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ABSTRACT: Horizontal gene transfer (HGT) is the process whereby an organism acquires exogenous genes (horizontally transferred genes
or HT genes) that are not inherited from the parent, but are derived from another organism. In prokaryotes, HGT has been considered as one
of the important driving forces of evolution. Previously, genome-wide analyses have been conducted for estimating the proportion of HT genes
in prokaryotic genomes, but the number of species examined at the time was limited, and gene annotation was relatively poor. Currently, tens
of thousands of prokaryotic genomes have been published and gene annotation resources have improved. In the present study, HT gene
prediction method was modified so that the estimate was robust to gene length, conducting a comprehensive search using 3017 representative
prokaryotic genomes belonging to 1348 species. The result showed that an average of 13% (ranging from 0% to 30% across species) of
protein-coding genes was predicted as being of horizontal origin. The proportion of the predicted HT genes per species was associated with
the species’ habitat, while a positive correlation between the proportion and genomic nucleotide frequency was also observed. Moreover, the
functions of the predicted HT genes were inferred and compared according to two popular databases, the Clusters of Orthologous Groups
and the Kyoto Encyclopedia of Genes and Genomes. As a result, both databases indicated that many of the widely transferred genes were
involved in mobile genetic elements (transposons, phages, and plasmids) as expected. Notably, the present study predicted that six as-yet-
uncharacterized genes were widely distributed HT genes, and therefore, will be interesting targets for evolutionary studies. Thus, this study
demonstrates that a data-driven approach using massive sequence data may contribute to a broader understanding of HGT in prokaryotes.
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Introduction

Horizontal gene transfer (HGT), or lateral gene transfer, is the
phenomenon in which an organism gains genes from another
unrelated organism. This phenomenon is often mediated by
mobile genetic elements, such as plasmids and viruses, which
incorporate the host’s nuclear DNA into their own genomes
and carry it to another host.! HGT is influential particularly in
unicellular organisms such as prokaryotes, because the genetic
change caused by the insertion of foreign DNA is directly
transmitted to progeny. If a transferred gene is not homologous
to any genes in the population of recipient species, a novel allele
or phenotype may arise more quickly than when caused by
mutations in resident genes. As such, in prokaryotes, HGT has
been considered as an important evolutionary driving force,?3
or in other words, an accelerator of evolution.

Comparative genome studies have been conducted for the sys-
tematic prediction of genes transferred from another organism,
namely horizontally transferred genes (HT genes).’ In practice,
molecular phylogenetic analysis is considered the most robust
method for the detection of HGT, where topological inconsistency
is evidence of the occurrence of HGT:* However, to expand the
analysis from the individual gene level to the genome level, homol-
ogous sequences must be heuristically collected for each of the tar-
get genes. This is not easy at a time when genome data are
accumulating at an extremely high speed: about three genomes/day

for prokaryotes (about 70 genomes/day if contig data are also
counted) in 2015
microbes/). In addition, orphan genes with poor homologs in

(https://www.ncbi.nlm.nih.gov/genome/

genome databases are not amenable to HT gene prediction.
Although orphan genes may be considered to be of horizontal ori-
gin in the context of pan-genome,” the scope of a pan-genomic
study is restricted to a specific lineage and is not applicable to com-
paring gene flow among distantly related species. Another approach
for HT gene prediction, particularly at the whole genome level,
involves a DNA sequence scan that computes nucleotide composi-
tion such as codon usage.®” In prokaryotes, the nucleotide fre-
quency is generally homogeneous across the entire genome, where
regions of abnormal nucleotide composition often derive from
other organisms. For example, codon usages have been examined in
protein-coding genes in Escherichia coli,” and on the basis of these
compositions, genes can be classified into three groups: normal
genes, highly expressed (HE) genes, and HT genes. A merit of the
nucleotide composition method is its speed. More specifically, the
prediction of HT genes is applied to individual genomes, without
any comparison to homologous sequences in other genomes.
Comprehensive searches using the nucleotide composition method
suggest that a substantial amount of genes have arisen from HGT
in many prokaryotic species.”'! On the other hand, despite the
ease of using this approach, there are some ambiguities in the theo-
retical basis for the nucleotide composition method, one of which
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is statistical validation. Intuitively, the statistics for measuring
nucleotide composition bias should be influenced by sequence
length, but the effect has not sufficiently been taken into account in
previous methods. One solution is to remove shorter (or longer)
genes in analysis®!2 but, instead, a number of the genes are never
examined and the cutoff criterion is unclear.

