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Abstract

Horizontal gene transfer (HGT) is a major driving force for bacterial evolution. To avoid the deleterious effects due to the
unregulated expression of newly acquired foreign genes, bacteria have evolved specific proteins named xenogeneic
silencers to recognize foreign DNA sequences and suppress their transcription. As there is considerable diversity in
genomic base compositions among bacteria, how xenogeneic silencers distinguish self- from nonself DNA in different
bacteria remains poorly understood. This review summarizes the progress in studying the DNA binding preferences and
the underlying molecular mechanisms of known xenogeneic silencer families, represented by H-NS of Escherichia coli, Lsr2
of Mycobacterium, MvaT of Pseudomonas, and Rok of Bacillus. Comparative analyses of the published data indicate that
the differences in DNA recognition mechanisms enable these xenogeneic silencers to have clear characteristics in DNA
sequence preferences, which are further correlated with different host genomic features. These correlations provide
insights into the mechanisms of how these xenogeneic silencers selectively target foreign DNA in different genomic
backgrounds. Furthermore, it is revealed that the genomic AT contents of bacterial species with the same xenogeneic
silencer family proteins are distributed in a limited range and are generally lower than those species without any known
xenogeneic silencers in the same phylum/class/genus, indicating that xenogeneic silencers have multifaceted roles on
bacterial genome evolution. In addition to regulating horizontal gene transfer, xenogeneic silencers also act as a selective
force against the GC to AT mutational bias found in bacterial genomes and help the host genomic AT contents
maintained at relatively low levels.

Key words: horizontal gene transfer, xenogeneic silencer, DNA-binding mechanism, H-NS/MvaT/Lsr2/Rok, bacterial
genomic AT content, bacterial genome evolution.

Introduction
Horizontal gene transfer (HGT), also known as lateral gene
transfer, refers to the exchange of genetic material between
distantly related strains or species, in contrast to the vertical
transmission from parent to offspring (Brown 2003). In bac-
teria that reproduce by asexual reproduction, HGT is an im-
portant driving force for bacterial evolution and speciation,
and large numbers of horizontally acquired genes have been
found in bacterial genomes (Ochman et al. 2000). More im-
portantly, HGT promotes the rapid spread of the genetic
materials responsible for virulence and antibiotic resistance
among bacteria, contributing to the pathogenesis of many

infectious diseases and making the existing drugs less effective
in treatment (Freeman 1951; Akiba et al. 1960; Groisman and
Ochman 1996).

Although horizontally acquired foreign genes enhance the
competitiveness of bacteria under certain conditions, newly
acquired genes are likely to function inappropriately when
incorporated into a new genetic environment. In such situa-
tions, they are more likely to decrease rather than increase the
fitness of the recipient bacteria (Baltrus 2013). For example,
unregulated expression of the horizontally transferred genes
may disrupt the existing regulatory networks or waste met-
abolic resources (Cohen et al. 2011), even though these genes
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may provide new beneficial traits. Therefore, the success of
any given HGT event will be dictated by a balance between
the fitness costs associated with a new gene against its po-
tential benefits (Park and Zhang 2012). In order to mitigate
these possible deleterious effects, it is suggested that many of
the horizontally transferred genes are initially expressed at low
levels (Gogarten and Townsend 2005; Park and Zhang 2012),
and these sequences may confer a selective advantage for the
recipient bacteria when expressed in an appropriate manner.

In the past decades, it has been shown that many bacteria
genera have evolved specific proteins, known as “xenogeneic
silencers,” that selectively repress the expression of foreign
sequences (Navarre et al. 2006; Castang et al. 2008; Gordon
et al. 2010; Smits and Grossman 2010; Pfeifer et al. 2016) that
display distinct base compositions from the host genome,
often with higher adenine and thymine (AT) contents
(Lawrence and Ochman 1997; Karlin 2001; Rocha and
Danchin 2002). Xenogeneic silencing enhances the ability of
bacteria to tolerate the acquisition of foreign sequences and
improves the probability that these sequences will be retained
in the genome. Silencing thus facilitates HGT by protecting
the functional and regulatory integrity of the host bacteria
while still allowing the cell to acquire new DNA (Navarre et al.
2007; Ali et al. 2012; Will et al. 2015; Singh et al. 2016). All
known xenogeneic silencers prefer to bind to AT-rich sequen-
ces, which may explain why horizontally acquired DNA exhib-
its elevated AT content, as AT-rich foreign sequences are
better tolerated and more likely to be retained by recipient
cells (Will et al. 2015; Navarre 2016). As a result of their
functions, xenogeneic silencers are key regulators of horizon-
tally acquired foreign sequences, including those that are in-
volved in virulence and antibiotic resistance in a large number
of bacterial pathogens, such as Enteropathogenic Escherichia
coli (EPEC) and Enterohemorrhagic Escherichia coli (EHEC)
(Mellies et al. 2007), Salmonella typhimurium (Navarre et al.
2006), Vibrio cholera (Ayala et al. 2017), Shigella spp. (Picker
and Wing 2016), Mycobacterium tuberculosis (Liu and
Gordon 2012), and Pseudomonas aeruginosa (Castang et al.
2008). Many other AT-rich genes, not of foreign origin, can
also be recognized and regulated by xenogeneic silencers
(Navarre et al. 2006; Castang et al. 2008; Gordon et al. 2010;
Seid et al. 2017). In addition, all known xenogeneic silencers
also belong to the nucleoid-associated proteins (NAPs), which
play important roles in chromosome organization and tran-
scription regulation (for recent reviews, see Dame et al. 2020;
Hoł�owka and Zakrzewska-Czerwi�nska 2020).

