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Abstract

Motivation: Orthology analysis is a fundamental tool in comparative genomics. Sophisticated methods
have been developed to distinguish between orthologs and paralogs and to classify paralogs into subtypes
depending on the duplication mechanism and timing, relative to speciation. However, no comparable
framework exists for xenologs: gene pairs whose history, since their divergence, includes a horizontal
transfer. Further, the diversity of gene pairs that meet this broad definition calls for classification of xenologs
with similar properties into subtypes.

Results: We present a xenolog classification that uses phylogenetic reconciliation to assign each pair of
genesto a class based on the event responsible for their divergence and the historical association between
genes and species. Our classes distinguish between genes related through transfer alone and genes
related through duplication and transfer. Further, they separate closely-related genes in distantly-related
species from distantly-related genes in closely-related species. We present formal rules that assign gene
pairs to specific xenolog classes, given a reconciled gene tree with an arbitrary number of duplications and
transfers. The xenology classification rules have been implemented in software and tested on a collection
of ~13,000 prokaryotic gene families. In addition, we present a case study demonstrating the connection
between xenolog classification and gene function prediction.

Availability: The xenolog classification rules have been implemented in Notung 2.8 a freely available
phylogenetic reconciliation software package. http://ww. cs. crmu. edu/ ~dur and/ Not ung. Gene
trees are available at ht t p: / / dat ashare. i s. ed. ac. uk/ handl e/ 10283/ 1981.

Contact: durand@cmu.edu

Supplementary information:  Supplementary data are available at Bioinformatics online.

1 Introduction orthologs from the same pair of species diverged at rougigysame
time (Capreet al., 2013). Orthologs are used as markers for homologous
chromosomal regions for comparative mapping (Nadeau amiafa
1998; O’Brienet al., 1997), phylogenetic footprinting (Duret and Bucher,
1997; Dickmeis and Muller, 2005) and operon prediction (Chieal.,
2004; Ermolaevat al., 2001; Pricezt al., 2005; Westoveet al., 2005).

Identification of paralogs is a prerequisite for studyinggasses of
gene duplication, the major source of genetic novelty inaeybtes.
Comparison of paralogous pairs with a pre-duplication aay reveals
patterns and rates of diversification following duplicatit.ynch, 2007,
and work cited therein), as well as the functional fates dflidated
genes (Lynch, 2007). Spatial patterns of orthologs andggsaare used
© The Author 2016. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 1

Homology analysis, classifying gene pairs according toetfmutionary
process by which they diverged, is a fundamental tool of cmatye
genomics. ldentifying orthologs is integral to the funotb annotation
of novel genes (Wt al., 2003) and prediction of gene function by
various methods, including phylogenetic profiling (Pefieg et al.,
1999) and gene fusion (Marcote al., 1999; Enrightet al., 1999).
Phylostratigraphic investigations linking the age of agymits functions,
disease associations, or ecological distribution explbé fact that
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2 Darby et al.

to infer the specific duplication process that gave rise tivangset of
paralogs (Durand and Hoberman, 2006; Van de Peer, 2004|i8imet al .,
2004).

Homology identification is a highly active research areanpnsing
methodological approaches ranging from sequence coropartse
phylogenetic reconciliation. More recent innovations lude the
exploitation of shared synteny (Sétial., 2011) and specialized methods

for identifying multidomain homologs (Soregal., 2007, 2008; Aliet al., L1z ] >< Lwb ] v
'z 97 Y Y g X v
2016). ¢ Y J o\ ¥ W \_5_)

Most work on homology analysis to date has not considered
genes related through horizontal transfer. Studies ofzbotal transfer
commonly use approaches that seek to identify genes ofgforaiigin
in a given genome, rather than homologous gene pairs thaekted
through horizontal transfer (reviewed in Azad and Lawrer&2). A
few methods, such as gene tree - species tree reconciliadionnfer
gene pairs that correspond to the donor and recipient of resfea
Reconciliation algorithms that account for transfer esegte relatively
new (reviewed by Nakhleh, 2010, 2013; Huson and Scornay@€dl),
computationally more complex, and are only recently confring use for
genomic analyses (e.g., David and Alm, 2011; Richatds., 2014).

Appropriate terminology for describing gene pairs relateobugh
horizontal transfer is a fundamental requirement for editen the
homology analysis framework to include this evolutionarsogess.
The term “xenolog”, proposed by Gray and Fitch (1983) to dbsc
horizontally transferred genes, is in use, but not widehd there is no
consensus on a precise definition. Further, there has hileriscussion
of differentiating xenologs to convey distinctions betweegorizontally
transferred genes with different properties (see Koostiral., 2001,
for a notable exception). Such xenolog classes would beogoas to
paralog subtypes proposed to convey the relative timingupfications
and speciations (e.g., in-paralogs versus out-paralogant&mmer
and Koonin, 2002) or distinguish between different mechasi of
duplication (e.g., ohnologs and tandem duplications exeed by Durand
and Hoberman, 2006; Ramos and Ferrier, 2012).