Previously, based on statistical testing, the nucleotide com-
position method estimated that about 12% of protein-coding
genes per genome were of horizontal origin, and functional
annotation using a gene database!3 quantitatively suggested
that pathogenicity-related genes were frequently transferred.!
However, the number of genomes examined and the content of
the database were limited when this study was published.
Recently, genome sequencing has been achieved at faster rates
using high-throughput DNA sequencing,™ and as a result,
gene annotation databases have expanded.'>16 Therefore, it has
now become possible for nearly a thousand genomes to be
compared in the context of gene gain and loss.’” The aim of the
present study is to find as-yet-recognized HT genes in prokar-
yotic genomes using the currently available data, in parallel
with the elucidation of overall tendency in HGT. In particular,
widely transferred genes among taxa were the primary focus,
rather than taxon-specific transferred genes. The HT gene
candidates were predicted using a novel nucleotide composi-
tion analysis method unaffected by variations in gene length. In
this study, more than 3000 representative prokaryotic genomes
were surveyed to provide a basis for understanding gene flow
among prokaryotes from a variety of environments.

Materials and Methods

Prokaryotic genome sequences

The representative genomic sequence data were downloaded
from the ftp site of the National Center for Biotechnology
Information (NCBI) according to the list as of March 14,2014
(ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/
prok_representative_genomes.txt). The sequence data were orig-
inally composed of 3578 genomes, and the valid genomes were
selected using the four following criteria: (1) the scientific name
is given (not Candidatus species); (2) genome sequence is not
fragmented; (3) gap region is small (<5% of the genome); and
(4) protein-coding regions are predicted. Finally, a total of 3017
genomes were selected for HT gene prediction. Based on the
taxonomical information from NCBI, these genomes were sum-
marized into 1348 species, which of “sp.” in the same genus were
clustered into a single group for convenience, and 661 genera.
The genomes examined are listed in Supplementary Table 1.

Calculation of HT gene index

To predict HT genes, an index was computed as an indicator of
the frequency bias of the adjoining codons in protein-coding
genes (the software can be freely downloaded at https://github.
com/yjnkmr/hgt). This index was derived from an output

probability of the gene sequence based on a Markov chain
model. First, for each genome, the transition matrix, {p}, was
computed using all of the protein-coding sequences. In the
matrix, p(c,|c,) (m, n=1, 2,..., 64) is defined as a conditional
probability for when codon # appears at a codon position,
codon nappears at the next position. Forexample, p(TTT|AAA)
represents a conditional probability that when “AAA” appears
at a codon position “T'T'T” appears at the next position. When
m is fixed, p(c,|c,,) constitutes the probability vector:

64

Zp(cn lc,)=1

n=l1

Using the transition matrix, {}, the output probability for
the gene sequence is represented as follows:

L
P, =R]]»
i=1

Here, P, is an initial probability for the first codon, p; is the p
assigned from the two observed codons at the ith and i + 1th
positions, and L is the gene length (ie, the number of codons)
excluding the first codon and stop codon. P, was computed
from the overall codon frequency in the target genome. This
kind of representation using a Markov chain of codons or
nucleotide tuples has been traditionally applied in gene-find-
ing algorithms.'®1? The basic idea in this study was to apply the
output probability, P, for the prediction of HT genes. Since

the magnitude of P, is dependent on gene length Z, the geo-

ut

metric mean was used like the codon adaptation index (CAI).%
Furthermore, the logarithm was calculated:

L

As far as the full-length coding sequences are concerned,
the first codon is one of the start codons (eg, “ATG” [triplet of
nucleotides]), and hence P, is likely to deviate from the overall
codon frequency. Therefore, the simplified formula without P,
was finally used:

1 L
I :z(;ln(pi)J

Under the null hypothesis, where each gene sequence is the
output from the transition matrix, {p}, the expected value of T
does not depend on gene length because the index is normal-
ized by L. However, deviations in I should depend on gene
length, where I values for shorter genes will be distributed with
larger deviations. To validate this effect, a Monte Carlo simula-
tion was performed. The expected distributions of I were com-
puted using the artificial sequences of L =20, 23,28, 34,42, 54,
72, 100, 150, 240, 460, and 1200 codons. These codon sizes
were chosen by taking into account an interval of (1/L)V2. For
each codon size, a total of 100,000 artificial sequences of L + 1
codons were generated from the initial probability, Py, and the
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Figure 1. Q-Q plots of simulated / values. The results of the simulation using the gene set from the K-12 MG1655 strain of Escherichia coli (accession
number: U00096) are shown. (A) Quantiles of simulated / values compared with those of the standard normal distribution, N (0,1). Each of the plots
indicates the quantile of / (Qq s, Qg 01, OF Qo 004) in €ach gene length, L. (B) Q-Q plot of / values (L=20) for the standard normal distribution (black) and for
the t-distribution (degree of freedom=L + 15=35) (red). The simulated / values were standardized for comparison to the standard normal distribution, the
values in the third quadrant are plotted, and three bottom quantiles (Q 45, Qg 01, OF Qg 001) are shown as dashed lines.

transition matrix, {p}, and the Is for the artificial sequences
were computed. As a result, the distribution obtained by Monte
Carlo simulation was a bit heavy-tailed compared with the
normal distribution, particularly with reference to shorter
genes (Figure 1A), while the variance seemed to be propor-
tional to 1/L. In the case of longer genes, the expected distribu-
tion seemed to converge to a normal distribution. Therefore,
the tail of the standardized I was approximated using a z-distri-
bution with the degree of freedom, L + a (Figure 1B), where @
was fixed using the least squares method.