Known xenogeneic silencers were previously classified into
four families based on the sequence similarities and target
specificities of their DNA binding domains. These families are
represented by the H-NS protein of E. coli, Lsr2 of M. tuber-
culosis, MvaT of P. aeruginosa, and Rok of Bacillus subtilis
(Perez-Rueda and Ibarra 2015). All four families of xenogeneic
silencers share a common domain organization pattern, with
an N-terminal oligomerization domain and a C-terminal DNA
binding domain (Qin et al. 2019). Both domains are essential
for their gene silencing function. This structural organization
provides the mechanistic basis for gene silencing (Tendeng et
al. 2003; Gordon et al. 2008). It was revealed that in a large

stretch of DNA, the high-affinity binding sites of H-NS func-
tion as the nucleation sites, resulting in the cooperative bind-
ing of more proteins to the adjacent low-affinity sites (Rimsky
et al. 2001; Bouffartigues et al. 2007). Later studies found that
MvaT (Winardhi et al. 2012) and Lsr2 (Qu et al. 2013) also
bind to DNA through a highly cooperative process. Although
the binding affinity of a single DNA binding domain of these
xenogeneic silencers to most sites along the DNA is relatively
weak, with an equilibrium dissociation constant (Kd) of about
10�5–10�6 M, the oligomerized silencer protein complex can
bind to long stretches of DNA with much higher affinity
through its multivalent binding (Bouffartigues et al. 2007;
Ruthenburg et al. 2007; Gordon et al. 2011; Qu et al. 2013;
Ding et al. 2015). This cooperative binding promotes the
formation of nucleoprotein filaments, which results in bridg-
ing (Dame et al. 2000; Dame et al. 2005; Chen et al. 2008) or
stiffening (Amit et al. 2003; Lim, Lee et al. 2012; Lim, Whang et
al. 2012; Winardhi et al. 2012; Qu et al. 2013; Winardhi et al.
2014; Winardhi et al. 2015) of DNA segments, and play im-
portant roles in bacterial chromosome compaction and gene
silencing (Fang and Rimsky 2008; Ali et al. 2012; Lim, Lee et al.
2012; Kotlajich et al. 2015; Grainger 2016). Besides the core
genome, homologs of these proteins are also widely found in
plasmids, phages, and genomic islands (Pina-Iturbe et al.
2020). The architects of these xenogeneic silencers, and their
functions in response to environmental changes or in phage–
host interactions have been reviewed recently (Pfeifer et al.
2019; Qin et al. 2019).

Bacterial genomes display a wide range of base composi-
tions, with AT contents ranging from �25% to 80%, depend-
ing on the species. Escherichia coli, for example, has a genome
AT content of�48%, while Pseudomonas sp. are more GC-rich,
with genomic AT contents of�34%. Although the xenogeneic
silencers currently known all prefer to bind AT-rich foreign
DNA sequences, it is clear that a segment of DNA that is
“AT-rich” in Pseudomonas, for example with an AT content
of 43%, could be viewed as “GC-rich” in the context of the E.
coli genome. It is likely, then, that xenogeneic silencers selec-
tively recognize and silence DNA sequences that appear foreign
only with respect to their particular genomic background. It
also suggests that these silencers might, in turn, drive the evo-
lution of the genome through the gradual elimination of high-
affinity silencing binding sites within core genes. This would be
analogous to how specific restriction enzyme target sequences
are under-represented in the genomes of bacteria that encode
those enzymes (Aras et al. 2002).

In this review, we compare the DNA binding preferences of
the known xenogeneic silencer family proteins, and the mo-
lecular mechanisms determining their specificities in DNA
recognition, as it relates to the genomic backgrounds of their
species. Not surprisingly, we observe that the DNA binding
preferences and the distributions of different families of xe-
nogeneic silencers are highly correlated with the bacterial
genomic AT contents, which implies that xenogeneic
silencers may play important roles in the evolution of bacte-
rial genomes, not merely through affecting horizontal gene
transfer per se but also on the base compositions of the core
genomes.
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DNA Binding Preferences of Xenogeneic Silencers
The AT-rich DNA binding preference is one of the character-
istics that were noted when Lsr2 (Gordon et al. 2010), H-NS
(Grainger et al. 2006; Navarre et al. 2006; Oshima et al. 2006;
Kahramanoglou et al. 2011), MvaT (Castang et al. 2008), and
Rok (Seid et al. 2017) were initially identified as xenogeneic
silencers. The properties of the DNA sequences bound by Lsr2
of M. tuberculosis, H-NS of Salmonella enterica, MvaT of P.
aeruginosa, and Rok of B. subtilis were revealed from protein
binding microarray (PBM) experiments (Gordon et al. 2011;
Ding et al. 2015; Duan et al. 2018). These PBM experiments
assessed the relative binding preferences of each protein to-
wards all possible 8-mer DNA sequences, assigning each se-
quence an enrichment score (E-score), ranging from 0.5 (most
favored) to �0.5 (most disfavored) (Berger et al. 2008).

In general, the DNA binding preferences of Lsr2, H-NS,
MvaT, and Rok are all positively correlated with 8-mer
sequences that are rich in A or T bases (fig. 1A) (Gordon et
al. 2010; Gordon et al. 2011; Ding et al. 2015; Duan et al. 2018).
However, a more granular analysis of the PBM data indicated

that AT content is not the only determinant for their binding
affinities. We observed that the E-scores of 8-mers with the
same AT content could differ significantly and were often
influenced by other factors such as the presence of A-tracts,
TpA steps, interruption by GC base-pairs, and even specific
sequence motifs. Notably, binding by each of the four families
of xenogeneic silencers was affected differently by various
structural features within the target DNA sequence.

