ORIGINAL ARTICLE

EVOLUTION

=
@)
=~
1=
=)
~
&)
=~
=
&)
&)
=
<
)
~
S
=
S
~
<
~
=)
e
]
~
=<
(S
=~
=)
=<
~
=
~
=
=

doi:10.1111/ev0.12935

Assessing the effects of a sequestered
germline on interdomain lateral gene

transfer in Metazoa

Lindy Jensen,'? Jessica R. Grant,' Haywood Dail Laughinghouse IV,! and Laura A. Katz'3-

"Department of Biological Sciences, Smith College, Northampton, Massachusetts 01063

2Current Address: Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, Michigan

48109

3Program in Organismic and Evolutionary Biology, University of Massachusetts, Amherst, Massachusetts 01003

4E-mail: lkatz@smith.edu

Received March 20, 2015
Accepted April 19, 2016

A sequestered germline in Metazoa has been argued to be an obstacle to lateral gene transfer (LGT), though few studies have

specifically assessed this claim. Here, we test the hypothesis that the origin of a sequestered germline reduced LGT events in

Bilateria (i.e., triploblast lineages) as compared to early-diverging Metazoa (i.e., Ctenophora, Cnidaria, Porifera, and Placozoa). We

analyze single-gene phylogenies generated with over 900 species sampled from among Bacteria, Archaea, and Eukaryota to identify

well-supported interdomain LGTs. We focus on ancient interdomain LGT (i.e., those between prokaryotes and multiple lineages

of Metazoa) as systematic errors in single-gene tree reconstruction create uncertainties for interpreting eukaryote-to-eukaryote

transfer. The breadth of the sampled Metazoa enables us to estimate the timing of LGTs, and to examine the pattern before versus

after the evolution of a sequestered germline. We identified 58 LGTs found only in Metazoa and prokaryotes (i.e., bacteria and/or

archaea), and seven genes transferred from prokaryotes into Metazoa plus one other eukaryotic clade. Our analyses indicate that

more interdomain transfers occurred before the development of a sequestered germline, consistent with the hypothesis that this

feature is an obstacle to LGT.
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Lateral gene transfer (LGT), the non-vertical exchange of genetic
material from one lineage to another, has had a substantial impact
on biological diversity on Earth (Davison 1999; Gogarten et al.
2002; Jain et al. 2003; Dagan and Martin 2009; Katz 2012; Syva-
nen 2012; Soucy et al. 2015; Katz 2015). Although LGTs within
and between bacteria and archaea are relatively common (Doolit-
tle 1999; Nelson et al. 1999; Ochman et al. 2000; Grant and Katz
2014), the contributions of interdomain LGT from bacteria or ar-
chaea into eukaryotes is less well understood (Andersson 2005;
Keeling and Palmer 2008; Syvanen 2012; Wijayawardena et al.
2013; Boto 2014). In particular, the contribution of interdomain
LGT across the metazoan tree of life is unclear due to a dearth
of taxon-rich analyses that include both metazoan and bacte-
rial/archaeal lineages.
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There are numerous approaches for distinguishing later-
ally transferred genes from vertically inherited genes (i.e., genes
passed down within a lineage). One approach is to analyze phy-
logenetic trees generated from homologs sampled from diverse
taxa, and then examine the results for incongruence (Keeling and
Palmer 2008). A gene tree is identified as incongruent when the
evolutionary relationships between the species are discordant with
established phylogenetic relationships, and LGT provides a par-
simonious explanation for the incongruence (Keeling and Palmer
2008; Dagan 2011). Although this methodology is appropriate for
identifying ancient LGT events, limited or biased taxon sampling
and poor data quality can be problematic in interpreting patterns
in single-gene trees (Ragan et al. 2006). Fortunately, the growing
availability of whole genomes is alleviating these shortcomings.

© 2016 The Author(s). Evolution © 2016 The Society for the Study of Evolution.
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An alternative to gene tree analyses is to use methods that
assess patterns in sequence composition, though these methods
work best for recent events. For example, differences in the com-
position of one gene compared to another or codon frequencies
can be compared (Ragan 2001; Lawrence and Hendrickson 2003).
Although these methods often yield larger numbers of anomalies
and do not require as broad a taxon sampling, these paramet-
ric methods have their own set of disadvantages as distinguishing
causes for changes in compositional bias can be challenging. Most
importantly for the current study, foreign genes begin to resem-
ble the genome around them over time and gene loss/duplication
can confound results (Lawrence and Ochman 2002). As a result,
studies examining the same data but using different parameters
to generate different sets of putative LGTs can yield conflicting
results (Ragan et al. 2006).