The HE genes, which include genes encoding chaperones,
elongation factors, and ribosomal proteins, have specialized
codon usages.®?! Therefore, it is possible that these genes could
be predicted as artifacts. In this study, to correct the prediction
of HGT, a transition matrix for HE gene sequences was also
prepared for each of the 3017 genomes. First, prokaryotic HE
genes were collected from the UniProt database,?? with refer-
ence to Karlin and Mrazek’s gene list (Table 2 in Karlin and
Mrazek?!). Next, all gene sequences in the 3017 genomes were
compared with the HE gene sequences using BLASTP
(E-value <10-5),23 and then the candidates obtained were fur-
ther checked using the profile models constructed by
HMMERS3 (http://hmmer.org/). The transition matrix for
only HE genes, {p,;;}, was computed by the aforementioned
formulae, and the transition matrix for all genes, {}, was modi-
fied to {p,.z} by subtracting the HE gene sequences from all
gene sequences. Finally, two Is for each gene were computed
from the independent transition matrices, {p,;;;z} and {pyz},
respectively, and the genes having significantly small Is were
collected as putative HT genes. The Monte Carlo simulations

mentioned above were performed and statistical significance
levels were set to 0.01 for both {p,, ;z} and {p,;}, thereby,
a=0.01 X 0.01=0.0001. Since prokaryotic genomes have about
102-10* protein-coding genes (3 X 103 on average in the pre-
sent study), the threshold of a=0.0001 indicates that at most,
one gene per genome may be falsely predicted by {p,; -} and
{pre} simultaneously by chance.

Functional annotation of HT genes

The annotated protein sequences were downloaded from two
public databases, the Clusters of Orthologous Groups (COG)
from NCBI' and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) from Kyoto University."> The sequences
were already clustered into ortholog groups defined by the
COG number (eg, COG0001) in the COG database, and the
KEGG Ortholog (KO) number (eg, K00001) in the KEGG
database, many of which are attributed to one or more specific
functions. In the COG database, each COG number is classi-
fied into one or more of 25 upper categories (eg, COGO0001 is
classified as “coenzyme transport and metabolism”). There are
originally 26 categories in the COG database (ftp://ftp.ncbi.
nih.gov/pub/COG/COG2014/static/lists/homeCOGs.html),
but no COGs are classified into “nuclear structure” (one-letter
COG category code=Y). Since the KO groups often contain
redundant sequences derived from different strains of the same
species, for each of the ortholog groups, 95% identical sequences
were clustered using CD-HIT software?* and representative
sequences in the clusters were used. Regarding the functionally
uncharacterized proteins, the domains or motifs were predicted


http://hmmer.org/
ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/static/lists/homeCOGs.html
ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/static/lists/homeCOGs.html

Evolutionary Bioinformatics

using InterProScan.? The functions of genes in the 3017
prokaryotic genomes were then inferred using COGsoft* to
the COG and KEGG protein sequences, according to the
developer’s instruction (https://sourceforge.net/projects/cog-
triangles/files/). In the KEGG annotation, many of the KO
numbers were already mapped to COG numbers. Such a cor-
respondence was accepted when the shared genes occupied at
least 50% of the genes in either group. With reference to each
of the attributed ortholog groups, the genes of horizontal ori-
gin were counted. To assess the count bias of HT genes attrib-
uted to a functional category defined in the COG or an
ortholog group defined in the COG or KEGG, an indicator,

named the g index, was defined as the following:

0) 0)
gzc(Oxln—"—i-O”ln ”j
E E

X

1 (0,>E)
“T1-1(0,<E,)

Here, O is the observed count of genes and E is the expected
count of genes, and suffixes x and 7 denote “H'T” and “non-HT”
respectively. Therefore, the term in parenthesis is equivalent to
half of the G statistic used in a likelihood ratio test.?” The expected
count of genes was computed from the average proportion of HT
or non-HT genes, respectively. In addition, when the observed
count of HT genes, O,, is larger/smaller than the expected count,
E,, then g becomes a positive/negative value because of . When
O is zero, OIn(O/E) is defined as zero. Thus, g is associated with
a X2 probability in a contingency table analysis, and at the same
time, represents a bias in the observed count of HT genes when
compared with the expected count (range, —° < g <),

Phylogenetic analysis

For each of the functionally uncharacterized HT genes pre-
dicted in this study, the phylogenetic tree was constructed: first,
protein sequences in the target ortholog group were collected
according to the aforementioned COGsoft annotation. Here,
to avoid redundant sampling from different strains of the same
species, the sequences were collected from representative
genomes of the species. Since the homologous gene set obtained
contained many sequences, some of which were too short for
alignment, the sequences were sorted by amino acid length and
those under the first quantile (<25%) were filtered out. When
archaeal sequences were included in the gene set, those were
separately analyzed. The pairwise alignment was then con-
structed using MUSCLE?® and a distance matrix was com-
puted with Kimuras correction.?” To avoid violations by
irregularly aligned sequences, the outlier sequences whose
average distances to other homologous sequences were in the
top 5 percentile (ie, those seemed to have much diverged from
the others) were removed. After that, the distance matrix was
computed again, and the phylogenetic tree was constructed by
neighbor-joining method.3

