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ABSTRACT

Lateral gene transfer (LGT) and gene rearrangement are essential for shaping bacterial genomes
during evolution. Separate attention has been focused on understanding the process of lateral gene
transfer and the process of gene translocation. However, little is known about how gene translocation
affects laterally transferred genes. Here we have examined gene translocations and lateral gene transfers
in closely related genome pairs. The results reveal that translocated genes undergo elevated rates of
evolution and gene translocation tends to take place preferentially in recently acquired genes.
Translocated genes have a high probability to be truncated, suggesting that translocation followed by
truncation/deletion might play an important role in the fast turnover of laterally transferred genes.
Furthermore, more recently acquired genes have a higher proportion of genes on the leading strand,

suggesting a strong strand bias of lateral gene transfer.

ENE insertions and deletions, together with gene
translocations play important roles in bacterial
genome evolution (GARCIA-VALLVE et al. 2000;
OcHmAN and Jones 2000; TiLpLier and COLLINS
2000a; FrRASER-LIGGETT 2005). Gene insertions and
deletions, as the essential driving forces in influencing
gene content (KuNIN and Ouzounis 2003), have
received a great deal of attention. Various methods
have been employed to study gene insertions and
deletions previously; for instance, there are studies of
population dynamics (NIELSEN and TOwNSEND 2004),
such as a birth-and-death model of evolution (BERG
and Kurranp 2002; NovozHiLov ef al. 2005), phylog-
eny-dependent studies including parsimony methods
(DAUBIN e al. 2003a,b; MIRKIN ef al. 2003; HAo and
GoLDING 2004), and maximum-likelihood methods
(Hao and GorLpinG 2006b, 2008b). It has been shown
that recently laterally transferred genes have high
evolutionary rates and high rates of gene turnover
(DAUBIN et al. 2003b; HAo and GoLpING 2004, 2006b).
Gene rearrangement has also been commonly stud-
ied as another important driving force that shapes
bacterial genomes (for a review, see RocHa 2004). Gene
order changes in genomes are history dependent; for
instance, fewer gene rearrangements are expected
among more closely related species. Gene order within
genomes has therefore been used to reconstruct phy-
logeny (SANKOFF et al. 2000; TAMAMES 2001; RoGozIN
et al. 2004; BELDA et al. 2005). Previous studies have
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focused mainly on lateral gene transfer (LGT) and gene
rearrangement individually, but little is known about
any association between laterally transferred genes and
gene rearrangements. The study of gene order of
laterally acquired genes might shed some light on the
understanding of the LGT process.

In this study, we have examined gene translocations
and lateral gene transfers in closely related genome
pairs. It is shown that the proportion of translocated
genes among recently acquired genes is always high,
while the proportion of translocated genes is always low
in ancient genes, suggesting that gene translocation
tends to take place in recently transferred genes. The
results also reveal that translocated genes have elevated
rates of evolution compared with positionally conserved
genes and gene truncation is more prevalent in trans-
located genes. These findings suggest that gene trans-
location might accelerate the gene turnover of recently
transferred genes and/or that genes likely to undergo
translocation are those genes more likely to be laterally
transferred and dispensable for the genome. Further-
more, the proportion of recently acquired genes is
higher on the leading strand, suggesting that laterally
transferred genes are biased toward being on the leading
strand. After lateral transfer, some genes could be trans-
located to the lagging strand and some translocated
genes are likely to be eliminated during evolution.

METHODS

The Bacillaceae group was chosen in this study due to
the abundance of completely sequenced congeneric
species. Complete genome sequences (Table 1 and
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TABLE 1

Strain information in the Bacillaceae group

Accession
Taxa Abbreviation No.
Bacillus anthracis str. Ba; NC_007530

“Ames Ancestor”
B. anthracis str. Ames Bao NC_003997
B. anthracis str. Sterne Bag NC_005945
B. amyloliquefaciens Bam NC_009725
B. cereus E33L Bc; NC_006274
B. cereus ATCC 10987 Bco NC_003909
B. cereus ATCC 14579 Bceg NC_004722
B. cereus subsp. cytotoxis Bey NC_009674
B. clausii Bcl NC_006582
B. halodurans Bh NC_002570
B. licheniformis ATCC 14580 Bl NC_006322
B. subtilis Bs NC_000964
B. thuringiensis serovar Bty NC_005957
konkukian

B. thuringiensis str. Al Hakam Bty NC_008600
B. pumilus Bp NC_009848
B. weihenstephanensis Bw NC_010184
Geobacillus kaustophilus Gk NC_006510
G. thermodenitrificans Gt NC_009328
Lysinibacillus sphaericus Ls NC_010382
Oceanobacillus iheyensis Oi NC_004193
Listeria innocua Outgroup NC_003212
L. monocylogenes Outgroup NC_003210

