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Horizontal gene transfer has proved to be relevant in eukaryotic evolution, as it has been found more often than expected and
related to adaptation to certain niches. A relatively large list of laterally transferred genes has been proposed and evaluated for the
parasiteEntamoeba histolytica.The goals of this workwere to elucidate the importance of lateral gene transfer along the evolutionary
history of somemembers of the genus Entamoeba, through identifying donor groups and estimating the divergence time of some of
these events. In order to estimate the divergence time of some of the horizontal gene transfer events, the dating of some Entamoeba
species was necessary, following an indirect dating strategy based on the fossil record of plausible hosts. The divergence between
E. histolytica and E. nuttallii probably occurred 5.93 million years ago (Mya); this lineage diverged from E. dispar 9.97Mya, while
the ancestor of the latter separated from E. invadens 68.18Mya. We estimated times for 22 transferences; the most recent occurred
31.45Mya and the oldest 253.59Mya. Indeed, the acquisition of genes through lateral transfermay have triggered a period of adaptive
radiation, thus playing a major role in the evolution of the Entamoeba genus.

1. Introduction

Entamoeba genus is formed by morphologically similar
amoebas; most of them are intestinal parasites that can infect
several hosts [1]. Entamoeba histolytica is one of the most
important intestinal protozoan parasites in humans causing
amoebic colitis; they can also invade the liver causing amoe-
bic liver abscess. It is estimated that this parasite causes 70,000
deaths worldwide each year [2]. Furthermore, the E. dispar
species is morphologically almost identical to E. histolytica.
However, until today, this has been considered as a commen-
sal organism of the human gut. Nevertheless, E. dispar has
been detected in patients with symptomatic amoebic colitis
and also in the material of amoebic liver abscesses [3]. Very
recently, a novel lineage of the Entamoeba genus has been
detected in the intestine of rhesus macaquesMacaca mulatta.
Moreover, it has been proposed as a candidate to revive the
nameE. nuttallii for this lineage, particularly due to its genetic
characteristics.

E. nuttallii infects captive and wild macaques and is capa-
ble of causing abscesses in hamster’s livers [4]. The species of

Entamoeba invadens infects reptiles and causes colitis, liver
abscesses, and, sometimes, acute death. It has been used as
the main encystation model for Entamoeba species, since the
in vitro culture of E. dispar can excyst producing the tropho-
zoites and, thereafter, these trophozoites can undergo encys-
tation in vitro. Phylogenetic reconstructions performed by
Stensvold et al., in 2011, based on sequences of the gene for the
small subunit of rRNA, clustered together E. histolytica and E.
nuttallii and, basal to the latter node, branched those from
E. dispar. SSURNA sequences from E. invadens branched
together with those of E. ranarum. Both sequences formed
the sister group of a node consisting of more than two-thirds
of the Entamoeba species included in the analysis [1].

It is well known that horizontal gene transfer (HGT,
or lateral gene transfer, LGT), of genetic material between
unrelated individuals, has played a significant role in prokary-
otic gene acquisition and genome evolution [5, 6]. Over the
past few years, its importance in eukaryotic evolution has
been reevaluated as it has been found in a higher frequency
than expected and related with adaptation to certain niches
[7]. Despite its presence in multicellular organisms such as
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Bdelloid rotifers [8], it is more likely to occur in unicellular
eukaryotes [9]. Alsmark et al., in 2013, analyzing several
genomes of protozoa found that Leishmania mayor, Enta-
moeba histolytica, and Trypanosoma brucei have the major
percentage of genes acquired by lateral transfer with 0.96,
0.68, and 0.47, respectively [10]. Although the phylogenetic
discrepancy has been the most reliable method to identify
horizontally transferred genes, this latter procedure has been
criticized, due to the following arguments: it is known that
it might be modified due to methodological artifacts such
as substitution saturation or long-branch attraction. Because
there are only four bases that constitute nucleic acids, there
is a relatively high probability that two nucleotide sequences
might share the same bases in a random site by mere chance.
This phenomenon is caused regularly by the high molecular
substitution rate present in the locus, and its particular
unwanted results are the loss of phylogenetic information
and the possible high similarity between unrelated sequences.
As a whole, this phenomenon is known as substitution
saturation and is one of the main problems when analyzing
molecular data [11]. HGT may be inferred amiss due to
substitution saturation and it must be taken into account on
every phylogenetic analysis.

The divergence time estimation for protozoan species is
commonly a challenging endeavor, especially at the node
calibration step. Even though some protozoan taxa might
have fossil record, the most common strategy to calibrate
date estimates is the indirect calibration based on animal or
plant fossils with a specific underlying biological hypothesis
[12]. In fact, the calibration of time estimates performed
with protozoan fossil record has proven to be unpractical for
extant taxa [13]. Although it has been suggested from gene
comparisons that the divergence time between E. histolytica
and E. dispar may have occurred some tenths of millions of
years ago [14–16], until now no exhaustive research has been
performed on the subject.

