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Abstract

Numerous studies have been devoted to individual cases of horizontally acquired genes in fungi. It has been shown that such genes
expand the hosts’ metabolic capabilities and contribute to their adaptations as parasites or symbionts. Some studies have provided
an extensive characterization of the horizontal gene transfer (HGT) in Dikarya. However, in the early diverging fungi (EDF), a similar
characterization is still missing. In order to fill this gap, we have designed a computational pipeline to obtain a statistical sample of
reliable HGT events with a low false discovery rate. We have analyzed 44 EDF proteomes and identified 829 xenologs in fungi ranging
from Chytridiomycota to Mucoromycota. We have identified several patterns and statistical properties of EDF HGT. We show that HGT
is driven by bursts of gene exchange and duplication, resulting in highly divergent numbers and molecular properties of xenologs
between fungal lineages. Ancestrally aquatic fungi are generally more likely to acquire foreign genetic material than terrestrial ones.
Endosymbiotic bacteria can be a source of useful xenologs, as exemplified by NOD-like receptors transferred to Mortierellomycota.
Closely related fungi have similar rates of intronization of xenologs. Posttransfer gene fusions and losses of protein domains are
common and may influence the encoded proteins’ functions. We argue that there is no universal approach for HGT identification and
inter- and intra-kingdom transfers require tailored identification methods. Our results help to better understand how and to what
extent HGT has shaped the metabolic, adaptive, and immune capabilities of fungi.
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Lay Summary

Horizontal gene transfer is a transmission of genes between organisms, distinct from vertical inheritance from parents to offspring.
HGT seems to occur among all living forms. Our study focuses on horizontally transferred genes present in early diverging fungi
(EDF). EDF is a relatively understudied group of organisms with vastly diverse lifestyles and tremendous ecological importance.
They include arbuscular mycorrhizal Glomeromycota, the gut-dwelling symbionts of herbivores Neocallimastigomycota, or the parasitic
Batrachochytrium. HGT has been reported to contribute to this diversity by facilitating niche adaptations in certain lineages. In our
work, we have analyzed horizontally acquired genes in 44 fungal genomes, focusing on cases with clear phylogenetic evidence. We
have designed a computational pipeline that detects a statistical sample of reliable HGTs. The pipeline is published alongside the
article. We have analyzed the donors, acceptors, and properties of the transferred genes. We found transfers of genes that can expand
the metabolic, adaptive, and immune capabilities of fungi.

Introduction Existing studies of fungal HGT have mostly focused on the
Dikarya fungi (Marcet-Houben & Gabaldén, 2010; Richards et al,,
2011), while HGT in the early diverging fungi (EDF, non-Dikarya
fungi) is relatively understudied. Recent reports show that EDF
experienced several documented waves of transfers, like the
acquisition of secondary metabolite clusters in Basidiobolus
(Tabima et al., 2020), Mortierella (Wurlitzer et al., 2021), and
Rhizophagus (Venice, Desiro, et al., 2020), or enzymes transferred
to Neocallimastigomycota involved in the metabolism of nucleo-
tides (Alexander et al., 2016) and carbohydrates (Murphy et al.,
2019). A more complex scenario was reported for Rhizophagus

Horizontal gene transfer (HGT) is a process of exchange of genetic
material between organisms. It has been extensively studied in
prokaryotes and proved to be an important mechanism of adap-
tation (Coyte et al., 2022). In eukaryotes, the significance and fre-
quency of HGT remain mostly unclear, and the mechanisms of
gene transfer (other than Agrobacterium-mediated gene transfor-
mation) are still a matter of debate (Naranjo-Ortiz & Gabaldén,
2020). It has been shown, however, that HGT does occur both
within eukaryotes (including animals) and between eukaryotes
and prokaryotes (Gabaldén, 2020; Keeling & Palmer, 2008).
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irregularis, which acquired genes both from the host plant and
its endosymbiotic bacterium (Li et al., 2018). Catalase genes of
bacterial origin, which presumably increase ROS resistance, were
found in the amphibian pathogen, Batrachochytrium dendrobatidis
(Hansberg et al., 2012). However, these results were obtained with
different methodologies, and each of them was focused on a
selected fungal lineage. There is currently a lack of a comprehen-
sive comparative analysis of HGT between different EDF lineages
using a consistent methodology.

In this work, we study the patterns of gene exchange between
fungi and nonfungal organisms on a representative set of 44 EDF
proteomes ranging from Chytridiomycota to Mucoromycota. We have
designed a custom phylogenetic-based pipeline to obtain a relia-
ble sample of xenologs, focusing on limiting the number of false
positive results that distort the observed signal (Irwin et al., 2022),
while retaining a sufficient sample size to infer statistical trends.
We then analyze the resulting data set of HGTs from a taxonomic,
ecological, and molecular perspective. Our results provide a com-
prehensive characterization of the patterns of HGT across the
EDF tree of life.

Methods

Dataset

Proteomes of 44 EDF (Supplementary Table S1, sheet assemblies),
referred to as the target proteomes, were downloaded from NCBI
in April 2018 (NCBI Resource Coordinators, 2017). Taxonomical
annotations were obtained from the NCBI taxonomy database,
with corrections according to (Gabaldén, 2020; Keeling & Palmer,
2008). EDF taxonomy in this manuscript follows Voigt et al. (2021).
Genomic features, including intron count, were obtained from the
GFF files of the genome assemblies. Assembly completeness was
assessed with BUSCO v5 (Manni et al., 2021).