Figure 1) were downloaded from the NCBI database
(ftp:/ftp.ncbi.nlm.nih.gov/). Annotated protein se-
quences were extracted from each complete genome.
Four genome pairs (BIBp, BamBs, BwBcy, and BcgBcs)
were examined for gene translocation because of the
variation in gene content and the absence of large-scale
genome rearrangement between each genome pair
(Figure 2). The reciprocal best hit procedure has
been commonly used for identifying orthologous pairs
(E1sEN 2000; HirsH and FrASEr 2001); in this study,
orthologs were inferred from reciprocal best hits via a
BLASTP search (AvTscHUL et al. 1997). Significant
matches are required to have an Evalue <10°. To
avoid the confounding effects of duplication during
evolution (GuU et al. 2002; ZHANG et al. 2003), all paralogs
in the analyzed genomes were excluded from further
analysis. To do this, a TBLASTN search was conducted
to search against both the query and the subject
genomes with an F~value <107°. If there was more than
one significant hit in either genome, the query se-
quence was removed from further analysis. To avoid the
potential effect of nonorthologous matches, a series of
different cutoff thresholds on protein identity (from
30 to 80%) were employed in addition to the existing
criteria for identifying orthologs.

Genes were further categorized into group-specific
genes and nonspecific genes. For instance, Bc group-
specific (see Figure 1 for group definition) genes are
present only in the Bc group but absent (with an f~value

0.1

Bc group

el

Bw Bc4
Ba1Ba2 Ba3 Bt1Bt2Bc1Bc2Bc3

Bp group

Ls

Oi

Bh

Gt Gk

Bel Bam Bs Bl Bp

Ficure 1.—Phylogeny of the Bacillaceae group. Maximum-
likelihood phylogeny was obtained from concatenated DNA
sequences of 325 universally present nonduplicated genes
in the Bacillaceae group. The topology is identical to the con-
sensus of 325 individual gene trees, and the major part of
phylogeny except two internal branches (labeled as *) is con-
sistent with the neighborjoining tree of the concatenated
sequences. Abbreviations of strain names are listed in Table
1. The genomes used in genome pair analysis are underlined.
Two clades are within shaded boxes. The Bc group is com-
monly used for the clade of B. anthracis (Ba), B. cereus (Bc),
and B. thuringiensis (Bt), and the Bp group (including Bam,
Bs, Bl, and Bp) is for description purposes in this study.

>10"7) from any other Bacillaceae genomes. Similarly,
Bp-specific genes are present only in the Bp group but
absent from any other Bacillaceae genomes. Members
of orthologous genes were sorted according to their
physical location on the chromosomes in each genome.
The pairs that do not show conserved location on the
chromosomes were deemed as translocated genes.
Gene truncation was also identified in each genome
pair. Annotated gene sequences in one genome were
used as query sequences to BLAST against another
genome. Significant hits are required to have an F-value
<107°. The match length of each hit was shown and the
fraction of imperfect matches was used as an indicator
for the degree of gene truncation as in Hao and
GOLDING (2008a). To avoid the potential effect of
nonorthologous matches, a series of more restrictive
cutoff thresholds on Fvalues were examined (1077,
1071, 107*, and 107*°).

No large-scale genome rearrangement was observed
in the four genome pairs (Figure 2), which makes it
easier to study individual gene translocation. Among
the four genome pairs, BIBp is the most diverse pair, and
BcoBceg is the least diverse pair (see supporting in-
formation, Figure S1). The lower ends of the 95%
confidence interval on protein identity for BIBp,
BamBs, BwBcy, and BcsBceg are 38.1, 52.1, 58.5, and
80.1, respectively. When different cutoff thresholds were
not used, the lower ends of the 95% confidence interval
were used to avoid the potential effect of nonortholo-
gous matches.

Regions associated with insertion sequences (ISs) and
prophages were identified. ISs were identified by the
IScan program (WAGNER et al. 2007), using query
sequences of 20 reference sequences from WAGNER
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FIGURE 2.—Genome synteny. (A) Bcg vs.
Bces; (B) Bw vs. Bey; (C) Bam vs. Bs; (D) Bl
vs. Bp. Homologous matches are taken to
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et al. (2007) and 82 additional IS sequences that have
been discovered in Bacillus species (names are given in
Table S1). The sequences of all 102 ISs were obtained
from the ISfinder website (SIGUIER et al. 2006b). Genes
present in the IS regions were deemed to be IS
associated. Prophages in each genome were identified
by the Prophinder web server (LIMA-MENDEZ el al.
2008). Genes present in the prophage regions were
deemed to be prophage associated.

The origins and termini of replication for all
genomes were identified by GC skew as done in
previous studies (LOBRY 1996; MORTON and MORTON
2007). GC skew was computed from the function (G —
C)/(G + C) on 1000-bp windows across each genome.
Gene location together with its orientation was used to
determine whether the gene is on the leading strand
or not. The number of genes on the leading strand was
counted (see Table S2). The proportion of genes on
the leading strand was further analyzed at different
phylogenetic depths in both the Bc group and the Bp
group. In the Bc group, group-specific genes in the
Ba; genome were examined and classified according
to their depth in the phylogeny. In brief, genes present
in Bcy were categorized as ng, genes present in Bw but
not present in Bc, were categorized as n;, genes
present in Bcsg but not present in Bw or Bcy were
categorized as me, genes present in either Bc; or Bey
but not present in Bcy, Bw, or Bcs were categorized as
ng, genes present in Bt genomes but not present in
Bcy, Bw, Bes, Beo, or Bey were categorized as ny, and

3000 4000 5000
Gene in the Bl genome

genes present only in the Ba strains were categorized
as ns.