After finding laterally transferred genes, determining the
function of these genes can reveal the role of LGT within lin-
eages. Laterally transferred genes arguably confer adaptive func-
tions and novel traits (Schonknecht et al. 2013), the most no-
table example being the massive endosymbiotic gene transfers
(EGTs) in eukaryotes from mitochondria and plastids (Katz 2002;
Andersson 2005; Keeling and Palmer 2008). However, outside
of EGT, laterally transferred genes found in eukaryotes tend to
be metabolic genes (Jain et al. 1999, 2003; Koning et al. 2000;
Keeling and Palmer 2008). Similarly, in bacteria many LGTs are
involved in metabolic functions (Pal et al. 2005; Whitaker et al.
2009; Lehmann and Richardson 2010). Dubbed “the complexity
hypothesis,” Jain et al. (1999) proposed that the “operational”
genes often involved in cellular metabolism are much more likely
to be successfully transferred than “informational” genes that are
part of complex networks. In other words, metabolic and house-
keeping processes that only involve two or three protein interac-
tions are more likely to be successfully exchanged among lineages
(Whitaker et al. 2009).

The impact of LGT in Metazoa has been assumed to be low
based on the hypothesis that the sequestered metazoan germline is
an obstacle to LGT (Doolittle 1999; Andersson et al. 2001; Katz
2002; Andersson 2005; Keeling and Palmer 2008; Boto 2010;
Huang 2013; Schonknecht et al. 2014). However, not all Metazoa
have a sequestered germline, as germline determination is more
fluid among early-diverging lineages (i.e., Ctenophora, Cnidaria,
Porifera, and Placozoa). The absence of a sequestered germline
in early-diverging Metazoa might lead to an increase in LGT
rates because: (1) germ cells are more accessible to foreign DNA
throughout their lifespan; and (2) the presence of totipotent cell
lines that can take on a variety of fates during the life cycle (includ-
ing gametes) provides more opportunities for transfer (Funayama
2010; Juliano et al. 2010; Alie et al. 2011; David 2012). Germ cells
of some early-diverging metazoan lineages often move throughout
the body or line the inside of the gut (Simpson 1980, 1984; Gaino

et al. 1984, 1986; Brusca and Brusca 2003; Nishimiya-Fujisawa
and Kobayashi 2012). In contrast, germ cells in Bilateria (i.e.,
triploblasts) generally migrate during development to a specific
location away from the gut where they are sheltered from foreign
DNA by layers of tissue (Starz-Gaiano and Lehmann 2001; Ex-
tavour 2007; Ewen-Campen et al. 2010; Lehmann and Richardson
2010). Among Bilateria, it is generally only the primordial germ
cells (PGCs) that are capable of differentiating into gametes, and
somatic cells have no gametogenic potential (Extavour and Akam
2003).

Numerous studies have explored laterally transferred genes
in metazoan lineages demonstrating that LGT is at least possible
in lineages with and without sequestered germline (Kondrashov
et al. 2006; Gladyshev et al. 2008; Starcevic et al. 2008; Klasson
et al. 2009; Nikoh and Nakabachi 2009; Danchin et al. 2010;
Paganini et al. 2012; Sloan and Moran 2012; Boschetti et al.
2012; Cobbs et al. 2013; Crisp et al. 2015). Perhaps the most well-
known example stems from the symbiotic relationship involving
arthropods and nematodes and the bacterial genus Wolbachia,
which has been shown to be a donor of laterally transferred genes
in diverse insect lineages (Dunning Hotopp 2011). In nematodes,
LGT may have played a key role in the development of plant
parasitism (Haegeman et al. 2011). Laterally transferred genes
have also been found in chordates as the potential source for a
cellulose synthase gene in Ciona intestinalis (Nakashima et al.
2004). Among early-diverging Metazoa, the biomineralization
gene in sponges may be the product of LGT (Jackson et al. 2011).
Lastly, 71 genes found in the detailed examination of the Hydra
genome had strongly supported LGT origins (Chapman et al.
2010). These studies primarily focus on detecting very recent
LGT in a small number of metazoan species.