In the first annotation of the genome of E. histolytica
HM1:IMSS reported by Loftus et al., a list of 96 HGT candi-
dates was included, many from bacterial donors [17]. Later,
in 2007, Clark et al. updated the analyses and sorted these
96 candidates into different categories according to their
consistency in Bayesian and maximum likelihood distance
bootstrap trees [18]. From the 96 original candidates, 41
remained strongly supported; 27 turned to be more weakly
supported than before; the lateral gene transfer hypothesis
of 14 candidates was weakened by increased taxonomic sam-
pling; 9 candidates were found in other microbial eukaryotes;
and, in the remaining 5 cases, vertical gene transfer is now the
simplest explanation for the observed topology. Horizontal
gene transfer remains the strongest hypothesis to explain 68
of the 96 original topologies [18]. But the number of LGT can-
didates can change according to phylogenetic methodology.
For example, recently, in a study by Grant and Katz, in 2014,
it is concluded that there are 116 genes of Entamoeba having
a bacterial or archaeal origin [19]. In laboratory, Field et al.
showed that the acetyl-CoA synthetase and the adh1 genes
of E. histolytica share a common evolutionary history, more
related to prokaryotes than other eukaryotes, and suggested
that these genes were transferred early [20]. Hand in hand,

Nixon et al. tried to demonstrate that genes for the anaerobic
metabolism in Giardia and Entamoeba genera were obtained
laterally; while there was no enough data available to achieve
that goal, the authors did reject the amitochondriate fossil and
the hydrogen hypotheses to explain the resemblance of these
genes to prokaryotic sequences [21].

The objective of this study is, primarily, to estimate the
divergence time between E. histolytica, E. dispar, and E.
invadens and then date HGT events of a representative genes,
thereof, through the evolution of these species of Entamoeba.
Representative gene was taken from the list of 68 candidates
mentioned above and an additional analysis carried out to
distinguish different levels of saturation rates in the DNA
sequence, hypothesizing convergence or ancient HGT.

2. Methods

2.1. Gene Selection and SequenceAlignments. Accession num-
bers of the 68 well supported candidates were obtained from
the list in Clark et al., 2007, and then searched in the Amoeba
DB database, http://amoebadb.org/amoeba/ [22], in order to
get the amino acid and coding sequences.

The following genes were selected to carry out the
Entamoeba divergence time estimations: DNA-directed RNA
polymerase I subunit RPA2 (EHI 186020), elongation factor
2 (EHI 189490), actin (EHI 131230), tubulin gamma chain
(EHI 008240), and clathrin heavy chain (EHI 201510) since
they are single-copy, housekeeping genes that were not
obtained by HGT.

Each one of theHGTcandidate amino acid sequenceswas
used as a query against the NCBI Protein Reference Sequence
Database (RefSeq) [23] with the BLASTp algorithm [24],
using default parameters. The top 50 blast hits were collected
for further analyses.

The homologous amino acid sequence from E. nuttallii
was included in the analyses to calibrate the HGT divergence
time estimates. Each E. histolyticaHGT candidate was used as
a query against the E. nuttallii P19 open reading frame trans-
lation database with the BLASTp algorithm. Only the top hit
was collected anddiscarded, if the query coverage and/or iden-
tity were less than 60%.

In order to estimate the divergence time of housekeeping
genes, sequences from E. dispar were downloaded and
then corresponding orthologs were searched against the
open reading frame translation database of E. histolytica, E.
nuttallii, and E. invadens (available at http://amoebadb.org/
common/downloads/) using the BLASTp algorithm, with
default parameters. In addition, homologs of the former were
looked for in the amino acid sequence database fromDictyos-
telium discoideum (available at http://dictybase.org/) [25] also
using a BLASTp search. Only the top hit was collected and
discarded if the query coverage or identity was less than 60%.

Each amoeba sequence was aligned with its amoebic
ortholog (when a report existed in the Amoeba DB database)
and with the prokaryotic sequences found by the BLAST
search. In every study, amino acid sequences were aligned
using the program Clustal W [26] and then their codon
sequences according to the amino acid alignmentwith Biopy-
thon scripting [27]. Sequence alignments were inspected
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manually and edited to remove synapomorphies and codons
with sequencing errors.

2.2. Substitution SaturationTest. Distancematriceswere built
for the nucleotide alignments. The nucleotide substitution
model used was the Maximum Composite Likelihood, with
a gamma distribution for the rate variation among sites. All
codon positionswere included and ambiguous positionswere
removed for each sequence pair. This analysis was conducted
in MEGA software [28].

For each evolutionary distance matrix, sequences with
low distance values (equal to or less than 0.1 standard devia-
tions) according to the E. histolytica sequences were selected
to make a shorter sequence alignment, including only closely
related sequences, according to the distance matrices.

Substitution saturation indexes Iss. and Iss.c [12, 29] were
calculated for each alignment, considering the three positions
of each codon. Whenever a sequence alignment showed
substantial saturation after the first analysis, the indexes were
calculated again, thoughwe remove the third position of each
codon to avoid the possible substitution saturation due to
the degeneracy of the genetic code. In these assays, statistical
significance value was set at 𝑃 < 0.05. These tests were
executed using the package DAMBE [30].

Tree topology examination was necessary to decide
whether the alignment was phylogenetically informative for
those alignments that showed substantial saturation when
excluding the third position of each codon.

2.3. Phylogenetic Analyses. In order to evaluate the phylo-
genetic relevance of the shorter alignments that presented
substantial saturation when removing the third position of
each codon, the substitution saturation tests were introduced
to the programMrBayes 3.2 [31]. The number of run MCMC
generations was 500,000, excluding the third position of each
codon; every 125 generations a tree was sampled. Whenever
a tree from the latter resulted in asymmetrical topology, the
HGT candidate was discarded from the analysis.