Alignments of homologous sequences were con-
structed using the MUSCLE program (EpGar 2004).
Three hundred twenty-five nonduplicated genes that are
universally present in all Bacillaceae genomes were used
for phylogeny reconstruction. A maximum-likelihood
tree and a neighborjoining tree were generated on
concatenated sequences of the 325 genes (335,380
characters), using the PHYLIP package (FELSENSTEIN
1989) version 3.67, and the rate variation parameter
alpha was estimated using the PUZZLE program
(STRIMMER and voN HAESELER 1996). The ratio of
nonsynonymous changes to synonymous changes (K, /K
ratio) was measured by the YANG and NIELSEN (2000)
method, using yn00 in the PAML package (YANG 2007)
based on nucleotide sequence alignments that were
created from the corresponding protein alignments.
To obtain a more reliable measurement of K,/Kj,
we excluded protein pairs that have protein identity
<50%, since in this case synonymous changes might be
greatly saturated. Statistical analyses were conducted
using the R package (R DEVELOPMENT CORE TEAM
2008).

RESULTS

Molecular evolution of translocated genes: Evolu-
tionary distance of different genes was examined
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Frcure 3.—DNA distance [(A) BIBp; (B) BamBs; (C) BwBcy; (D) BeoBes] and K, /K, values [(E) BIBp; (F) BamBs; (G) BwBcy;
(H) BcoBceg] in each genome pair. Abbreviations: Be (Bp), Bc (Bp) group-specific genes; nonBc (nonBp), gene not specific to the
Bc (Bp) group. The size of each class is shown. In K,/K; estimation, gene pairs that have protein identity <50% were excluded.
Difference among classes was tested in a Tukey’s honestly significant differences test. All observed significant comparisons are
associated with the conserved nonspecific genes (the left box plot in each panel), and levels of significance (**P < 0.001 or

*P < 0.05) together with Pvalues are shown.

separately in each genome pair (Figure 3, A-D).
Strikingly, conserved specific genes have greater evolu-
tionary distance than conserved nonspecific genes in all
genome pairs. K,/K; values, as an indicator for the
degree of functional constraints, were also examined for
different gene groups (Figure 3, E-H). Conserved
specific genes have greater K,/K; values than conserved
nonspecific genes in all genome pairs. This is consistent
with previous findings that recently transferred genes
have faster rates of evolution (Hao and GoLDING
2006b). In nonspecific genes, translocated genes have
faster rates of evolution over positionally conserved
genes in the BIBp, BamBs, and BwBc, genome pairs,
suggesting that translocated genes tend to have greater
rates of evolution over positionally conserved genes.
Translocated nonspecific genes also show significantly
higher K, /K, values over positionally conserved genes in
the BIBp and BamBs pairs. A MANOVA test (see Table
S3) also supports that both LGT and gene translocation

contribute to the elevated substitution rates and K, /K
values.

Translocation in recently acquired genes: The pro-
portion of translocated genes was calculated and is
shown in Figure 4. The results reveal that recently
transferred genes have a high proportion of trans-
located genes in all four genome pairs, while a high
proportion of translocated genes was not observed in
ancient genes (nonspecific genes). In fact, the pro-
portion of translocated genes in genes that are present
in all Bacillaceae genomes is even lower than that in
nonspecific genes (data not shown). Together, the data
show that gene translocation tends to take place in
recently transferred genes. If gene translocation is a
constant process throughout bacterial genome evolu-
tion, the results suggest that many translocated genes
are deleted rapidly during evolution. These results are
robust when different cutoff thresholds are used (pro-
tein identity from 30 to 80%). In other words, the high
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(A) The BwBc4 and BcyBcs genome pairs; (B) the BIBp
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squares (Pvalues of a x*test are shown).

proportion of translocated genes in recently transferred
genes is not an artifact of relaxed cutoff thresholds used
to identify orthologs.