Fig. 1. Gene tree (thin black lines), with a duplication and a transfer from species
Y to species X, embedded in a species tree (thick gray lines). The cenancestor of
the transfer (as) is annotated. Node sets D, Rand O are labeled below the leaves.

specie, violating the assumption thatgenes in the same speciaestaa
orthologous. Gene pairs in speckandZ also exhibit surprising behavior
according to the event-based definition. The most recenbtamancestor
of gx andgz is a speciation node, as is the most recent common ancestor
of g andgz, implying that both pairs are orthologs in the specieand
Z. However, these pairs arose at very different times in tieeisp tree,
violating the assumption that orthologs drawn from the spaireof species
are associated with the same species divergence and ateyrthg same
age (Goodmaet al., 1979; Caprat al., 2013). Neither of these problems
arises when the cenancestor-based definition is used, deeoaithemgy
nor gz are orthologs ofj under that definition. In both cases, the most
recent common ancestor of the genes does not lie in theincestor.
More generally, the additional cenancestor requiremesilt® in a
restricted set of orthologs that excludes these problemates. However,
a consequence of defining orthologs narrowly is that xersoéog defined
broadly: the set of gene pairs whose history, since theierdence,
includes a transfer is substantially larger than the se¢oég that diverged
through a transfer event at their most recent common arrc&&nologs,
Background: Fitch (1970) introduced the terms orthology (“homology When broadly defined, exhibit diverse properties. First, albxenologs
[that] is the result of speciation”) and paralogy (“homofdthat] is the have the same event at their most recent common ancestergetie tree.
result of gene duplication”) and proposed that “foreignagensince they ~ We observe xenologs where this divergence arose via trafesée,g and

are neither orthologous nor paralogous but are clearly thagoas...should
be called xenologous” (Gray and Fitch, 1983). These defimstiwhich are
framed in terms of the event that caused the divergence,lderewidely
adopted. In 2000, Fitch proposed more precise definitiongtbblogy and

gv), speciation (e.gg andgz), and duplication (e.gg andhz). Second,
xenologs can occur in the same species (§.gndgx). Third, xenologs
may vary greatly in how closely they are related, and therdamce of a
pair of xenologs may pre- or post-date the divergence of #s=sociated

xenology: Orthology includes the requirement that the “own ancestor ~ species. For example, ger@andgz diverged more recently than species
lies in the cenancestor of the taxa from which the two seceeemeere X and specieg, whereas genegandgyw diverged before species and
obtained,” where @enancestor is the “most recent common ancestor of Speciesh.

the [species] taxa under consideration,” and xenologyastiilationship Our Contributions : This broad definition of xenologs does not convey

of any two homologous characters whose history, since tt@inmon
ancestor, involves an interspecies (horizontal) transfethe genetic
material for at least one of those characters.” In other woedpair of
genesg; andgp,
g1 andgy in the gene tree.

In this updated definition, orthology is defined not just imie of a
speciation event, but in terms of the association of nod#isargene and
species trees. Under a duplication-loss event model, tHereavent-
based definition of orthology and this definition are eq@wmal However,
when transfers are included in the event model, the setstbblogs
predicted using the two definitions are not identical. Megzpthe event-
based definition leads to predicted orthologs that haveeptieg that are
not usually associated with orthologs.

For example, nodegx andg in Figure 1 are orthologs according to

the event-based definition, because the event at their exettrcommon

ancestordy) is a speciation. Yejx andgare genes in the same present-day

important distinctions between the diverse and complexokgous
relationships that arise due to horizontal gene transferaddress this,
we propose xenolog classes that reflect the events assbeiéte the

are xenologs, if there is a transfer on the path connecting . . L
9 P gdlvergence of a xenologous gene pair, and the relative girofrtransfer

and speciation events. We present formal definitions ofetlussses in
the context of a reconciled gene tree and rules to assigriogmes gene
pairs to classes. Further, we show that these classes foreradhy,
connecting the relationship of xenologs to their placenretiie gene and
species trees.

An algorithm implementing these rules has been integratém the
Notung 2.8 software package. An analysis~af3,000 prokaryotic gene
families demonstrates that all of the proposed classes ariseal gene
tree data. We further present a case study that illustraegaotential
functional implications of xenolog classification. Fiyalve discuss how
this framework could be used in future research to expl@ewolutionary
and functional fates of transferred genes.
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Xenolog Classification

Notation Before stating formal definitions of the xenolog subtypeg, w
introduce the following notation. For a binary, rooted tige= (Vi,E;)
with node seV, and edge sef;, L(T;) designates the leaf set &f. V \
U denotes vertices in s&t that are not in set, whereU C V. p(v)
refers to the children and parent of nodeespectively. Ifvis an ancestor
(resp., descendant) afin T;, we writev >; u (resp.,v <; u). The setA(u)
represents the improper descendants of node. u and all nodes in the
subtree rooted ai. If v ¢ A(u) andu ¢ A(v), then we say tha andv
are incomparable (denotedZ v). The most recent common ancestouof
andv is denoted MRCAu, V). Givenvy, Vv2,v3 € Vi, we say that; is more
closely related ta, than tovs, if MRCA (v1,v2) <i MRCA(vy,V3).

2 Methods

Our classification takes as input a gene tiee= (Vg, Eg), that has been
reconciled with a species tre® = (Vs, Es), using a duplication-transfer
model. The model may also include losses; losses have nocinopa
xenolog classification and we do not discuss them furthezoR&liation
infers a mapping (-), between genes and species, whefég) = s
indicates that geng € Vg was present in the genome of specesVs.
Each internal nodeg, is annotated withe (g), the event that caused the
divergence ag, wherez (g) can be a duplicationd}, a transfer ), or a
speciation §). Transfer edges are denotedtby (gq,0r ), whereg; is the
recipient gene nodeyy = p(gr) is the donor gene node, andgy) = T.
We say transfet is on the path frong; to gj, if the path fromg; to g;
passes through botly andg;.

The output of our classification scheme is a homology table

H(gi,0i],vgi,gj € L(Vg). In this classification, which is based on the
definitions introduced by Fitch (2000), gergsandg; are

orthologsiff £(MRCA(gi,9;)) = o and there is no transfer on the
path fromg; to gj;

paralogs iff £(MRCA(g;,gj)) = & and there is no transfer on the
path fromg; to gj;

xenologs iff there is at least one transfer on the path frgnto g;.