HGT identification

We take a phylogenetic approach where we first detect clusters
of protein sequences with a predominantly nonfungal taxonomy
(Figure 1, rationale and algorithms Supplementary Methods A-D,
commands and scripts; https://github.com/mciach/HGTin44EDF).
Next, we calculate gene trees and identify fungal subtrees. We
select the subtrees indicative of HGT by comparing the topol-
ogy of the gene tree against the corresponding species tree from
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Figure 1. A flow chart of the HGT identification pipeline.

the NCBI Taxonomy database using a custom-made algorithm
(Supplementary Methods D). Since the NCBI Taxonomy tree con-
tains many polytomies, we take a conservative approach and
report HGTs only if they are supported by all possible binariza-
tions. In our pipeline, we pay a particular attention to separating
HGTs from genome contaminations and use a two-step contami-
nant filtering strategy where we retain only those fungal proteins
that are (a) located on a contig with at least one protein-coding
gene with a homolog in another fungus and (b) located on a con-
tig with at least one protein-coding gene with a fungal top blast
hit. The rationale behind this strategy is discussed in detail in
Supplementary Methods A.

Analysis of xenolog features

Xenolog protein products were mapped against PFAM (El-Gebali
et al,, 2019) using pfamscan.pl with default parameters (only hits
with significance = 1 taken), mapped against KEGG using kofam-
scan (Aramaki et al.,, 2020) and scanned for signal peptides with
TargetP (Armenteros et al., 2019) and cellular localization with
WolfPsort II (Horton et al., 2007). Low-complexity regions were
predicted with seg (Wootton & Federhen, 1996) and intrinsically
disordered regions with IUPred3 (Erdés et al., 2021). A species tree
of the 44 target fungi was inferred from whole proteomes with
OMA2 (Altenhoff et al., 2019). To assess the numbers of dupli-
cation events after transfer, we have reconciled the fungal sub-
trees (rooted at the transfer acceptor node) with the OMA?2 tree in
the duplication-loss model using the ete3 Python package (Page
& Charleston, 1997). Statistical and phylogenetic analyses were
performed with the R statistical package (https://www.R-project.
org/) and the Python 3 programing language using the Jupyter
Notebook (Beg et al., 2021) and numpy (Harris et al., 2020), scipy
(Virtanen et al., 2020), and ete3 (Huerta-Cepas et al., 2016) librar-
les. Plots were created using the matplotlib (Bisong, 2019) library.
Statistical tests of correlations were performed using a permuta-
tion test implemented in the scipy package.

Results

We have detected 829 xenologs in the 44 target fungi with
well-supported phylogenetic evidence for a HGT. The xenologs
were nested within 226 subtrees in 206 phylogenetic trees.
Including other fungal species, the 226 subtrees contained 1,208
fungal xenologs. For over 50% of trees, iqTree selected the LG
model as the best-fitting one, followed by WAG, VT, and JTT mod-
els, which jointly accounted for 90% of clusters (Supplementary
Figure S1). Nuclear models accounted for 95% of clusters, fol-
lowed by chloroplast (3%), mitochondrial (1.3%), and viral (0.4%).

Additional 283 trees with 326 fungal subtrees containing 254
target xenologs and 1,857 xenologs from other fungal species had
weakly supported or incomplete phylogenetic evidence for HGT
and were not used for the statistical analysis of patterns of HGT.
The causes for the lack of support are summarized per subtree
in Supplementary Figure S1. Note that a single tree may contain
multiple fungal subtrees with strong and weak supports for HGT.

Finally, 109 trees contained 123 fungal subtrees with 282 tar-
get proteins, which had a congruent location on the gene tree,
indicative of a vertical inheritance. Since it is generally con-
sidered that topological incongruence between the gene and
the species tree is the strongest type of evidence for HGT, we
have discarded them from our statistical analyses. However,
we have observed a high correlation between the numbers of
congruent and incongruent trees per fungal taxon (p =0.80,
p < le-12; Supplementary Figure S2).
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Supplementary Table S1 stores all identified protein clusters
containing fungal xenologs, including unsupported ones (sheet
Cluster summary) and a list of well-supported xenologs (sheet
Protein summary). In the remaining part of this work, unless
explicitly stated otherwise, by fungal subtrees, we understand
gene tree subtrees with well-supported phylogenetic evidence for
HGT, and by xenologs, we understand proteins from target fungi
in those subtrees.

Genomic results

Genome contamination is an order of magnitude more
common than HGT in the analyzed proteomes

In this work, we have adopted a two-stage blastp-based con-
tamination filtering. Namely, we discarded contigs without any
protein-coding gene with a protein product homologous to any of
the other 44 target fungal proteomes and then discarded contigs
without a fungal top blast hit.

The first step removed 19,578 proteins (Supplementary Figure
S3). This constitutes 3% of the 44 proteomes and 2% of each pro-
teome on average. The number of removed proteins varied highly
between proteomes, from 1 in Absidia repens NRRL 1336 up to
5,426 in Rhizophagus irregularis Al.

The second refined step removed an additional 292 proteins.
In most fungi, it removed less than 10 proteins, suggesting that
the initial coarse filter was mostly sufficient. The numbers of
sequences discarded in both stages were correlated across the 44
proteomes (p = 0.54, p = 0.048). Nevertheless, there was no statis-
tically significant correlation between the numbers of contami-
nants detected in either stage with BUSCO completeness (p = 0.15
for stage 1, p=0.82 for stage 2) or with N50 value (p=0.57 for
stage 1, p = 0.28 for stage 2).