This trend holds true in genes acquired at different
evolutionary depths. Group-specific genes were further
divided and analyzed in two types (“A” and “B,” Figure
5). The A type of genes is present in a narrower
spectrum of genomes than the B type of genes, and,
very likely, the A type of genes is more recently acquired
than the B type of genes. Figure 5A shows that the A type
of genes yields a higher percentage of translocated
genes than the B type of genes in both BamBs and
BcoBes genome pairs. To minimize the effect of xenol-
ogous gene displacement (with the original copy
missing), we excluded genes with exceptionally large
phylogenetic distance in Figure 5, B and C. In brief, for a
gene, if the DNA distance from a closely related strain is
larger than the distance from a slightly more distantly
related strain (e.g., Bam-Bs > Bs-Bl or Bam-Bs > Bs-Bp),
the gene is excluded from further analysis. Figure 5B
shows that the B type of genes has a higher proportion
of translocated genes than nonspecific genes in both
BamBs and BcoBcg genome pairs. We then expanded
the same analysis on nonspecific genes in Figure 5C. It
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F1Gure 5.—Translocated genes in recently acquired genes.
(A) Translocated genes at different phylogenetic depths.
Group-specific genes (labeled as “specific” in Figure 4) in
two genome pairs BamBs and BcoBcg were further examined
at different phylogenetic depths using reference genomes. Bp
and Bl are a reference for the BamBs pair; Bw and Bc, are a
reference for the BcoBes pair. The “A” types of genes are pre-
sent in the analyzed genome pair but not in the reference
genomes, while the “B” types of genes are present in the
analyzed genome pair and in at least one of the reference
genomes. Note that both A and B types of genes are group
specific. (B) Comparison between the B type of genes and
nonspecific genes (as in Figure 4). Genes with exceptionally
large phylogenetic distance were excluded. (C) Comparison
within “nonspecific” genes. Genes were designated as
“broad” if they have at least one homolog in Ls, Oi, or Listeria
and otherwise designated as “narrow.” Genes with exception-
ally large phylogenetic distance were excluded using Bh, Bcl,
Gt, and Gk as a reference. Pvalues of a x*test are shown.

shows that genes present in a broader spectrum have a
higher proportion of translocated genes than those
present in a narrower spectrum. In other words, the
proportion of translocated genes is nicely associated
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F1cUure 6.—Fraction of homologous sequences that do not
have a perfect match length in a TBLASTN search using dif-
ferent cutoffs for Fvalues. Annotated genes from the Bc4 ge-
nome were used as query sequences to search against the Bw
genome. Genes associated with ISs and prophages were ex-
cluded. (A) Positionally conserved genes; (B) translocated
genes.

with the phylogenetic depths. It is worth mentioning
that the inverse relationship between the proportion of
translocated genes and their gene age is not likely an
artifact of different degrees of divergence among gene
categories. Genes within some genome pairs are highly
similar in terms of their protein identity. For instance,
>95% of gene pairs between BcoBes have protein
identity >80.1% (see Figure S1). Divergent orthologs
in these closely related genomes would still be able to be
detected using low protein identities as cutoffs. In fact,
the inverse relationship between the proportion of
translocated genes and their gene age is robust in
closely related pairs (and distantly related pairs) regard-
less of cutoff thresholds (Figures 4 and 5). These data
support that more recently acquired genes are more
likely to be translocated.

Truncation in translocated genes: If gene truncation,
as an imperfect form of gene deletion, takes place
constantly as does gene deletion, different numbers of
truncated genes might reflect different levels of gene
deletions (Hao and GoLpING 2006a). Figure 6 shows
the fraction of imperfect match length in a TBLASTN
search after excluding genes associated with ISs and
prophages. The results reveal that translocated genes
have a higher proportion of truncated genes over
positionally conserved ones in the BwBcy pair. This
trend is robust after more restrictive cutoff thresholds
on Ivalues were used in identifying orthologs (from
107" to 10*°). To avoid the potential effect of frameshift
mutation, a BLASTN search was conducted using the
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pair; group-specific and nonspecific genes are shown sepa-
rately. Note that there is a slight difference between the Bl
and Bp genomes due to individual gene inversion.

DNA sequences of annotated genes as query sequences.
The result is consistent that translocated genes have a
higher proportion of truncated genes over positionally
conserved ones (see Figure S2). Comparison was also
conducted reciprocally within the BwBcy pair and
within each of the other three genome pairs, the trend
holds true for all of them (data not shown). This
suggests that the high proportion of gene truncation
in translocated genes is not an artifact of the particular
analyzed genome, but rather it is a general phenome-
non in bacterial genome evolution.

Dynamic strand bias: Among positionally conserved
genes, group-specific genes have a lower proportion on
the leading strand than nonspecific genes (Figure 7).
Since it has been shown that essential genes tend to be
more conserved on the leading strand (RochHa and
DancHIN 2003; FANG et al. 2005), one should expect
that functionally important genes are more likely on
the leading strand. Genes on leading/lagging strands
were counted according to their COG classification
(TaTusov et al. 2000). Poorly characterized genes and
genes not included in COG classification have a lower
percentage of genes on the leading strand compared
with other genes (data not shown). Genes could also be
translocated to a different strand during evolution.
Among the translocated genes, ~30% of them have
been translocated to a different strand (see Table S2).

The proportion of genes on the leading strand was
further examined at different phylogenetic depths in
the Bc group (Figure 8). It is clear that more recently
acquired genes have a higher proportion of genes on
the leading strand. This trend is the opposite of the
result that ancient genes have a higher proportion of
genes on the leading strand than overall group specific
genes (Figure 7). The result of more recently acquired
genes on the leading strand could not be explained by
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the essentiality of recently acquired genes, since pre-
vious analyses have shown faster evolutionary rates and
higher K,/K; ratios in more recently acquired genes
(Hao and GoLDING 2006b). Genes and the ISs and
prophage regions in the Ba; genome were mapped on
the chromosome (see Figure S3). The most recently
acquired class 75 has a significantly higher proportion
of genes associated with prophages (see Table S4).
This might explain a small part of the higher pro-
portion of genes on the leading strand in more
recently acquired genes, since phages tend to integrate
in such a way that most of their genes are coded on the
leading strand (CaMPBELL 2002). The negative associ-
ation between phylogenetic depth and proportion of
genes on the leading strand, however, still holds after
excluding genes associated with ISs and prophages
(Figure 8).

