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Abstract: The role of interdomain horizontal gene transfer (HGT) in eukaryotic genome evolution
remains a subject of ongoing debate. The numerous reported cases of prokaryote-to-eukaryote gene
transfer have suggested that this process may be widespread in the nature. However, a critical
reassessment of these cases is essential to determine the true extent of interdomain HGT in
eukaryotic evolution. In this study, we revisit the findings of Katz (2015) and evaluated the impact
of interdomain lateral gene transfer in eukaryotes, using newly available data a decade after its
publication. We retrieved updated homologs for the originally proposed HGT candidates and
reconstructed phylogenetic trees to assess their topological consistency with an HGT scenario. Our
results indicate that only 12% of the original candidates remain congruent with interdomain HGT,
indicating that this phenomenon likely plays a limited role in shaping eukaryotic genomes. We
argue that the inclusion of new homologs reveals phylogenetic patterns that, in their absence, may
have been misinterpreted as evidence of HGT. Beyond biological and systematic biases associated
with HGT detection through phylogenetic analyses, this study highlights the importance of
considering database completeness before attributing gene origins to horizontal transfer events.

Keywords: interdomain horizontal gene transfer; eukaryotes; evolution; phylogeny; new homologs

1. Introduction

Horizontal gene transfer (HGT) is a well-established mechanism for generating genetic
variability in bacteria [1]. Most documented cases involve gene transfers between bacterial species,
whereas reports of HGT from eukaryotes to bacteria are far less common. This scarcity is expected,
given the substantial genetic incompatibilities between such evolutionarily distinct groups.
Interestingly, despite these incompatibilities, interdomain HGT from bacteria to eukaryotes is
frequently reported in the scientific literature. This is surprising, as eukaryotic genomes possess
multiple barriers that could hinder interkingdom HGT, including differences in gene promoter
recognition, intron processing, codon usage bias, and the presence of a nucleus that encapsulates
genetic material [2]. In fungi specifically, the acquisition of foreign genetic material may trigger
meijotic silencing by unpaired DNA, further complicating the successful integration of horizontally
transferred genes [3].

The recent surge in reported cases of interdomain HGT in the scientific literature [4-7] may
create the impression that this phenomenon is widespread in eukaryotic evolution. For instance,
Coté-L'Heureux et al. [8] identified 306 interdomain HGT events in eukaryotes, while Kwak et al. [5]
reported at least seven bacterial-derived genes in the genome of the psyllid Bactericera cockerelli. Lai
etal. [9] found 161 orthogroups acquired by nematodes from various kingdoms, particularly bacteria.
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Liu et al. [6] analyzed 750 fungal genes and identified 20,093 prokaryotic-derived genes. Additionally,
Katz [4] conducted a comprehensive study on the presence of HGT and endosymbiotic gene transfer
(EGT) across major eukaryotic clades, reporting 1,138 candidate genes potentially transferred from
bacteria to eukaryotes. This analysis was based on 487 eukaryotic genomes, along with 303 bacterial
and 118 archaeal genomes. Given this extensive dataset, it appears that interkingdom HGT has
played a role in eukaryotic evolution. However, the actual impact of this process remains a topic of
ongoing debate [10-12]. Aguirre-Carvajal et al. [10] suggest that as genomic databases expand, the
number of interdomain HGT cases reported tends to decline, highlighting the need for a continued
reassessment of this phenomenon.

To evaluate this premise, we updated the dataset presented by Katz (2015) on the prevalence of
interdomain lateral gene transfer between prokaryotes and eukaryotes. We conducted a phylogenetic
analysis to identify topologies consistent with interdomain HGT. For a fair comparison, we adhered
to the criteria established in the original study to distinguish valid from invalid candidates. Our goal
was to assess the impact of reevaluating interdomain HGT candidates in light of newly available
genomic data.

2. Results

Katz (2015) reported 1,138 interdomain HGT candidates in eukaryotes, involving transfers
between three major clades (3MC) to a single major clade (IMC). In this study, we reanalyzed only
the 638 candidates classified as IMC. We focused on these cases because when multiple major clades
are involved, it becomes difficult to distinguish between true interdomain HGT and the alternative
scenario of ancestral gene presence in eukaryotes, followed by differential gene loss across lineages.

