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Abstract

Lateralgenetransfer (LGT)has impactedtheevolutionaryhistoryofeukaryotes, thoughtoa lesserextent than inbacteriaandarchaea.

Detecting LGT and distinguishing it from single gene tree artifacts is difficult, particularly when considering very ancient events (i.e.,

over hundreds of millions of years). Here, we use two independent lines of evidence—a taxon-rich phylogenetic approach and an

assessmentof thepatternsofgenepresence/absence—toevaluate theextentof LGT in theparasitic amoebozoangenusEntamoeba.

Previous work has suggested that a number of genes in the genome of Entamoeba spp. were acquired by LGT. Our approach, using

anautomatedphylogenomicpipeline tobuild taxon-richgene trees, suggests that LGT ismoreextensive thanpreviously thought.Our

analyses reveal that genes have frequently entered the Entamoeba genome via nonvertical events, including at least 116 genes

acquired directly from bacteria or archaea, plus an additional 22 genes in which Entamoeba plus one other eukaryote are nested

among bacteria and/or archaea. These genes may make good candidates for novel therapeutics, as drugs targeting these genes are

less likely to impact the human host. Although we recognize the challenges of inferring intradomain transfers given systematic errors

in gene trees,we find109genes supportingLGT from a eukaryote toEntamoeba spp., and 178 genes unique to Entamoeba spp. and

one other eukaryotic taxon (i.e., presence/absence data). Inspection of these intradomain LGTs provide evidence of a common sister

relationship between genes of Entamoeba (Amoebozoa) and parabasalids (Excavata). We speculate that this indicates a past close

relationship (e.g., symbiosis) between ancestors of these extant lineages.

Key words: microbial eukaryotes, parasites, Trichomonas vaginalis, horizontal gene transfer, LGT, HGT.

Introduction

Entamoeba histolytica is a human parasite that has a signifi-

cant impact on health worldwide (Stanley 2003). Although

initial phylogenetic analyses placed Entamoeba as an early

diverging eukaryote, more recent studies based on greater

numbers of genes and more sophisticated methods have

shown that Entamoeba is a highly derived member of the

Amoebozoa (see Embley 2006), one of the major clades of

eukaryotes (Lühe 1913; Cavalier-Smith 1998). Previous work

suggests that some genes in Entamoeba are of bacterial or

archaeal origin (Yang et al. 1994; Rosenthal et al. 1997; Ali,

Shigeta, et al. 2004), and the original annotation of the

E. histolytica genome revealed examples of lateral gene trans-

fer (LGT; Loftus and Hall 2005; Loftus et al. 2005; Clark et al.

2007). The original estimate of 96 genes involved in LGT was

lowered to 68 when the genome was reassessed in 2007

(Clark et al. 2007) and again in 2010 (Lorenzi et al. 2010).

Most of these 68 genes appear to be transfers from bacteria,

but others do not have a closely related bacterial donor (at

least not one with available sequence data for comparison)

and may have been transferred from another eukaryote

(Loftus et al. 2005). The genomes of the human parasite

E. histolytica, and the closely related E. dispar and E. invadens,

have been sequenced and there are expressed sequence tag

(EST) data for E. nuttalli and Mastigamoeba balamuthi, a

free-living relative. We used these data in a taxon-rich phylo-

genomic pipeline (Grant and Katz 2014) to assess the impact

of LGT on the Entamoeba genome.

GBE
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Despite barriers to integrating foreign DNA into a genome

(Andersson 2005; Baltrus 2013), it is apparent that LGT has

impacted the evolution of eukaryotes as well as bacteria and

archaea (Katz 2002; Andersson et al. 2003; Keeling and

Palmer 2008). Many of the genes affected by LGT are involved

in metabolism (Nixon et al. 2002; Ali, Hashimoto, et al. 2004;

Ali, Shigeta, et al. 2004; Anderson and Loftus 2005), and it

seems likely that LGT has influenced the independent evolu-

tion of an anaerobic lifestyle in many eukaryotic lineages

(Ginger et al. 2010; Hug et al. 2010).