In figure 1B, the positional effects of G base-pairs within an
AT-rich DNA sequence are shown with respect to binding by
the different types of silencers. As expected, for all four xeno-
geneic silencers, the median E-scores of 8-mer sequences with
5–8 contiguous AT sequences (W: A/T; S: G/C; SiWjSk, i� 0,
j� 5, k� 0, iþ jþ k¼ 8) are lower when a terminal AT base
pair is substituted with a GC base pair (e.g.,
WWWWWWWW > SWWWWWWW). When the position
of the GC base pair shifts closer to the center of the binding
site, the median E-scores for Lsr2 and H-NS are further re-
duced (e.g., SWWWWWWW > WSWWWWWW >
WWSWWWWW > WWWSWWWW) (fig. 1B), indicating
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FIG. 1. Influence of AT contents, GC insertions, A-tracts, and TpA steps on the binding of Lsr2, H-NS, MvaT, and Rok. (A) Box plot of the E-scores of
8-mers with different AT-content. Bands at the bottom, top, and inside of the box represent the first quartile, the third quartile, and the median,
respectively. The small box represents the mean value. The whiskers indicate the highest and lowest points within the 1.5 interquartile range. The
black dots represent the outliers. The crosses represent 99% and 1%. (B) Influence of GC insertions on the binding of Lsr2, H-NS, MvaT, and Rok to
AT-rich sequences. E-scores of 8-mers that contain different AT-rich motifs are compared. W: A/T; S: G/C. The other positions of these 8-mers
which are not shown are GC base pairs. (e.g., SWWWWWW includes SSWWWWW and SWWWWWS.) (C) Distribution of the E-scores of 8-mers
with 5–8 contiguous AT base pairs containing A-tracts or not. Wj (j¼ 5/6/7/8) represents 8-mers that contain j contiguous A/T and 8-j G/C. (D)
Distribution of the E-scores of 8-mers with 5–8 contiguous AT base pairs containing different numbers of TpA steps.
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that both Lsr2 and H-NS prefer contiguous AT sequences
without interruption by a G or C (Gordon et al. 2011).
However, the presence of a centrally located G/C base within
the target sequence only has a minor negative effect on MvaT
binding, indicating that MvaT has a higher tolerance for G or
C insertion (Ding et al. 2015). Contrary to Lsr2 and H-NS, Rok
is insensitive to the position of G/C substitution for 7 or
8 contiguous AT base pairs, and even displays a slight pref-
erence for a G or C located in the middle of 5 or 6 contiguous
AT base pairs (Duan et al. 2018) (fig. 1B).

Even with a stretch of contiguous AT DNA sequences, the
binding preferences of xenogeneic silencers are affected dif-
ferently by the arrangement of base steps, which is known to
affect the structure and flexibility of DNA. A TpA step, due to
disruptions in base stacking, causes DNA to be locally flexible
and forms a wider minor groove compared with ApA and
ApT steps (Travers 2004). In contrast, A-tracts (AnTm, n� 0,
m� 0, nþm� 4) are more rigid and have the most narrow
minor grooves of any DNA sequence (Haran and Mohanty
2009). For Lsr2, the presence of A-tracts in 8-mers generally
has a positive effect on its binding (fig. 1C), and TpA steps are
not preferred (fig. 1D), especially for 8-mers containing
shorter (5 or 6) contiguous AT base pairs flanked by GC.
However, the length of A-tracts may also affect Lsr2 binding,
as the presence of 7 or 8-mer A-tracts (e.g., W8 or W7 sequen-
ces with no TpA steps) have a negative effect (fig. 1D).
Conversely, H-NS, MvaT, and Rok all prefer TpA steps to A-
tracts, and DNA sequences with more TpA steps tend to have
higher median E-scores (Ding et al. 2015; Duan et al. 2018) (fig.
1C and D).

Although Rok generally prefers to bind AT-rich sequences,
there are many GC-containing sequences among its high-
affinity 8-mers (E-scores > 0.40), as evident from the
WebLogo (Crooks et al. 2004) analysis (fig. 2A). Many of these
high-affinity 8-mers only have 2 or 3 contiguous AT sequences
(fig. 2B). A 6-mer MEME (Bailey et al. 2009) motif was found in
139 of the 157 8-mers with E-scores > 0.40, which contains a
TpA step with a preceding C or A (fig. 2B). The sixth position
of the motif is less conserved, and the most preferred 5-mers
by Rok are “AACTA,” “TACTA,” and “ATATA” (Duan et al.
2018). This sequence specificity is critical to enable Rok to
recognize foreign genes, which will be discussed later.

For comparison, we also analyzed the high-affinity 8-mers
(E-scores > 0.40) for Lsr2, H-NS, and MvaT from the PBM
data. 98.7% of the high-affinity 8-mers (E-scores> 0.40) of H-
NS have at least 6 contiguous AT base pairs, much higher
than that of Lsr2 (74.4%), MvaT (71.8%), or Rok (25.0%) (fig.
2B). WebLogo analysis showed that among the high-affinity 8-
mers, there is no GC base pair at the central four positions for
H-NS and the central two positions for MvaT, while GC base
pairs may appear at all positions for Lsr2. These findings in-
dicate that Lsr2 may also have a certain degree of tolerance
for the presence of a GC base pair, which might be even
higher than that of MvaT.

The MEME program did not produce any specific feature
other than AT-richness using these high-affinity sequences for
H-NS, MvaT, or Lsr2 with� 6 contiguous AT base pairs (e.g.,
the MEME motif shown for H-NS) (fig. 2A). However, MEME

analysis of the sequences with 4 or 5 contiguous AT base pairs
of Lsr2 revealed a conserved “AATTG/C” sequence, indicating
that Lsr2 tolerates GC base pair when there is an adjacent
“AATT” motif (fig. 2B). This motif can also be found in 41.3%
of the sequences with 6–8 contiguous AT base pairs. MEME
analysis of the highly preferred sequences with 4 or 5 contig-
uous AT base pairs of MvaT did not reveal any specific pat-
tern, except a 6-bp AT-rich motif with a GC base pair at the
second position (fig. 2B), consistent with the higher tolerance
of MvaT towards GC insertion.