In other words, if a gene of bacterial origin is found in two or more major eukaryotic clades, this
pattern suggests that the transfer may have occurred in their last common ancestor—possibly close
to the base of the eukaryotic tree—and was later lost in most descendant lineages. However, an
equally plausible explanation is that the gene was inherited vertically from the eukaryotic ancestor
and subsequently lost independently in multiple lineages. Between these two possibilities, the
hypothesis of ancestral gene loss is more parsimonious, as it does not require invoking a HGT at the
root of eukaryotes. Additionally, inferring ancient interdomain HGT from a single gene tree is highly
speculative.

Therefore, we consider that transfers to a single MC are more reliably detected when homologs
are absent from the remaining eukaryotic MCs. To ensure a fair comparison, we followed the same
taxonomic classification and coding scheme used in Katz (2015), maintaining consistency in defining
major clades (MC) and minor clades (mc) (Table 1).

Table 1. Taxonomic groups and corresponding codes used in the analysis of interdomain horizontal
gene transfer events.

Major clade (MC) Minor clade (mc) code (MC_mc)
Amoebozoa Archamoebae Am_ar
Amoebozoa Dictyostelia Am_di
Amoebozoa Amoebozoa incertae sedis Am_is
Amoebozoa Eumycetozoa Am_my
Orphan groups Cryptophyceae EE_cr
Orphan groups Haptophyta EE_ha
Orphan groups Others EE_ot
Excavata Euglenozoa Ex_eu
Excavata Fornicata Ex_fo
Excavata Heterolobosea Ex_he
Excavata Jakobida Ex_ja
Excavata Others Ex_ot
Excavata Parabasalia Ex_pa
Opisthokonta Choanoflagellata Op_ch
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Opisthokonta Fungi Op_fu
Opisthokonta Metazoa Op_me
Opisthokonta Others Op_ot
Archaeplastida (Plantae) Glaucocystophyceae Pl_gl
Archaeplastida (Plantae) Viridiplantae Pl_gr
Archaeplastida (Plantae) Rhodophyta Pl rh
SAR (Stramenopila, Alveolata, Rhizaria) Apicomplexa Sr_ap
SAR (Stramenopila, Alveolata, Rhizaria) Ciliophora Sr_ci
SAR (Stramenopila, Alveolata, Rhizaria) Dinophyceae Sr_di
SAR (Stramenopila, Alveolata, Rhizaria) Rhizaria Sr_rh
SAR (Stramenopila, Alveolata, Rhizaria) Stramenopiles Sr_st

Note: This table presents the taxonomic groups defined by Katz (2015) and analyzed in the present study,
detailing both major clades (MC) and their corresponding minor clades (mc). Each group is assigned a unique
code (MC_mc) for identification within the dataset. The major clades include Amoebozoa, Excavata,
Opisthokonta, Archaeplastida, and SAR, with their respective minor clades listed beneath each category. The
table also includes “Orphan Groups,” representing taxonomic groups that do not neatly fit into the conventional
classification schemes. These orphan groups include Cryptophyceae, Haptophyta, and a category labeled
“Others.” The “Others” category within both orphan groups and major clades is used to group taxa that are not
associated with any specific minor clade within the major clades studied.

As a result of reevaluating the HGT candidates identified by Katz (2015), we observed a
substantial shift in findings after 10 years of additional data (Table 2). Of the 638 candidates analyzed,
82 exhibited tree topologies consistent with interdomain HGT, though 8 of these were more
accurately classified as endosymbiotic gene transfer (EGT). A total of 454 candidates were categorized
as non-HGT, while 119 sequences were identified as potential contaminants. Additionally, 28
candidates remained inconclusive based on phylogenetic analysis.