The number of duplications after integration into the host’s
genome can be described with a simple mathematical law,
which is characterized by infrequent but massive bursts of
duplications

Over half of the fungal subtrees had only a single leaf, i.e., con-
tained a single fungal protein (Figure 3A). If the numbers of
xenologs evolved under a neutral birth-and-death model of gene
duplications and losses with similar rates of those events across
fungi, the distribution of subtree size would follow a geometric
distribution (Nee et al., 1994). However, the chi-square test of
goodness of fit performed on subtrees with 1-12 proteins rejects
this hypothesis (p < 1e-06; ML estimated geometric distribution
parameter 0.47). Instead, the distribution of subtree sizes appears
to closely follow the Yule-Simon distribution with parameter
a=1 (chi-square test p = 0.40; Figure 2A), (Udny Yule, 1925; Steel
& McKenzie, 2001). This distribution differs qualitatively from the
geometric one by having a heavy tail, i.e., noticeable occurrences
of large values. This gives a theoretical prediction of massive
posttransfer duplications (notably, independent of transposon
bursts), and hints at a considerable variance in the posttransfer
duplication rates between HGT events. The number of posttrans-
fer duplications among the target fungi also seems to follow a
Yule-Simons distribution (chi-square p=0.33 for the distribu-
tion parameter a = 2; Figure 2A), and so does the number of gene
losses.

Characteristically, for heavy-tailed distributions, while 80%
of fungal subtrees in our data set contained up to 3 proteins,
1.3% contained more than 50, with the largest one contain-
ing 219 xenologs from various Mucoromycota species. Since the
219 homologs are contained within a single subtree, they seem
to be an example of a massive duplication of foreign genetic
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material during its vertical evolution after incorporation in the
host genome. The target proteins from this subtree contain
only an uncharacterized domain (DUF4379); other proteins are
involved in DNA repair and recombination (K03746).

The number of xenologs is highly divergent across fungi

The number of xenologs in different proteomes was also heavily
tailed, with 5 fungal species accounting for over 80% of all detected
xenologs (Supplementary Figure S4 and Supplementary Table
S1, sheet Organism summary). These included the gut-dwelling
Neocallimastigomycota (with xenologs constituting more than 1%
of their proteomes), the chytrid Rhizoclosmatium globosum (0.5%),
and the soil saprotrophic Linnemania elongata (0.5%). These groups
were followed by the plant-symbiotic Glomeromycota and parasitic
Chytridiomycota (with xenologs forming less than 0.2% of their
proteomes). We did not observe any statistically significant cor-
relation between the proteome size and the number of xenologs
(p=0.19, p=0.21). There was no statistically significant corre-
lation of the numbers of detected xenologs with BUSCO com-
pleteness (p =0.40), N50 value (p =0.994), nor with the number
of contaminating sequences removed in stages 1 (p =0.70) and 2
(p =0.49).

The average proportion of xenologs in proteomes was 0.12%.
This figure is within the range reported previously for Dikarya
(Marcet-Houben & Gabaldén, 2010).

Taxonomic results

Transfer rates are highly divergent across fungi and do not
always reflect the numbers of xenologs in the proteome

We labeled nodes on the phylogenomic tree of the 44 EDFs with
the numbers of the corresponding fungal subtrees in our HGT
data set (Figure 2B). Note that this procedure only approximates
the depth of the transfer in the tree due to possible posttrans-
fer gene losses, incomplete taxon sampling (making the transfer
appear more recent), or interfungal transfers after gene acquisi-
tion (making the transfer appear more ancient).

There was a clear pattern dividing ancestrally aquatic taxa,
with higher HGT rates compared to typical terrestrial fungi.
Specifically, the ancestrally aquatic taxa had 80% of xenologs
and 90% of xenolog-containing gene trees in our data set, with
Chytridiomycota and Neocallimastigomycota standing out in particu-
lar (Figure 2B). The mainly saprotrophic Mucoromycota shows the
lowest number of HGT events per genome, just as the animal-
related Kickxellomycota fungi. Mortierellomycota and Glomeromycota
have rather low transfer rates, with posttransfer duplications as
the major force driving the number of xenologs in these fungi.

Transfer rates reflect physical proximity

Diverse bacteria were the most common donors of xenologs in our
data set, including Firmicutes (most prominently Clostridiaceae,
Lachnospiraceae,  Eubacteriaceae,  Oscillospiraceae, and
Bacilli), Proteobacteria (y-proteobacteria, Burkholderiales), and
Actinobacteria. These were followed by eukaryotic Oomycota,
Metazoa, and Viridiplantae, and only a few transfers from Archaea
(Figure 3). In agreement with previous results (Alexandre et al,,
2021), in the gut-dwelling Neocallimastigomycota, we have detected
genes from a myriad of diverse bacteria, including Bacteroidetes,
Bacilli (Firmicutes), Slackia (Actinomycetota), and Aeromonas
(Proteobacteria). Genes from anaerobic Clostridia are said to ena-
ble them to adapt to the gut environment (Murphy et al., 2019).
For the soil-inhabiting Mortierellomycota, where Burkholderia-
related endobacteria are common, Burkholderiales stand out as
one of the main sources of xenologs. Putative gene donors include
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Figure 3. Numbers of fungal subtrees originating from HGTs per acceptor—-donor pair. The number of subtrees corresponds to the number of proteins
originally transferred to the ancestors of present-day fungi that participated in the exchange of genetic material, i.e., it is the number of xenologs
after controlling for paralogy and orthology occurring after transfer. Note that the number of biological events of exchange of genetic material may be

lower, as a single exchange can result in transferring multiple proteins.