MEME-based determination of preferred binding sites,
however, averages several sequences together without retain-
ing information as to how the presence of specific bases at
specific positions correlates to specific bases at other posi-
tions. A more granular analysis of DNA binding sites is pre-
sented to compare the preferences of xenogeneic silencers
towards each 6/5-bp sequence, according to the E-score dis-
tribution of 8-mers containing it. Ranked by the median E-
scores, the top 30 6-bp sequences preferred by Lsr2, H-NS,
and MvaT, as well as the top 30 5-bp sequences for Rok, are
shown in fig. 3, which reflect the DNA preferences discussed
above more directly. Among the top sequences, AATT
appears more frequently for Lsr2 (fig. 3A), and TpA steps
are favored by H-NS/MvaT/Rok (fig. 3B–D), while the top
two sequences for Rok are T/AACTA (fig. 3D). Lsr2 shows
the highest compatibility towards different AT-rich 6-bp
sequences (slow declining rate of median E-score) and dis-
plays a higher tolerance towards GC base pairs when AATT is
present (fig. 3A), while MvaT shows a tolerance for G/C
interruptions in the middle (fig. 3B and C). These sequences
may provide a guidance for finding potential binding sites of
xenogeneic silencers in bacterial genomes.

DNA Recognition Mechanisms of Xenogeneic
Silencers
The reason why different AT-rich sequences are preferred by
each of the C-terminal DNA binding domains of Lsr2, Bv3F, H-
NS, MvaT, and Rok, can be explained by an understanding of
their structures and how they bind their DNA targets. All four
silencers bind AT-rich DNA at the minor groove and are
outcompeted by the minor groove binding drug netropsin
(Gordon et al. 2011; Ding et al. 2015; Duan et al. 2018).
However, subtle but important differences in how these pro-
teins bind the minor groove underlie their unique specificities.

Lsr2 is the first xenogeneic silencer for which the DNA
recognition mechanism was elucidated. The C-terminal do-
main of Lsr2 (Lsr2CTD) mainly consists of two a-helices linked
by a loop (fig. 4A and B). Molecular docking based on solution
NMR titration data revealed that a trio of conserved residues
(RGR) within the loop insert into the DNA minor groove,
with the sidechains of the two arginine residues residing along
the floor of the groove and pointing away from each other
(Gordon et al. 2010) (fig. 4A). The substitution of these two
arginine residues with alanine almost completely abolishes
the DNA binding ability of Lsr2CTD (Gordon et al. 2011).
Yet another conserved arginine residue (R84) stabilizes the
binding by interacting with the DNA phosphate groups. This
structural model explains why Lsr2 binding is so sensitive to
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disruption by the presence of GC base pairs. Namely, that the
2-NH2 group of G that protrudes into the minor groove can
sterically prevent the insertion of the Lsr2 “RGR” motif.
Interestingly, the conformation of DNA binding loop of
Lsr2 highly resembles the DNA-bound “AT-hook” structure
of HMGA1, which also has the “RGR” signature motif (Huth
et al. 1997; Fonfria-Subiros et al. 2012), and both Lsr2 and
HMGA1 share a common DNA binding preference towards
AT-rich DNA containing “AATT” (Bustin and Reeves 1996;
Cui and Leng 2007). Work on the structures of HMGA1/DNA
complexes can help us better understand the DNA recogni-
tion mechanism of Lsr2.

HMGA1 is one of the high mobility group A family pro-
teins (HMGA, formerly named HMG-I/Y), which are nonhis-
tone chromosomal proteins found in eukaryotes and act as
architectural transcription factors (Reeves 2001). HMGA1 is
composed of three DNA binding domains (DBD1, DBD2, and
DBD3), and each contains an AT-hook motif with the con-
sensus sequence “RGRP.” Solution structures of HMGA1
DBD2/3 in complex with a double-stranded DNA
(GGGAAATTCCTC) were determined in 1997 (Huth et al.
1997). In 2012, the crystal structure of HMGA1 DBD3 in com-
plex with a DNA molecule d (CGAATTAATTCG)2 was
reported (Fonfria-Subiros et al. 2012). In each of these struc-
tures, the AT-hook motif binds the minor groove of the
AATT sequence. This sequence specificity is partially due to
the hydrogen bonds formed between the NH groups of the

glycine and the following arginine residues in the “RGRP”
motif with the O2 atoms of two thymine bases on opposite
strands (Fonfria-Subiros et al. 2012). It was also suggested that
the floor of the minor groove of the AATT binding site may
provide optimal hydrophobic interactions with the side
chains of two arginine residues, and the two guanine groups
may also form hydrogen bonds with DNA residues next to
“AATT” (fig. 4A) (Huth et al. 1997). Analogous to HMGA1,
the “RGR” signature of the AT-hook-like motif in Lsr2 also
makes contact with 6 base pairs of DNA, while the central
“AATT” is expected to be important for high-affinity binding.

H-NS is the most extensively studied xenogeneic silencer.
In the early 1990s, Shindo et al. (1995, 1999) determined the
solution structure of the C-terminal DNA binding domain of
E. coli H-NS and studied its interaction with DNA using NMR
spectroscopy. But the structure is of low quality and how H-
NS bind to DNA had remained unclear until our study
(Gordon et al. 2011). The DNA binding mechanism of the
Lsr2CTD inspired a further analysis of the structural parame-
ters that dictate binding by H-NS. It was found that the pri-
mary sequence “SGRGR” of the Lsr2 AT-hook-like motif is
structurally similar and functionally analogous to the con-
served “TGQGR” sequence motif in the DNA binding domain
of H-NS from E. coli or Salmonella. In the H-NS example, the
“RGR” signature sequence has been replaced by “QGR.”
However, in several other H-NS homologous proteins, includ-
ing Bv3F from Burkholderia vietnamiensis, the sequence is
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“RGR” (fig. 4A and B). Solution structures of the C-terminal
domains of Salmonella H-NS (H-NSCTD) and Bv3F (Bv3FCTD)
revealed that the conserved sequences also adopt an AT-
hook like conformation resembling that of the Lsr2CTD,

even though the overall structures of the H-NS and Lsr2
DNA binding domains are quite different (fig. 4A) (Gordon
et al. 2011). Structural models generated with HADDOCK
based on the NMR DNA titration data indicate that H-
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NSCTD and Bv3FCTD recognize AT-rich DNA by inserting the
“QGR” or “RGR” residues of the AT-hook-like motif into the
DNA minor groove (fig. 4A). Mutations that change either the
“QGR” or “RGR” motifs into “AGA” almost completely abol-
ished the DNA binding ability of these proteins (Gordon et al.
2011). This binding model was further supported by a later

molecular dynamics simulation study that also found the
“QGR” residues can fully insert into the minor groove and
form hydrogen bonds to the bases with both backbone and
sidechain groups (Riccardi et al. 2019).