In all cases the GTR+I+G nucleotide substitution model
was employed, and 25% of tree samples were discarded
as burn-in. A consensus tree was constructed from the
remaining samples, and then it was inspected manually and
edited using Dendroscope [32].

Constructions of consensus trees for donor group desig-
nation were made using two different approaches: maximum
likelihood and Bayesian phylogenetics. 61 sequence align-
ments were introduced to the program jModeltest2 [33], in
order to find the sequence substitution model that best fitted
the observed alignment. Eleven substitution schemes were
used, along with relative frequencies per base, proportion of
invariable sites, and the variation of substitution rates along
the alignment. The base tree to perform each analysis was
built with the BioNJ algorithm and theNNI search algorithm.
Finally the AICc criterion was used to select the best model
for each alignment.

Maximum likelihood trees were built for each alignment
by the program PhyML 3 [34]. In each case, the base tree was
built with BioNJ and the best tree whether from NNI or SPR
search algorithms was selected. One hundred bootstrap tests

were executed per alignment.The same strategy was included
in the input for the PhyML software for the candidates that
passed the saturation tests, when ignoring the third position
of each codon.

Similarly, the alignments that presented no substitution
saturation in the first saturation analysis were used as input
to construct trees by the program MrBayes [31]. 1,000,000
MCMC generations were run sampling a tree every 200
generations. Also, 1,000,000 MCMC generations were run
excluding the third position of each codon for candidates that
presented no substitution saturation in the second saturation
analysis; a tree was sampled every 200 generations. In both
cases, the GTR+I+G substitution model was used, and a
consensus tree was built after discarding 25% of the resulting
topologies as burn-in. For each of the 61 candidates, the boot-
strap values of the coincident nodes in the maximum likeli-
hood trees were added manually to the resulting topology of
the Bayesian phylogenetic analyses using the program Den-
droscope (Supplementary Information, in Supplementary
Material available online at http://dx.doi.org/10.1155/2016/
3241027).

2.4. Bayesian Divergence Time Estimates. Two sets of esti-
mations were performed: first, Entamoeba divergence time
was calculated using a set of five housekeeping genes: DNA-
directed RNA polymerase I subunit RPA2, elongation factor
2, actin, tubulin gamma chain, and clathrin heavy chain.
Orthologs from E. histolytica, E. nuttallii, E. dispar, E.
invadens, andD. discoideumwere included in the dataset.The
input tree used for the analysis was the following: ((((E. nut-
tallii, E. histolytica), E. dispar), E. invadens), D. discoideum).

Then, the HGT event dates were evaluated only with
selected candidates, after considering three criteria: well
supported branching in the Bayesian phylogenies, assigned
donor group at least at the phylum level, and the presence
of an ortholog in E. nuttallii. The dataset for each estimation
included sequences contained in the alignments and used for
the phylogenetic reconstructions from (i) E. histolytica, (ii) E.
dispar and/or E. invadens, (iii) up to four randomly chosen
sequences from the resulting sister group of Entamoeba
cluster in the Bayesian phylogenies referred to as “a,” “b,” “c,”
and “d,” (iv) up to three randomly chosen sequences from the
resulting out-group in the Bayesian phylogenies referred to as
“x,” “y,” and “z.” Moreover, the homologous sequence from
E. nuttallii was aligned by-eye with the rest of the dataset. A
common user-input tree would look like this: (((((E. nuttallii,
E. histolytica), E. dispar), E. invadens), ((a, b),(c, d))), ((x, y),
z)), even though the relationships within the sister group (a,
b, c, and d) might vary.

The estimations were carried out using the programs
Estbranches and Multidivtime [35, 36], following the step
by step manual by Rutschmann [37]. The node between E.
nuttallii and E. histolyticawas used to calibrate the divergence
estimations. Since E. nuttallii has only been isolated in rhesus
macaques and E. histolytica has been found in feces fromwild
baboons (Papio sp.) [38, 39], we assumed that the E. nuttallii
lineage diverged from E. histolytica at the same time that
the primate lineages Macaca and Papio did. Paleontological
evidence suggests that this divergence occurred after 8Mya,
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but before 4Mya [40, 41]. Consequently the node was
calibrated between 5.5 and 6.5Mya. For each alignment,
the program Baseml [42] with the F84+G model was used
to estimate nucleotide frequencies, transition/transversion
rate ratio (parameter 𝜅), and rate heterogeneity among sites
(shape parameter 𝛼). Then, the maximum likelihood of
the branch lengths of the tree and the variance-covariance
matrix were estimated by the Estbranches program. Finally,
a Bayes MCMC analysis was performed with the program
Multidivtime, to approximate the posterior distributions of
substitution rates and divergence times. A total of 5,100,000
generations were run, 100,000 were discarded as burn-in, and
then a sample was taken every 100 generations.

For the Entamoeba divergence time, the five housekeep-
ing genes were analyzed simultaneously, 5,100,000 genera-
tions were run, 100,000 were discarded as burn-in, and then
a sample was taken every 100 generations. Time units were
set to million years and referred to as “million years ago”
(Mya). For the prior parameters, we selected 100 time units
between the tip and the root of the tree, with a standard
deviation of 50 time units, and an oldest time value of 300.
For each candidate, the mean and standard deviation of prior
distribution for the rate of molecular evolution at the in-
group root node were set as the median of the evolution
rates provided by Estbranches.The divergence time estimates
were carried out in triplicate to confirm similar results of the
analysis between repetitions. Results are showed asMya ± the
standard deviation provided by Multidivtime.