Here, we assess a set of single gene trees generated by a
taxon-rich phylogenomic pipeline (Grant and Katz 2014) to test
the hypothesis that the evolution of a sequestered germline re-
duced the number of LGTs into Bilateria. To diminish the chances
of misinterpreting the systematic errors that confound the topolo-
gies of individual gene trees at the time scales relevant for this
study (i.e., 100’s of millions of years), we chose to focus on
interdomain “presence/absence” genes. These genes are defined
based on their presence only in a monophyletic clade of Metazoa
plus prokaryotes (bacteria and/or archaea), and their absence in all
other eukaryotes (Fig. 1). The resulting “presence/absence” genes
were either (1) present in the last common ancestor of Metazoa
and bacteria or archaea, then lost in every other lineage since, or
(2) the product of a LGT event. Placing the resulting LGTs onto
a metazoan phylogeny allows us to determine the approximate
time of lateral transfer for each individual gene. As the evolution
of a sequestered germline happened near the time protostomes
and deuterostomes diverged (i.e., just at the base of Bilateria), we
compared the number of laterally transferred genes in Bilateria
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Figure 1. Example of a gene present only in Metazoa and bacteria/archaea. This single-gene tree is for the gene URAD (Putative 2-oxo-
4-hydroxy-4-carboxy-5-ureidoimidazoline decarboxylase), a gene involved in a uric acid degradation pathway, which was transferred
during event D (see Tables 1 and S2, and Fig. 3). The phylogeny was built from the URAD gene sequences that were present in any of the
910 taxa in our pipeline, serving as an example of a gene present only in Metazoa and bacteria/archaea (e.g., presence/absence data).
Colors corresponding to major taxonomic groups are labeled in the bottom right corner.

to the number of genes laterally transferred in early-diverging
lineages that lack a sequestered germline.

Methods
PHYLOGENOMIC PIPELINE

Single-gene alignments and trees were built using a phylogenetic
pipeline (Grant and Katz 2014) with a modified taxonomic dataset
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that aimed to capture a greater number of animal lineages. In brief,
this pipeline starts with set of protein coding genes from taxa of
interest, and then uses BLAST (Altschul et al. 1990) to compile
them into homologous clusters as determined by OrthoMCL DB
(Chen et al. 2006). Then, custom python scripts refined data from
each taxon by removing nearly identical sequences (i.e., alleles)
and highly divergent sequences (i.e., those sharing only motifs)
as described in Grant and Katz (2014). Multisequence alignments
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are generated using Guidance (Penn et al. 2010), which also
allows for the automated removal of poorly fitting taxa and
columns.

The pipeline includes data from 910 taxa chosen to broadly
represent the three domains of life, including 489 eukaryotes,
303 bacteria, and 118 archaea. Metazoa were chosen to cap-
ture a broad diversity of lineages, which is necessary to ac-
curately place ancient transfer events in metazoan evolution.
At the same time, we sought some level of evenness between
the early diverging lineages and the more thoroughly sampled
bilaterian lineages to prevent bias from oversampling recent
events in one portion of the tree compared to the other. In to-
tal, 61 Metazoa were included in this study, of which 25 were
early diverging and 36 were bilaterian (19 protostomes and
17 deuterostomes; Table S1). The level of available data var-
ied among lineages with some represented by whole genomes
and others by expressed sequence tags (ESTs) or RNAseq data
(Table S1).

FINDING PRESENCE/ABSENCE GENES IN ONLY
METAZOA AND BACTERIA/ARCHAEA

We identified a total of 58 genes that are found only in Metazoa
and bacteria and/or archaea (i.e., presence/absence data; Fig. 1)
from the 1575 alignments that included more than two metazoan
taxa and more than two bacterial and/or archaeal lineages (see Fig.
S1 for a schematic of the total process). With the original 1575
trees as a starting point, we used custom Python scripts based on
the tree-walking methods in p4 (Price et al. 2009, 2010) to assess
the relationships in the tree topologies and identify 310 candi-
date laterally transferred genes (i.e., genes with Metazoa sister to
bacteria and/or archaea). To assess presence/absence data further,
we searched that pool of 310 candidates for genes found only
in Metazoa and bacteria and/or archaea using additional custom
Python scripts (Exemplar tree in Fig. 1). To control for contam-
ination and recent LGT, each gene tree could contain up to two
nonsister single eukaryotes (i.e. contaminants), resulting in 193
potential presence/absence genes. The pipeline, which was de-
veloped to assess deep phylogenetic relationships, uses a relaxed
criterion for sequence and taxon scoring in Guidance (Penn et al.
2010). To increase our confidence in the homology of the pres-
ence/absence genes, we realigned the 193 gene sequences with
the more stringent default settings for removing non-homologous
sequences. This generated a set of 72 putative presence/absence
genes. We then eliminated any alignments with fewer than 10
total sequences or only one metazoan species (regardless of the
number of paralogs). The remaining 65 alignments were then in-
spected by eye and an additional six alignments were removed
because the alignment quality did not meet our strict standards,
for example by having nonmonophyletic Metazoa. This resulted
in a final count of 58 presence/absence genes.