Why do some H-NS-like proteins have the QGR sequences
instead of an RGR sequence in their critical binding motif? It is

R114
Q112

G113

R90

R93

     GR  T SGR    A W     QP W
T TG     A W  Q  TP V

R91 R89

G90

5’ - A
A T

T
A- 3’

3’ - T

A
T

A T- 5’

R36

R38

G37

R174

T156

N154
N100

G99

R80

R99

R97

G98

H-NSLsr2

MvaT Rok

HMGA1

HMGA1      GR     PR    PKRP   PKGS
Lsr2      GR  S SGR    I G     GA D
Bv3F 
H-NS      GR  

Bv3F
A

    ETKG-GNHKTL  MvaT 

A-5’

A
C

T3’-A

Bv3F

H-NSLsr2

MvaT

Rok Color scheme:

B

FIG. 4. DNA binding mechanisms of Lsr2, HMGA1, H-NS, Bv3F, MvaT, and Rok. (A) Structures/Models showing the DNA binding mechanisms of
the C-terminal domains of Lsr2, H-NS, Bv3F, MvaT (PDB code: 2MXF), Rok (PDB code: 5ZUX), and the AT-hook motif of HMGA1 (PDB code:
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likely that this difference contributes to important but subtle
differences in the DNA binding preferences between H-NS,
which has the QGR motif, and Lsr2 and Bv3F, which have the
RGR motif. H-NS prefers to bind sequences with multiple
TpA steps instead of the “AATT” sequence. It is possible
that the DNA binding preference of Bv3F, which is more
structurally similar to H-NS but has the Lsr2-like “RGR” sig-
nature within its binding motif, will display binding preferen-
ces closer to that of Lsr2. Protein sequence alignments also
show that H-NS and Bv3F have differences in other conserved
residues outside of the QGR/RGR motif (fig. 4B). Hence, we
suggest that H-NS and Bv3F like proteins should be classified
as two distinct subgroups of silencers. In the following sec-
tions, we will show that the distributions of H-NS and Bv3F
family proteins, as well as the AT contents of their resident
genomes, also exhibit different features, which may reflect
important functional differences between the silencers that
contain a “QGR” and “RGR” motif.

In addition to the C-terminal domain, a less-ordered region
(residues 87–94) between the N-terminal and C-terminal
domains of H-NS from Salmonella or E. coli also plays a direct
role in DNA binding (Fernandez-de-Alba et al. 2013; Gao et al.
2017). Two arginine residues (R90 and R93) within this region
are highly conserved among H-NS homologs with the “QGR”
signature, but not among Bv3F and other H-NS homologs (fig.
4B). Mutation of R90 or R93 can reduce the DNA binding
affinity of H-NS (Gao et al. 2017), and the recent MD simu-
lation study also suggested that residue R93 aids DNA binding
by interacting with the DNA phosphate backbone (Riccardi
et al. 2019). The detailed molecular mechanisms whereby H-
NS-like and Bv3F-like proteins recognize DNA remain to be
explored by structural studies.

MvaT was characterized as an H-NS functional analog in
Pseudomonas (Tendeng et al. 2003). In 2015, the solution
structure of MvaTCTD and DNA complex was determined
and this is the first experimental structure of a xenogeneic
silencer in complex with DNA (Ding et al. 2015). Although
MvaTCTD and H-NSCTD have similar secondary and tertiary
structures, there is no “QGR” or “RGR” signature in the loop
of MvaTCTD corresponding to the AT-hook-like motif of H-
NSCTD. Instead, the structural comparison revealed that the
loop in MvaTCTD has a sequence of “KG-GN,” in which the
arginine residue of “TGQGR” in the AT-hook-like motif of H-
NS is substituted by an asparagine, and the glutamine residue
between two glycine residues is missing (fig. 4A). In the com-
plex structure of MvaTCTD/DNA, residues G99 and N100 of
the “KG-GN” loop, together with the sidechain of an up-
stream R80 from the N-terminal region of MvaTCTD, are
inserted into the DNA minor groove, an arrangement we
term an “AT-pincer” motif (fig. 4A). The backbone amides
of G99 and N100, as well as the sidechains of R80 and N100,
form hydrogen bonds with DNA bases in the minor groove,
covering the “ATATAT” base pairs (Ding et al. 2015). The
cavity between R80 and G99/N100 in the DNA binding in-
terface of the AT-pincer motif likely explains the higher tol-
erance of MvaT for G/C interruptions observed in the PBM
data (fig. 1B). In addition, several lysine residues form a net-
work that interacts with DNA phosphate groups on both

strands. Mutating residues R80, N100, or these lysine residues
individually into alanine all significantly reduced the DNA
binding affinity of MvaT and impaired its functions in vivo,
indicating that both the AT-pincer and the lysine network are
critical for DNA binding (Ding et al. 2015). Correspondingly,
these residues are also highly conserved among MvaT homo-
logs (fig. 4B). The binding of MvaTCTD distorts the DNA mol-
ecule, both expanding the minor groove and rearranging the
local base-stacking geometry. This requirement for local DNA
flexibility is reminiscent of the TATA-binding protein (Juo et
al. 1996) and may account for MvaT’s preference towards
TpA steps over A-tracts. The structural rigidity and narrow
minor groove of A-tracts would make these sequences far less
likely to achieve the distorted conformation most conducive
for MvaT binding (Ding et al. 2015).