Note that by explicitly defining orthologs to be gene pairatthre not
connected by a transfer, this definition of ortholog enstivasthe ancestor
of orthologous genes lie in their cenancestor; ise.(MRCA(g;,0j)) =
MRCA(a (gi), (g)))-

If g andg; are orthologs, them[gi,g;] = H[gj,gi] = O. If they
are paralogsH|[gi,9j] = H[gj,qi] = P. If gi andg; are xenologs, then
H[gi,0i] = x (gi,gj), wherex (gi,g;) is the xenolog class of gengsand
g;. In contrast to orthology and paralogy, xenology is not s\gtrin, due
to the directional nature of horizontal transfer.

In the remainder of this section, we define new xenolog ctaasel
give formal rules for determining the xenolog clasggi,g;), for a given

gene pairg; andgj. In Section 2.1, we consider the case where thereA(

is a single transfer on the path frogy to gj and they did not diverge
by duplication (i.e.,z (MRCA(gi,gj) # 0). In Section 2.2, we provide
xenolog classification rules for the case where the commaestor

of gi and g; is a duplication and introduce a subclass of xenologs,
called paraxenologs, for designating genes that are dethteugh both
duplication and transfer. We extend these definitions tmedin arbitrary
number of transfers on the path fragnto g; in Section 2.3.

2.1 Xenolog classification with a single transfer

Consider a gene tree with a single transfer(gq,gr) from donor species

sS4 = M (gq) to recipient speciess = 4 (gr). Letas = MRCA(sy, s ) be

the cenancestor ofand letA be the set of nodes in the subtreelgfooted
atas. Transfett defines three, non-overlapping sets of species tree nodes:

“darby_xenologclassification-main”

D = {s€ V5IMRCA(s,54) <sas}, i.e. the species that are more closely
related to the donor than the recipient;

R= {s€V5|MRCA(s,s ) <sas}, i.e. the species that are more closely
related to the recipient than the donor;

O=Vs\A, i.e.the nodes inthe species tree equally related to therdon
and recipient.

We define four, mutually exclusive xenolog classes basedasetsets.
Xenolog classes are defined with respect to a referencedgehéTg) that
is a descendant of the recipient of the transfer; §ez,A(gr). For every
ge {L(Ve)\A(gr)}, tis onthe path frong to g andgis a

Primary xenolog iff g € A(gq); x(8.9) = PX
Sibling Donor xenolog iff a7 (g) € D andg & A(gq); X (§,9) = SDX
Sibling Recipient xenolog iff 47 (g) € R; x(G,9) = SRX
Outgroup xenolog iff a7 (g) € O. x(g.9) =OX

Xenologs are classified relative to a reference gene; theretenolog
class assignments are not symmetric. In the homology tableen
H[g,9] = x(G,9), H[g,d] = * is used to indicate thaj is the xenolog
of the reference gen@, and that its class is given By[g, g].

In Figure 1, all genes are xenologousgtoBoth gy andgz are in set
D; gy is a Primary xenologX (g,gv) = PX) andgz is a Sibling Donor
xenolog ( (g,9z) = SDX), becausey is a descendant of the donor (i.e.,
gy € A(g1)) andgz is not. Genegx andgw are in seR and are Sibling
Recipient xenologsx((g,gw) = SRX). Genegy is an Outgroup xenolog
(x(G,9v) = OX) becausey is in setO. Genedy andhz are paraxenologs
and will be discussed in Section 2.2.

A xenologous gene pair can be further annotated to indicasesc
where the genes are found in the same spegiesanautoxenolog of g,
iff a7 (g) = 2 (§). We designate this (§,g) = X'. Autoxenologs will also
be assigned to a subclass. In Figurgy andg are both in specieX; gx
is a Sibling Recipient autoxenolog (§,gx ) = SRX).

Xenolog class hierarchies: The xenolog classes form a hierarchy that can
elucidate how xenologs are related in both the gene andespé@es.
Primary xenologs are closest in the xenolog hierarchy antyroup
xenologs are most distant. We denote this hierarchy by

PX <x SDX <x SRX <x OX,

wherex (§,01) <x X (§,02), if gandg; are closer in the hierarchy than
andgy.

Genes that are more closely related in the hierarchy areratse
closely related in the gene tree. Let gemgsand gy in Vg \ A(gr) be
xenologs ofj such thatthere is no transfer ancestral to eigh@rgy. Then,
MRCA(§,91) < MRCA(G,092), if X (§,01) <x X (7.92). This hierarchy,
which is illustrated in Figure 2, is stated formally as fal&

Theorem 2.1. (Xenolog class hierarchy in the gene t@iegn G €
gr), for any Primary xenolog, gp, Sbling Donor xenolog, gsp, Shling
Recipient xenolog, gsr, and Outgroup xenolog, go, of §

MRCA(G,9pr) <6 MRCA(G,9sp) <6 MRCA(G,gxr) <G MRCA(G,90)-

Proof. See Section S.1.

We sketch the basis of this theorem informally, here. Fonexenolog
g € Ve \ A(gr) of g, the common ancestor @f andg is a node on the
path fromgq to the root of Tg; i.e., there existgy € Vg, such that
g = MRCA(G,9) andgi > gq. If i = g4, theng € A(gq) \ A(gr) and
is therefore a Primary xenolog.