Mycoavidus cysteinexigens (OAQ22128.1), an endohyphal symbiont
of Linnemannia elongata (Uehling et al., 2017), and Mycetohabitans
rhizoxinica (OAQ29846.1), symbionts of Rhizopus microsporus. The
second main source of transfers to Mortierellomycota was the
soil-inhabiting Actinomycetia, often associated with fungal iso-
lates (Robinson et al., 2021).

In the waterliving Chytridiomycota, most xenologs come
from loosely associated bacteria such as Alphaproteobacteria,
Gammaproteobacteria, and Actinomycetia. Additionally, we have
identified several transfers from Oomycota, including a tRNA
(N6-threonylcarbamoyladenosine(37)-N6)-methyltransferase
TrmO (ORY41869.1) and tandem tetratricopeptide repeat (TPR)
proteins (e.g., ORY27572.1). TrmOs are widely present in most
domains of life but were apparently lost in fungi. The transfer of
the Oomycota gene seems to have compensated for this loss. The
TPR proteins are predicted to form a protein-binding surface, but
their function remains unknown.

Neocallimastigomycota received multiple independent
transfers of homologous proteins

Out of 206 trees in our data set, 187 contained a single fungal sub-
tree, 18 contained 2, and 1 contained 3. We report two independent

transfers of trypsins into Conidiobolus coronatus and two transfers
of TPR genes to Rhizoclosmatium globosum from Saprolegniaceae. All
the remaining trees with two or three fungal subtrees contained
only Neocallimastigomycota species. Eight of them corresponded
to repeated independent transfers of homologous genes to the
ancestral lineage of Neocallimastigomycota, e.g., a transfer of a bac-
terial cellulase once from Bacilli (e.g., Neocallimastix californiae G1
ORY56492.1) and once from Clostridia (e.g., Neocallimastix califor-
niae G1 ORY21818.1). The remaining trees corresponded to inde-
pendent transfers directly to different species, e.g., genes with a
solute binding domain SBP_bac_3 transferred to Neocallimastix cal-
iforniae G1 from Oscillospiraceae (ORY20588.1) and to Anaeromyces
robustus from Methanobacteriaceae (ORX65467.1). The fact that
these fungi occupy a similar ecological niche could predispose
them to recurrent HGT, resulting in a convergent evolution. This
result stands in agreement with a recently reported major HGT
event in the ancestor of Neocallimastigomycota that might have
driven its evolution towards a lifestyle as gut-dwelling fungus of
herbivores (Murphy et al., 2019). This result points to a unique
feature of Neocallimastigomycota genomes in which metabolic
redundancy is not only generated through gene duplications, but
also through HGT. The fact that repeated transfers were nearly
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absent in other fungi suggests that the ones detected for C. cor-
onatus and R. globosum may be artifacts caused by tree inference
errors.

Molecular results
Low-complexity sequences are rarely transferred

The distributions of the proportions of protein sequences covered
by low-complexity regions, as well as intrinsically unstructured
regions, have lighter tails for xenologs than for the proteome
background, visible well below the detection threshold of our
method and therefore unlikely to be artifacts of our methodology
(Figure 4A). A comparison of the average low-complexity propor-
tions of fungal xenologs to the putative donor group showed no
visible trend (Supplementary Figure S5). This suggests that genes
encoding proteins with extensive low-complexity or unstructured
regions are less likely to be transferred or retained. Note, however,
that it may be an artifact caused by impaired homology detection
between low-complexity regions (Jarnot et al., 2022).

The distribution of xenolog sequence length follows the back-
ground up to around 1,800 amino acids and drops sharply after-
ward. This seems to be an artifact of our method, which puts a
threshold on xenolog sequence length at 2,000 aa. There are doc-
umented HGTs of longer sequences, like metabolic clustersHGT
(Tabima et al., 2020; Wisecaver et al., 2014). A comparison of the
average sequence length of xenologs to the putative donor group
showed no visible trend of shortening or lengthening of sequences
posttransfer but revealed differences of up to 400 amino acids in
both ways (Supplementary Figure S5).

Xenologs are predicted to be secreted to the extracellular
space more often than typical fungal proteins, but
determining their precise subcellular location may be
challenging

TargetP 2.0 detected a signal peptide in 33% of identified xenologs,
compared to 7.7% of the proteome background. This stands in
agreement with the osmotrophic lifestyle of fungi, their mas-
sive secretome, and the accessory function of many xenologs.
Consistently with the bacterial origin of many xenologs, only
nine xenologs had mitochondrial transfer peptides. We did not
observe biologically meaningful differences in the numbers of
transmembrane helices predicted by TMHMM, although a chi-
square test weakly rejects the hypothesis of identical distribu-
tions in xenologs and the background (p = 0.03, ddof = 0, assuming
xenolog observations as observed, background as expected).