Supported discordance among gene trees provides evi-

dence for LGT, as a gene with a history of LGT will cluster

with the donor lineage in phylogenetic trees long after it has

been transferred to another genome. Yet single gene trees are

notoriously error prone and errors in the inference of LGT can

be made when donor lineages are not represented on the

tree (Beiko and Ragan 2009). Several inferences of LGTs,

based on phylogenetic relationships, have been falsified by

trees with improved taxon sampling and more sophisticated

methods (Richards et al. 2003; Andersson 2005). Hence, a

taxon-rich approach is needed to assess cases of LGT.

Further, there is greater power in detecting LGT between dis-

tantly related species (i.e., interdomain events.) For example, a

gene of bacterial ancestry is quite distinct and often easy to

recognize after it has been transferred to a eukaryotic

genome.

The pattern of presence or absence of a gene can also be a

strong indicator of LGT, especially for genes found only among

members of distantly related lineages, though the impact of

gene loss cannot be discounted (Zmasek and Godzik 2011;

Wolf and Koonin 2013). For example, a gene found only

among diverse bacteria and one clade of eukaryotes could

be explained by assuming the gene was present in the last

common ancestor of eukaryotes and that it was lost in all lin-

eages except one. However, LGT from a bacterium to the an-

cestor of the clade that shares the gene is a more parsimonious

explanation (Ragan 2001). Thus, searching for unusual pat-

terns of taxa represented in gene alignments can be used to

detect LGT (Lake and Rivera 2004; Cohen and Pupko 2010;

Cohen et al. 2011; Le et al. 2012).

Here, we take two approaches to investigate the impact of

LGT on the Entamoeba genome: 1) analyze taxon-rich phylo-

genetic gene trees and assess evidence for LGT in Entamoeba

from both bacterial and archaeal lineages, and to a lesser

extent from other eukaryotes; and 2) catalog examples of pat-

terns of gene presence/absence in Entamoeba plus bacteria/

archaea as further evidence of potential LGTs. Both

approaches suggest a greater number of LGT events in the

genome of Entamoeba than previously documented. To our

surprise, both also provide evidence of a relationship between

ancestors of Entamoeba and parabasalids such as Trichomonas

vaginalis, another human parasite that is phylogenetically dis-

tant from Entamoeba on the eukaryotic tree of life.

Materials and Methods

Initial Pipeline

The starting point for these analyses is a set of orthologous

groups from OrthoMCL (2003), a database of clustered ortho-

logous groups that includes taxa from 105 whole genomes

including E. histolytica, E. dispar, and E. invadens. We chose

the 6,107 genes in OrthoMCL that contained E. histolytica to

seed our phylogenomic pipeline (Grant and Katz 2014).

Another species of Entamoeba, E. nuttalli, and a free-living

relative of Entamoeba, Mastigamoeba balamuthi, were in-

cluded in the data added by the pipeline along with 237 eu-

karyotes, 485 bacteria, and 59 archaea (supplementary table

S1, Supplementary Material online). The output of this pipe-

line includes, for each orthologous group, a robust single-

gene alignment and a most likely tree built in RAxML 7.2.8

(Stamatakis 2006; Stamatakis et al. 2008) with model setting

PROTGAMMALG.

Of the 6,107 starting genes, 4,000 were not recovered at

the end of the pipeline because either they had fewer than

two taxa, because no characters remained after masking po-

sitions with more than 50% missing data in the alignments, or

because the Entamoeba were removed (180 genes). Removal

of Entamoebae spp. can occur when the original cluster of

sequences in OrthoMCL is too divergent to satisfy the strin-

gent criteria of our phylogenomic pipeline (Grant and Katz

2014). An additional 3,664 genes were uninformative be-

cause the group included only Entamoeba and no other

taxa. Finally, we chose to discard those genes that had only

one Entamoeba sequence (57 genes), or Entamoeba plus only

one other sequence (99 genes) to eliminate potential cases of

contamination, though we understand cases of recent LGT

may have been missed here.