Forg, > g4, the descendants of, the child ofg; that is incomparable
to the transfer, must satisfy two requirements. First,esgtxenologs in
A(c) are equally related tg, all xenologs inA(ci) must be assigned to
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9z
SDX SRX’

9x %

ox

Iw
SRX

Fig. 2. Xenolog class hierarchy: (a) Gene tree with one transfer, shown in the
context of the species tree. (b) The reconciled gene tree. Each leaf g is annotated
with its xenolog class, x (§,g). Nodes gi1,9>,93, and g4 are the common ancestors,
respectively, of the Primary, Sibling Donor, Sibling Recipient, and Outgroup
xenologs in the tree, as indicated by the labels on internal nodes. The labels on the
path from @ to the root satisfy the hierarchy, PX <x SDX <x SRX <x OX, consistent
with Theorem 2.1.

the same xenolog class. This will be true if all descendaints are in the
same species sdb, R or O. Second, for angj >¢ g;, the xenologs in
A(cj) are more distantly related ghthan the xenologs iA(c;); therefore,
consistency requires that the class of xenolods(@) not be closer in the
hierarchy than the class of xenologs(x;). Both of these conditions are
satisfied when there is no transfer that is ancestral toregther g,. This is
always true in a reconciled tree with a single transfer andupications.
We will reexamine the hierarchical properties of xenolaogssks in trees
with more complex event histories in the following sections

The proposed xenolog classes also convey information athaut
relationship of a xenolog pair in the gene tree relative &rtrelationship
in the species tree. {f1, g2, andgs are orthologs, theg; andg, are more
closely related thag; andgs, iff the associated species (g1) andas (g2)
are more closely related tham (g1) andas (gsz). As aresult, knowing the
species associated with a pair of orthologs provides a gestiknate of
the time since their divergence (Capiaal., 2013). This is not true of
xenologs, where the cenancestorgoindg can predate or postdate the
species containing MRCA, g). Our xenolog classes distinguish between
these three cases. Primary and Sibling Donor xenologs are ciasely
related in the gene tree than in the species tree, wherelasgIRecipient
xenologs are more closely related in the species tree thiue igene tree.
Outgroup xenologs are equally related in both trees. Thelaianships
are summarized in Table S1.

2.2 Xenolog classification with transfers and duplications

We next consider the classification of gerggsand gj when there is a
single transfer on the path frog to gj and they diverge by duplication
(i.e., £(MRCA(gi,gj) = 9). Such gene pairs satisfy both the paralog
and the xenolog criteria proposed by Fitch (2000), leadmgdtential
terminological confusion. To avoid this confusion, we duuce the
explicit designatiomaraxenolog®, for xenologs that diverged via a
duplication at their common ancestor.

1 patterson (1988) used “paraxenolog” to refer to a diffepér@nomenon.

hy
PX SDX SDX°

hz 9x
SDX® SRX’

g 9y 9z 9y

OoxX

Iw
SRX

Fig. 3. Paraxenolog classification: The gene tree from Fig. 1 with a duplication
followed by a transfer. The tree is annotated with xenolog classes on the leaves.
Each internal node is labeled with the xenolog class of all genes in its right subtree
(i.e., the subtree that does not contain a transfer.) The progression of labels shows
the hierarchy of xenolog classes in the gene tree.

Formally, letgpup € Vi be a duplication node in the gene tree with
a transfert = (gq,9r ), in one of its two subtrees, and g A(g,) be a
descendant of that transfer. Then, every gene in the secbtes ofgpup
is a paraxenolog djj, to be denoted X. For example, in the gene tree in
Figure 1,gpup = g3 is a duplication node with two subtrees; theubtree
contains a transfer with reference gepeAll genes in the other subtree
(that is,hy andhyz) are paraxenologs @f.

Paraxenologs are also assigned to a specific xenolog class ivh
is both possible to do so and preserve the xenolog classrttigraas
specified in Theorem 2.1. This depends on when the duplicaticurred
relative toas, the cenancestor of the transfer. If the species in which
the duplication occurred is a descendantagf then all descendants of
Opup are more closely related to the donor than to the recipieat; all
paraxenologs are in speciesbnand must be Sibling Donor xenologs as,
by definition, Primary xenologs are the descendants of afeann this
case, paraxenologs satisfy the requirements of Theorenb@cause the
paraxenologs dj are equally related and are assigned to the same xenolog
class; the hierarchy is preserved.

When the duplication predates or coincides with the cersiacef the
transfer, then the descendants of both childregmefe will be inherited
by species irD, R, and potentiallyO. These paraxenologs are equally
related in the gene tree, but would be assigned differesisetabased
on their location, thus violating the requirements of Theeor2.1. For
every paraxenologg, of g, we assignx (g,g) to XP, i.e.,, Gandg are
untyped paraxenologs, to avoid violating the hierarchycénario where
this occurs is shown in Figure S1.

Xenolog hierarchy with paraxenologs: The xenolog hierarchy in
Theorem 2.1 holds for paraxenologs if we ignore the distncbetween
xenologs and paraxenologs of the same class and consfddo Xe
on a par with the OX class in the hierarchy. dép and g5 are a
Sibling Donor xenolog and a Sibling Donor paraxenolog, eesipely,
of g, then MRCAG,g5p) may be either ancestral to or a descendant of
MRCA(G,9sp) (Figure 3). Similarly, MRCAG, gyr) may be an ancestor
or a descendant of MRGA,go), wherego is an Outgroup xenolog @
andgyp is an untyped paraxenolog. These results are stated forinall
Theorem S.2.

The species hierarchy in Table S1is also preserved, witadtional
observations that Sibling Donor paraxenologs behave likén§ Donor
xenologs and MRCAo/ (G), M (gye)) >s M (MRCA(G,0xr)).

2.3 Xenolog classification with multiple transfers

With a single transfer, xenolog classes are defined in tefrtfeecsets of
species tree nodeB, R, andO, which are determined by the positions of
the donor and recipient species and their common ancegtofhe key
issue in extending the framework to multiple transfers i& o obtain a
singleD, R, andO given multiple donor and recipient species. We first
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9x
PX

9u
SDX

9y
PX

9z
SDX

9v
ox

9w
SRX

Fig. 4. Xenolog classification with multiple transfers: (a) Gene tree with two
comparable transfers and the associated super-transfer (dashed), shown in the
context of the species tree. (b) The reconciled gene tree. Each leaf g is annotated
with x (G,g). Genes gx and gy are classified with respect to t?> and obey the
hierarchy: MRCA(§,9x) <c MRCA(G,gu) and x(G.gx) = PX <x x(G,gu) = SDX.
The other genes are classified with respect to the super-transfer, t*. Their
xenolog classes are consistent with the hierarchy (Theorem 2.1): MRCA(G,9v) <g
MRCA(G,9z) <c MRCA(G,0w) <c MRCA(g,gv) and PX <x SDX <x SRX <x OX.

describe a xenolog classification procedure for a pair oég@onnected
by a path containing > 2 transfer edges, when @ltransfers are mutually
comparable. Transfers, = (g}, gt) andt? = (g3.9?), are comparable, iff

gt andg? are comparable in the gene tree. Then, we describe a precedur

for the case where the gene pair is separated by incomparabkfers.
The remainder of this section applies to both xenologs anakpaologs;
for simplicity, we use “xenolog” to refer to both, except wé®therwise
stated.