The subcellular localization predicted by WolfPsort was con-
sistent (i.e., the same for at least 75% of the target fungal pro-
teins in a given subtree) for 77% of subtrees, compared to 95% for
TargetP (Supplementary Figure S6). Compared to the proteome
background, xenologs were predicted to localize more often in the
extracellular space (28% vs. 7%), the endoplasmic reticulum (2%
vs. 1%), and the cytoplasm (18% vs. 13%), and less often in the
nucleus (25% vs. 47%) and the mitochondria (11% vs. 16%; Figure
4F). We note, however, that these results may be biased toward
mitochondrial and nuclear proteins (Supplementary Results).

Xenologs typically contain few introns but can acquire
many

Over 50% of xenologs did not contain any intron, compared to
25% of the background (Figure 4C). This result is in line with rec-
ommended HGT verification measures (Jaramillo et al., 2015).
However, we have also detected 17 xenologs with 6 or more
introns (Figure 4E). In particular, the Rhizophagus irregularis,
Gonapodya prolifera, and Batrachochytrium dendrobatidis were prone

to have intron-rich xenologs from both unicellular eukaryotic
and putative prokaryotic donors. The preference for the intron
structure of xenologs seemed correlated taxonomically: while the
xenologs in Chytridiomycota tended to contain multiple introns,
the ones in Neocallimastigomycota tended to contain few, if any
(Figure 4D). However, the correlation breaks rapidly at higher tax-
onomic levels.

The number of introns closely follows a geometric distribution
in the fungal proteome background but not in the set of xenologs.
In particular, the distribution in xenologs was zero-inflated, con-
sistent with the bacterial origin of many xenologs. However, many
bacteria-derived xenologs contained multiple introns (Figure 4E),
suggesting that they acquire introns after the transfer, consistent
with previous reports (Lage et al., 2013). This seemed to be the
case in an Rhizoclosmatium globosum xenolog with twelve introns
(ORY15655.1) derived from a deltaproteobacterium Labilithrix
luteola magnesium transporter. This protein had three posttrans-
fer paralogs, out of which one contained only one intron, one
contained five, and one contained six (respectively ORY29294.1,
ORY29292.1, and ORY15656.1), suggesting an ongoing introniza-
tion process. A similar scenario seems to have shaped the story
of arginine decarboxylase biosynthesis gene, which was trans-
ferred from an intronless gene of an anaerobic deltaproteobacte-
rium Anaeromyxobacter dehalogenans (locus_tag A2cpl_2068) and
acquired nine introns after transfer to R. globosum (KXS13513.1).
In addition to the intronization of bacteria-derived xenologs, we
have also observed an apparent intron gain in an E3 ubiquitin—
protein ligase gene with 8 introns and transferred from some early
diverged metazoans to Glomeromycota (EXX59914.1). The closest
metazoan homologs from Acropora millepora (LOC114972538) and
Orbicella faveolata (LOC110047255) have only three or four introns.

To test the hypothesis of intron acquisition in bacteria-derived
xenologs, we have compared the number of introns to the branch
distance to the root of the corresponding fungal subtree (i.e., the
posttransfer number of substitutions per site). A linear model fit-
ted without an intercept estimated 0.6 introns per unit branch
length, i.e., per one substitution per site (p < 0.001). However, the
overall picture is more complicated, as some xenologs quickly
acquired multiple introns, while many others had none even after
a long time (Supplementary Figure S7).

Gene transfer seems to frequently involve acquiring and
losing protein domains

Compared to the proteome background, fungal sequences
obtained via HGT were more likely to map to one or more distinct
PFAM domains (Figure 4B). The average number of domains was
0.85 for the background and 1.11 for the xenologs. However, 100
fungal xenologs had domains that had no clan-level siblings in
nonfungal sequences from the same gene tree and were therefore
apparently acquired during or after the incorporation of the for-
eign genetic material in the host genome. Most xenologs acquired
a single domain, while 10 acquired two distinct domains. Except
for one xenologin Linnemania elongata and five xenologs in chytrids,
all the domain acquisitions happened in Neocallimastigomycota. As
therefore expected, the by far most commonly added domain was
the carbohydrate-binding module CBM_10 (PF02013), a part of the
dockerin cellulosome typical of anaerobic fungi, acquired in 86
xenologs. Consistent with the function of CBM_10, this domain
was fused preferentially to xenologs containing domains associ-
ated with carbohydrate metabolism, such as the bacterial glyco-
syl hydrolase (PF02011) in 31 xenologs. A similar case involved
13 xenologs with a bacterial CotH kinase domain transferred to
Neocallimastigomycota. These CotH proteins, likewise in bacteria,
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Figure 4. Molecular characteristics of xenolog protein products (orange, right-hand side bars in B, C, bottom bars in F) and background proteins (blue,
left-hand side bars in B, C, top bars in F). (A) Quantile plots comparing the xenolog and background sequence low-complexity fraction and intrinsically
unstructured fraction. (B) The numbers of identified PFAM domains. (C) The number of introns. (D) A detailed distribution of intron counts in xenologs
of selected fungi, showing taxonomy-correlated preferences for closely related fungi. Glomeromycota species are highlighted in magenta, Chytrid
species in red, Neocallimastigomycota species in blue. (E) The number of introns in xenologs and their dependence on the kingdom of the putative
donor. (F) The subcellular localizations of xenologs and the background proteins.

may play a role in plant cell wall binding (Haitjema et al., 2017).
The next most commonly acquired domain was the ricin_B_lec-
tin domain (PF14200) acquired in nine Neocallimastigomycota
xenologs.