Results

Proportion of HT genes predicted from 3017
prokaryotic genomes

For all of the 3017 representative prokaryotic genomes, puta-
tive HT genes were identified using the index, I (P<10-%)
(Supplementary Table 1). The proportion of HT genes in each
genome ranged from 0% to 30%, with an average of 13.0%
(Figure 2A). To avoid sampling bias due to the presence of
redundant species (eg, the 3017 genomes examined include
217 strains of Salmonella enterica, but only one of Edwardsiella
ictaluri), the 3017 genomes were summarized into 1348 spe-
cies, and the gene counts for each of the species were averaged.
As a result, the overall average proportion of HT genes was
13.1% across 1348 species (Figure 2B), which is close to that
computed for the full 3017 genomes. Similarly, when 1348 spe-
cies were summarized into 661 genera, the overall average was
13.4% (Figure 2C). The HT genes were not unimodally dis-
tributed around the average (Figure 3). Based on these results,
the genomes examined can be split into two or more groups,
namely those with low HT gene proportions (<12%) and
those with high HT gene proportions (>12%).

Seeing as 821 out of 1348 species had the information of
habitat in the NCBI database, the proportions of HT genes
were compared based on the species habitats: aquatic, host-
associated, multiple, specialized, and terrestrial (Figure 4).
Regarding the species from multiple and terrestrial habitats,
the proportions of HT genes (14.6% and 14.2% in average,
respectively) were larger than the overall average (13.1%). The
proportion in species from aquatic habitats (13.4% in average)
was close to the overall average. The species from specialized
and host-associated habitats tended to have less HT genes
(11.4% and 11.6% in average, respectively) than those in the
other three habitats (Wilcoxon rank sum test: P<<.05 with
Bonferroni correction), while the gene proportion for species
from host-associated habitats ranged widely across species
(min=0.5% and max=29.8%). Similarly, the species examined
were classified according to three properties (motility, oxygen
requirement and temperature range), respectively, and the com-
parison showed higher proportions of HT genes in motile,
aerobic, and mesophilic species, respectively (Figure 4). The
proportion of HT genes correlated with genome guanine-cyto-
sine (GC) content (correlation coefficient: 7=0.73) (Figure
5A). Genomes with lower GC content (ie, AT-rich genomes)
had smaller proportions of HT genes, which corresponded to
the aforementioned group of low HT gene proportions. The
proportion of HT genes was also correlated to genome size
(r=0.46) (Figure 5B). However, the partial correlation was
weak between genome size and HT gene proportion (r;m, =0.13),
while that between GC content and the HT gene proportion
was relatively strong (r,,=0.64). The positive correlations
between the GC content and the HT gene proportion were
observed in all the species groups classified according to the
habitat (Figure 6).
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The length of HT genes was compared with previously ana- predicted using the previous method was smaller than that for
lyzed results regarding 135 genomes!? (originally 114 genomes, all genes (Figure 7A). Contrastingly, in the goodness-of-fit test
28 were later updated, and 7 were excluded) (Figure 7). In all for codon usage, longer genes were preferentially predicted as
the genomes examined, the median length of HT genes the genes with abnormal codon frequency (Figure 7B).
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Figure 4. Relationships between the proportion of HT genes and four properties in 1348 species. The difference in proportion of HT genes between two
categories from groups 1 and 2 (eg, “multiple” and “specialized” in habitat) was statistically significant (Wilcoxon rank sum test: P <.05 with Bonferroni

correction).

However, using the present method, the median lengths of HT
genes differed from species to species, and the prediction of
HT genes was independent of gene length (Figure 7C).

Transferable gene functions

The functions of the genes in the 3017 genomes were inferred
from the protein sequences annotated in the COG and KEGG
databases using COGsoft (Figure 2D and E). A substantial
percentage of genes, 80.9% with COG and 76.3% with
KEGG, were attributed to at least one ortholog group. Out of

the predicted HT genes, 66.3% and 60.1% were attributed to
at least one ortholog group in the COG and KEGG, respec-
tively. When averaged by species and genus, the results were
similar: 80.8%/74.7% of all of the genes and 67.2%/59.0% of
the HT genes were attributed to at least one ortholog group in
the COG/KEGG at the species level, and 81.3%/74.3% of all
of the genes and 67.4%/57.9% of the HT genes were attrib-
uted to at the genus level. At the species level, the HT gene
proportion bias within each ortholog group was evaluated
using the g index, a signed half of the G statistic. First, g indi-
ces were ranked within 25 functional COG categories to the
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genes assigned to those categories through COGsoft annota-
tion. As a result, mobilome-related genes (one-letter COG
category code=X) were overwhelmingly predicted as HT
genes among 1348 species (Figure 8). Except for mobilome-
related genes, three categories were frequently predicted as
HT genes, namely, “replication, recombination, and repair”
(L), “extracellular structures” (W), and “defense mechanisms”
(V). These categories (L., W, and V') were also top three except
for mobilome-related genes at the genus level (Supplementary
Figure 1, top). On the other hand, genes in “translation, ribo-
somal structure, and biogenesis category” (J) were the least
transferable as well as at the genus level.