Rok from B. subtilis shows an entirely distinct DNA binding
mechanism compared with Lsr2, H-NS, Bv3F, or MvaT. The C-
terminal domain of Rok (RokCTD) adopts a typical winged
helix fold with three a-helices and three anti-parallel b-
strands (Duan et al. 2018). An NMR structure of RokCTD in
complex with a DNA sequence of d
(CTAATAACTAGTTATTAG)2 finds that the winged helix
domain binds the DNA minor groove at the sequence
“AACTA,” a sequence that was identified as a high-affinity
5-bp sequence in a PBM analysis (fig. 3D). Residues N154,
T156 at the N-terminal of a3 helix and residue R174 of
wing W1 composed of the loop between strands b2 and
b3, are inserted in the minor groove of this region. These
three residues are highly conserved among Rok homologs
(fig. 4B). The NH2 group of N154 forms two hydrogen bonds
with the O2 atoms of two consecutive thymine bases, and the
OH group of T156 forms a hydrogen bond with the N2 atom
of the guanine, while the guanidine group of R174 may form
several hydrogen bonds with the TpA step. Like MvaT, the
DNA binding of Rok is also assisted by four lysine residues that
interact with DNA phosphate groups (fig. 4A). Similar to what
was observed with MvaT, Rok binding also leads to large
conformational changes of DNA, including minor groove wid-
ening and axis bending. Thus, Rok also prefers TpA steps, but
dislikes A-tracts (fig. 1D). Consistent with these structural
characteristics of Rok, the PBM median E-scores of 8-mers
containing “AACTA” or “TACTA” are the highest (fig. 3D)
(Duan et al. 2018).

Correlation between Xenogeneic Silencers and
Bacterial Genomic AT Contents
It is apparent that xenogeneic silencers may serve as a “safety
guard” of the host genome by silencing the expression of
incoming foreign sequences as a default state. This reduces
the fitness costs of such sequences and buys time for the host
bacteria to rewire its genetic circuitry to possibly allow the
safe integration of foreign genes into the genome. For this
reason, it is essential for xenogeneic silencers to distinguish
DNA that is self from nonself. Targeting foreign DNA based
on the difference in base composition (AT content) rather
than specific sequence features provides a solution to this
problem, as it is widely found in bacteria that foreign genes
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tend to have higher AT contents than host genomes
(Lawrence and Ochman 1997; Karlin 2001).

But it should also be noted that the genomic AT contents
of various bacterial species differ from each other significantly,
implying that the characteristics of a “xenogeneic gene” is not
universal. Indeed, the reported genomic binding regions of H-
NS (Navarre et al. 2006), MvaT (Castang et al. 2008), Lsr2
(Gordon et al. 2010), or Rok (Seid et al. 2017) identified
from ChIP-chip or ChIP-seq experiments are not universally
AT-rich (> 50%), but instead show higher AT contents relative
to their respective genomic average (fig. 5A). For example, the
genomic AT contents of P. aeruginosa (�33%) and M. tuber-
culosis (�34%) are much lower than that of S. typhimurium
(�48%), and accordingly, the AT contents of the MvaT and
Lsr2 binding regions are significantly lower than that of H-NS,
which is consistent with the PBM data showing that Lsr2 and
MvaT have higher tolerances for the presence of GC base pairs
than H-NS (fig. 2). A careful analysis of the ChIP-chip experi-
ment data found that the fractions of the bound DNA sequen-
ces begin to increase quickly when the sequence AT contents
reach �38% for Lsr2 and �50% for H-NS, which obviously
correlate with the host genomic AT contents of M. tuberculosis
(�34%) and S. typhimurium (�48%), respectively (Gordon et
al. 2011) (see fig. S8 of the ref.). These findings suggest that the
DNA binding preferences of a xenogeneic silencer evolve to
avoid recognizing the core genome as foreign and are cali-
brated to function in the context of their own specific genetic
milieu.

Within each family of xenogeneic silencers, the key residues
for DNA recognition are highly conserved (fig. 4B), indicating
that they should have similar DNA binding preferences. Thus, it
is expected that bacterial species with the same family of xe-
nogeneic silencers may have similar genomic AT contents, and
the distribution ranges of their genomic AT contents should be
correlated with the DNA binding preferences of the xenogeneic
silencers. To verify this, we conducted a more extensive analysis
of the bacterial host distribution of different families of xeno-
geneic silencers. The results revealed that H-NS family proteins
that contain the “QGR” DNA binding motif exist in bacterial
species of the Gammaproteobacteria class with genomic AT
contents mainly in the range of 42–59% (fig. 5B and C). Bv3F
family proteins, which adopt the “RGR” type AT-hook-like
DNA binding motif, can be found in species of Gamma-,
Beta-, and Alphaproteobacteria classes (fig. 5C), with the geno-
mic AT contents mainly ranging from �32% to 42% (fig. 5B).
MvaT family proteins are also found in Gammaproteobacteria,
but mainly in species with relatively lower genomic AT con-
tents (�35% to 44%). Based on their sequence similarities (fig.
4B), H-NS, Bv3F, and MvaT family proteins should have the
same evolutionary origin. Considering that proteobacteria have
evolved in the order of Alphaproteobacteria ¼>
Betaproteobacteria ¼> Gammaproteobacteria (Gupta
2000), it is possible that Bv3F is ancestral to H-NS and MvaT,
which may have emerged when Gammaproteobacteria di-
verged. Lsr2 family proteins are prevalent in the
Actinobacteria phylum (fig. 5C), and the genomic AT contents
of most species containing Lsr2 are between 27% and 35%
(fig. 5B).