3. Results

3.1. Substitution Saturation Tests. Substitution saturation
indexes Iss. and Iss.c [12, 28] were calculated for each
alignment considering the first two or the three positions of
each codon. The index Iss. is a measure of entropy of a given
nucleotide sequence alignment.The index Iss.c is themeasure
of entropy of a simulated sequence alignment that shares the
number of sequences and number of sites with the former
but has a random distribution of nucleotide bases. Hence,
if the Iss. value approaches that of Iss.c, it is a signal that
the sequence alignment holds high substitution saturation.
Both indexes were calculated for each shorter alignment.
When using the three sites of each codon, 38 alignments
displayed lower Iss. values than their respective Iss.c values;
these differences were statistically significant (𝑃 < 0.05),
implying little saturation. In 14 cases, the differences between
Iss. and Iss.c were not statistically significant. Other 10
candidates display the same behavior, and in the remaining
6 cases the value of Iss. index was higher than Iss.c and,
also, differences were statistically significant. In the second
essay, in which the first 38 sequences were not included,
every third position of each codon was ignored, in order to
avoid the possible substitution saturation observed due to
the degeneracy of the genetic code. Altogether, 15 alignments
resulted in a significantly lower Iss. index, and other 4
alignments had a significantly higher Iss. than their respective
Iss.c. The remaining 11 alignments showed nonsignificant
differences; therefore tree topology was needed to evaluate
their phylogenetic usefulness. To this end, 11 trees were built:
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Figure 1: Number of genes obtained by each donor phylum
identified in phylogenetic trees.

3 of them showed asymmetrical topology and 8 presented
symmetrical topology. The respective HGT candidates from
the 3 asymmetric trees, alongside those candidates from the 4
alignments whose Iss.c values were significantly higher in the
second test, were permanently discarded from the research,
since our results strongly denote that these alignments lack
phylogenetic information.

3.2. Bayesian Phylogenetics and Putative Donor Groups. The
assays were carried out with the lingering 61 candidates,
using the complete coding sequence alignments. Phyloge-
netic analyses were made with the program MrBayes [31],
1,000,000MCMC generations were run sampling a tree every
200 generations, using the first two or the three positions of
each codon. When evaluating donor groups in the 38 trees
constructed with complete codons, it was possible to locate a
donor group at least at phylum level (Figure 1), as well as in
15 trees built, excluding the third position.

On the other hand, in three different cases, it was only
possible to assign a donor group at the level of domain
because the sister group of the Entamoeba cluster was formed
by sequences that belonged to different phyla but from the
same domain. A total of 61 consensus trees were built (Sup-
plementary Information). Donor taxa could not be identified
in the remaining five topologies, due to the different domains
included and no apparent association with the amoebic
genes. The domain Archaea was assigned to only four out
of the 61 analyzed candidates, 3 of which belonged to the
Euryarchaeota phylum and only one branched exclusively
with sequences fromMethanococcales.The bulk of the genes
branched with bacterial sequences, from which 12 had no
clear association with any phylum. Bacteroidetes was the
most prevalent donor group with sixteen donated genes;
moreover, ten of them were probably transferred from the
order Bacteroidales. In 6 trees the Entamoeba genes branched
inside a larger cluster with high posterior probability values.
Alternatively, in 9 other cases amoebic genes were separated
from their basal group by a large evolutionary distance, but
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being branched with their sister group always showed high
supporting values. The second most abundant donor group
was the phylumFirmicutes, even though only in 4—out of the
eleven candidates—a donor order could be designated. One
gene branched strongly with sequences from Bacillales and
the other 3 branched with Clostridiales. In most cases, the
posterior probability of every node between the Entamoeba
genes and their sister group was close to 1.0, with the excep-
tion of the type A flavoprotein (EHI 09671), which grouped
with several bacterial clusters through a polytomy. The phy-
lum Proteobacteria was designated as the donor group for a
total of seven genes; this was the phylumwhich presented the
highest diversity of orders: Campylobacterales, Pseudomon-
adales, Burkholderiales, and Enterobacteriales. Despite the
fact that just one gene belonged to each donor order, each
one of them grouped with high posterior probability, with
the exception of Fe-S cluster assembly protein (EHI 049620)
whose posterior probability was 0.7 in the node between
the amoebic cluster and sequences from Campylobacterales.
Although one candidate branched poorly (posterior proba-
bility: 0.64)with sequences fromFusobacteria, it was not pos-
sible to determine a donor order. In up to 5 trees, the sequence
ofE. invadens did not branchwith itsEntamoeba ortholog but
with prokaryotic sequences or as basal group instead.

3.3. Divergence Time Estimates. Entamoeba divergence time
was calculated with the following set of five housekeeping
genes: DNA-directed RNA polymerase I subunit RPA2, elon-
gation factor 2, actin, tubulin gamma chain, and clathrin
heavy chain. Orthologs from E. histolytica, E. nuttallii, E.
dispar, E. invadens, and D. discoideummade up the dataset.