= Bacteria/Archaea

Metazoa

l———— Bacteria/Archaea
Bacteria/Archaea

Bacteria/Archaea

i Bacteria/Archaea
Metazoa

Bacteria/Archaea
Bacteria/Archaea

Plastid containing

Figure 2. Tree topology trends in genes laterally transferred
twice. Diagrams summarizing the two trends found in the topol-
ogy of genes laterally transferred twice. (A) Describes genes that
were also transferred into one other eukaryotic supergroup in ad-
dition to a transfer into Metazoa. (B) These topologies showed
EGT in addition to the LGT from bacteria/archaea into Metazoa.
See text for further details.

TOPOLOGIES WITH TWO LGT EVENTS

In addition to the presence/absence genes, we also found seven
genes with topologies indicative of two interdomain LGT events:
one into Metazoa and another into a different eukaryotic clade.
Among the remaining 1517 single-gene trees after finding pres-
ence/absence genes, 15 gene trees showed topologies consistent
with two interdomain LGT events involving Metazoa. We fur-
ther used RAXML (Stamatakis 2014) (PROTGAMMALG model
with default parameters, 100 bootstrap replicates) to bootstrap
these trees and assess the support for the topological relation-
ships. We found two topological trends: a metazoan clade and
one other eukaryotic clade each nested within bacteria (Fig. 2A),
and a metazoan clade and another clade of two photosynthetic
eukaryotic groups, one nested within the other (Fig. 2B). We re-
quired the Metazoa and other eukaryotic clade to be separated
by a bootstrap value of 70 or greater to increase confidence in
resulting data. These criteria resulted in detection of seven genes,
each with two topologically well-supported LGT events.

DETERMINING THE TIMING OF LGT EVENTS

To determine the approximate time of transfer (i.e. placement on
our phylogeny), we assumed that each gene was transferred into
Metazoa once and into the last common ancestors of the taxa
containing the gene. Any nested “missing” taxa were assumed to
either represent a loss, which is consistent with evidence for ram-
pant gene loss among eukaryotes (Wolf and Koonin 2013; Katz
2015) or to be due to failure to capture in incomplete sampline
(i.e. transcriptome data). For example, if the gene was found in
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Figure 3. Estimate of LGTs across the metazoan tree of life. We charted LGTs onto a synthetic tree of metazoan evolution to show the
relative time of transfer for each gene analyzed in this study. The synthetic tree includes only the Metazoa whose genomes contained
one of the 58 laterally transferred genes found in this study (see Table S1 for a complete list of metazoan taxa in the pipeline). The letters
in the square boxes are categories that bin the LGT events found in this study by the relative time of transfer. The table at the bottom
provides a numerical summary of how many genes were found per event, and the letters correspond to Table 1 and Table S2, which

contains more detailed information on the genes at each event. The star denotes when a sequestered germline developed. See text for

detailed information on how this synthetic tree was created. Branch lengths are not proportional to time.

Cnidaria and bilateria, we inferred the LGT event occurred before
the divergence of cnidarians and bilaterians (Fig. 3; event D). An
alternative here would be to infer one interdomain LGT followed
by LGT within Metazoa, which is possible but less likely. As
another example, a gene found only in Cnidaria was assumed to
have been transferred after the divergence of this lineages (Fig.
3; event E). We recognize that our approach will misrepresent the
timing of LGT events that occurred early and were then lost or
not yet sampled in nontriploblastic lineages.

For the purpose of visualizing the approximate transfer times
for the genes we found, we created the synthetic tree shown in
Figure 3. We generated this phylogeny of the metazoan taxa
included in our pipeline by concatenating vertically transferred
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genes and building a phylogeny in RAXML. Then, the tree was ad-
justed to reflect the arrangement of major metazoan phyla found
in Ryan et al. (2013), creating a synthetic tree of relationships
among taxa in our pipeline. To illustrate the approximate timing
of events, branches with an LGT event was assigned a letter (Fig.
3) corresponding to Tables 1 and S2.

ASSESSING GENE FUNCTION

A representative sequence from each of the 58 presence/absence
genes was passed through the KEGG BLAST tool (Kanehisa and
Goto 2000; where KEGG is Kyoto encyclopedia of genes and
genomes) to determine gene names and functions based upon
the KEGG BRITE Hierarchy Ontology. We used a human or
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other “model” organism as the representative sequence for a gene
when available. If multiple functional categories were available,
we choose the function that appeared most applicable to both
bacteria/archaea and metazoan, though certainly functions have
changed over time.