Inferences from Pipeline

Single-gene alignments for the remaining 2,107 genes from

the pipeline output were analyzed in FastTree (Price et al. 2009,

2010), as a first assessment. One thousand bootstrap (BS) rep-

licates were built under the WAG model. A consensus tree was

built from these replicates and nodes of <70% BS support

were collapsed using custom python scripts and implementing

the tree walking methods in p4 (Foster 2004). Trees collapsed

to nodes with>70% BS were examined by script and by eye to

determine the supported relationships between the

Entamoeba and other taxa on the tree. A total of 993 trees

were not considered in our assessment of inheritance, as their

BS consensus did not provide support for relationships be-

tween Entamoeba spp. and any other taxon. This left 1,114

genes to be assessed for evidence of LGT or vertical inheritance.

For the genes that suggested LGT but included other eu-

karyotes (Entamoeba spp. nested in bacteria and/or archaea in

a gene that contains other eukaryotes [81 genes] or

Entamoeba spp. sister to nonamoebozoa eukaryotes [520

Lateral Gene Transfer in Entamoeba GBE

Genome Biol. Evol. 6(9):2350–2360. doi:10.1093/gbe/evu179 Advance Access publication August 21, 2014 2351

 Katz 2002; 
a
b
; Nixon
, etal
. 2002
-
; Richards
, etal
. 2003
i.e.
; Zmasek and Godzik 2011
Lake and Rivera 2004; 
,
Mastigamoeba 
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu179/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu179/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu179/-/DC1
single 
Single 
,
 2009
(
) 
-
(


genes]), we further refined our inference of LGT with the ap-

proximately unbiased (AU) test, as implemented in Consel

(Shimodaira and Hasegawa 2001), testing the monophyly of

Amoebozoa. In these categories, 63 and 109 genes, respec-

tively, rejected the monophyly of Amoebozoa and were

retained.

These 678 (1,114 minus the genes that did not pass the AU

test) genes were initially categorized based on the topology of

nodes with >70% BS support in FastTree as follows: Vertical

inheritance: 253 genes; Entamoeba spp. in a tree with only

bacteria and/or archaea: 53 genes; Entamoeba spp. nested in

bacteria and/or archaea in a gene that contains other eukary-

otes: 63 genes; Entamoeba spp. plus one other eukaryote

nested in bacteria and/or archaea or as the only eukaryotes

in a gene with bacteria and/or archaea: 22 genes; Entamoeba

spp. sister to nonamoebozoa eukaryotes: 109 genes;

Entamoeba spp. plus one other major clade of eukaryotes:

178 genes (fig. 1).

Sister Relationship—Two Approaches

We addressed the issue of sister taxa two ways: First, we inves-

tigated the genes from our initial phylogenetic inferences with

Entamoeba spp. in a relationship with non-amoebozoan

eukaryotes—the 22 genes with Entamoeba spp. plus non-

amoebozoan eukaryotes nested within bacteria and/or

archaea and 109 genes with Entamoeba spp. in a gene with

other Amoebozoa but with the monophyly of Amoebozoa re-

jected by the AU test (fig. 1C and D). FastTree has been com-

pared favorably toRAxML (Liuetal. 2011)butwebootstrapped

a number of alignments using RAxML and found that the BS

values fromFastTree were inflated as comparedwith the values

from RAxML. To be more sure of our sister relationship infer-

ences, we rebootstrapped the 109 trees with RAxML version

7.2.8 using rapid bootstrapping with model PROTGAMMALG

and determining the proper number of independent bootstrap

replicates with bootstopping criteria autoMRE (Stamatakis

et al. 2005, 2008; Stamatakis 2006). After bootstrapping, we

retained only those 22 genes that had BS support >80%

in RAxML to a sister clade that contained only one clade

of eukaryotes (e.g., trees with sister relationships to a plant

and a fungus were rejected even if BS support was high.)

Secondly, in order to investigate sister relationships of

Entamoeba spp. independent of our phylogenetic pipeline,

we analyzed all orthologous groups from OrthoMCL made

up of only Entamoeba spp. and one other eukaryotic species.