Among the 454 candidates determined to be incongruent with interdomain HGT, we identified
two primary patterns: (1) the emergence of new major clades not included in the original analysis
(262 candidates), and (2) a lack of sufficient prokaryotic homologs in BLASTp searches (192
candidates). The absence of prokaryotic sequences in BLAST results is largely due to the
overwhelming number of eukaryotic sequences displaying similarity to the query. In both cases,
these findings can be attributed to the increased availability of homologous sequences in genomic
databases. The phylogenetic trees and multiple sequence alignments supporting our results are
available in the Zenodo repository (https://zenodo.org/records/15091048), and a schematic
representation of the observed phylogenetic patterns is provided in Figure 1.

Table 2. Outcomes of the reassessment of HGT candidates from Katz (2015).

Classification Num.ber of
candidates

HGT pattern 82

Inconclusive phylogenetic evidence for HGT 28

No HGT- New MC emerge in the search 262

No HGT- A limited presence of prokaryotic sequences to suggest an HGT 192

scenario

Potential contamination 119

Total 683

Note: The table summarizes the classification of 683 horizontal gene transfer (HGT) candidates based on
phylogenetic analysis. Detailed information on the tags assigned to each candidate is provided in Table S1.
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Figure 1. Schematic representation of the phylogenetic patterns observed in this study. (A)
Candidates forming a monophyletic group with homologs of the same major clade (IMC) surrounded
by prokaryotic sequences. (B) Candidates with newly identified homologs in different MCs but not
forming a monophyletic clade. (C) Candidates with newly identified homologs in different MCs that
do form a monophyletic clade. (D) Candidates with only a few homologs detected in prokaryotes. (E)
Candidates without any detectable eukaryotic homologs, which were tested for potential
contamination. Patterns A and B were classified as interdomain HGT candidates based on the criteria
used in this study. The figures are represented as unrooted trees with collapsed branches.

Species Availability and Interdomain HGT Detection

This study aims to assess whether the expansion of genomic databases influences the number of
detectable interdomain HGT candidates. Table 3 compares the HGT candidates identified by Katz
(2015) with those found in this study, alongside the species representation in both datasets.

Table 3. Comparison of HGT candidate identification and species representation across major clades
in different datasets .

MC Katz sp HGT NCBI sp stilHGT p_adjust odds_ratio
Amoebozoa 14 30 58 17 8.7x104 7.31
Archaeplastida 85 144 2345 23 2.61x10% 172.73
Excavata 37 34 112 9 1.98x10- 11.44
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Opisthokonta 106 281 14820 21 2.34x10-57 1870.81
SAR 184 47 608 12 1.51x10°8 12.94
Note: This table summarizes the following. HGT: the number of HGT candidates previously identified by Katz
(2015); Katz_sp: the number of species used; NCBI_sp: the current species representation in the NCBI dataset;
and stillHGT: the number of interdomain HGT candidates in our analysis that still support the HGT hypothesis.
Adjusted p-values from McNemar’s Exact Test and odds ratios are provided. Candidates identified as “Potential
contamination” or “Inconclusive phylogenetic evidence for HGT” were not considered for this analysis.

We observed significant differences in the number of interdomain HGT candidates between
Katz (2015) and our reassessment of the same dataset. The most pronounced reductions were found
in Opisthokonta (p =2.34 x 10-%7), where the number of HGT candidates decreased from 281 in Katz’s
study to 21 in ours, and in Archaeplastida (p = 2.61 x 10-%”), where candidates dropped from 144 to
23. Other major reductions were observed in Amoebozoa (p = 8.7 x 10#), SAR (p = 1.51 x 10-8), and
Excavata (p = 1.98 x 10-6), with HGT candidates decreasing from 30 to 17, 47 to 12 in SAR, and 34 to
9, respectively. Additionally, all candidates previously identified as belonging to orphan groups by
Katz (2015) were classified as potential contaminants in this study and were therefore excluded from
all analyses.

Interestingly, the odds ratios reveal a significantly higher probability of detecting HGT
candidates in Katz’s dataset compared to the current NCBI dataset (Table 3). For example, in
Opisthokonta, the probability of identifying HGT candidates is 1,870 times higher in Katz’s dataset.
In other major clades, the odds ratios range from 7 to 172, consistently indicating a greater probability
of detecting HGT candidates in Katz’s dataset.