Results

Consistent with the hypothesis that a sequestered germline cre-
ates an obstacle to LGT in Metazoa (e.g., Andersson 2005;
Keeling and Palmer 2008), our analyses reveal a greater number of
gene transfers before the development of a sequestered germline
in bilaterian animals. A total of 58 genes satisfied our “pres-
ence/absence” criteria for LGT as they are only found in bacte-
ria/archaea and Metazoa (Table 1, Fig. 1). Of those 58 interdomain
LGTs, we found 34 genes transferred prior to the evolution of the
sequestered germline (Table 1, Fig. 3; events A—F) as these genes
were present in at least one of the 25 early-diverging lineages
included in our analyses (Table S1). In contrast, we only detect 24
LGT events restricted to Bilateria (Table 1, Fig. 3; events G-P),
where we had 36 species sampled (Table S1). If the detection of
LGT events is dependent only on the number of species sampled,
then the distributions—34 LGTs into 25 species and 24 LGTs into
36 species—are significantly different based on goodness-of-fit
G-test (P-value = 0.0069), with an overabundance of events into
early-diverging lineages.

Only one gene (OG5_139285, RENBP) appears to have been
transferred from prokaryotes into the last common ancestor of
Metazoa (Tables 1 and S2, Fig. 3; event A). Of the remaining
33 genes, our analyses reveal that seven genes were transferred
before the divergence of sponges (Table 1, Fig. 3; event B), four
before the divergence of Placozoa (Table 1, Fig. 3; event C), 13
before the divergence of cnidarians (Table 1, Fig. 3; event D), and
seven before the divergence of protostomes and deuterostomes
(Table 1, Fig. 3; event F); though interpretation must be made
with caution given debates on relationships among these early
lineages (Edgecombe et al. 2011; Ryan et al. 2013; Shu et al.
2014; Just et al. 2014). Finally, two laterally transferred genes
were found in Cnidaria alone (Fig. 3; event E).

Within Bilateria, we found a total of 24 genes laterally trans-
ferred into either protostomes or deuterostomes and thus after
acquisition of a sequestered germline at the base of Bilateria. Ten
of these genes were found in only deuterostomes, whereas the
other 14 were found only in protostomes (Table 1). Further, seven
of the 10 were present only in vertebrates (fishes, mammals, and
birds; Fig. 3; event H) and two genes were present exclusively in
mammals (Fig. 3; event I). Of the 14 genes laterally transferred
into protostomes, only one gene was transferred before the split
of Lophotrocozoa and Ecdysozoa (Fig. 3; event J); the remain-
ing 13 were present exclusively in Ecdysozoa. Nine of those 13

were transferred into arthropods (Fig. 3; events M—P). Two genes
were present in just nematodes (Fig. 3; event L) and two genes
appear to have been transferred before the split of nematodes and
arthropods (Fig. 3; event K).

Out of the seven gene topologies supporting two LGT events
(i.e., genes present in bacteria/archaea, Metazoa, and one other
eukaryotic group), all seven were transferred before the develop-
ment of a sequestered germline. Two trends within the topolo-
gies emerged upon examination: the nonmetazoan monophyletic
branch contained eukaryotes of a single major clade (often par-
asitic, e.g., Entamoeba and Trichomonas vaginalis; Fig. 2A) or
consisted of two plastid-containing eukaryotes (one nested within
the other, such as haptophytes and photosynthetic dinoflagellates;
Fig. 2B). The trees showing transfers into plastid-containing eu-
karyotes suggest that these genes may be the result of EGT into
the photosynthetic lineages.

LATERALLY TRANSFERRED GENES SERVE PRIMARILY
METABOLIC FUNCTIONS

We used KEGG classification to assign putative gene functions
for 34 of the 58 genes, with the remaining gene functions
unknown/hypothetical. Of the 34 genes with known functions,
the majority (16) are metabolic (Tables 2 and S2). Transporters
made up the next most numerous category with 13 genes, eight
of which belonged to the solute carrier family (Table 2). The
remaining genes represent diverse functions: DNA repair (2),
genetic information processing (1), spliceosome-associated
(1), and signal transduction (1) (Table 2). The large num-
ber of unknown/hypothetic genes may represent genes with
lineage-specific functions.