To align genes and assess the robustness of the OrthoMCL

groupings, fasta files downloaded from the OrthoMCL data-

base were passed through Guidance (Liu et al. 2011), a pro-

gram that builds and bootstraps multisequence alignments

and scores both taxa and characters. For our phylogenomic

pipeline, we used Guidance with relaxed score cutoffs (Penn

et al. 2010) because the default parameters are too stringent

for phylogenomic analyses given the diversity seen with our

broad taxon sampling. For this presence/absence analysis,

however, we wanted to have greater confidence in our call

of orthology, so we used the more conservative default pa-

rameters. Most of the groups (225 of 372), were not recov-

ered after Guidance because there were too few sequences in

the alignment—either in the original OrthoMCL group (81

orthologous groups) or after removal of poorly aligned se-

quences (85 orthologous groups) or because Guidance re-

moved all of the sequences from one of the two taxa (59

orthologous groups). Relationships that were retained after

this screen are reported.

A

B

C

D

FIG. 1.—Number of trees supporting LGT in Entamoeba ranked from

strongest to weakest support. Cartoon trees exemplifying the patterns

consistent with LGT. (A) Putative interdomain LGT: Entamoeba species in

a tree that otherwise includes only bacteria and/or archaea. (B) Putative

interdomain LGT: Entamoeba species nested within bacteria or archaea in

trees with other eukaryotic taxa; monophyletic amoebozoa rejected by AU

test, or no other amoebozoa in gene. (C) Putative interdomain LGT fol-

lowed by intradomain LGT: Entamoeba species with a eukaryotic sister

taxon nested within bacteria and/or archaea. Relationship with other eu-

karyote supported with >80% bootstrap support. (D) Putative intrado-

main LGT: Entamoeba species in a eukaryotic clade that is distinct from

other amoebozoan taxa; monophyletic Amoebozoa rejected by AU test.
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Functional Comparisons

To assess the function of the genes categorized as having

either vertical or lateral descent, we used BLAST2GO

(Conesa et al. 2005) with default parameters to assign gene

ontologies to the E. histolytica sequences. Entamoeba histoly-

tica sequences from the 253 genes with strong support for

vertical inheritance and the 116 genes with strong support for

interdomain LGT (table 1 and supplementary table S2,

Supplementary Material online) were used. We assessed the

differences in Level 2 Biological Processes, as assessed by

Blast2GO, in these two groups of genes.

Results

To investigate the impact of LGT on the parasitic genus

Entamoeba phylogenetically, we used aligned sequences

and gene trees produced from our phylogenomic pipeline

(Grant and Katz 2014). After preliminary screening, we re-

tained 1,114 genes that met our initial criteria of sufficient

taxon sampling and BS support for a relationship for

Entamoebae spp. (see Materials and Methods). For those

genes present in other amoebozoan taxa, we used the AU

test (Shimodaira and Hasegawa 2001) to evaluate the alter-

native hypothesis that Entamoeba spp. inherited the gene ver-

tically and the tree topology is spurious. We removed 436

genes for which the AU test did not reject the monophyly

of Amoebozoa, leaving 678 genes in our analyses.

From our sample of 678 genes, 253 have patterns consis-

tent with vertical inheritance from amoebozoan ancestors:

197 trees with topological evidence (i.e., Entamoeba spp. in

a clade with other amoebozoan taxa) and 56 trees with pres-

ence/absence support (i.e., alignments containing only

Entamoeba spp. plus other Amoebozoa; table 1 and supple-

mentary table S2, Supplementary Material online).

We also looked for evidence of interdomain LGT to explain

the presence of genes in Entamoeba spp. We identified 116

genes consistent with a single interdomain LGT event giving

rise to the genes in Entamoeba spp. (table 1): 53 with gene

presence/absence evidence of LGT (i.e., genes with

only Entamoeba spp. and bacteria and/or archaea; fig. 1A

and table 1) and 63 trees with phylogenetic evidence

of LGT (i.e., Entamoeba spp. nested within bacterial or ar-

chaeal clades with >80% BS support; fig. 1B and table 1).