Some domains were seemingly lost during transfer, with 89
xenologs lacking domains which were present in at least 20%
of sequences in both neighboring gene tree subtrees. An exam-
ple was a bacteria-derived cellulase precursor ORX60185.1 in
Piromyces finnis, which was missing an N-terminal fragment of its
bacterial homologs with a cellulose binding domain CBM_2 and
a Bacterial Ig domain Big_7. On the other hand, this protein con-
tained a bacterial glycoside hydrolase domain Glyco_hydro_48

and was posttransfer fused with a cellulose binding domain
CBM_10. Effectively, during or after the incorporation of a foreign
genetic material, a bacterial carbohydrate-binding domain was
replaced with a fungal one.

Overall, of 829 xenologs detected in our target fungi, 170 had
a novel or a lost domain, and 48 had both (such as the afore-
mentioned cellulase precursor in P. finnis). This agrees with the
differences in protein sequence lengths up to 400 aa between
the acceptors and donors discussed above. In some cases, this
resulted in conflicting phylogenetic signals. The R. globosum
ORY15655.1 (one of the aforementioned intron-rich bacteria-
derived xenologs) contained a xenologous N-terminal region
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Figure 5. A posttransfer fusion of a fungal domain with a xenolog. Plots visualize the taxonomic composition of the first 250 BlastP hits per amino
acid of the query protein. The ORY15655.1 protein contains a distinct C-terminal region, which appears to be inherited vertically and contains

a magnesium transporter domain. The posttransfer paralogs of this protein (ORY15656.1, ORY29294.1, ORY29292.1) have a similar taxonomic
distribution of their BlastP hits at each amino acid but lack the domain. These paralogs have no PFAM or InterPro domains, suggesting a possible
change of function after duplication. See Supplementary Figure S9 for an alignment of the four proteins and the location of the domains in

ORY15655.1.

of 530 aa of bacterial origin with a glycoside hydrolase domain
(InterPro Glycoside_hydrolase_SF) and a C-terminal region of 180 aa
apparently inherited vertically, with a mainly eukaryotic magne-
sium transporter NIPA domain Mg trans_NIPA. We note that this
apparent gene fusion may have simply been a gene calling error
merging two neighboring genes, and further proof is required for
confirmation. Regardless of the actual source of the apparently
fungal region, the presence of conflicting signals in this protein’s
sequence severely impacts the topology and support of the phy-
logenetic tree (Supplementary Figure S8).

Notably, the 12 introns of the R. globosum ORY15655.1 xenolog
were located in both the fungal and the bacteria-derived region.
The three aforementioned putative posttransfer paralogs of
this protein with fewer introns (ORY29294.1, ORY29292.1, and
ORY15656.1) lack the apparently fungal C-terminal region (Figure
5). Whether the presence of a fungal genetic material has facil-
itated the intronization of ORY15655.1 is an open question.
Interestingly, the three paralogs also lack any PFAM or InterPro
domains, including the bacteria-derived InterPro glycoside hydro-
lase domain. On the other hand, two paralogs (ORY15656.1 and
ORY29292.1) contain a bacterial N-terminal region which appears
to have been lost in ORY15655.1 and ORY29294.1 (Supplementary
Figure 9). This indicates a complex evolution of the gene after
incorporation in the fungal genome, involving duplication of the
foreign genetic material, domain gain and loss in the paralogs,
and an ongoing intronization.

Metabolic domains constitute the majority of xenologs

We have selected domains that were present in at least half
of the fungal proteins in a given subtree and in at least 20% of
proteins in one of the neighboring subtrees (Supplementary
Table S1). Domains of unknown function (DUFs/UPFs) consti-
tuted numerous functional classes with 16 diverse Pfam families
found in 60 xenologs. Among them are those involved in metab-
olism, particularly coding alpha/beta hydrolases, acetyltrans-
ferases, and esterases. Many carbohydrate-active enzymes (a
total of 58 CaZymes, glycohydrolases, and glycosyltransferases),
carbohydrate-binding lectins (n=7), and cellulases (n=48)
were transferred to Neocallimastigomycota, in agreement with
(Murphy et al., 2019). Peptidases were underrepresented in the

dataset (peptidase xenologs n = 24) compared to the CaZymes and
carbohydrate-binding modules (n =63), but were transferred to
diverse recipients. They included trypsins transferred from a bac-
terium Phytohabitans flavus to Spizellomyces punctatus (KNC97026.1)
and from a spider Araneus ventricosus to Conidiobolus coronatus
(KXN68345.1), and a membrane-bound dipeptidase, metallopro-
teinase M19, transferred from Micromonosporaceae bacteria
to G. prolifera (KXS08983.1). Trypsin expansions can be linked to
enhanced degradation of protein-rich substrates such as insects,
while a M19 peptidase is a part of an Aspergillus spp. gliotoxin
biosynthesis cluster.

The dominance of CaZymes over peptidases can be linked to
the high number of transfers to Neocallimastigomycota. These fungi
also acquired genes with a myriad of specificities connected to
secondary metabolism and transport, extending their nutritional
capabilities. Condensation domain (PF00668) containing candi-
date NRPS secondary metabolite clusters were transferred from
Eubacteriales to several Neocallimastigomycota (e.g., Anaeromyces
robustus ORX81431.1). General transporters from MFS_1 and ABC
families were also acquired by these fungi (e.g., ORY49205.1).