Comparable transfers: Let t1,t2...t be an ordered sequence of
comparable transfers on the path frgio g. We say that! is ancestral
to t? (denotedt! >g t?), iff gt >g g?. Any set of comparable transfers,
t1,t2.. .tk can be ordered such thét>g t'+1 Vi < k— 1. In particular,
g >c g, Vi>1,andg >c df, Vi <k

Sincet!,t2...tk are comparable, they must be on the path between

§ € A(gF) and MRCAG,g). These transfers can be summarized by a
single super-transfet” = (gj,9;), wheregy = gé andg’ = gf. With
one exception, discussed belott, behaves like a single transfer that
could occur in a reconciled tree: the cenancestor of therdrgesfer,

a{ = MRCA(s},s/), induces set®*, R*, andO* (Figure 4). These are
used to determing (g, g), using the single-transfer procedure previously
described.

The exceptional case arises when the recipient species augber-
transfer is a descendant of the donor specigs (A(s))). This scenario
(Figure S2) cannot occur with a single transfer because ¢merdand
recipient species of a transfer must be incomparable. Witltiple
transfers, howevers may be inA(s}). In this case, the cenancestor of
the super-transfer is also its donef & sj). Since all descendants sf
are also descendants af, all xenologs inA* are Primary xenologs. All
other xenologs are i®* and are Outgroup xenologs.

A possible concern about replacitkgtransfers with a single super-
transfer is that the intermediate species are not considei@vever, these

intermediate species are represented by xenologous pairenly pass
through a subset of tHetransfers, namelg € A(g}) \ A(g). Information
about where ancestral forms @kpent time ag traveled fromsé to #‘ is
captured by the complete set of xenologgof

Incomparable transfers: We first consider the special case whére 2
and the transfers are incomparable. Given a pair of gegesind gp,
connected by two incomparable transfétsandt? (Figure 5), one gene is
a descendant of one transfer recipiemt € A(gh)), and the other gene is
a descendant of the other transfer recipigatd A(g?)). Sinceg; andg,
are both descendants of a transfer recipient, xengjogan be classified
with respect td@j; = g3, and vice versa.

With incomparable transfers, the xenolog classes do nigfpdhe
hierarchical properties of Theorem 2.1. As beforeglet MRCA(G1,02)
and letg; be the child ofy; that is ancestral t but nott! (i.e.,¢ >g g2 and
¢ % 01). Recall that the first condition for preservation of theraiehy
is that all xenologs if\(c;) must be in the same species set. Satisfaction of
this condition is not guaranteed for incomparable xenolmrsause\(c;)
contains a transfet?, that can moveg? to a species that is not in the
same set ag/ (gﬁ). Suppose, for example, the donortdfs in a species
in O, but its recipient is in a species . Since bothgf, andg? are in
A(ci), more than one species set is representéx|d), violating the first
condition. Primary xenologs are the one exception to tlablem. Primary
xenologs are defined in terms @f and not in terms ob, R, andO, and
are therefore unaffected by incomparable transfers. Pyirenologs are
always more closely related @than are xenologs of any other class, in
both the comparable and incomparable cases.

To avoid a classification that violates the hierarchy, we dbassign
xenologs separated by incomparable transfers to spediiitasses. Given
two genes separated by incomparable transtémndt2, without loss of
generality, leG; € A(g}) be the reference gengs € A(g?) be the xenolog
under classification, angh, = MRCA(G1,92) be their common ancestor.
Theng is a

Primary xenolog iff g € A(g}); X (01,92) = PX
Incompar able xenolog iff g2 ¢ A(g}) andz (gm) = o;
X (G1,92) = IX
Incompar able paraxenolog iff go ¢ A(g},) andz (gm) = 0.
X (G1,92) = IXP

In the incomparable cask\,[G1, 9] = x (G1,92) is the classification af,
with respect t@; andH [G2,91] = x (G2, 91) is the classification af; with
respect tdj,. Either.x (gi,92) = PX andx (gz2,91) = IX (or vice versa),
or X (g1,02) = X (g2,91) = IX®).

We now address the case whére 2 by reducing the problem to one
involving two incomparable super-transfers and applyirgprotocol just
described. Let!---tl be the transfers, in descending order, on the path
from MRCA(g1,92) to g; andti+® ...tk be the set of transfers on the path
from MRCA(g1,92) to go. Sincet®---tl must be mutually comparable,
they can be replaced with super-trangfér= (g3".g*"), whereg}” = g}
andgt* = gl. Similarly, we replacei*1...t< with super-transfet?* =

(63", 07"), whereg?” = g/ andg?” = gf.

