVA,; Table S4A). The comparison of amino
acid substitution rate among modules within the same rate category or between medium and
fast or medium and slow categories shows no significant difference when adjusted for protein
expression levels (a=0.05, using ANCOVA; Table S4A). Similar results are obtained when
adjusting the variability in amino acid substitution rate for differences in CAl (a=0.05, using
ANCOVA,; Table S4B). Hence the stark differences observed between modules in the slow
and fast rate categories cannot be explained by different selection pressures that are related
to expression level or codon adaptation; rather they are attributable to chaperone-mediated

folding.

Substrates in the ten modules differ significantly in their physiochemical properties.
Amino acid usage of all twenty amino acids as well as secondary structure composition are
significantly different among the modules (a=0.05, using Kruskal-Wallis test; Table S3).
Valine amino acid usage is negatively correlated with substitution rate at the modules level
(rs = -0.79, p = 0.01). The side chain of valine is involved in hydrophobic interactions that
stabilize the protein structure. Exposed hydrophobic side chains in unstructured proteins are
a major cause of protein aggregation (7). Hence this correlation may be due to selective
forces related to either protein folding or disentangling of protein aggregates (23). No clear
enrichment for substrate functional category, cellular localization, chromosomal location (Fig.
S1), protein domain (Table S5), or sequence motif (Table S6) was found among the

modules.

Our results suggest that the correlation between evolutionary rate, expression level,
and codon adaptation are a manifestation of the protein interaction with chaperones for
folding. The question that remains is how protein interaction with the chaperone is related to
protein expression level and codon adaptation. We suggest that these stem from the
requirement for synchronization between protein translation and protein folding. Recently it
was shown that codon usage distribution along the protein sequence plays a role in protein
translation speed (24,25). Proteins that require chaperones have to be translated at a speed
that fits the time required for chaperone recruitment, otherwise the protein will fold
spontaneously into the wrong conformation thereby forming aggregates that hinder the cell
viability (26). Proteins that can fold spontaneously into their functional conformation are free
from that constraint and can be translated at a higher speed. However, with increasing

translation speed, accuracy becomes more important, so that proteins that are translated at
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high speed should be more conserved (27). Chaperone-mediated folding ensures proper
functional conformation, but it costs both time and energy. For example, protein folding by
the GroEL/GroES chaperonin system in Escherichia coli takes about 10 seconds and
consumes seven ATP molecules (27). It is therefore probably advantageous to have a
subset of the proteome that is less dependent upon chaperones. This subset is probably

defined by high expression levels and short response time.

Chaperon interaction with the protein is quite flexible. For example, the mode of
interaction with GroEL/GroES chaperonin system in E. coli can vary between casual and
obligatory substrates. Casual interactors bind to GroEL in vivo but can also gain functional
activity independent of GroEL in vitro (28). A recent genomic analysis revealed that casual
GroEL substrates have significantly higher expression level than obligatory substrates (29).
Together with the results presented here, this suggests that protein abundance within the cell
largely determines the kind and mode of interaction with the chaperones for folding.

Chaperon mediated folding has a profound cumulative impact on genome evolution.

Methods

Modules within the network. Interaction data of S. cerevisiae proteins with 69 chaperones
were taken from Gong et al. (5), which conducted a survey for all yeast chaperones
interactors. The data was formatted into a symmetrical matrix A=[a;]sssox5880 containing all
yeast open reading frames, with a; =1 if chaperone /i and protein j interact, and a;=0
otherwise. A division of the network into modules was found by defining a modularity function
of each bipartition of the network, as the number of edges within a community minus the
expected number of edges in the community. Maximizing this function over all possible
divisions using eigenspectrum analysis yields the optimal division of the network (30).