Discussion

ESTIMATED RATES OF LGT ARE AFFECTED BY
GERMLINE SEQUESTRATION AS WELL AS BY GENE
LOSS, GENOME SIZE, AND DATA QUALITY

Our data reveal that the evolution of a sequestered germline
is associated with a decrease in the rate of interdomain LGT
(Fig. 3, Table 1). We find a greater proportion of interdo-
main LGTs (34/58) into lineages that predate the evolution
of a sequestered germline even though we sampled fewer
of these lineages than Bilateria (25 vs. 36 species, respec-
tively; Table 1; Fig. 1). Additional biases in our data include
a greater number and higher quality data (i.e., more com-
plete genomes) from Bilateria, and both a longer time span
for gene loss and tendency for smaller genomes in early-
diverging lineages. Despite these, we found that the number
of genes transferred into Metazoa before the evolution of a
sequestered germline is significantly different (P-value <0.01)

EVOLUTION JUNE 2016 1327
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Table 1. Number of genes transferred before and after germline sequestration and notes.

Recipient Number of genes Details
Early diverging 34 Before the divergence of: ctenophores (one), sponges (seven),
placozoa (four), cnidarians (13; and two after divergence),
protostomes, and deuterostomes (seven)
-g Deuterostomes 10 Vertebrates (seven), mammals (two), other (one)
= Protostomes 14 Arthropods (nine), nematodes (two), other (three)
=
Total 58 34 before the evolution of a sequestered germline, 24 afterwards

For detailed information on approximately when the transfers occurred, see Figure 3 and Table S2.

Table 2. Protein function categories.

Number
Function of genes  Notes
Metabolism 16 Related to carbohydrates, lipids, nucleotides, amino acids, cofactors and vitamins, and
others
Transporters 13 Eight are members of the Solute carrier family
DNA repair 2
Genetic information 1
processing
Signal transduction 1
Spliceosome-associated 1
Unknown 24

For detailed information on the individual genes, see Table S2.

than the number of genes transferred into metazoans with a se-
questered germline.

Previous claims that LGT is rare in Metazoa have gener-
ally failed to consider the fact that not all metazoans have a se-
questered germline. Early-diverging metazoan lineages generally
lack a sequestered germline and there is a greater chance for their
gamete-producing cells to come in contact with foreign DNA.
For example, cnidarian gonads are often located in the gastro-
dermis, the interior lining of the cnidarian “gut” or other struc-
tures close to the gut (Wedi and Dunn 1983; Eckelbarger et al.
1998; Brusca and Brusca 2003; Galliot et al. 2006; Nishimiya-
Fujisawa and Kobayashi 2012). In ctenophores, the gonads form
along different “canals” depending upon the species, all of which
connect to the “gut” at some point (Komai 1922; Harbison and
Miller 1986; Brusca and Brusca 2003). Although poriferans have
no designated gonads, two cell types are typically responsible
for transforming into gametes: (1) the choanocytes that line the
internal water-filtering systems and are responsible for catching
and ingesting nutrients and (2) archeocytes, a totipotent amoe-
boid cell that moves throughout the body of the sponge (Tsurumi
and Reiswig 1997; Simpson 1980, 1984; Gaino et al. 1984, 1986;
Brusca and Brusca 2003; Funayama 2010). As such, the gameto-
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genic cells in these early-diverging lineages either exist in close
quarters to digestion, an area likely to come in contact with foreign
DNA, or are responsible for ingestion themselves, all of which
could increase their rate of LGT in comparison to bilaterian lin-
eages.

An alternative explanation for the larger proportion of genes
transferred into early-diverging lineages is that early-diverging
Metazoa have been around longer and thus have had more time
for LGT to occur. Although the exact dating and divergence of
Metazoa is debated (Edgecombe et al. 2011; Shu et al. 2014),
Metazoa likely first emerged around 800 million years ago (mya),
whereas the divergence of Bilateria occurred approximately 550
mya (Erwin et al. 2011), leaving ~250 mya for early-diverging
metazoans to acquire more genes from bacteria (as well as an extra
~250 million years to lose genes; see next paragraph). However,
we sampled more bilaterian than early-diverging lineages and the
species richness of bilaterian lineages (particularly Arthropoda)
dwarf that of early-diverging metazoans (Zhang 2013). Both these
factors should bias toward more detection of LGT among Bilate-
ria, even given our requirement that an LGT event be found in at
least two descendant lineages. Instead, our analyses show that a
larger number of genes were transferred into Metazoa during the
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smaller time span before the evolution of a sequestered germline,
whereas we found fewer genes transferred into Bilateria since
the development of a germline. Our data reveal that at least 32
genes were transferred from prokaryotes in the relatively short
~250 million years between the divergence of Metazoa and the
development of a sequestered germline (A + B + C + D + F,
all transfers that were present in Early Diverging and bilaterian
taxa), whereas only 24 genes were transferred into Bilateria in the
~550 million years since.