Therefore, the bacterial species containing Lsr2 have the
lowest genomic AT content distribution range (median
29.5%), followed by those containing Bv3F (median 35.4%),
MvaT (median 39.7%), and H-NS (median 50.2%).
Correspondingly, the PBM and ChIP-chip/seq data revealed
that Lsr2 shows the greatest ability to bind DNA sequences
with relatively low AT contents, followed by MvaT, and then
H-NS (figs. 2 and 5A).

Although Bv3F shows overall sequence homology to H-NS,
bacteria with Bv3F family proteins have genomic AT contents
closer to those with Lsr2, but not H-NS. This can be explained
by the finding that both Bv3F and Lsr2 use the “RGR” AT-
hook-like motif to recognize DNA, rather than the “QGR” of
H-NS. Thus, it appears that bacterial species with lower ge-
nomic AT contents tend to have xenogeneic silencers with
higher GC tolerance, as the AT contents of xenogeneic genes
may also be lower.

Rok is different from H-NS, Bv3F, Lsr2, or MvaT in that it
shows a stronger DNA sequence specificity. Bacillus subtilis
has a high genomic AT content of about 56%, which means
that a majority of its genomic regions are AT-rich. But the
most preferred sequences of Rok, “AACTA” and “TACTA,”
have dramatically low occurrence frequencies in the genome
of B. subtilis, and the abundances of 5-bp sequences with 4 or
5 AT base pairs are negatively correlated with their PBM
median E-scores (Duan et al. 2018). Again, this suggests
that foreign genes may have base compositions different
from the host genome, and those with a high abundance
of Rok preferred sequences could be recognized and silenced.
This correlation between the DNA binding preferences of Rok
and the genomic characteristics of B. subtilis may well explain
how Rok recognizes foreign DNA sequences selectively.

A distribution analysis of the Rok homologous proteins in
the Bacillus genus revealed that Rok homologs are mostly
found in those species with genomic AT contents between
53% and 59% (fig. 5B). In those Bacillus species with higher AT
contents (59–68%), such as Bacillus anthracis, the “TACTA”
and “AACTA” sequences are much more abundant.
Therefore, if Rok were present, it would silence many “core”
genes in the genome, very likely including essential genes
(Duan et al. 2018). Like Rok, bacterial species containing
Lsr2, H-NS, Bv3F, or MvaT also generally have relatively lower
genomic AT contents, compared with those without these
xenogeneic silencers in the same phylum or class, respectively
(fig. 5B).

Within each class of bacteria, species that contain xenoge-
neic silencers appear to have lower genomic AT content than
those that do not (fig. 5B). In addition, the copy number of
xenogeneic silencer genes also appears to be correlated with
the genomic AT content. For example, bacterial genomes
containing two or more genes encoding H-NS family proteins
generally have lower AT contents (<50%), while most species
with genomic AT contents over 50% only have one H-NS
gene (supplementary fig. S1, Supplementary Material online).
The same is true for Lsr2. The correlations for Bv3F and MvaT
are not significant, while only a few genomes have � 2 rok
genes (supplementary fig. S1, Supplementary Material online).
Different xenogeneic genes in the same genome may have
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P: Phylum; C: Class; O: Order; F: Family; G: Genus; S: SpeciesH-NS Bv3F MvaT Rok Lsr2
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FIG. 5. Relationship between xenogeneic silencers and bacterial genomic AT-contents. (A) Distributions of the AT contents of the genomic binding
regions of H-NS (Navarre et al. 2006), MvaT (Castang et al. 2008), Lsr2 (Gordon et al. 2010), or Rok (Seid et al. 2017) revealed by ChIP-chip or ChIP-
seq experiments. The black bar indicates the genomic AT contents of Salmonella typhimurium, Pseudomonas aeruginosa, Mycobacterium tuber-
culosis, and Bacillus subtilis. (B) Distributions of the genomic AT contents of species with or without known xenogeneic silencers. Species shown
here have at least two sets of genomic sequencing data and median genomic sizes over 2 Mbp. “H_B_M –” represents species without any
homologs of H-NS, Bv3F, or MvaT. (C) Taxonomy trees showing the distributions of known xenogeneic silencers. The trees were generated using
the Common Tree tool of NCBI. Bacterial genera or species that contain one of the five kinds of xenogeneic silencers are marked with a color as
indicated. Only those bacterial genera with three or more well-classified species are shown. The figures are produced with the TBtools program
(Chen et al. 2020). Details about the distribution analysis are provided in the supplementary methods, Supplementary Material online.
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both overlapping and distinct functions, and may affect the
expression level of each other. For example, H-NS and its
paralog StpA in E. coli can repress the transcription of each
other’s genes (Sonden and Uhlin 1996; Zhang et al. 1996; Qin
et al. 2019). And similarly, deletion of mvaT resulted in in-
creased expression of its paralog gene mvaU in P. aeruginosa,
and vice versa (Vallet-Gely et al. 2005). It is possible that more
copies of xenogeneic silencer genes do not always result in
higher levels of xenogeneic silencer proteins in the cell. The
overall effects of multiple xenogeneic silencer genes on bac-
teria remain to be understood.

Besides, for species containing the same kind of xenogeneic
silencers, their genomic AT contents exhibit a weak negative
correlation with their genomic sizes (supplementary fig. S2,
Supplementary Material online), which is a general trend
found in bacteria (Guo et al. 2009; Bohlin et al. 2014;
Almpanis et al. 2018). Interestingly, most of the outlier species
with significantly higher AT contents than the bulk in figure
5B have very small genomic sizes.

It is notable that AT-rich bacteria, including most Gram-
positive Firmicutes, lack known xenogeneic silencers, suggest-
ing that silencers would fail to distinguish self from non-self in
the context of an AT-rich core genome. It is also worth men-
tioning that no xenogeneic silencer has yet been found for
many bacteria with relatively GC-rich genomes, including
most of the species in the Alphaproteobacterial class. It is still
not clear whether these bacteria do not have a xenogeneic
silencer, or their xenogeneic silencers are simply unrelated to
currently known ones. Although some proteins have been
proposed to share certain structural or functional similarities
with H-NS, such as the Roc/MucR from Brucella abortus
(Baglivo et al. 2018) and GapR from Caulobacter crescentus
(Lourenço et al. 2020), but there is no clear evidence to show
whether they indeed function as xenogeneic silencers.