DISCUSSION

Robustness: Inferring gene translocation relies
heavily on the identification of orthologous pairs. Any

single threshold for ortholog identification might be
problematic. We therefore made use of a series of cutoff
thresholds to detect orthologs. Different threshold
values caused some variation of the number of orthol-
ogous pairs, such as a decrease in the numbers of
orthologous pairs when using restrictive cutoffs and an
increase in the numbers of orthologous pairs when
using relaxed cutoffs. Importantly, the proportion of
translocated genes in recently transferred genes is
always higher than that in ancient genes when using
different cutoff thresholds. The high frequency of gene
translocation in recently acquired genes, therefore, is
not likely an artifact of the methodology used in this
study.

Gene duplication is very common during genome
evolution and substitution rates are often accelerated
following gene duplication (ZHANG et al. 2003). After
gene duplication, duplicates may be retained and
undergo neofunctionalization or subfunctionalization
(Ly~ncH and Forcke 2000; LyncH et al. 2001). There is a
possibility that some orthologs inferred in this study
were involved in differential loss after duplication. It has
been shown that differential loss and gene conversion
might happen after ancient duplication (LATHE and
Bork 2001), and gene duplication followed by differ-
ential loss can always be invoked as an alternative to
lateral gene transfer and vice versa (GOGARTEN and
TownsenD 2005). Differential loss will result in a
relatively high level of divergence at the sequence level.
In this study, the high proportion of translocated genes
in recently acquired genes holds true even when the
cutoff threshold for ortholog identification is very
restrictive (up to 80% of protein identity). This supports
the robustness of the concept that translocation tends to
take place in recently acquired genes.

It is possible that some orthologous pairs detected in
this study might be due to gene replacement via LGT.
First, a distantly related gene copy could be introduced
into a different location of the genome (lineage) and
the original copy in the genome is deleted during
evolution. This is the case of xenologous gene displace-
ment. Second, itis also possible that the distantly related
gene copy could be introduced to the same location of a
genome and replace the original copy. This is known as
gene displacement in situ (OMELCHENKO et al. 2003).
Third, it is possible that a distinct gene is introduced
into one lineage and then laterally transferred to
another lineage. The first scenario is similar to the case
of differential loss after duplication. In Figure 5, B and
C, we have excluded genes with exceptionally large DNA
distance by comparing slightly more distantly related
strains. The trends are consistent in both cases, even
though no significant P-values were obtained in Figure
5B, which might be due to the small number of genes in
comparison. The second scenario does not result in
gene translocation since the diverged copy just replaced
the original copy #n situ. In fact, some genes were found
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to have conserved gene order but have significant levels
of sequence divergence (data not shown). The third
scenario is difficult to distinguish from gene trans-
location. The likelihood of two successive transfers of
one gene should be low, since closely related genomes
are usually diverged due to niche separation but gene
transfers are likely to take place among organisms that
live in similar niches (JAIN et al. 2003). Furthermore, the
B types of genes in Figure 5 are not very likely subject
to successive transfers because of their presence in a
broader spectrum of genomes, and they also show a
higher proportion of translocated genes than nonspe-
cific genes (Figure 5B). Therefore, successive transfer
events, if they happen, would not alter the conclusion
that recently acquired genes tend to be translocated.
The evolution of translocated genes: Besides the
high frequency of gene translocation in recently trans-
ferred genes, this study reveals that translocated genes
undergo faster rates of evolution compared with posi-
tionally conserved genes (Figure 3). Since translocated
genes are under faster rates of evolution than position-
ally conserved genes, when more restrictive cutoff
thresholds are used in identifying orthologs, the num-
ber of identified translocated genes might decrease
more dramatically than that of positionally conserved
genes, which results in a decrease in the proportion of
translocated genes with more restrictive cutoffs (Figures
4 and 5). Indeed, a fast rate of evolution has been
reported to result in a failure to detect homologs in
similarity searches (Hao and GoLpING 2006a).
Previous studies have suggested that many recently
transferred genes tend to be deleted rapidly (Hao and
GoLpING 2004, 2006b). Gene translocations tend to
take place in recently transferred genes that tend to
be deleted rapidly; as a consequence, gene transloca-
tion should be considered as a local phenomenon.
Indeed, relatively high rates of gene rearrangements
have been found in closely related Salmonella strains
(L1u and SANDERSON 1998; Liu et al. 2003; KOTHAPALLI
et al. 2005), whereas the genome structures between
Escherichia coli and Salmonella remain highly similar
(Krawikc and RiLEY 1990; L1u et al. 1993). Furthermore,
most truncated genes were found in translocated genes
and the proportion of truncated genes is much higher
in translocated genes than in positionally conserved
genes (Figure 5). This holds true in all four genome
pairs (data not shown). In other words, after being
translocated, many genes tend to be deleted rapidly.
Compared with ancient genes, recently transferred
genes were shown to be under relaxed functional
constraints and translocated genes might be under
more relaxed functional constraints (K,/K; ratios, Fig-
ure 3). It is plausible that genes under relaxed con-
straints are more likely to be translocated and tend to
change more freely or even be deleted due to these
relaxed functional constraints. On the other hand,
some gene translocations might be considered as