A Spearman’s rank correlation test showed a strong, statistically significant positive correlation
between the increase in database size and the number of HGT candidate losses (rho = 0.66, p = 2 x
103), as illustrated in Figure 2. This finding suggests that as database size expands, the chance of
detecting interdomain HGT cases decreases, highlighting the critical influence of database
composition on HGT detection.
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Figure 2. Scatter plot illustrating the relationship between HGT loss (HGT - stillHGT) and dataset
expansion (NCBI_sp — Katz_sp) on a log10 scale. Data points are labeled according to minor clades
(Table 1) and color-coded by major clades: Opisthokonta (red), Excavata (green), SAR (yellow),
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Amoebozoa (black), and Archaeplastida (brown). The data used to generate this figure can be found
in Table S2.

Our findings indicate that datasets with limited species representation can lead to an
overestimation of HGT candidate detections. In contrast, as species coverage improves in more
comprehensive datasets, this overestimation is significantly reduced. In the expanded database,
newly identified homologs led to the exclusion of several previously proposed HGT candidates that
no longer supported the HGT hypothesis. These results highlight the critical importance of thorough
homolog identification before classifying interdomain HGT candidates.

3. Discussion

In this study, we reassessed the interdomain HGT cases reported by Katz (2015) in light of a
decade of newly available genomic data. Our analysis revealed significant differences, with only 82
out of the 683 originally proposed HGT candidates (involving a single major clade) remaining valid.
The primary factor behind this reduction was the identification of new homologs in different major
clades, prompting a reevaluation of the plausibility of these sequences as interdomain HGT
candidates. Our findings present a contrasting picture to that described by Katz (2015), indicating
that evidence for bacterial-to-eukaryote HGT is limited. Moreover, the identification of interdomain
HGT candidates appears to be strongly influenced by the availability of homologous sequences.

Our findings align with the conclusions of Aguirre-Carvajal et al. [10,13] and the ideas proposed
by Martin [12]. Furthermore, the observed limited occurrence of lateral gene transfer in eukaryotes is
consistent with the known biological barriers that prevent the integration of foreign genetic material
[2]. Despite this, numerous studies have reported interdomain HGT cases in the scientific literature
[4-9,14]. Huang [15] explored in detail the mechanisms by which these barriers might be bypassed,
potentially explaining the high number of reported interdomain HGT events.

Given this apparent contradiction, interdomain HGT in eukaryotes remains a highly debated
topic [11,12,16-21]. However, its impact on eukaryotic genomes is an important and unresolved
question that warrants further investigation. Katz (2015) made a significant effort to quantify
interdomain HGT in eukaryotes, yet with the continuous expansion of genomic data, all reported
prokaryote-to-eukaryote HGT cases require reassessment.

Notably, Katz (2015) applied this same rationale when reevaluating the HGT cases reported by
Becker et al. [22], which described gene transfers from Chlamydiae to Archaeplastida. Upon
reanalysis, only two of the original 38 cases were validated. Similarly, Katz identified new homologs
in different major clades for a previously claimed synapomorphy in Opisthokonta (tyrosyl-tRNA
synthetase) [23]. Our study observes the same pattern in the reassessment of Katz’s HGT candidates,
reinforcing the notion that HGT cases must be continuously reevaluated due to increasing database
sizes.

This leads to the conclusion that the process of reexamining HGT candidates will be ongoing
and perpetual, as new genomic data are continuously incorporated into databases, introducing
potential homologs that challenge previously proposed HGT events. This perspective directly
questions the prediction made by Katz (2015): “we anticipate that even more recent events will be
found as taxon sampling expands, particularly in poorly sampled territories like much of the
Excavata and Rhizaria.” In contrast, our revision validated only 9 of the 36 originally proposed HGT
candidates in Excavata and none in Rhizaria.