The median rate of molecular evolution among the five
amoebic genes provided by Estbranches was 0.02364 substi-
tutions per site per million years, which was then used as
the mean and standard deviation of prior distribution for the
rate of molecular evolution at the in-group root node for the
Multidivtime program. Finally, the estimates for the split ages
between these lineages were the following: split date between
E. nuttallii and E. histolytica, 5.93 ± 0.28Mya, between E.
histolytica and E. dispar, 9.97 ± 1.37Mya, and between E.
histolytica and E. invadens, 68.18 ± 16.04Mya (Figure 3).

Twenty-two Entamoeba candidates were selected after
considering three criteria: well supported branching in the
Bayesian phylogenies, assigned donor group at least at
the phylum level, and the presence of an ortholog in E.
nuttallii. The most recent transference was that of gene
endo-1,4-beta-xylanase (EHI 096280) from Bacteroidetes
dated 31.45 ± 15.69Mya. The oldest transferences occurred
253.59 ± 28.91Mya when the gene tartrate dehydrogenase
(EHI 143560) was donated by Proteobacteria (Figure 2). The
median of molecular evolution for this gene was 0.00089
substitutions per site per million years; interestingly, this rate
is smaller than the final rate of substitutions for the five
amoebic housekeeping genes, which was 0.0014 substitutions
per site per million years.This slow rate explains why such an
old HGT event is still detectable and also why a donor group
could still be determined for this gene. This is interesting
because it is possible that some other HGT events may have
been masked because of higher nucleotide substitution rates

and the homogenization of the xenolog gene to the recipient
genome.

Several overlapping transference dates were found, some
of them from the same donor group: alpha-1,2-mannosidase
(EHI 009520), mannose-1-phosphate guanylyltransferase
(EHI 052810), and fructokinase (EHI 054510) from Bac-
teroidetes ranging from 55.53Mya to 77.8715Mya, nicotinate-
phosphoribosyltransferase (EHI 023260) and hypothetical
protein (EHI 072640) from Bacteroidales ranging from
94.98Mya to 164.16Mya, and Fe-S cluster assembly protein
NifU (EHI 049620) and metallo-beta-lactamase family
protein (EHI 068560) from Proteobacteria ranging from
119.89Mya to 176.9304Mya. Gene synteny in the genome of
E. histolytica and functional group informationwere still nec-
essary to define simultaneous horizontal gene transfer events.

4. Discussion

In this study the substitution saturation of the well supported
HGT gene candidates from the genome of E. histolytica
was verified and assigned a putative donor group for each
candidate through phylogenetic reconstruction. In addition,
a first approach into the divergence time estimation of some
species of Entamoeba through indirect node calibration was
presented, using the fossil record of their feasible hosts.
Finally the gene transfer events of some HGT candidates
were dated, revealing gene losses, postdivergence transfers,
and a simultaneous transfer of two genes. The BLAST search
results were able to provide a glimpse of the analysis outcome,
since the top hits that resulted in the highest 𝑒-values (𝑒-13
and 𝑒-16 for EHI 085050 and EHI 156240, resp.) belonged
to candidates discarded because of substitution saturation.
Moreover, for the 3 candidates whose top hits were sequences
fromArchaea, the latter domainwas the putative donor group
after inspecting the Bayesian phylogenies. It is interesting
that most of the Entamoeba HGT candidate genes have no
or few paralogs in the genome of the different species of
Entamoeba included in the analyses, while some others had
at least 3 paralogs in each genome.The former diversification
may be result of neutral evolution in the case of the gene
that encodes the metallo-beta-lactamase superfamily pro-
tein (EHI 115720), considering that beta-lactam antibiotics
induce bacterial cell wall degradation and therefore are
innocuous to Entamoeba species [43]. On the other hand, two
of the candidates with the largest gene families, hypothetical
protein and aldehyde-alcohol dehydrogenase 2 (EHI 104900
and EHI 160940, resp.), were discarded after the substitution
saturation tests. It is likely that these gene families are result of
an ancient HGT and have lost phylogenetic information, due
to mutational saturation; or they have been acquired through
vertical descent and they are similar to bacterial sequences,
as a result of the same mechanism.

The procedures here presented managed to find donor
groups at the order level, including the following: Bac-
teroidales, Clostridiales, Spirochaetales, Campylobacterales,
Burkholderiales, Bacillales, Flavobacteriales, Methanococ-
cales, and Enterobacteriales. Most of the donor taxa can be
found in the gut of vertebrates, it is well known that the
three bacterial phyla are major part of the gut microbiota,
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but other less abundant groups have donated genetic material
to Entamoeba species such as anaerobic Archaea. Although
most members of the Entamoeba genus are parasitic or com-
mensal organisms, lineages of free living Entamoeba like E.
ecuadoriensis have been found [1], and some of these xenolog
genes have been acquired from free living donor groups.

The Bacteroidetes phylum monopolizes lateral gene
donations to the Entamoeba species included in this anal-
ysis, and the second most abundant group is the phylum
Firmicutes and then Proteobacteria (Figure 1). These results
are in contrast with those reported previously [44], in which
they found 16 candidates closely related to Proteobacteria;
nevertheless we found only 8. Likewise, we found no traces of
HGT fromActinobacteria.These differencesmay result of the
increased sampling due to the growth of biological databases
and the substitution saturation tests. Consistent results are
the frequency of LGT from Bacteroidetes, Spirochaetes, and
Fusobacteria. In fact, the phylum Bacteroidetes has been
found as potential donor to other horizontally transferred
genes in different organisms, such as Ciliates [45] and
Dinoflagellates [46], thus confirming the promiscuity of this
taxon.