A smaller number of genes suggest a history of interdo-

main transfer followed by intradomain transfer. In 22 gene

trees, Entamoeba is found sister to a single nonamoebozoan

eukaryotic taxon nested within clades of bacteria and/or ar-

chaea—a topology consistent with LGT from bacteria or ar-

chaea into one of the eukaryotes followed by a second LGT

event into the eukaryotic sister (fig. 1C and table 1).

We also looked at patterns of intradomain transfer, though

we recognize that eukaryote-to-eukaryote LGT is more diffi-

cult to assess than interdomain LGT. Phylogenetic evidence

suggests 287 genes from our pipeline analysis have support

for intradomain LGT. In 109 genes, tree topologies show a

sister relationship with nonamoebozoan taxa, and the mono-

phyly of Amoebozoa (vertical descent) is rejected by the AU

test (fig. 1D and table 1), evidence for putative intradomain

LGT. In addition, 178 trees contained only Entamoeba spp.

and taxa from one other nonamoebozoan clade, a pattern of

gene presence/absence suggesting possible gene sharing be-

tween diverse eukaryotes (table 1 and supplementary table

S2, Supplementary Material online). In these cases, gene loss

in all other taxa is another possible explanation.

Gene Function

The distribution of gene function is different in vertically in-

herited genes compared with genes putatively impacted by

LGT in the E. histolytica genome. Using Blast2Go (Conesa

Table 1

Number of Genes Supporting Vertical versus Lateral Inheritance

Inheritance Type Total

Number

Placement of Entamoeba in Trees Number

Vertical inheritance 253 Tree topology: Entamoeba with other Amoebozoa 197

Present only in Entamoeba and other Amoebozoa 56

Interdomain LGT 116 Present only in Entamoeba plus bacteria and/or archaea. 53

Tree topology: Entamoeba within bacteria and/or archaea. 63

Interdomain + intradomain LGT 22 Tree topology: Entamoeba sister to a non-amoebozoan eukaryote

nested within bacteria and/or archaea.

22

Intradomain LGT 287 Tree topology: Entamoeba with eukaryotic sister, monophyly of

Amoebozoa rejected by AU test.

109

Present only in Entamoeba plus one other nonamoebozoan

eukaryote.

178

Total 678

NOTE.—Patterns of inheritance interpreted from tree topologies generated by phylogenomic pipeline and from patterns of gene presence/absence. Inheritance types
are broken into subgroups depending on the topological evidence for the type, and number of trees in each category are given. Additional details as in Materials and
Methods.
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et al. 2005), we assigned functional categories to genes from

our phylogenomic pipeline that had phylogenetic signatures

of interdomain LGT (116 genes; table 1) and those with com-

pelling phylogenetic evidence of vertical descent (197 genes;

table 1). The genes identified as candidate interdomain LGT

genes are more likely to be involved in metabolic processes

than those identified as vertically inherited genes, while verti-

cally inherited genes are more evenly distributed among pro-

cesses (fig. 2).

Sister Relationships across All Trees

The topologies of the single gene trees from our pipeline show

a striking relationship between Entamoeba and the parabasa-

lid taxa T. vaginalis, Histomonas meleagridis, and

Pentatrichomonas hominis. To investigate further, we took a

dual approach to assessing sister relationships to Entamoeba

spp.—one relying on the output of our phylogenomic pipeline

and another independent of our pipeline, relying only on es-

timates of homology in OrthoMCL (Li et al. 2003; Chen et al.

2006; see Materials and Methods).