This study highlights how the discovery of new homologs can reshape our understanding of
interdomain HGT candidates and their evolutionary histories. It is crucial to periodically reassess the
frequency and significance of interdomain HGT in eukaryotes as genomic databases continue to
expand. One of the most critical factors to consider before designating a sequence as an HGT
candidate is the potential absence of homologs in databases —not necessarily due to evolutionary loss,
but simply because they have yet to be documented. Given this limitation, confidently asserting an
HGT event is challenging when many species remain unsampled. If a eukaryotic sequence appears
to have homologs only in bacteria, it is prudent to anticipate that future genomic studies may uncover
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additional eukaryotic homologs. Moreover, the frequent detection of bacterial matches is expected
due to the vast number of bacterial genomes currently available in databases. Following this
reasoning, even the 82 interdomain HGT candidates we validated in this study may be subject to
future reevaluation as new data emerge, potentially leading to further revisions and reductions in
the number of candidates initially proposed by Katz (2015).

Phylogenetic reconstruction comes with inherent limitations, especially when attempting to
infer ancient events such as many of the proclaimed interdomain HGTs. The challenges in detecting
HGT extend beyond the absence of homologs; factors like incomplete lineage sorting, inaccuracies in
sequence evolution models, hidden paralogy, hybridization, recombination, and natural selection can
all lead to incongruent gene trees [24]. Consequently, the presence of an anomalous phylogeny
should not be automatically interpreted as evidence of HGT, particularly in eukaryotes. Given these
constraints, relying solely on single-gene trees to detect interdomain HGT may be premature.
Alternative evolutionary scenarios must be considered alongside horizontal transfer hypotheses. In
this study, we employed a phylogenetic approach to identify interdomain HGT candidates,
validating only those topologies most consistent with lateral gene transfer. However, we
acknowledge that other factors—such as extensive lineage-specific gene loss or the absence of
homologs in current databases—could also explain the observed phylogenetic patterns.

4. Materials and Methods

Katz (2015) established two key criteria for identifying interdomain HGT candidates: (1) the
presence of homologs in at least one (IMC) and at most three (3MC) major eukaryotic clades, and (2)
the monophyly of eukaryotic sequences within phylogenetic trees. In our study, we applied the same
criteria but focused exclusively on the IMC candidates (683 sequences). We excluded 2MC and 3MC
candidates, as their patterns could be more parsimoniously explained by lineage-specific gene loss
rather than interdomain HGT. We consider candidates with homologs found in two or more major
clades—particularly when forming a monophyletic branch in the phylogenetic tree—as unreliable
indicators of HGT. Accordingly, in our subsequent reanalysis of 683 candidates, we excluded those
that exhibited this pattern. Furthermore, we did not reassess the candidates originally classified as
2MC or 3MC in Katz (2015).For each of the 683 candidates, homolog searches were performed using
DIAMOND BLASTp v2.1.9 [25] with the parameter --max-target-seq 200, querying the NCBI non-
redundant (NR) database (updated on January 20, 2025). The minor clade classification of each
query sequence is provided in Table S3. The BLAST results were taxonomically annotated using
TAXONKIT v0.15.0 [26], mapping taxonomic identifiers (Taxlds) to their respective organisms. A
candidate was flagged as potential contamination if its top BLAST hit belonged to a prokaryote or if
the highest-scoring eukaryotic hit was followed exclusively by bacterial hits. To refine the dataset
further, additional analyses included retrieving the contig of the query sequence and conducting
NCBI Online BLASTp (v2.13.0, accessed on March 2%, 2025; https://blast.ncbi.nlm.nih.gov/), searches
on upstream and downstream translated genes to assess whether surrounding genes were of bacterial
origin.

For sequences that passed the contamination filtering step, a topology analysis was performed
using the AVP v1.0.10 tool [27] in IQ-TREE mode to classify candidates as potential HGT events.
Identifying potential HGT required the candidate sequence, BLAST search results, and two
taxonomic labels: the ingroup and the exclusion group parameter (EGP). The ingroup represents the
taxonomic group where vertical gene transfer is expected, serving as a reference to identify potential
HGT donors from outside this group. The EGP defines the taxonomic group containing the candidate
sequence, which is excluded from the analysis, and specifies the group where horizontal transfer is
presumed to have occurred. The ingroups and EGPs used in this study are provided in Table 54.