Several studies have highlighted the ecological relation-
ship between E. histolytica and bacteria, specifically during
pathogenesis [47, 48]. This study supports the importance of
these associations as they can provide evolutionary innova-
tions to the genus, and although no virulence factors have

been transferred, antibiotic resistance genes are among the
61 candidates. In fact, the gene 5-nitroimidazole antibiotic
resistance protein (EHI 068430) has been transferred from
Bacteroidales. As most HGT events were millions of years
ago, it is unlikely that these genes have functioned as acquired
adaptations against antibiotics. These genes might have had
other functions such as secondary metabolite degradation
or no function at all, before the antibiotics were a selective
pressure in the human gut.

Although the alignment for protein serine acetyltrans-
ferase (EHI 202040) resulted in little saturationwhile exclud-
ing the third position of each codon and its phylogeny showed
a symmetric topology, it is very unlikely that an ancestor
of the Entamoeba genus had obtained this from halophilic
archaea and probably other bacteria group can be the donor.

Since estimating the age of the gene transfer events
was one of the main objectives of this study, it was neces-
sary to approximate the divergence times of the species of
Entamoeba. To accomplish this aim, the identification of E.
nuttallii as a separate lineage provided crucial information.
The fact that E. nuttallii has only been isolated from rhesus
macaques and E. histolytica has been found in feces fromwild
baboons [38, 39] led to the assumption that the E. nuttallii
andE. histolytica lineageswere separated simultaneouslywith
their hosts at some time between 4 and 8Mya according to the
fossil record, although it has been assumed that this interval
is narrower [49]. The results from the amoebic species split
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date calculations might be underestimated by the fact that
only one nodewas calibrated, as there is no direct fossil record
of species of Entamoeba. Although other authors have made
studies regarding the age of the Amoebozoa phylum as a
whole using animal and plant fossils, it was not possible to use
their results because of differences in time scale and classifica-
tion [13]. Some divergence time estimates of HGT candidates
have overlapping standard deviations; this is particularly
interesting when the donor groups coincide, because these
genes could have been transferred at the same time. To deter-
mine if these genes were transferred simultaneously, some
characteristics were taken into account: gene transfer age,
donor group, metabolic context, and location in the genome.
It has been suggested that functionally related genes might be
located closely especially in prokaryotic genomes [50], and
it should be expected that a simultaneous horizontal gene
transfer would result in one or more xenologs positioned
near one to another and functionally related. Two genes
shared most of these attributes: the genes for the mannose-1-
phosphate guanylyltransferase (EHI 052810) and the fructok-
inase (EHI 054510) were donated by Bacteroidales, probably
between 60 and 70 million years in the past. Both genes are
involved in fructose, mannose, amino sugar, and nucleotide
sugar metabolism.

The dating of some transfers explained why certain genes
are absent in some of the genomes of the amoebic species,
included in this analysis (Figure 3). The transfer of the endo-
1,4-beta-xylanase (EHI 096280) occurring 31.45 ± 15.69Mya
is in fact more recent than the divergence between the lineage
of E. invadens and the ancestor of the other species of
Entamoeba (68.18 ± 16.04Mya); thus this gene was never
present in the genome of the immediate ancestor of E.
invadens. Conversely, the coding sequence for the 5-nitroim-
idazole-resistance protein (EHI 068430), which was trans-
ferred earlier (99.82 ± 29.94Mya), was lost afterwards by E.
invadens. The same conclusion could be applied to the gene
coding for the hypothetic protein (EHI 198610), which was
obtained 162.08 ± 27.07Mya from Proteobacteria, which is
now absent in the genome of E. dispar.

E. histolytica remains as one of the protists with the high-
est number of laterally transferred genes frombacterial origin
in their genomes along with Trichomonas vaginalis and Giar-
dia lamblia [9] or along with Leishmaniamayor andTrypano-
soma brucei [19].This large uptake of bacterial genes, which in
general took place relatively early in the evolutionary history
of the Entamoeba genus, may have functioned as a trigger for
adaptive evolution. The latter assertion may be palpable in
the case of the genes coding for the acetyl-CoA synthetase
and the adh1; but other genes gained through HGT, whose
functions are unknown or obscured by biased annotations,
may have been also important in the evolution of these
organisms. The ancestor of the genus Entamoeba, which in
our point of view, might as well be the ancestor of Endolimax,
equipped with this newly acquired genes, might have tried
exploring new ecosystems and forms of life and eventually
settled in the gut of vertebrates.
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[3] C. Ximénez, R. Cerritos, L. Rojas et al., “Human amebiasis:
breaking the paradigm?” International Journal of Environmental
Research and Public Health, vol. 7, no. 3, pp. 1105–1120, 2010.

[4] H. Tachibana, T. Yanagi, C. Lama et al., “Prevalence of Enta-
moeba nuttalli infection in wild rhesus macaques in Nepal and
characterization of the parasite isolates,” Parasitology Interna-
tional, vol. 62, no. 2, pp. 230–235, 2013.

[5] E. V. Koonin, K. S. Makarova, and L. Aravind, “Horizontal
gene transfer in prokaryotes: quantification and classification,”
Annual Review of Microbiology, vol. 55, no. 1, pp. 709–742, 2001.