We examined sister relationships in two types of trees

from our phylogenomic pipeline: the 22 trees with

Entamoeba spp. sister to a single eukaryotic taxon, which

were nested within bacteria or archaea (interdomain LGT fol-

lowed by intradomain LGT; fig. 1C and table 1) and the 109

trees with Entamoeba and a nonamoebozoan sister in trees

where the monophyly of Amoebozoa is rejected by the AU

test (eukaryote-to-eukaryote LGT; fig. 1D and table 1). To be

conservative in our estimation of sister relationships, we boot-

strapped the 109 trees in RAxML, and kept only the 22 trees

with a BS support of>80% for a sister relationship between

Entamoeba spp. and one eukaryotic taxon. This approach

identified 44 gene trees with a sister relationship that can be

identified with confidence and among these, the most

common sister taxon was T. vaginalis (22 trees; fig. 3A and

supplementary data S2 and table S3, Supplementary Material

online). Other taxa had supported sister relationships with

Entamoeba in many fewer trees including kinetoplastids

(four trees), Giardia spp. (three trees), apicomplexa (three

trees), mixed Excavata (three trees), and microsporidia (two

trees; supplementary table S3, Supplementary Material

online). These rarer occurrences may be due to aberrant LGT

events, convergence, or may appear from biases in methods.

We also examined sister relationships among genes present

only in Entamoeba spp and one other eukaryote based on

clusters of orthologs determined by OrthoMCL as this ap-

proach is independent of the parameters of our pipeline.

Here, we found the same association between Entamoeba

spp. and T. vaginalis. Of the 147 genes that passed the strin-

gent requirements (see Materials and Methods), the largest

number (42 groups) is consistent with vertical inheritance as

they include only Entamoeba spp. and Dictyostelium discoi-

deum, the only other amoebozoan taxon represented in

OrthoMCL. The second must common association was be-

tween Entamoeba spp. and T. vaginalis, which was found in

FIG. 2.—Functional categories for vertically inherited genes and putatively laterally transferred genes show that LGT genes are more likely to be involved

in metabolism. We compared the function of vertically inherited genes (blue) and putative laterally transferred genes (red). Categories are level two biological

processes, as inferred by BLAST2GO (Conesa et al. 2005).
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29 genes (fig. 3B). The remaining genes contained Entamoeba

spp. plus taxa found in only a few groups (e.g., at most nine

groups for Arabidopsis thaliana), with many taxa being repre-

sented in only one orthologous group (fig. 3B and supplemen-

tary table S4, Supplementary Material online).

Discussion

Phylogenetic Trees and Patterns of Gene Presence/
Absence Suggest Widespread LGT in the
Genome of Entamoeba

Our dual approach of assessing taxon-rich tree topologies and

gene presence/absence patterns reveals the impact of LGT in

the genomes of Entamoeba spp. As interpretation of past LGT

events is challenging given problems inherent in analyzing

evolutionary history of single genes over long periods of

time, we rank our findings roughly in order of greatest to

least confidence. We identified 116 candidate interdomain

LGT events, 22 putative instances of interdomain LGT fol-

lowed by intradomain LGT, plus 287 possible intradomain

LGT events (table 1 and fig. 1). We recognize that our at-

tempts to be conservative may have eliminated a number of

“true” LGT events and that additional examples may be iden-

tified as taxon sampling improves.

The impact of LGT on Entamoeba spp. has been previously

recognized (Yang et al. 1994; Rosenthal et al. 1997; Loftus

et al. 2005; Clark et al. 2007) though our approach yields a

longer list of candidate genes. Comparisons across studies are

challenging because of concurrent changes in methodologies

for genome assembly and LGT detection; nevertheless, we

find the 68 genes identified in Clark 2007 (supplementary

table S2, Supplementary Material online) plus more. The dif-

ferences emerge, in part, because we use a dual approach of

assessing tree topologies and identifying cases where genes

are only found in Entamoeba spp. and bacteria and/or ar-

chaea. The genes we retain include nine candidate LGTs orig-

inally identified by Loftus et al (2005) that were removed from

consideration by Clark et al. (2007) as increased taxon sam-

pling had revealed eukaryotic sisters. We retained genes if

Entamoeba spp. plus one other eukaryotic group was

nested among bacteria and/or archaea (i.e., interdomain fol-

lowed by intradomain LGTs) and found that six of the nine

genes rejected by Clark et al. (2007) showed Entamoeba spp.

sister to T. vaginalis (see below).