A comprehensive phylogenetic analysis was then conducted to validate the AVP results.
Homologous sequences were selected from the BLAST results based on the criteria of >30% pairwise
identity, >60% query coverage, and an e-value threshold of <1x10-5. Multiple sequence alignments
were performed using MAFFT v7.520 [28] in auto mode, followed by refinement with Gblocks v0.91b
[29] to eliminate poorly aligned regions. The alignments were then converted into PHYLIP format,
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and ModelTest-NG v0.1.7 [30] was used to determine the best-fit model for constructing phylogenetic
trees. The final trees were generated using PhyML v3.3.20220408 [31] with Shimodaira—Hasegawa
support values used to asses branch support. Each tree was annotated in NEXUS format using a
custom Python v3.10.12 script, incorporating taxonomic information from GenBank records
corresponding to the sequences in the phylogeny. Finally, the trees were manually examined in
Geneious Prime 2023.2.1 (https://www.geneious.com, accessed March 17%, 2025) to identify potential
instances of HGT.

We considered as HGT candidates those cases where phylogenetic trees displayed monophyletic
eukaryotic clades (within the same major clade) surrounded by prokaryotic sequences (see Figure 1).
We also classified as HGT candidates sequences those that formed monophyletic clades with
homologs from the same major clade, even if homologs from other major clades were present but did
not cluster within the same branch of the tree. In other words, when new eukaryotic homologs were
identified, the HGT candidate was reassessed through phylogenetic analysis. We applied criteria
equivalent to those used by Katz, maintaining sequences as HGT candidates if homologs were found
in one or more minor clades but remained restricted to a single major clade. However, candidates
were excluded if the updated search revealed homologs in two or more major clades that formed a
monophyletic group in the phylogenetic tree.

We conducted a statistical analysis to evaluate whether the increase in species representation in
genomic databases influences HGT detection. To assess species representation in NCBI's NR
database, we utilized the NCBI Datasets tool (v16.43.0, accessed on February 20 t, 2025;
https://www.ncbi.nlm.nih.gov/datasets/) along with the NCBI search engine (accessed on February

20 t, 2025; https://www.ncbinlm.nih.gov) to compile available genomic information. Species
counts from Katz's study were obtained from Supplementary Table S1 of the original publication [4].
To compare HGT detection between datasets, we applied McNemar’s exact test to each minor clade
and adjusted p-values using the false discovery rate method to determine statistical significance.
Additionally, we calculated odds ratios to measure the likelihood of detecting HGTs in Katz’s dataset
relative to the NCBI dataset for each minor clade. The odds ratio was determined by dividing the
probability of identifying HGTs in Katz’s dataset by the probability of detecting them in the NCBI

dataset.
HGT
. Kats_sp
odds ratio = <ger M
NCBI_sp
where:

e  HGT represents the number of HGT candidates identified in Katz’s study.

e  Katz_sp refers to the number of species included in Katz’s dataset.

e  stillHGT denotes the number of HGT candidates that remain supported in our analysis.

e  NCBI_sp corresponds to the number of species with complete genomes available in NCBI at the
time of this study.

To further investigate the relationship between the increase in species representation in genomic
datasets and the reduction in HGT candidates, we applied Spearman’s rank correlation to evaluate
the strength and direction of this association. All statistical analyses were performed at a 95%
significance level. Candidates classified as “Potential contamination” or “Inconclusive phylogenetic
evidence for HGT” were excluded from the statistical analyses.

5. Conclusions

This study aimed to reassess eukaryotic interdomain HGT candidates identified by Katz (2015)
a decade ago. Our reanalysis revealed a substantial reduction in the number of candidates that remain
consistent with an interdomain HGT scenario, with only 12% of the examined cases still supporting
this hypothesis. The expansion of genomic databases has significantly increased the likelihood of
identifying eukaryotic homologs, thereby challenging many previously proposed HGT events. These
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findings underscore the importance of periodically reevaluating HGT candidates and exercising
caution when attributing interdomain gene transfer to eukaryotes.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Number of homologs identified for each 1IMC interdomain HGT
candidate; Table S2: Species analyzed and HGT candidates identified in Katz (2015) compared to the present
study; Table S3: Minor clade assignment for each orthologous group identified as an HGT candidate in Katz
(2015); Table S4: Ingroup and Exclusion Group Parameter (EGP) configurations applied in AvP for interdomain
HGT candidate detection.
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