adaptive. The host with translocated genes might be
able to adapt to a new niche faster than if it depended
solely on substitution. Indeed, it has been shown that
large-scale genome rearrangements, such as gene in-
version and gene translocation, alter gene expression
(BRINIG et al. 2006) and might play roles in niche
adaptation (COLSON et al. 2004; KUWAHARA et al. 2004;
BURGETZ et al. 2006; COLEMAN et al. 2006; L1u et al. 2006).

The occurrence of gene translocation seems to be
influenced by gene function. The distribution of COG
classification was compared between translocated genes
and positionally conserved genes (see Figure S4). A
significant difference in distribution was observed in
BIBp, BamBs, and BwBc,4. Gene translocation is gener-
ally rare in genes involved in translation, ribosomal
structure, and biogenesis (“]” class), while gene trans-
location is more common in genes involved in carbo-
hydrate transport and metabolism (“G” class) and
amino acid transport and metabolism (“E” class) and
in genes not included in COG (“—" class in Figure S4).
In other words, besides the elevated evolutionary rates,
translocated genes have a biased distribution of func-
tional classification. This finding is a snapshot of the
evolutionary process with the presence of selection.
Gene translocation has deleterious effects on genes, and
translocation that occurred in ancient genes or func-
tionally essential genes is likely strongly deleterious,
while translocation that has occurred in recently ac-
quired genes is likely less deleterious or might be
adaptive. Adaptive translocations are likely to be re-
tained and slightly deleterious translocations could be
retained in a population for some period of time, while
strongly deleterious translocations should be extremely
rare. The fate of many translocated genes in recently
acquired genes is to be eliminated during evolution.
Therefore, gene translocation serves as a factor that
speeds up the turnover of laterally transferred genes.

Genes distributed on the leading strand: Genes
on the leading strand were examined but different
pictures were obtained at differentlevels of comparison.
A large-scale comparison shows that ancient genes are
more likely on the leading strand than group-specific
genes (Figure 7). The proportion of genes on the
leading strand is higher in genes universally present in
all Bacillaceae genomes and further inflated in the
universal genes in Bacillaceae also present in Listeria
genomes (data not shown). A similar pattern has been
found by FANG et al. (2005). The high proportion of
genes on the leading strand in ancient genes is likely
due to their functional essentiality, since essential genes
tend to be on the leading strand (RocHA and DANCHIN
2003).

In a fine-scale comparison it is found that more
recently acquired genes have an even higher proportion
of genes on the leading strand (Figure 8). We examined
the effect of prophage genes, since lambdoid phages
tend to integrate in such a way that most of their genes
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are coded on the leading strand (CamMpBELL 2002).
Genes associated with prophages do show a higher
proportion of being on the leading strand (Table S5)
and the most recently acquired class n; has a signifi-
cantly higher proportion of genes associated with
prophages (Table S4). However, the removal of genes
associated with ISs and prophages resulted in little
change of the trend. One possible explanation is that
recently acquired genes are of phage origin but have
become difficult to identify. Indeed, most of the recently
acquired genes have features similar to genes in lamb-
doid phages (DAUBIN et al. 2003a). Another possibility is
that some foreign genes are from some nonphage
sources, but like lambdoid phages, they also tend to
be inserted into the leading strand of the host genome.
The high proportion of newly transferred genes on the
leading strand could also be explained by the fact that
transfers to the lagging strand are likely less successful.
The substantial difference between the large-scale com-
parison and the fine-scale comparison is that, in the
short term, gene translocation is likely neutral or nearly
neutral, whereas, in the long term, gene translocation
could be deleterious and selected against.

It has been shown that genes evolve faster after
shifting from one replicating strand to the other due
to mutational biases (TiLLIER and CorLrLiNs 2000b;
RocHA and DancHIN 2001). We have examined the
translocated genes that shifted strand, but no significant
difference in DNA distance was found between genes
that shifted strand and those that did not shift strand
(see Figure S5). The trend, though not significant, that
translocated genes that shifted strand evolve faster than
those that did not shift strand was observed in BIBp and
BamBs. It is possible that the test lacks statistical power
due to the small number of translocated genes. Impor-
tantly, translocated genes that did not shift strand have
shown a significantly larger distance than positionally
conserved genes. This suggests that the elevated rate of
evolution in translocated genes is not mainly due to
mutational bias after shifting strand.