Compared with vertically inherited genes, the genes iden-

tified by our approach as candidate LGTs are more likely to be

involved in metabolism (fig. 2), a trend noted in several recent

studies of LGT into other microbial eukaryotes (Embley 2006;

Ginger 2006; Tsaousis et al. 2012; Imanian and Keeling 2014).

These genes may make effective targets for drug discovery

efforts, as drugs targeting genes with bacterial origins are

less likely to have an impact on their human host (Umejiego

et al. 2008; Keeling 2009; Alsmark et al. 2013).

Phylogenetic Trees and Orthology Estimates Support a
Specific Ancestral Relationship with Parabasalids

Both phylogenetic trees and presence/absence data show a

specific relationship between genes found in Entamoeba spp.

and those in T. vaginalis and sometimes other parabasalids.

(Although the entire genome has been sequenced from

T. vaginalis, there are only limited EST data from P. hominis

and H. meleagridis (supplementary table S1, Supplementary

Material online) making assessment of the relationship with

parabasalids as a whole more difficult.) We used two inde-

pendent approaches here, first assessing the sister relation-

ships in phylogenetic trees and second analyzing patterns of

gene presence/absence in all orthologous groups from

OrthoMCL. Both analyses show T. vaginalis is more highly

represented than any other nonamoebozoan taxon (fig. 3

and supplementary table S4, Supplementary Material online).

Inspection of individual trees from our phylogenomic pipe-

line yields some intriguing patterns. For example, phylogenetic

analyses of a lipase-containing protein, OG5_129115 (abbre-

viation refers to orthologous group as determined in

OrthoMCL; Li et al. 2003) place the T. vaginalis sequence

sister to E. dispar and E. invadens and nested among other

amoebozoan taxa (fig. 4). Analyses of OG5_127586 (a hypo-

thetical conserved protein) show three Entamoeba paralogs,

each sister to T. vaginalis paralogs, suggesting acquisition of a

recently expanded gene family (fig. 5). In this case, one of

these clades also contains Blastocystis hominis, another

FIG. 3.—Parabasalids, including Trichomonas vaginalis, are the most

common sister taxon of Entamoeba and the most likely nonamoebozoan

taxon to share similar genes with Entamoeba. (A) Most common sister taxa

of Entamoeba in trees that reject monophyletic amoebozoa and have

>80% bootstrap support for sister relationships and (B) most common

taxa found with Entamoeba in genes found only in Entamoeba and one

other eukaryote. In both analyses, parabasalids (Excavata) are the most

common nonamoebozoan partner of Entamoeba. Data for all species are

in supplementary tables S3 and S4, Supplementary Material online.
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FIG. 4.—Exemplar maximum-likelihood tree of lipase-containing protein (OrthoMCL cluster OG5_129115) showing putative LGT from Entamoeba to

Trichomonas vaginalis. Maximum-likelihood tree with monophyletic Amoebozoa interrupted by a T. vaginalis sequence sister to E. dispar and E. invadens

suggests LGT from an ancestor of Entamoeba to T. vaginalis. Arrow points to clades of interest. Sequences are labeled with their major clade: Op,

Opisthokont; Pl, Archaeplastida; Sr, SAR; Ex, Excavata; Am, Amoebozoa. Branches within the clades of interest are labeled with bootstrap support; branches

outside the clades of interest with bootstrap support >70% are bold. Scale bar represents number of changes.
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FIG. 5.—Maximum-likelihood tree of hypothetical conserved protein (OrthoMCL cluster OG5_127586) showing putative LGT of multiple paralogs.

Maximum-likelihood tree with multiple sister groups of Entamoeba and Trichomonas vaginalis suggests a relationship between Entamoeba and T. vaginalis

more recently than the gene duplication event that created the paralogs. Sequences are labeled by their major clade (see fig. 4 legend for abbreviations).

Branches within the clades of interest are labeled with bootstrap support; branches outside the clades of interest with bootstrap support >70% are bold.