Next, ¢ indices of the COG ortholog group were ranked
with the top 50 (Figure 9 and Supplementary Table 2). Many
of the ranked ortholog groups were of transposase-coding
genes classified as mobilome-related genes. Moreover, the
groups involved in the viral life cycle or plasmid maintenance
(COGO0582, COG1961, COG4974, and COG3668) were
also related to mobilome genes. Additionally, the ortholog
groups involved in DNA restriction or modification
(COG1403, COGO0732, COGO0270, COGO0863, and
COGO0286), transcriptional  regulation (COG1396,
COG2207, COG3311, and COGO0583), the secretion sys-
tem (COG3505, COG4104 and COG3843), and the pilus
or cell surface (COGO0438, COG2244, COG1835,
COG3539, and COG3307) were predicted as widely trans-
ferred genes. Moreover, the list included four uncharacter-
ized genes (COG3209, “uncharacterized conserved protein
RhaS, contains 28 RHS repeats”; COG1479, “uncharacter-
ized conserved protein, contains ParB-like and HNH nucle-
ase domains”; COG3291, “PKD repeat”; and COG3791,
“uncharacterized conserved protein”), one of which was cat-
egorized as “general function prediction only” (R), and the

others categorized as “function unknown” (S) in the COG
database. In comprehensive phylogenetic analysis, disorders
in branching pattern were frequently observed in these genes
compared with those of the least transferable category, J
(Figure 10 and Supplementary Figures 2 and 3). As a result
of InterPro analysis (Figure 11), more than half of COG3209
and COG3291 genes included RHS repeat (IPR022385)
and immunoglobulin-like fold (IPR013783) domains,
respectively, and most of COG1479 genes included domain
of unknown function DUF262 (IPR004919). Regarding
COG3791, almost all of the genes were attributed to Mss4-
like superfamily (IPR011057) and glutathione-dependent
formaldehyde-activating protein 'V
(IPR006913).

The top 10 ortholog groups in the above-mentioned three
categories containing frequently transferred genes, that is, cat-

enzyme/centromere

egories L, W, and V, are shown in Supplementary Table 3.
Although the genes in category L included DNA modification
genes, many were probably involved in viral life cycle (see sec-
tion “Discussion”). Almost all of the genes in category W
encoded a pilus-related protein. Seven out of the top 10 genes
in category V were DNA restriction or modification genes, one
was a plasmid maintenance gene, and two were related to bac-
terial defense systems against viruses, such as the clusters of
regularly interspaced short palindromic repeats (CRISPR) sys-
tem. Similarly, g indices were computed and ranked with refer-
ence to KO groups (Figure 9 and Supplementary Table 4). The
results revealed that most of the frequently transferred genes
were common to those based on the COG annotations
(although some of the descriptions of corresponding genes
were slightly different between the databases). The most trans-
ferable ortholog group (K07497) was of a transposase gene,
congruent with the top in the COG database (COG2801).



Evolutionary Bioinformatics

Multiple

Average proportion of
HT genes (%)

o 4
T T T T T T T
20 30 40 50 60 70 80
GC content (%)
Aquatic
o _]
™
é‘\]” - r= 0.71 * )
G
c__ o
gx -~
o
g8 v
28
Sk °
s v
[
>
< 0
o 4
T T T T T T T
20 30 40 50 60 70 80
GC content (%)
Host-associated
o _]
™ ‘e
Te]
“ 5\
(]
1= —_
£ &
o
58 w
a0 -
o) o
2r o
(3]
>
< w
o

20 30 40 50 60 70 80

GC content (%)

Terrestrial

30
1

1 r= 0.51

25

Average proportion of
HT genes (%)

o 4
T T T T T T T
20 30 40 50 60 70 80
GC content (%)
Specialized
o |
™
&4 r=072

20

15

10

Average proportion of
HT genes (%)

GC content (%)

Figure 6. Correlation between the proportion of HT genes and genomic GC content in each of five habitats.