Gene tree hierarchy for multiple transfers: With multiple comparable
transfers, the hierarchical properties in Theorem 2.1 aidkenologs
that share the same super-transfer from MRG.4) to §. For example,

in Figure 4, the xenolog class hierarchy is preserved foeaggd and
gu, which are xenologs of with respect ta? only. Similarly, xenologs
Ov,0z,0w, and gy, which are all defined with respect to the super-
transfert*, also obey the hierarchy. Howeveg, and gy do not share
the super-transfer and thus, do not obey the hierarchy; MBS ) <c
MRCA(§,9v), yetx (§.9u) = SDX >x x (§,gv) = PX.
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PX SDX IX SRX SRX’ OX
PX PX PX . SDX SDX SRX'

Fig. 5. Xenolog classification with incomparable transfers: (a) Gene tree with two
incomparable transfers shown in the context of the species tree. Species sets
associated with transfers t* and t? are shown below the leaves. (b) The reconciled
gene tree. Each leaf g is annotated with x (G2, g) (top row) and x (G1,9) (bottom row).
Genes gy and g, are separated by both transfers. Since G, € A(g}), X (G1,82) = PX.
In contrast, x (G2,G1) = | X since Gi ¢ A(g3). Xenolog classes for other genes are
consistent with their relatedness in the gene tree (Theorem 2.1): MRCA(G2,9v) <
MRCA(G2,9z) <c MRCA(G2.9w) <¢ MRCA(G2,9v) and PX <x SDX <x SRX <x OX.

Primary xenologs, including those connected by incomparab

transfers, are more closely related than any other classeoblags.
Incomparable xenologs that are not Primary may fall anyestierthe

hierarchy; that is, a given pair of Incomparable xenology im& more
closely related, or more distantly related, than a givem p&iSibling

or Outgroup xenologs. Thus, the Incomparable xenolog gtasgides
less information about relatedness than the specific $ilalivd Outgroup
classes, but guarantees a classification in which relassdinethe gene
tree is consistent with the hierarchy.

The species tree hierarchy for single transfers (Table IS@}elds for
multiple comparable transfers summarized by a superfgansith one
exception. When the recipient species of the super-traisséedescendant
of the donor species (as in Figure S2), Primary xenolog$) xeispect to
this super-transfer, are more or equally related in theigpéree than in
the gene tree.

The species tree hierarchy is not guaranteed for multiptmmparable
transfers, even when the pair are classified as Primary agsolThe
reasoning for this is that the recipient ¢ can be in any of the
sets, D!, R, or O!, defined bytl. Therefore the cenancestor of
g1 and g2 can be in any species iNs. Any relationship, even an
incomparable relationship, is possible between the casamicand the
ancestor containing MRCA1,02).

3 Algorithms and Implementation

The classification procedure for the xenolog classes destin Section 2

Xenologs

Fig. 6. (left) Proportions of orthologs, paralogs, and xenologs (all classes) in the
13,194-tree bacterial dataset. (right) Proportions of xenolog classes.

Upon reconciling a gene tree with a species tree, Notungeh8rates
a homolog tableH, for all pairs of leaves in the gene tree. There may be
more than one minimum-cost event history that reconcilesgéne and
species trees. A homology table is generated for each optiemaporally
feasible reconciliation reported. Transfers imply tengboronstraints
because the donor and recipient of a transfer must have iste@x a
reconciliation is temporally feasible if all temporal ctnagnts imposed
by the inferred transfers are mutually compatible. Notur&rports all
optimal reconciliations that are temporally feasible, oija user-specified
limit (Stolzer, 2012).

Homology tables can be viewed in the graphical user interfac
exported from the command line in atab-delimited, CSV, oM format.
Row H[Gi, -] contains the homology relationships between reference,gen
Gi, and all other genes iNG. For orthologs and paralog$i[g;i,gj] =
H[gj,qi]. For xenologsH[Gi,gj] = X (Gi,9;) gives the xenolog class of
g; with respect tajj, a reference gene that is the recipient of at least one
transfer on the path from MRCA;,g;j) to §. If there is also a transfer
on the path from MRCAg; . gj) to gj, thenH[Gj, 1] = x (§j. i) gives the
xenolog class ofj with respect to referendgy . Otherwise, Hgi,g;] = .

The classification procedure is generally applicable tomeited gene
trees and can be implemented in any reconciliation softwackage that
enforces temporal consistency. When temporal consistencyenforced,
reconciliations with transfers between ancestor and desce species
can arise. Since this scenario is similar to super-traasfet form a loop
(Figure S2), the classification proposed here could easilgdapted for
programs that do not enforce consistency.

4 Empirical Results

Genomic Sudy: As a proof of principle, we analyzed 13,623 gene
families from a dataset of 65 genomes of Proteobacteria and
Cyanobacteria (Latyshew al., 2012). To control for spurious inference
of transfers due to phylogenetic error, weakly supportethtines were
rearranged using a species-tree aware method as describection S.5.1.
Theresulting rooted, rearranged trees were then recawitk the species
tree with default costsGy = 3, C5 = 1.5, C, = 1). These costs are
consistent with costs used in other recent phylogenomityses (David
and Alm, 2011; Richardst al., 2014), which were selected to minimize
the total net change in genome content. The time requiregctncile the
13,623 trees, including generating all optimal recontidizs and testing
them for temporal feasibility, was 7.25 minutes on an IntebX 2.3GHz
processor (128GB RAM). The computational complexity ottaldting
the homology table, once the gene tree has been reconailedgligible.
Homology tables were computed for the 13,194 trees posgesSi

is shown as pseudocode in Section S.4. We have implemented that least one temporally feasible solution. From these, hogsoof all

procedure and integrated it in Notung 2.8, a freely avadlabbftware
package that implements gene tree-species tree rectpailiavith
transfers in a parsimony framework (Stolztal., 2012).

categories were tabulated. For families with more than opémal
reconciliation, the number of pairs in each category wasamexl over
all reported, optimal event histories.
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Orthologs, paralogs, and xenologs are all representedsrdétaset,
and every xenolog class is also observed (Figure 6 and T&l2lesS6).
More than a quarter of homologous gene pairs were xenolofjtheSe
pairs, 85.7% are xenologs with only one reference gene endidransfers
on the path from the reference to its xenolog are mutuallypamable. Of
these xenologs, 60.2% are either Primary or Sibling Dorema)xenologs;
thus, the majority of the inferred xenologs are closer tadibreor than the
recipient.