Scale bar represents number of changes.
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distantly related mucosal parasite. This topology suggests the

possibility of parallel gene transfers into organisms within en-

vironmental niches, as has previously been hypothesized

(Ricard et al. 2006; Alsmark et al. 2013; Clarke et al. 2013).

Given our taxon sampling, there is no clear directionality in

the observed LGT between the ancestors of Entamoeba and

Trichomonas: Of the 22 trees analyzed, two are consistent

with transfer from Entamoeba to Trichomonas (i.e., T. vagina-

lis is nested among Amoebozoa), three appear to be the

opposite, and in the remaining 17 trees there is poor

support at deeper nodes (supplementary tables S2 and S3,

Supplementary Material online). We anticipate that direction-

ality can be determined with additional sampling of whole

genomes from diverse amoebozoan and parabasalid lineages.

An association between E. histolytica and T. vaginalis has

been mentioned in several studies, as organisms that have

both been impacted by LGT and some putative gene sharing

has been noted (Stanley 2005; Keeling and Palmer 2008;

Alsmark et al. 2009, 2013). Borrowing genes, particularly met-

abolic genes (fig. 2), may be one way to adapt to a new,

extremely different, environment. Entamoeba emerges as a

parasite from a mostly nonparasitic clade (Amoebozoa) and

the transition to parasitism may have occurred in a similar

environment (i.e., epithial cells) as the evolution of parasitism

in parabasalids. Thus, it is possible that genes shared between

these taxa are due to borrowing genes from a pool of donor

lineages available in the niche environment that they share

(Alsmark et al. 2013; Clarke et al. 2013). However, the

sister relationship between these two taxa in our analyses sug-

gests more than a shared tendency to independently pick up

genes from their environment. The frequent sister relation-

ship, along with the patterns of shared paralogs (e.g., fig.

5), suggests a past relationship between the ancestors of

the two taxa. While this is speculative, endosymbiosis

among eukaryotes does occur, for example, Excavata symbi-

onts are found within the macronucleus of some ciliates (e.g.,

Fokin et al. 2008, 2014; Gomaa et al. 2014). Moreover,

Tanifuji. et al (2011) document an example of an amoe-

bozoan, Neoparamoeba pemaquidensis, that hosts a kineto-

plastid (an Excavata, like the parabasalids) endosymbiont—a

relationship similar to the one we suggest here.

Caveats

Single gene trees are prone to error; any one gene tree that

can be explained by LGT might also be explained by misiden-

tified orthologs, gene loss, limited taxon sampling or any of a

number of other causes (see Kurland et al. 2003; Martin

2005). Although some of the discordance we see is no

doubt due to this sort of error, the large number of discordant

genes and the independent evidence of bias in both gene

function and sister taxon relationships point to something

beyond error in our analyses. Nevertheless, it is important to

consider alternative explanations. One possible explanation is

convergent evolution: Eukaryotic parasites living in a similar

niche experience similar selective pressures, including host de-

fenses and a microaerophilic environment. However, although

convergent evolution is often seen in protein functional do-

mains (Bork and Doolittle 1992; Gandbhir et al. 1995; Tomii

et al. 2012), convergence at the sequence level across the

length of a gene is unlikely (Doolittle 1994; Oren 1995;

Gogarten and Olendzenski 1999). Another possibility is that

we still have inadequate taxon sampling to depict vertical

donor lineages accurately, though this is less likely to impact

cases of interdomain transfers.

Although these caveats mean that we may be mistaken in

our interpretation of individual gene trees, we believe that our

conservative approach—relying on strong phylogenetic sup-

port for taxon-rich gene trees (i.e., high BS support and AU

tests) and identifying genes present in only Entamoeba spp.

plus bacteria/archaea (i.e., presence/absence data)—may well

have led to an underestimate of the number of interdomain

LGTs. Moreover, our hypothesis of past relationships between

the ancestors of Entamoeba spp. and parabasalids is testable

as additional taxa are sampled from close relatives.

Supplementary Material

Supplementary data and tables S1–S4 are available at

Genome Biology and Evolution online (http://www.gbe.

oxfordjournals.org/).
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