The second most transferable group, K04763, was also a coun-
terpart of COGO0582 (integrase). Although COGO0582 was
split into five groups in the KEGG database (Supplementary
Table 2), the K14059 group was also predicted to include fre-
quently transferred genes (Figure 9). Two groups (K08998 and
K07062: “uncharacterized protein”) were uncharacterized in
the KEGG annotation. The COG counterparts of K08998

and K07062 were COGO0759 (membrane-anchored protein
YidD, putative component of membrane protein insertase
Oxal/YidC/Spolll]) categorized into “cell wall/membrane/
envelope biogenesis” (M), and COG1487 (predicted nucleic
acid-binding protein, contains PIN domain) categorized into
“general function prediction only” (R), respectively. InterPro
analysis also supported the functional annotations about
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Figure 7. HT gene length compared with all of the examined genes. The graph depicts the median gene length (amino acid residues) for all of the
examined genes (x-axis) and predicted HT genes (y-axis). Each dot corresponds to one genome. The genomes with few putative HT genes (<3) are not
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K08998 (COG0759) and K07062 (COG1487) genes (Figure
11).

Discussion

In the present study, putative HT genes were identified across
more than 3000 representative prokaryotic genomes using a
novel method based on nucleotide composition (ie, codon
usage). A merit of the nucleotide composition method is that
gene prediction can be performed for a single genome, in con-
trast to the phylogenetic method that requires a comprehensive
comparison across all of the related genomes. Therefore, it is
possible in the future that the prediction of HT genes can be
performed automatically following genome sequencing, and
the maintenance of result data is easy. However, nucleotide
composition is an indirect indicator of HGT, although phylo-
genetic analyses can directory prove it. For example, it may be
difficult to detect HGT between closely related species or
HGT in AT-rich genomes by nucleotide composition methods
(as discussed below). As a fundamental problem in statistics, in
particular, nucleotide composition-based methods are affected
by sequence length. In the case of goodness-of-fit test for
codon usage, longer genes were preferentially predicted as out-
liers (ie, HT genes). Moreover, the previously described method
based on nucleotide composition!® tended to predict shorter
genes as HT genes. Here, one may think that shorter genes
might be actually preferred in HGT, because mobile genetic
elements, such as viruses or plasmids, cannot easily carry long
DNA under the constraints defined by their compact struc-
tures. This hypothesis is worthy of being verified, but first, sto-
chastic effects in the mathematical model need to be carefully
removed. The solution in this study is to represent the distribu-
tion parameter by a function of gene length. To this aim, the
index, I, was developed as represented by a simple formula,

which is statistically easy to deal with. The expected heavy-tail
of standardized I was approximated by #-distribution and the
degree of freedom was determined depending on gene length.
Thus, the statistical significance of I was evenly calculated for
genes of any length. Actually, the prediction results for HT
genes in this study seem to be unbiased by gene length, and
shorter genes were not significantly preferred in HGT. In addi-
tion, it should be noted that 11.1% of protein-coding genes in
the 3017 genomes examined were relatively short (<100
codons). As a result of this study, it has become possible to
analyze these genes.

In this study, the correlations between HGT and the prop-
erties in prokaryotes were examined. Regarding the habitat,
the species in specialized and host-associated habitats tended
to have lower proportions of HT genes, suggesting that HGT
is rare in a limited or closed environment. This result can be
explained by the lower chance of gene flow between different
species in such an environment. Conversely, the species in
multiple, terrestrial habitats were relatively rich in HT genes,
which may be due to the higher chance of gene gain from a
variety of organisms in environments. This might be also the
case in motility of host species: motile species were richer in
HT genes than non-motile species (Figure 4). Since the five
attributed habitats include a wide range of environments (eg,
“aquatic” includes freshwater and seawater), further analysis
will be necessary for understanding a detailed correlation
between habitat and HGT. Here, it should be noted that
despite the least proportion of HT genes among the habitats,
the estimates in host-associated habitats varied depending on
species (0.5%-29.8%). This observation may be correlated
with frequent HGT in pathogenetic or symbiotic prokary-
otes.10:31 Actually, some of the species in host-associated hab-
itats are pathogens (eg, Neisseria) or symbionts (eg, Rhizobium)
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to the host, and these showed high proportions of HT genes
(>~20%) (Supplementary Table 1). On the other hand, HGT
may be rare in the endosymbiotic species: no, or almost no,
HT genes were detected in Buchnera and Blattabacterium in
this study. There was a positive correlation between HT gene
proportion and genomic GC content, indicating that the two
modes of HT gene proportion, namely the groups of low/
high HT gene proportions, corresponded to AT-rich/
GC-rich genomes, respectively. This observation can be
explained by two possibilities. The first is that HT genes are
often AT-rich, similar to intrinsic genes in AT-rich genomes,
and hence might be immune to detection using nucleotide

composition bias. The second possibility, from a genome evo-
lution perspective, is that prokaryotes with AT-rich genome
have rarely undergone gene gains. Endosymbiotic or obli-
gately parasitic prokaryotes in host-associated habitats often
have compact and AT-rich genomes,?? and such compactness
is due to decreasing the number of genes by deletion, rather
than increasing the number of genes by duplication or HGT.
This may be the case for Buchnera and Blattabacterium as
mentioned above. The two scenarios that could account
for the correlation between the HT gene proportion and
genomics GC content, one being a limitation of the method
and the other being biologically reasonable, are not mutually
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exclusive. Seeing as positive correlations between the HT
gene proportion and genomic GC content were also observed
in the species from other habitats (Figure 6), the first scenario
is more strongly represented in the present study than the
second scenario. Thus, some of the proportions of HT genes
in AT-rich genomes might be underestimated, and additional
studies will be required to solve this problem.