Gene pairs separated by incomparable transfers are fairy r
compared with all types of xenologs separated by any nunfhersfers.
Such pairs have two xenologs, one for each reference gengpsitone
member of each pair can be classified as a Primary xenolog (fh&rwise
they are untyped (1X). The fraction of Incomparable xensifug which the
hierarchy provides no information is quite small: 72.0%rafdmparable
(para)xenologs are (PX, IX) pairs; the rest are (IX, IX) o¢J IXP) pairs.

Less than 1% of all xenologous pairs are autoxenologs, wiaald be
dueto preferential transfer of novel genes or a high inaidefixenologous
gene displacement (Koongt al., 2001). Paralogs constitute 2.2% of all
homologs, and paraxenologs are 4.8% of all xenologs. Thelével
of paralogy observed is consistent with prior reports thgtriokaryotes
transfer is a greater source of genetic novelty than duicgTreangen
and Rocha, 2011).

Interestingly, the vast majority of paraxenologs, 73.4%&, &ibling
Donor paraxenologs. Recall that paraxenologs that dideafter the
cenancestor of the transfer can be unambiguously clasaifigdre always
more closely related to the donor than to the recipient oftthasfer.
Paraxenologs that diverged before the cenancestor,loserdo the root,
cannot be assigned a specific class without breaking tharbier. As
with Incomparable xenologs, the low fraction of untypedgs@nologs
(XPs) suggests that, at least for this data set, there arevedjafew pairs
for which it is impossible to extract some information frohetxenolog
classification.

Methodological factors may also contribute to the trendohserve.
Gene families were inferred with OrthoMCL (ki al., 2003), which tends
to place paralogous subfamilies in separate clusters.cbhisl be a factor
in the low level of paralogs, paraxenologs, and autoxermioghis study.
It could also contribute to the preponderance of Smpéirs, relative to
XP pairs, as the tendency to break up paralogous subfamiliaiwesult
in relatively few inferred duplications near the root of thene tree.

We considered to what extent the empirical parameters imfeekthe
outcome of the analysis presented here. We investigatednipact of
OrthoMCL on subsequent xenlog classification classificatioa small
set of curated families (Section S.5.5). In most cases,d®€l clusters
agreed with the curated family definitions. However, wheth@WCL
did split up paralogous subfamilies, the number and typeacdxenologs
predicted changed dramatically.

In order to assess the impact of taxonomic breadth on oultseste
also applied our classification procedure to two taxonolyicastricted
subsets: families found only in the Cyanobacteria phylumd@species,
7,485 trees) and only in the Synechococcales class (S: 3fespé,429
trees), respectively. Orthologs, paralogs, and all xgg®ldlasses are
present, and the observed trends are similar to those egjaibve for the
full data set (Section S.5.4, Figures S8 and S9, and TablesS®). In
summary, the agreement between the full and restrictedetatauggests
that our method is not highly sensitive to taxon sampling.

Finally, to probe the impact of event costs on xenolog cksbserved
in this study, we repeated this analysis with an increassasfer cost,
C; = 4, as described in Section S.5.3. All xenolog classes wer@na
observed. The higher transfer cost resulted in a moderetedse in the
number of paralogs and paraxenologs of all classes, andreadecin the
number of non-paralogous xenologs inferred. The changeeinédlative
frequencies of the other various classes was generally 8esalthan 15%)

with one exception: the proportion of Outgroup xenologsrelased by
more than 50%. The increase in para(xeno)logs and decre&sggroup
xenologs, taken together, suggests that more duplicati@ysbe inferred
near theroots of gene trees with ahigher transfer cost., Tinthgs analysis,
the trade-off between duplications and transfers doesffeat @ll xenolog
classes equally.

BIO4 Case Sudy : To explore the connection between xenolog classes and
protein function, we applied our approach to Bi©4 gene family; several
BlO4 genes have been horizontally transferred and have beestbared
experimentally (Hall and Dietrich, 2007). TiBO4 protein is an enzyme
in the biotin (vitamin B7) biosynthesis pathway (Figure $Hlants and
some fungi possessBiO4 homolog that encodes a bi-functional enzyme,
which acts as both a 7,8-diaminopelargonic acid syntha8d®{q3) and a
dethiobiotin synthetase (DTBS), steps 3 and 4 in the pathweapectively.
In bacteria, thd8104 homolog only performs the DTBS function; the 3rd
step is carried out by an unrelated protein. Unlike othegfuhowever,
the BIO4 homolog in yeast Saccharomyces cerevisiae, and its close
relatives) also encodes a DTBS-only protein. Phylogeretidysis shows
that a horizontal transfer from bacteria to yeast replatedancestral
bi-functional homolog (Hall and Dietrich, 2007). Using Nag 2.8, we
reconciled the gene and species trees (Figures S12 and @i3jucted
by Hall and Dietrich (2007) and inferred xenolog classegFés 7
and S14).

The hierarchical nature of the xenolog classification aidsthe
interpretation of the functional evolution of the family tinis case study.
The molecular function of yeaBli O4 is closer to that of its Sibling Donor
xenologs, which encode the DTBS-only enzyme, than itsi8itfiecipient
xenologs, which encode bi-functional enzymes. In contrim Sibling

DTBs+DAPAS ()
o18s (]

Basidio-  Pezizo-  Y.lipolytica S. cerevisiae  a-proteo- Firmicutes
\nycota  mycotina ) bacteria
v
SRX PX SDX

Fig. 7. Schematic of the BIO4 gene family. Dashed line indicates lineages that
likely had a dual-function DTBS+DAPAS enzyme; solid line indicates DTBS-only
function. With respect to the gene @ in S. cerevisiae, set Ris comprised of other
fungi, and their genes are SRX. Set D includes all bacterial taxa; the descendants
of the donor gene are PX and other genes are SDX.