HGT has likely contributed to both fungal immunity and path-
ogenicity. A bacterial putative betalactamase resistance gene was
transferred to G. prolifera JEL478 (KXS12969.1). Mortierellomycota
acquired NOD-like receptors with NACHT-PPR-WD40 architecture
from Mycoavidus cysteinexigens endosymbionts. NOD-like recep-
tors are suspected to play a role in Dikarya immunity (Dyrka etal.,
2014, Uehling et al., 2017). Interestingly, all of the Mortierellomycota
NOD-like receptors in our dataset seem to be of a bacterial origin
or at least shared with the endosymbiont. Mycoavidus homologs
have ~50%-45% of sequence identity and are the best reciprocal
blast hits. It is an open question whether these proteins have a
role in the symbiotic interaction.

On the other side, we have detected transfers of several
putative toxins, such as bacterial ricin-type sugar binding mod-
ules (Neocallimastigomycota, 16 xenologs in a single subtree;
e.g.,, ORX83988.1, ORY77981.1, and ORX84139.1, ORY73345.1
in another tree), associated with bacterial glycoside hydrolase
domains and nearly all posttransfer fused with CBM_10 domain.
Similar proteins were recently documented in Mucor acting as
toxins (mucoricin) (Soliman et al.,, 2021). Among other examples,
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a sea anemone pore-forming toxin (PF06369) was transferred
from a lycophyte plant Selaginella moellendorffii to R. irregularis
and was present in all three strains analyzed in this study (e.g.,
PKC66727.1).

Discussion

Our aim was to provide a statistical characterization of the pat-
terns of interkingdom HGT across diverse EDF. In this kind of
high-throughput study, there are multiple factors that can inflate
the false positive rate of HGT detection (see Supplementary
Methods B for a detailed discussion), including, but not limited to:

e Relying on sequence similarity instead of phylogenetic
trees (Koski & Brian Golding, 2001),

e Excessively long, multidomain proteins, sometimes origi-
nating from ORF prediction errors (Poptsova & Gogarten,
2010),

e Multiple conflicting phylogenetic signals in a single protein
caused by gene fusion or gene calling error (as shown in
this work),

e Sequences without a well-defined location in the species
tree (e.g., viral or environmental),

e Low-quality alignments and a wrong choice of the trim-
ming software (Tan et al., 2015),

e Automatic rooting of gene trees (Lamarca et al., 2022; Wade
etal., 2020),

e Low-quality gene trees with low support values and long
branches (Rodriguez-Ezpeleta et al., 2007),

e Using tree reconciliation algorithms with improper param-
eters (Libeskind-Hadas et al., 2014).

Our results suggest that the false positive risk factors listed
above have a greatly varying impact on the quality of the results.
Moreover, while there has been much research devoted to some,
others seem to be underappreciated in the literature. Phylogenetic
tree incongruence is widely considered the gold standard of HGT
detection and has been the basis of our approach. However, when
considering phylogenetic trees of homologs of fungal proteins
with an atypical taxonomic distribution, the high correlation
between the numbers of congruent and incongruent trees per
fungal taxon suggests that taxonomy-based methods such as the
Alien Index (Gladyshev et al., 2008; Rancurel et al., 2017) may be
equally reliable. The added benefit of phylogeny-based methods
is a more precise determination of the putative gene donors, but
it is important to note that this precision is always limited by the
completeness of the available databases, and the identified puta-
tive donors are at best, only the closest sequenced relatives of the
actual donors.

While tree-based methods seem to offer only a marginal
improvement over taxonomy-based heuristics, the filtering of
contaminant sequences is of tremendous importance. In EDF,
genome contamination may occur due to sample contamination
or the presence of endohyphal bacteria. We have detected nearly
20,000 likely contaminating sequences, 20 times more than the
number of detected xenologs. As a consequence, a randomly
selected gene with an atypical taxonomy of homologs or an incon-
gruent phylogeny is much more likely to be a contaminant than a
xenolog. The ultimate determination of whether a gene is incor-
porated into the genome and expressed requires experimental
evidence; in bioinformatic analysis, the minimum requirement
should be the presence of genes with evidence of vertical inher-
itance in the same contig, especially since approaches based on
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sequence identity and GC content may be insufficient to separate
xenologs from contaminants. The picture is further complicated
by the fact that fungal endosymbionts are still understudied, and
most likely, there still are many unknown endohyphal organisms
(Robinson et al., 2021).

We have shown that one of the most predictable features of
HGT in EDF is its unpredictability. The number of xenologs in a
given proteome is driven by at least two burst-like events: bursts
of gene exchange like in Neocallimastigomycota and bursts of gene
duplications like in Linnemania sp. This agrees with unexpectedly
high numbers of xenologs in some metazoan proteomes, like
Rotifera sp. (Gladyshev et al., 2008). Consequently, there seem to
be multiple different mechanisms in which a fungal genome can
become enriched in xenologs, and each of those mechanisms
occurs to a different extent in different fungi. Linnemannia elongata
rarely participated in gene exchange but multiplied some of the
received genetic material extensively, resulting in 77 xenologs in
10 gene trees; Gonapodya prolifera JEL478 participated in multiple
gene exchanges, but the received material was rarely duplicated,
resulting in 26 xenologs in 22 gene trees; Rhizoclosmatium globo-
sum JEL800 both readily participated and multiplied some of the
received genes, resulting in 88 xenologs in 22 gene trees; and the
ancestor of Neocallimastigomycota participated in genetic exchange
to the extent that it received multiple copies of related proteins
from different, unrelated donors. The complexity increases as a
single genetic exchange event can result in transferring multiple
genes that encode proteins from various families. Nevertheless,
despite the different lineage-specific ways of enriching a genome
in foreign genetic material, we have also identified some general
patterns in the properties of protein products of horizontally
transferred genes.