An additional caveat that may lead to an underestimate of
early LGT events is the relatively small genomes in the sam-
pled early-diverging metazoan lineages. For example, 11 of the
deuterostome genomes included in this study have one billion or
more base pairs compared to just two of the protostomes and two
of the early-diverging lineages (Gregory 2016). Given that gene
loss is so common throughout evolution (Keeling and Palmer
2008; Wolf and Koonin 2013; Katz 2015), it is possible that
many LGTs are lost during genomic streamlining in metazoans
with small genomes, like those in the sampled early-diverging
species. Conversely, the larger genomes found throughout Bilate-
ria might create the opposite problem, particularly in the deuteros-
tomes: larger genomes may undergo less genomic streamlining
(Gregory 2001; Lynch and Conery 2000; Wolf and Koonin 2013),
resulting in more LGT-tolerant genomes (Table S1) and possi-
bly an overestimate of LGTs. For example, the apparent pulse
of transfer events in vertebrates (Table 1, Fig. 3; event H) could
be explained as either independent LGTs into deuterostomes, or
the retention of genes transferred sometime before the divergence
of deuterostomes and protostomes but then lost in lineages with
smaller genomes.

Finally, the quality of the data also affects the patterns found
in this study even though we used strict criteria for interpreting
interdomain LGTs. Many of the early-diverging taxa do not yet
have whole genome sequences available and, as a result, we used
ESTs or RNAseq data. As such, genes transferred before the
development of a sequestered germline may not have been present
in these incomplete datasets. For example, the 13 genes in event D
(Fig. 3) may have been transferred sometime before the divergence
of cnidarians, but may not have been detected in our analyses due
to poor sequencing data from early-diverging lineages. Overall,
the quality and quantity of bilaterian genomic data are better
than for early diverging lineages, which makes finding laterally
transferred genes in early diverging lineages more challenging.

When combined with our strict criteria (i.e., “pres-
ence/absence” genes found only in prokaryotes and at least two
metazoan), the differences in the quality of the underlying data
likely lowered the number of inferred LGTs found among individ-
ual early-diverging phyla (e.g., Fig. 3; event E). For example, our
criteria require that the gene be present in at least two Metazoa,
but because sequencing data are only available for one species in

phylum Placozoa (Trichoplax adhaerens), we cannot detect any
ancient LGT that occurred in this lineage alone. In sum, the bi-
ased distribution of nonwhole genome data among early-diverging
taxa likely leads to an underestimate of the role of a sequestered
germline in blocking LGTs as early LGT events are more likely
to go undetected.

LIFE HISTORY COULD RESULT IN “"WEAK-LINKS"
AND HIGHER CHANCES OF LGT AMONG DIFFERENT
LINEAGES

Lateral gene transfers might also be enhanced in lineages that
have life-history stages with greater exposure to potential donor
lineages (i.e., the “weak-link model” [Huang 2013]). Weak links
associated with specific lifestyles could include harboring en-
dosymbionts or parasites (e.g., Wolbachia in arthropods and ne-
matodes), external fertilization, and the retention of totipotent
cells throughout adulthood (often associated with regeneration
and asexual reproduction; Huang 2013). Many early-diverging
Metazoa exhibit these traits (Tsurumi and Reiswig 1997; Extavour
etal. 2005; Galliot et al. 2006; Funayama 2010; Juliano et al. 2010;
David 2012; Nishimiya-Fujisawa and Kobayashi 2012), but some
Bilateria do as well, including Planaria (Newmark et al. 2008;
Agata and Inoue 2012), some species of newt (Okamoto et al.
2007), echinoderms (Shibata et al. 2010), and others (Newmark
et al. 2008; Giani et al. 2011; Collins et al. 2013). In particular,
bdelloid rotifers serve as an exceptional example of a “weak-link”
lifestyle leading to rampant LGT in a protostome; bdelloid rotifers
survive desiccation and genome decay periodically, which likely
makes incorporating laterally transferred genes into the genome
much easier (Flot et al. 2013). Indeed, recent studies examining
several species of bdelloid rotifers have found that large portions
of their genomes are from foreign sources (Boschetti et al. 2012;
Flot et al. 2013; Eyres et al. 2015). Although we did not include
any bdelloid rotifers in our study, we do agree that bdelloid ro-
tifers serve as a clear example of “weak-link” taxa with increased
potential for LGT. We did sample two bilaterian species (Schis-
tosoma mansoni and Capitella teleta) exhibiting weak-link traits,
and we find no evidence of increased LGTs into these lineages
(Fig. 3), possibly because we did not include LGTs into a sin-
gle species. However, we predict that additional examples will be
found with the emergence of data from more diverse lineages.