Evolutionary rate. Positional orthology assignments within 20 fungal proteomes were
obtained from Wapinski et al. (72). Open reading frames lacking orthologs (282 in total) were
omitted from the substrate-chaperone interaction network. Pairwise alignments of all yeast
open reading frames with orthologous sequences were reconstructed with ClustalW (37).
The frequency of amino acid substitutions was calculated from the pairwise protein
alignments. Corrected amino acid substitution rate per site was calculated by PROTDIST
(32) using the default JTT substitution matrix (33). Amino acid substitution rates were
compared among the modules using Kruskal-Wallis test (34). To classify the modules into
rate categories the modules were first sorted by their mean substitution rate in ascending
order. Starting with the slowest module (CCT-Cct8), amino acid substitution rate of

substrates in the modules were compared to the next module using the Wilcoxon test (34). If
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the substitution rate distribution between the compared modules is not significantly different,
then the modules are pooled into the same rate category. The next module in ranking is
compared to the pooled modules in the current category. If the substitution rate is
significantly different between the compared modules, then the next module is classified into
the next rate category. The same procedure was repeated for the modules sorted by their
mean substitution rate in descending order. The grouping of all modules except HSP40-Sis1
and HSP70-Ssa3 was independent of the comparison order. These two modules were
grouped into the medium rate category in the ascending comparison while in the descending
comparison they were grouped into the fast rate category. Consequently HSP40-Sis1 and

HSP70-Ssa3 modules were grouped into the medium-fast rate category.

Substrate characteristics. Amino acid usage data, functional assignment (gene ontology
information), chromosomal location, frequencies of optimal codons, codon adaptation index
(CAl), gravy scores (hydropathy index) and aromaticity scores were obtained from the
Saccharomyces Genome Database (35) and the Gene Ontology database (36). Secondary
structure of all proteins was inferred using PsiPred (37). For the calculation of secondary
structure usage a threshold of probability>0.7 was used. Protein expression data were
obtained from Ghaemmaghami et al. (38), who calculated the number of protein molecules
from yeast under standard conditions. Protein domains were reconstructed by an RPS-
BLAST (39) search against the database of conserved protein domains (CDD (40)). Protein
sequence motifs were extracted from the total data by a sliding window algorithm with a
window size as the motif length and a single amino acid shift using a PERL script. For the
statistical analysis the natural log of protein expression was used. Proteins with no
expression level information (107) or with zero expression level (1,665) were omitted from
the analysis. Comparison of substrate characteristics among the modules was performed
using Kruskal-Wallis test (34). Post-hoc comparison among the modules was performed
using Tukey test (34). All statistical analyses were performed using MatLab© Statistical

toolbox.

Correlations. Correlations between protein characteristics at the proteome level were
calculated for all 3,595 proteins included in the network. The correlation at the module level
was calculated from the variable means. Deviation of the correlation coefficient at the module
level from the expected by random was calculated as the percentile of random correlation
coefficients smaller (for negative correlation) or larger (for positive correlations) than the
correlation coefficient in question. The distribution of random correlation coefficients was
calculated from the data using 1,000 permutations of randomized module association of

proteins.
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Figure Legends

Figure 1. The network of chaperone-substrate interactions. (a) A graphic representation
of the network with chaperones on the x-axis (i=1..69) and substrates on the y-axis (j=1..
3,595). Cells in the matrix represent a protein-protein interaction between chaperone i and
substrate j. The cells are colored by the module color if both substrate and chaperone are
included in the module, and in grey otherwise. Cells of non-interacting proteins are colored in
black. HSP70 group includes the five ungrouped chaperones: Ssb1, Ssa1, Sse1, Ssa2, and
Ssb2. (b) Modules within the chaperone-substrate network. Rate categories are coded by S
(slow), M (medium), M/F (medium/fast), and F (Fast).

Figure 2. Evolutionary rates of yeast substrates in the ten modules compared to their
positional ortholog in 20 fungal species. Hsp70 group includes five ungrouped
chaperones: Ssb1, Ssa1, Sse1, Ssa2, and Ssb2. The lines represent rate category medians

in each species.
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Figure 2
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