Gene translocation mechanisms: Genome rearrange-
ment can be the result of a number of specific molecular
mechanisms (ARBER 2003), initiated or aided by pro-
phage, IS elements, and site-specific recombination.
Prophages have been well documented to play an
important role in large-scale genome rearrangements
(CANCHAYA et al. 2004), and quite often prophages are
associated with insertions of a number of novel sequen-
ces (IvaNova et al. 2003). Translocated genes identified
in this study tend to be spatially dispersed rather than
clustered together (Figure 2, Figure S6, and Figure S7).
Therefore, bacterial phages might play a role in trans-
location of several genes in a cluster, but it is not likely
the main driving force for individual gene translocation
during evolution.

Mobile elements (IS elements) have been known to
play an important role in extensive genome rearrange-

ment, such as in Bordetella (BRINIG et al. 2006). In this
study, the results are robust even after excluding genes
associated with ISs and prophages. However, the possi-
bility that IS elements are involved in gene translocation
cannot be ruled out since most of the IS elements in
genomes are evolutionarily young and under fast rates
of turnover (SIGUIER et al. 2006a; WAGNER 2006a,b;
ToucHoN and RocHA 2007). It has been shown that
elements involved in gene transfer have undergone a
decay process (SIRAND-PUGNET et al. 2007). Similarly, it
might be possible that IS elements involved in gene
translocation in this study have been deleted during
evolution.

Site-specific recombination has also been reported
to be involved in lateral gene transfer and deletion
in bacterial genome evolution (GILLINGS et al. 2005;
MacDoNALD et al. 2006). Furthermore, short palin-
dromic sequences (LEWIS et al. 1999; ToBEs and PAREJA
2006) or short signature sequences (ROBINS et al.
2005) have been suggested to serve as a source of
recombination sites for gene movement. However,
detection of recombination sites requires more exper-
imental evidence.

Conclusion: We have uncovered significant associa-
tions between gene translocation and lateral gene
transfer. Translocated genes have accelerated rates of
evolution and gene translocation tends to be observed
in recently acquired genes. Many translocated genes
undergo gene truncation and will ultimately be deleted
from the genome. Furthermore, there is a strong
leading strand bias of lateral gene transfer and in the
course of evolution the strand bias of the laterally
transferred genes will be influenced by gene trans-
location and many other factors. In conclusion, gene
translocation plays an important role in shaping the
evolution of laterally transferred genes.
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FIGURE S1.—Histogram of protein identity in each genome pair. From the most diverse to
the least diverse, the genome pairs are BIBp, BamBs, BwBc4, and BcoBes. The lower end of 95%
confidence interval on protein identity for each pair is 38.1, 52.1, 58.5, 80.1 respectively.
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FIGURE S2.—Fraction of homolgous sequences that do not have a perfect match length in a BLASTN search
using different cutoffs for E-values. Genes associated with ISs and prophages were excluded. DNA sequences of
annotated genes from the Bc4 genome were used as query sequences to search against the Bw genome (the
BLASTN parameters are “-r 5 -q -4 -W 7 -G 8 -E 6”). A, positionally conserved genes; B, translocated genes.
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FIGURE S3.—Distribution of ISs and genes acquired at different evolutionary time in the Ba; genome. Genome coordinate
starts from oz and increases clockwise. The outermost circle represents the location of prophage, and the second outermost circle
represents the location of ISs. The number of genes associated with ISs and prophages is given in Table S4.
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FIGURE S4.—Functional classification of positionally conserved and translocated genes. Functional categories were following
the COG classification. One genome as representive from each genome pair was shown, they are %7The representive genomes
are Bp for BIBp (A, B), Bs for BamBs (C, D), Bcy for BwBc$_43$ (E, F), and Bes for BeoBe3 (G, H). In each genome, difference in
distribution between positionally conserved and translocated genes was tested in a X2-test, and P values are shown (N/S for not
significant). Description for each COG category: ‘J’- Translation, ribosomal structure and biogenesis; ‘K’- Transcription; ‘L’-
Replication, recombination and repair; ‘B’- Chromatin structure and dynamics; ‘D’- Cell cycle control, cell division, chromosome
partitioning; ‘V’- Defense mechanisms; “I”- Signal transduction mechanisms; ‘M’- Cell wall/membrane/envelope biogenesis; ‘N’-
Cell motility; “W’- Extracellular structures; ‘U’- Intracellular trafficking, secretion, and vesicular transport; ‘O’- Posttranslational
modification, protein turnover, chaperones; ‘C’- Energy production and conversion; ‘G’- Carbohydrate transport and
metabolism; ‘E’- Amino acid transport and metabolism; ‘F’- Nucleotide transport and metabolism; ‘H’- Coenzyme transport and
metabolism; ‘I’- Lipid transport and metabolism; ‘P’- Inorganic ion transport and metabolism; ‘Q’- Secondary metabolites
biosynthesis, transport and catabolism; ‘R’- General function prediction only; “S’- Function unknown; ‘-~ Not in COG.
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FIGURE S6.—Distribution of translocated genes and ISs in the Bc group. The outermost circle represents the location of
prophage, and the second outermost circle represents the location of ISs. The innermost circle represents the Bc specific
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translocated genes are associated with IS elements. In Bw and Bcy, two Be specific translocated genes and three non-Bc
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FIGURE S7.—Distribution of translocated genes and ISs in the Bp group. The outermost circle represents the location of
prophage, and the second outermost circle represents the location of ISs. The innermost circle represents the Bp specific
translocated genes, and the second innermost circle represents the non specific translocated genes. No genes are associated
with IS elements in Bam and Bs genomes and only one gene pair is associated with IS elements in both Bl and Bp genomes.
In Bl and Bp, two Bp specific translocated genes and 17 non-Bp translocated genes are associated with prophage.
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TABLE S1