[6] P. R. Marri, W. Hao, and G. B. Golding, “The role of laterally
transferred genes in adaptive evolution,” BMC Evolutionary
Biology, vol. 7, no. supplement 1, article S8, 2007.

[7] P. J. Keeling and J. D. Palmer, “Horizontal gene transfer in
eukaryotic evolution,”Nature Reviews Genetics, vol. 9, no. 8, pp.
605–618, 2008.

[8] E. A. Gladyshev, M. Meselson, and I. R. Arkhipova, “Massive
horizontal gene transfer in bdelloid rotifers,” Science, vol. 320,
no. 5880, pp. 1210–1213, 2008.

[9] J. W. Whitaker, G. A. McConkey, and D. R. Westhead, “The
transferome of metabolic genes explored: analysis of the
horizontal transfer of enzyme encoding genes in unicellular
eukaryotes,” Genome Biology, vol. 10, no. 4, article R36, 2009.

[10] C. Alsmark, P. G. Foster, T. Sicheritz-Ponten, S. Nakjang, T.
M. Embley, and R. P. Hirt, “Patterns of prokaryotic lateral
gene transfers affecting parasiticmicrobial eukaryotes,”Genome
Biology, vol. 14, article R19, 2013.

[11] X. Xia, Z. Xie, M. Salemi, L. Chen, and Y. Wang, “An index of
substitution saturation and its application,” Molecular Phyloge-
netics and Evolution, vol. 26, no. 1, pp. 1–7, 2003.

[12] O. Fiz-Palacios, M. Romeralo, A. Ahmadzadeh, S. Weststrand,
P. E. Ahlberg, and S. Baldauf, “Did terrestrial diversification of
amoebas (amoebozoa) occur in synchrony with land plants?”
PLoS ONE, vol. 8, no. 9, Article ID e74374, 2013.

[13] C. Berney and J. Pawlowski, “Amolecular time-scale for eukary-
ote evolution recalibrated with the continuous microfossil
record,” Proceedings of the Royal Society B: Biological Sciences,
vol. 273, no. 1596, pp. 1867–1872, 2006.

[14] C. G. Clark and L. S. Diamond, “Ribosomal RNA genes of
‘pathogenic’ and ‘nonpathogenic’ Entamoeba histolytica are



Journal of Parasitology Research 9

distinct,”Molecular and Biochemical Parasitology, vol. 49, no. 2,
pp. 297–302, 1991.

[15] S. Novati, M. Sironi, S. Granata et al., “Direct sequencing of
the PCR amplified SSU rRNA gene of Entamoeba dispar and
the design of primers for rapid differentiation from Entamoeba
histolytica,” Parasitology, vol. 112, no. 4, pp. 363–369, 1996.

[16] D. Sehgal, V. Mittal, S. Ramachandran, S. K. Dhar, A. Bhat-
tacharya, and S. Bhattacharya, “Nucleotide sequence organi-
sation and analysis of the nuclear ribosomal DNA circle of
the protozoan parasite Entamoeba histolytica,” Molecular and
Biochemical Parasitology, vol. 67, no. 2, pp. 205–214, 1994.

[17] B. Loftus, I. Anderson, R. Davies et al., “The genome of the
protist parasite Entamoeba histolytica,” Nature, vol. 433, no.
7028, pp. 865–868, 2005.

[18] C. G. Clark, U. C. M. Alsmark, M. Tazreiter et al., “Structure
and content of the entamoeba histolytica genome,” Advances in
Parasitology, vol. 65, pp. 51–190, 2007.

[19] J. R. Grant and L. A. Katz, “Phylogenomic study indicates
widespread lateral gene transfer in Entamoeba and suggests a
past intimate relationship with parabasalids,” Genome Biology
and Evolution, vol. 6, no. 9, pp. 2350–2360, 2014.

[20] J. Field, B. Rosenthal, and J. Samuelson, “Early lateral transfer of
genes encodingmalic enzyme, acetyl-CoA synthetase and alco-
hol dehydrogenases from anaerobic prokaryotes to Entamoeba
histolytica,”Molecular Microbiology, vol. 38, no. 3, pp. 446–455,
2000.

[21] J. E. J. Nixon, A. Wang, J. Field et al., “Evidence for lateral
transfer of genes encoding ferredoxins, nitroreductases, NADH
oxidase, and alcohol dehydrogenase 3 from anaerobic prokary-
otes to Giardia lamblia and Entamoeba histolytica,” Eukaryotic
Cell, vol. 1, no. 2, pp. 181–190, 2002.

[22] C. Aurrecoechea, A. Barreto, J. Brestelli et al., “AmoebaDB and
MicrosporidiaDB: functional genomic resources for Amoebo-
zoa and Microsporidia species,” Nucleic Acids Research, vol. 39,
supplement 1, pp. D612–D619, 2011.

[23] K. D. Pruitt, T. Tatusova, G. R. Brown, andD. R.Maglott, “NCBI
Reference Sequences (RefSeq): current status, new features and
genome annotation policy,” Nucleic Acids Research, vol. 40, no.
1, pp. D130–D135, 2012.

[24] M. Johnson, I. Zaretskaya, Y. Raytselis, Y. Merezhuk, S. McGin-
nis, and T. L. Madden, “NCBI BLAST: a better web interface,”
Nucleic Acids Research, vol. 36, pp. W5–W9, 2008.