In previous research, the putative HT genes were rich in
genes with unknown functions.!® It could be considered that
such a result was caused by the paucity of the database con-
tents. As the gene annotation databases have been updated
since the previous study was published, HT gene annotation
was improved in the present study. The index, g, was used to
measure bias in the functionally categorized HT genes, which
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K07062) were predicted from the COG and KEGG databases, respectively.

is also influenced by the sample size as with x2 statistic. The
value of ¢ may be more sensitive to the genes common to a
large number of taxa than a small number of taxa. For this rea-
son, the g index is suitable for detecting the overall tendency
for HGT: it can detect widely distributed H'T genes that cross
among relatively broad taxa, rather than limited HT genes that
are frequently exchanged within specific taxa. In this study,
mobilome genes were overwhelmingly predicted as widely
transferred genes, which is biologically reasonable. The genes
involved in translation, such as ribosomal proteins (COG cat-
egory J), were the least transferable. This result seems meth-
odologically obvious, because many of the genes in this category
were used in the HE gene model. However, when the I for only
the all-minus-HE gene model was computed, g index of cate-
gory J genes was still negative and the fourth lowest among all
of the categories (Supplementary Figure 1, bottom). Therefore,
in the present method, the I calculation using the HE gene
model may be a dispensable step.

To avoid an annotation bias arising from the database used,
both the COG data and KEGG data were used. The resource

genomes, ortholog grouping method, and repertoire of

annotated genes are different between these two databases. In
particular, the ortholog groups in KEGG do not always corre-
spond to those in COG on one-to-one level (Figure 9). For
example, COG3209 (uncharacterized conserved protein RhaS,
contains 28 RHS repeats) has no counterpart in KEGG, and
the single group, COGO0582 (integrase), corresponds to five
groups in KEGG, such as K04763 and K14059. In general,
single COG group is divided into multiple groups in the
KEGG database, and the number of species having a COG
group is seemingly larger than the number having counterparts
in the KEGG database. Thus, proportions of HT genes and g
indices should be different between COG and KEGG groups.
Nevertheless, similar results were obtained for COG and
KEGG groups. For example, mobilome genes were frequently
observed using both databases. This result itself is not surpris-
ing, but it should be noted that COG2801 (K07497) was
detected as having the most transferable genes in both the
COG and KEGG databases. According to the g index, this
gene is the most widely transferred gene among prokaryotes.
The second most transferable gene based on the COG data-
base is of COG0582, which corresponds to K04763 (integrase/
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recombinase XerD) and possibly K14059 (integrase) in the
KEGG database. Although XerD is a recombinase required for
sister chromosomal segregation in prokaryotic DNA replica-
tion, XerD and its homolog, XerC,33 are homologous to phage
integrase genes in the same family.>*% Therefore, many of the
genes in the COGO0582 group may be derived from mobile ele-
ment genes. Note that COG4974 is attributed to XerD in the
COG database and K03733 is attributed to “integrase/recom-
binase XerC”in the KEGG database (Supplementary Tables 2
and 4), implying that the classification of this integrase family
is confusing between the databases. If the counts for xerC and
xerD genes that are required for host DNA replication are
removed from the COGO0582 count, the g index will be modi-
fied. The HT genes classified into category L (Supplementary
Table 3), except for DNA modification genes, may be involved
in the viral life cycle. For example, COG1484 is attributed to
DnaC that is required for prokaryotic DNA replication, but
the homologs are found also in phages.’® In contrast, the HT
genes in category V are involved in the host’s defense system
against phages, such as genes of restriction enzyme or of
CRISPR/Cas system. The genes involved in the restriction-
modification system’” and CRISPR383% are considered to be
frequently transferred among prokaryotic genomes, respec-
tively. It has also been reported that pilus-related genes in cat-
egory W have been transferred as pathogenicity-related
genes.*? Furthermore, secretion system genes were predicted as
frequently transferred genes in both the COG and KEGG
database. The secretion system is often involved in the patho-
genesis of bacteria, and the responsible genes are located tan-
demly as a large cluster that is subject to HGT.#1#2 Thus, as a
whole, widely transferred genes detected in this study were
those reported as HT genes in the previous case studies, sug-
gesting the usefulness of the nucleotide composition method in
treating a huge amount of genomic data.