Recipient xenologs provide information about genomic eritThe fact
that the Sibling Recipient xenologs encode a bi-functiemayme raises
a red flag: the replacement of a bi-functional enzyme with 85T nly
enzyme in yeast suggests loss of the DAPAS function. Eittfferent
enzyme must be carrying out the DAPAS function or yeast n@don
has a functional biotin synthesis pathway. In fact, the faris true; the
DAPAS function is performed by an unrelated gene, that wesadquired
horizontally (Hall and Dietrich, 2007).

In this example, a closely related gene (a DTBS-only enzyime)
a distantly related o-proteobacterial) species is a better predictor of
BIO4 enzymatic function than a distantly related gene (the duattion
homolog) in a closely related specié&i(rowia lipolytica). The distantly
related homolog in a closely related species provides iméion about
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the genetic background,; i.e., the genome could be lackiremnea gncoding
the DAPAS function. These insights are linked to the hidrimad structure
of the xenolog classes and may represent general trendgesing
hypotheses for future investigation. Ifit proves gengrailie, for example,
that Sibling Donors are better predictors of molecular fiemcand Sibling
Recipients are better predictors of cellular context, ttiés system of
xenolog classification could support large scale, autothatelyses in
comparative, evolutionary genomics.

5 Discussion

Distinguishing orthologs from paralogs, as well as thesiln of paralogs
into subclasses based on the timing and nature of the evgnigich
they arose, has proved to be a valuable analytical approactoliecular
evolution, systematics, comparative genomics, and hagyebased
function prediction.

Here, we examine the challenges associated with the exgeaofihis
framework to include horizontally transferred genes. Erat“xenolog”
has been introduced to describe gene pairs related throogbohtal
transfer (Gray and Fitch, 1983; Fitch, 2000). However, teo$ genes
that share a history with at least one transfer encompas&syg hroad set
of relationships.

duplication, the incorporation of other sources of infotiora such as
synteny, sequence alignments, or structural comparisunid de used to
develop richer accounts of xenology relationships. Forrgla, Koonin
et al. (2001) have proposed that horizontal gene transfer caft ieghe

acquisition of a new gene family, expansion of an existingegamily, or

allelic replacement without change in copy humber.

Our classification provides a context for stating generaddtyeses
about the functional and evolutionary fates of differeasskes of xenologs.
Since Sibling Donor xenologs are more closely related tordffierence
gene than Sibling Recipients, they may be more likely toeshaolecular
functions than the reference gene. In contrast, the celedgironment
of the reference gene may be more similar to that of Siblingifent
xenologs. This could also convey information about the @sscof
amelioration following transfer (Lawrence and Ochman, 7)99For
example, the prokaryotic homologs of a fungal gene of prgiér origin
are likely not informative with regard to the cellular compaent in
which the encoded protein is active. The functional fategeaies that
have experienced both duplication and transfer is a largeixplored
question. Selective pressures are likely to change fatigwhoth gene
duplication (Lynch, 2007, and work cited therein) and homial gene
transfer (Treangen and Rocha, 2011; Boto, 2010, 2016, amki eited
therein). Little is known about the combined effect of thebanges on
rates of divergence and functional specialization.

In this work, we propose subtypes that provide a more nuanced Recent attempts to test the ortholog conjecture, whichtpdbat

classification of xenologs. We provide formal rules for slfisation,
given a reconciled gene tree with an arbitrary number ofsfiexs and
duplications. These rules have been implemented in NotugXreely
available phylogenetic reconciliation software package.

Consistent with the framework Fitch first introduced in th#/Qs,
phylogenetic reconciliation captures information abol¢ thistorical
association between genes and species, as well as theetticergvents
that characterize the xenologs in each class. A potentitaiion of this
approach is that it requires that species evolution be reddast a tree.
While some have argued against tree-like models, givenrthalence of
horizontal gene transfer in bacteria, a tree can providestulibeuristic,
despite the reticulate nature of prokaryotic evolutionr{d#ll, 2013, and
work cited therein).

As with most theoretical work on reconciliation, our cldissition
assumes that the gene tree and the inferred events aretctre@ctice,
errors in gene tree reconstruction or incongruence due rtecagnized
incomplete lineage sorting could lead to downstream efiropsenolog
classification. For example, the xenolog classificatiorppsed here could
be embedded in a probabilistic reconciliation framework.(eAkerborg
et al., 2009), which would support an explicit and quantitativedeloof
uncertainty. Methods that account for phylogenetic uadety offer an
approach to bridging this gap, and are an important diredibo future
work.

Missing data is another potential source of error. If theadzgt does
not contain at least one descendant of the donor, a trangfé&evinferred
from a putative donor that is actually an ancestor of the depecies.
When temporal consistency is enforced, the $&tsR and O remain
unchanged. Hence, the classification of Sibling Donor,iigiRecipient,
and Outgroup xenologs will be unaffected by this error. Hmvesome
genesthatare actually Sibling Donor xenologs will be inecity classified
as Primary xenologs. In this case, missing taxa can leaddrsén xenolog
classification, but will not result in major changes in iptetation; these
xenologs will still be correctly classified as being moreselly related to
the donor than to the recipient of the transfer.

Our classification is an extension of Fitch’s classic framwnand is
based solely on information that can be extracted from geme-tspecies
tree reconciliation. Just as information about the spatirglanization

orthologs are more functionally similar than paralogs,ehdemonstrated
the challenges presented by confounding factors in highuatihput data,
and especially in the use of ontologies (Ne#trtal., 2001; Chen and
Zhang, 2012). Testing analogous xenolog conjectures wil\en more
challenging: probing all four xenolog classes would regjudrge-scale,
unbiased functional data sets for at least five species. riteless, with
the current pace of functional genomics, genomic-scalesiiyations of
xenolog function are not far in the future.
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