Multifaced Roles of Xenogeneic Silencers on Bacterial
Genome Evolution
The forces that shape the genome include not only horizontal
gene transfer but also mutations and recombination (Koonin
2016). The evolutionary forces that have driven such a wide
variation in bacterial genomic AT contents, however, have
long been discussed and remain under debate (Muto and
Osawa 1987; Rocha and Danchin 2002; Foerstner et al.
2005; Nishida 2013; Agashe and Shankar 2014;
Reichenberger et al. 2015; Long et al. 2018). The effect of
horizontal gene transfer may be underestimated as ancient
horizontal acquired genes are likely to gradually acquire the
molecular characteristics of the host genome over time due
to gene amelioration (Marri and Golding 2008).

The existence of bacteria with highly GC-rich core
genomes is, in fact, a bit curious. The DNA these bacteria
accumulate via horizontal gene transfer tends to be more
AT-rich than the core genome. Furthermore, with regard to
point mutations, it has been found that in most bacteria,
mutational biases push genomes toward increasing AT con-
tent (Rocha and Danchin 2002; Lind and Andersson 2008;
Hershberg and Petrov 2010; Lee et al. 2012; Agashe and
Shankar 2014; Bohlin et al. 2018). This drive toward AT-

richness is particularly pronounced in endosymbionts that
discard many of their DNA repair mechanisms
(McCutcheon and Moran 2012). But as GC-rich genomes
are widespread, and most species have not become over-
whelmingly AT-rich during evolution, the AT bias must be
opposed by selective forces favoring GC substitutions or purg-
ing AT mutations (Rocha and Feil 2010; Lassalle et al. 2015).
However, the nature, strength, and source of the selective
forces are still not well understood. Some studies found
that E. coli or C. crescentus displayed a higher growth rate
when GC-rich genes were expressed, compared with those
strains harboring AT-rich gene variants. But the underlying
mechanism is not clear, and no comparable results were ob-
served in P. aeruginosa (Raghavan et al. 2012; Kelkar et al.
2015). In eukaryotes, GC alleles are more favored during ho-
mologous recombination, which was named GC-Biased Gene
Conversion (gBGC). Lassalle et al. (2015) found that gBGC
may also occur in bacteria and contribute to the evolution of
AT contents of bacteria genomes. However, AT contents in
bacteria evolve through a complex combination of factors,
and recombination alone is unlikely to counteract the AT-
enrichment of bacterial genomes (Bobay and Ochman 2017).
More recently, Weissman et al. (2019) found that the non-
homologous end-joining repair pathways of bacteria may el-
evate the genomic GC contents.

It was also hypothesized that the genomic AT contents of
bacteria might be related to the variation in bacterial
nucleoid-associated proteins (NAPs) (Nishida 2012a,b,
2013), which is supported by the evidence and arguments
presented here. We show that bacterial species containing the
same family of xenogeneic silencers have a limited distribu-
tion range of genomic AT contents, which is related to the
DNA binding preferences of the xenogeneic silencers and the
number of xenogeneic silencer genes per genome.
Meanwhile, bacterial species generally tend to have lower
genomic AT contents when xenogeneic silencers are present
in their genomes, compared with those species without any
known xenogeneic silencers from the same phylum/class/ge-
nus. These correlations highlight the role of xenogeneic
silencers on bacterial genome evolution. On the one hand,
by safely guiding the integration of foreign sequences into the
host genome, xenogeneic silencers will promote the acquisi-
tion of foreign genes. On the other hand, xenogeneic silencers
may also act as a selective force on the random mutation
events against the GC to AT mutational bias, especially for
core genomic genes.

It was found that the AT-to-GC substitution rate is higher
than the GC-to-AT substitution rate for the core genes of
Salmonella, while the two horizontally acquired islands SPI-1
and SPI-4 have a much higher GC-to-AT substitution rate
than that of AT-to-GC substitution, consistent with the se-
lective pressure to maintain their regulation by H-NS (Desai et
al. 2013). In the presence of xenogeneic silencers, it is possible
that some GC to AT mutations cannot be preserved during
evolution, if they lead to the silencing of essential genes by
xenogeneic silencers. Consistently, the core genes shared by
Salmonella and E. coli strains have relatively lower AT content
than the genomic averages. It was also found that noncoding
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regions of the bacterial genomes are more AT-rich than cod-
ing regions (Bohlin et al. 2008), and both the AT contents and
its variations in coding regions are significantly lower in core
genomes than accessory genomes (Bohlin et al. 2017).

Xenogeneic silencers belong to a larger group of nucleoid-
associated proteins (NAPs), each of which may affect the rates
of both mutation and recombination, two key processes for
the evolution of bacterial genomes (Tavita et al. 2012;
Warnecke et al. 2012; Kivisaar 2019). NAPs were found to
have a significant growth phase-specific effect on mutation
dynamics in E. coli, as they can not only shield DNA from
certain mutagenesis processes during the stationary phase
but also interfere with efficient DNA repair during the expo-
nential phase (Warnecke et al. 2012). In addition, NAPs may
also affect the frequency of homologous recombination, an
essential process for horizontal gene transfer, as chromosomal
DNA bound with NAPs might be less accessible to homolo-
gous recombinant processes (Tavita et al. 2012).

Taken together, the roles of xenogeneic silencers on the
evolution of bacterial genomes are multifaced, and of greater
impact on both gene content and nucleotide compositions
than previously expected. Bacteria appear to have evolved or
acquired the right xenogeneic silencers according to their
own core genomic sequence features during evolution, which
in return may affect their acquisition of foreign genes, and act
as a selective force on the random mutation events of
genomes.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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