[25] P. Fey, R. J. Dodson, S. Basu, and R. L. Chisholm, “One stop
shop for everything Dictyostelium: dicty base and the Dicty
Stock Center in 2012,” in Dictyosteliumdiscoideum Protocols, L.
Eichinger and F. Rivero, Eds., pp. 59–92, Humana Press, New
York, NY, USA, 2013.

[26] M. A. Larkin, G. Blackshields, N. P. Brown et al., “ClustalW and
clustal X version 2.0,” Bioinformatics, vol. 23, no. 21, pp. 2947–
2948, 2007.

[27] P. J. A. Cock, T. Antao, J. T. Chang et al., “Biopython: freely
available python tools for computational molecular biology and
bioinformatics,” Bioinformatics, vol. 25, no. 11, pp. 1422–1423,
2009.

[28] K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, and
S. Kumar, “MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and max-
imum parsimony methods,” Molecular Biology and Evolution,
vol. 28, no. 10, pp. 2731–2739, 2011.

[29] X. Xia and P. Lemey, “Assessing substitution saturation with
DAMBE,” in The Phylogenetic Handbook: A Practical Approach

to DNA and Protein Phylogeny, P. Lemy, M. Salemi, and A.
M. Vandamme, Eds., pp. 615–630, Cambridge University Press,
Cambridge, UK, 2009.

[30] X. Xia and Z. Xie, “DAMBE: software package for data analysis
inmolecular biology and evolution,” Journal of Heredity, vol. 92,
no. 4, pp. 371–373, 2001.

[31] F. Ronquist, M. Teslenko, P. van der Mark et al., “Mrbayes
3.2: efficient bayesian phylogenetic inference and model choice
across a large model space,” Systematic Biology, vol. 61, no. 3, pp.
539–542, 2012.

[32] D. H. Huson, D. C. Richter, C. Rausch, T. Dezulian, M. Franz,
and R. Rupp, “Dendroscope: an interactive viewer for large
phylogenetic trees,” BMC Bioinformatics, vol. 8, no. 1, article
460, 2007.

[33] D. Darriba, G. L. Taboada, R. Doallo, and D. Posada, “JMod-
elTest 2: more models, new heuristics and parallel computing,”
Nature Methods, vol. 9, no. 8, p. 772, 2012.

[34] S. Guindon and O. Gascuel, “A simple, fast, and accurate algo-
rithm to estimate large phylogenies by maximum likelihood,”
Systematic Biology, vol. 52, no. 5, pp. 696–704, 2003.

[35] H. Kishino, J. L. Thorne, and W. J. Bruno, “Performance of a
divergence time estimationmethod under a probabilisticmodel
of rate evolution,” Molecular Biology and Evolution, vol. 18, no.
3, pp. 352–361, 2001.

[36] J. L.Thorne, H. Kishino, and I. S. Painter, “Estimating the rate of
evolution of the rate of molecular evolution,”Molecular Biology
and Evolution, vol. 15, no. 12, pp. 1647–1657, 1998.

[37] F. Rutschmann, Bayesian Molecular Dating Using PAML/Multi-
div Time. A Step-by-Step Manual, University of Zurich, Zurich,
Switzerland, 2005, http://www.plant.ch.

[38] R. E. Kuntz and B. J. Myers, “Parasites of baboons (Papio
doguera (Pucheran, 1856)) captured in Kenya and Tanzania,
East Africa,” Primates, vol. 7, no. 1, pp. 27–32, 1966.

[39] T. F. Jackson, P. G. Sargeaunt, P. S. Visser, V. Gathiram, S.
Suparsad, and C. B. Anderson, “Entamoeba histolytica: natu-
rally occurring infections in baboons,”Archivos de Investigacion
Medica, vol. 21, supplement 1, pp. 153–156, 1990.

[40] E. Delson, I. Tattersall, J. A. Van Couvering, and A. S. Brooks,
Encyclopedia of Human Evolution and Prehistory, Garland Pub
& Grill, New York, NY, USA, 2000.

[41] N. G. Jablonski, “Fossil old world monkeys: the late neogene
radiation,” in The Primate Fossil Record, Cambridge Studies
in Biological and Evolutionary Anthropology, pp. 255–299,
Cambridge University Press, Cambridge, UK, 2002.

[42] Z. Yang, “PAML 4: phylogenetic analysis by maximum likeli-
hood,”Molecular Biology and Evolution, vol. 24, no. 8, pp. 1586–
1591, 2007.

[43] K. Kitano and A. Tomasz, “Triggering of autolytic cell wall
degradation in Escherichia coli by beta-lactam antibiotics,”
Antimicrobial Agents and Chemotherapy, vol. 16, no. 6, pp. 838–
848, 1979.

[44] U. C. Alsmark, T. Sicheritz-Ponten, P. G. Foster, R. P. Hirt, and T.
M. Embley, “Horizontal gene transfer in eukaryotic parasites: a
case study of Entamoeba histolytica and Trichomonas vaginalis,”
Methods in Molecular Biology, vol. 532, pp. 489–500, 2009.

[45] G. Ricard, N. R. McEwan, B. E. Dutilh et al., “Horizontal gene
transfer from bacteria to rumen ciliates indicates adaptation
to their anaerobic, carbohydrates-rich environment,” BMC
Genomics, vol. 7, no. 1, article 22, 2006.
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