Name of ISs used as query sequences in the IS search

o A

General® | Present in Bacillus Species
ISIA IS4Bsul 182318 IS655  ISBce7  ISBwe2
182 IS231A  IS231T 1S656  ISBce8  ISBwe3
1S4 IS231B  IS231U IS657  ISBceY
IS5 IS231C 18231V IS658  ISBsl
IS15 IS231D  IS231W IS660  ISBs2
1821 IS231E  I8231Y 1S662  ISBsel
1S30 IS231F  IS232A IS663  ISBspl
1891 IS231F2 1S8233A IS5376  ISBsp2
IS110 IS231G  IS240A 1S5377  ISBsphl
18256 IS231H  1S240B  ISBcel0 ISBsph2
IS380A | IS2311  I1S240C ISBcell ISBstl
15481 1S231)  IS240F ISBcel2 ISBstl2
IS605 IS231K  1S641  ISBcel3 ISBtl
1S630 IS231L  1S642  ISBcel4 ISBt2
15982 IS231M 1S643  ISBcel5 ISBthl
IS1071 | IS23IN  IS650  ISBcel6 ISBthl65
ISAs] IS2310 1S651  ISBce2  ISBth4
ISCR1 | IS231P 1S652  ISBce3  ISBthS
ISL3 1S231Q IS653  ISBce4  ISBth6
ISRm14 | IS231R  IS654  ISBce5 ISBwel

“ Obtained from WAGNER et al. 2007.
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Proportion of genes on the leading strand in different genome pairs
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TABLE S2

Different genes

BIBp

Bp group non-Bp

BamBs
Bp group non-Bp

BwBc4
Be group non-Be

Bc2Bc3
Bc group non-Be

Genome | 65.52% 8131% 6737% 79.73% 6327% 7751% 66.08% 78.25%
Positionally Genome?2  7241% 81.61% 6737% 79.73% 6327% 7751% 66.08% 78.25%
conserved  Total genes 58 979 95 1105 196 1014 342 1154
Diff. strand 6 5 0 0 0 0 0 0
Genome I  50.00% 80.65% 80.00% 76.32% 72.73% 6842% 33.33% 66.67%
Genome2  7500% 74.19% 50.00% 63.16% 100.0% 78.95% 66.67% 100.0%
Translocated Total genes 12 93 10 38 11 19 3 3
Diff. strand 5 26 3 13 3 6 1 1
(percentage) 41.66% 27.96% 30.00% 34.21% 2727% 31.58% 33.33% 33.33%

Among the positionally conserved genes, group specific genes are less likely to be on the leading strand compared with

non-group specific genes.
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TABLE S3

Multivariate analysis of variance (MANOVA) test results using Wilks’ A

BIBp BamBs BwBc, Bc,Bey
LGT 46x107% 14x107% <22x107'% 7.2x107%
Translocation <22x107'% 46x107"  22x10°%®  NI/S
Translocation:LGT  1.6x107% 59x10~" N/S N/S

Two factors (translocation and LGT) were examined using the DNA distance and
Ka/Ks data and P-values are presented.
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TABLE $4

Association of ISs and prophage with genes acquired into Ba; at different evolutionary time

Class Total ISs Prophage Remaining
No. % No. % No. %

n, 426 2 047 16 376 410 9577

n; 368 0 000 23 6.25 345 9375

n, 101 0 000 9 8091 92 91.09

na 79 0 000 3 3.80 76 96.20

ny 20 0 000 1 5.00 19 95.00

ng 68 0 000 26 3824 42 6176

16

* ng has a significantly higher number of genes (£ < 2.2 x 10~
in a x? test) associated with prophage than the rest of classes
(ng+n+ng+ng+n,).
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TABLE S5

Leading strand bias in genes associated with prophage

Genome  Overall Prophage associated P-value
leading(%) Leading Lagging Leading(%) (x? test)
Ba, 74.65 211 32 86.83 2.40 x 107%
Be, 7345 111 19 95.38 3.12 x 107%
Be; 75.32 176 27 86.70 2.85 x 107%
Bw 74.34 148 21 87.57 1.40 x 107%
Be, 75.08 159 27 85.48 1.70 x 107%
Bam 74.49 19 3 86.36 0.30
Bs 74.15 210 61 77.49 0.18
Bl 74.71 159 16 90.86 1.88 x 107%
Bp 75.12 33 1 97.06 5.90 x 1077

Genes associated with prophage are more likely on the leading strand
compared with the overall genes in each genome.