COMPARISONS OF OUR INSIGHTS TO OTHER
STUDIES

We also used our pipeline to examine laterally transferred genes
reported in other studies (Boschetti et al. 2012; Crisp et al. 2015).
Upon examining 394 genes individually reported to be found in
Homo sapiens, Drosophila melanogaster, and Caenorhabditis el-
egans, we found that nearly half (177) of these genes mapped
to the same homologous group (i.e., they represent paralogs in
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a single ‘OG’ (Chen et al, 2006)) leaving 217 putative later-
ally transferred genes. Of these, 97 gene trees were found in our
pipeline. Using custom Python scripts, we asked to what degree
the remaining 97 gene trees satisfied our criteria for LGT between
bacteria/archaea and metazoan. Only three genes passed our con-
servative criteria for interdomain LGT and are included and re-
ported in this study. Two are part of the 58 presence/absence genes
(Fig. 3 and Table S2; event L), while one is in the reported topolo-
gies with more than one LGT (a gene named NQOI, transferred
before deuterostomes and protostomes diverged, OG5_138113).
The remaining genes did not match our criteria as they are either
not found in more than one metazoan “recipient” lineage or are
found in gene trees with other eukaryotes; again, we choose to
focus only on interdomain LGTs given the systematic errors that
can lead to incorrect topologies in single gene trees capturing
hundreds of millions of years of evolution.

The small overlap between our final dataset and the datasets
of Crisp et al. (2015) and Boschetti et al. (2012) is expected.
It is common for studies that use different methodologies and
criteria to come up with different final datasets (Ragan 2001;
Lawrence and Ochman 2002; Lawrence and Hendrickson 2003;
Dagan 2011). Also, because these studies considered intrado-
main LGT, many of the genes found in Crisp et al. (2015) and
Boschetti et al. (2012) are also present in nonmetazoan eukaryotes
and would have been removed under our criteria for interdomain
LGTs. Furthermore, both Boschetti et al. (2012) and Crisp et al.
(2015) used surrogate methods with unique parameters to search
for LGTs in C. elegans and reported different numbers of found
genes between themselves. Ultimately, all three studies (Boschetti
et al. 2012; Crisp et al. 2015; and our own) used different ap-
proaches and parameters to address distinct questions, making it
difficult to accurately compare across the three.

THE MAJORITY OF PROTEINS INVOLVED IN LGT
EVENTS HAVE METABOLIC OR TRANSPORT ROLES
Although only 34 of the 58 presence/absence genes had known
functions, the majority of these (16) are involved in metabolism,
with the remaining 18 genes scattered into a few other functional
categories (Table 2). This is consistent with the types of genes
transferred among bacteria (P4l et al. 2005). Although LGT has
been considered a source of adaptive traits (Schonknecht et al.
2014), the majority of LGTs tend to serve metabolic functions,
perhaps because these genes are able to integrate into compara-
tively simple metabolic gene networks as opposed to more com-
plicated ones (Jain et al. 1999). Transporters were the next most
numerous (13 genes) functional category found, likely because
membrane transport genes are quite common. Membrane proteins
themselves make up 27% of all human protein-coding genes, of
which the solute carrier family is the second largest family with
at least 50 defined families (Fredriksson et al. 2008; Almen et al.
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2009). The eight solute carrier family genes found here (Tables 1
and S2) were from a variety of gene families.

LIMITATIONS AND FUTURE WORK

The methodology we used in this study enabled us to find in-
stances of interdomain LGT in lineages across the metazoan tree
of life. However, we acknowledge that there are numerous limita-
tions to our analyses. For example, some taxa have only transcrip-
tome data or limited amounts of whole genome data available, and
these biases are likely greater among early-diverging lineages.
Moreover, our inferences are dependent on our taxon sampling.
We assembled a sampling of Metazoa that balanced phylogenetic
breadth and evenness; there are many more triploblast lineages
that we could have sampled and inclusion of these would surely in-
crease the number of recent LGT events inferred. However, early-
diverging lineages lack of similar levels of sampling and so cre-
ating additional unevenness would introduce further bias. Future
studies with additional taxa will surely change the details of infer-
ences on LGTs as increasing taxon sampling from lineages across
the metazoan tree of life will increase the power of the analyses.

DATA ARCHIVING
The doi for our data is http://dx.doi.org/10.5061/dryad.6d3v0
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