In agreement with the current notions, the xenologs in our
dataset tend to contain few introns except for chytrids and some
Glomeromycota. This seems to have resulted from both the acqui-
sition of intron-rich genes and the intronization of xenologs.
The distribution of introns seems to be taxonomy-dependent,
with certain fungal groups showing a preference for intronless
xenologs while others for intron-rich ones. Bacteria-derived
xenologs acquire introns over time, with some being particularly
enriched in introns, while others being particularly resistant to
intronization or not yet ameliorated to the fungal genome.

The receptiveness for foreign genes varies greatly between fun-
gal lineages. In agreement with previous reports, we have found
that fungi belonging to ancestrally aquatic groups experienced
more HGT events than terrestrial lineages. This can be explained
by the easier exchange of genetic material in the aquatic ecosys-
tem, the ubiquity of unicellular aquatic life forms, and the possi-
bility of forming biofilms with bacteria (Abe et al., 2020; Grill et al.,
2018; McDaniel et al., 2010). Terrestrial fungi may have lost some
of the HGT predisposing traits or gained defensive mechanisms
preventing foreign gene incorporation. However, the relationship
with the host and the necessity to adapt to a new environment
seem to have a higher influence on the rate of HGT. Our observa-
tions suggest that, while symbiosis or parasitism does not always
result in gene exchange, it is a predisposing condition.

Some of the early diverging fungal lineages have associated
bacteria, either endohyphal or loosely related to their hyphae,
some of which are co-evolving with the fungal host and trans-
mitted vertically (Pawlowska et al., 2018). Those bacteria have
been previously pointed to as a likely source of xenologs (Naito
et al., 2015). This pattern was confirmed in this study, with
a notable example of Podila verticillata acquiring fatty acid
desaturases probably from deltaproteobacteria and NOD-like
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receptors from endohyphal Burkholderia-related endosymbi-
ont Mycoavidus sp. The latter suggests a parallel evolution of
NOD-like receptors and perhaps a NOD-like receptor-based
immunity in Dikarya and Mortierellomycota. Moreover, NOD-
like receptors may be involved in the host-bacteria interaction.
A parallel case of HGT of NOD-like receptors was reported in
Gigasporaceae and expressed in response to Gigaspora endosym-
biont CaGg (Venice et al., 2020).

Out of 829 xenologs detected in our target fungi, 100 had
apparently posttransfer fused domains. This may point to an
unexpectedly high frequency of gene fusions occurring during
or after the integration of foreign DNA. Cross-kingdom HGT has
been reported previously as an important factor in gene fusion
(Yanaiet al., 2002). As the foreign genetic material is incorporated
into the host’s genome, it can be located within an existing gene.
Alternatively, homologous or nonhomologous recombination can
occur after the new gene is incorporated, especially if it contains
a fragment similar to the host’s genes. While it is unclear which
mechanism was responsible for the swapping of the bacterial
cellulose binding domain with a fungal one in Piromyces finnis
ORX60185.1, a replacement of a domain that preserves the pro-
tein’s function agrees with the current notions about the evolu-
tion of domain architectures.

Note that the 100 fusions were detected only based on iden-
tified domains; since many sequences lack identified domains,
the full extent of posttransfer gene fusion is unknown. Frequent
fusions may significantly complicate the studies of HGT.
Recombination of transferred and inherited genetic material
may, on one hand, confound the impact of HGT on the host’s
ecology and evolution, and on the other hand, the proteins’ phy-
logenetic signals. While most research to date, including this one,
has focused on detecting “whole-protein” xenologs, our results
indicate the need to develop domain-level methods of xenology
detection. This agrees with the recent ideas that although terms
like orthology, paralogy, or xenology are traditionally applied on
a level of whole genes or proteins, they should perhaps also be
considered on a domain-level basis (Forslund et al., 2018; Linard
et al,, 2021; Persson et al., 2019; Sjolander et al., 2011). We also
note that sequence regions with independent evolutionary his-
tories are another reason why the first blast hit may not be the
phylogenetically closest neighbor, as a small but highly con-
served region may have a lower E-value than a large but less
conserved one.

Our methodology has detected a number of xenologs
reported in the literature (see Supplementary Methods B).
However, due to the stringent filtering criteria required to min-
imize the number of false detections, it also has certain limita-
tions, and the list of xenologs reported in this work is far from
exhaustive. In particular, it does not detect transfers between
fungal species and may have a limited sensitivity toward trans-
fers of animal genes, many of which have a fungal homolog.
Consequently, while our results confirm the occurrence of
cross-kingdom gene transfers between eukaryotes (Richards et
al., 2009; Schonknecht et al,, 2014; Van Etten & Bhattacharya,
2020), they may underestimate their prevalence. In conclusion,
although much research has already been done, a thorough
characterization of the rates and patterns of HGT still requires
extensive further work in optimizing HGT detection protocols
and algorithms.
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