Focusing on uncharacterized HT genes in the COG and
KEGG databases, four gene groups (COG3209, COG1479,
COG3291, and COG3791) were classified into “general func-
tion prediction only” (COG category code=R) or “function
unknown” (S) according to the COG annotation. By adding
two gene groups of “uncharacterized protein” (K08998 and
K07062) from the KEGG annotation, a total of six were
obtained as functionally ambiguous HT gene groups despite
being distributed among more than 300 species. With reference
to COG3209 (uncharacterized conserved protein RhaS, con-
tains 28 RHS repeats), the genes encoded in E. co/i have been
suggested to be horizontally transferred from another organ-
ism.® Recently, RHS repeat-containing genes are reported to
be involved in toxins against competitors*4; therefore, the genes
in COG3209 could be considered as defense system genes. The
functions of COG1479 (uncharacterized conserved protein,
contains ParB-like and HNH nuclease domains), COG3291
(PKD repeat), and COG3791 (uncharacterized conserved pro-
tein) have yet to be examined. According to InterPro analysis,
COG3791 genes have a domain of glutathione-dependent

formaldehyde-activating enzyme (IPR006913); therefore, these
genes might be related to formaldehyde detoxification.* The
KO group, K08998, corresponds to COG0759 (membrane-
anchored protein YidD) of category M in the COG database
that has previously been reported to be involved in the protein
insertion process.*® K07062 corresponds to COG1487 and is
considered a toxic protein.#’ As a whole, it has to be said that
the evolutionary significance of these six gene groups has not
been fully realized. Conversely, these genes might be good tar-
gets for evolutionary studies in the context of HGT, providing
an example of data-driven approaches from massive sequence
data.*® Of course, there may still be a sampling bias depending
on the database status at the time; however, the content of the
database will further increase and the annotation level will be
further refined in the future. When ortholog grouping is per-
formed using all available genomes, including those recently
sequenced, novel ortholog groups common to many species may
be found, whereby widely transferred novel HT genes might
also be found.

In this study, the proportion of genes attributed to at least
an ortholog group per species was 81% for the COG database
and 75% for the KEGG database. However, for HT genes, the
proportions decreased (67% and 59%, respectively), indicating
that the genes that were not attributed to any ortholog group
were often predicted as HT genes. In fact, 23% of the genes
that were not attributed to any ortholog group were predicted
as HT genes, while only 10% of the genes attributed to at least
an ortholog group were predicted as HT genes (13% for 1348
species in average). Unless there is some reason why unknown
genes are prone to be horizontally transferred, this observed
difference in results may be caused by artificial processes such
as in gene annotation. A clue is that the genes which were not
attributed to any ortholog group were shorter than the genes
attributed to at least an ortholog group (Supplementary Figure
4). Since a BLAST-based method was used to assign the
ortholog groups, it is likely that shorter gene sequences have
fewer significant matches by chance due to a small alignment
score. However, this reasoning seems insufficient to explain
the relationship between two observations—(1) the shortness
of the genes attributed to no ortholog group and (2) the rich-
ness of HT genes predicted in the genes attributed to no
ortholog group—because the HT gene prediction method
developed in this study is not affected by sequence length. One
possibility is that some of the predicted genes in the original
genome project may be pseudogenes or falsely detected genes.
In particular, frameshifts caused by nucleotide insertion/dele-
tion can shorten the gene by the emergence of stop codons in
the open reading frame and disturb the codon frequency,
resulting in a small I value. This can explain both the above-
mentioned observations; however, it is not currently easy to
evaluate the frequency of frameshifts, because those depend
on the status of genome sequencing. For example, the observed
insertion/deletion might be an artifact caused by DNA
sequencing errors, or the insertion/deletion may have actually
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occurred during cultivation of the strain. For a more thorough
understanding of HGT, the next challenge will be to clarify

the nature of genes with no attributed function.

Conclusions

In the present study, a novel method was developed for meas-
uring the frequency bias of the adjoining codons that allows for
the prediction of HT genes. Since this method is statistically
robust against variations in gene length, it is applicable to all
protein-coding genes, including fairly short ones. In this study,
at the maximum scale possible for HT gene prediction, using
more than 3000 prokaryote genomes, an average of 13% of the
genes per genome were predicted to be of horizontal origin.
The result revealed that the proportion of HT genes correlated
with the species’ habitat, although the influence of genomic
GC content was not negligible. Moreover, the functional cate-
gorization using the COG and KEGG databases showed that
mobilome-related genes, particularly those in COG2801 and
COG0582, were the most widely distributed HT genes among
prokaryotic taxa. Except for the mobilome-related genes, the
genes involved in cell defense (restriction-modification and
CRISPR), the secretion system, or the cell surface (pilus,
lipopolysaccharide) were predicted to be widely distributed
HT genes. In addition, the genes attributed to COG3209,
COG1479, COG3291, COG3791, COGO0759 (K08998), and
COG1487 (K07062) were widely transferred yet functionally
uncharacterized; therefore, these genes may be interesting tar-
gets for future evolutionary studies. Although the functional
classification of HT genes predicted in the present study
depends on the status of the gene databases used, the future
accumulation of genome sequence data and improvement of
annotation may lead to the discovery of evolutionarily impor-

tant HT genes by data-driven approaches.
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