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marR genes are members of an ancient family originally
identified in Escherichia coli. This family is widely distributed
in archaea and bacteria. Homologues of this family have a
conserved winged helix fold. MarR proteins are involved in
non-specific resistance systems conferring resistance to mul-
tiple antibiotics. Extensive studies have shown the impor-
tance of MarR proteins in physiology and pathogenicity in
Enterobacteria, but little is known about their origin or evolu-
tion. In this study, all the marR genes in 43 enterobacterial
genomes representing 14 genera were identified, and the phy-
logenetic relationships and genetic parameters were analyzed.
Several major findings were made. Three conserved marR
genes originated earlier than Enterobacteriaceae and a gene-
loss event was found to have taken place in Yersinia pestis
Antiqua. Three functional genes, rovA, hor, and slyA, were
found to be clear orthologs among Enterobacteriaceae. The
copy number of marR genes in Enterobacteriaceae was found
to vary from 2 to 11. These marR genes exhibited a faster rate
of nucleotide substitution than housekeeping genes did.
Specifically, the regions of marR domain were found to be
subject to strong purifying selection. The phylogenetic rela-
tionship and genetic parameter analyses were consistent
with conservation and specificity of marR genes. These dual
characters helped MarR to maintain a conserved binding
motif and variable C-terminus, which are important to adap-
tive responses to a number of external stimuli in Entero-
bacteriaceae.
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Introduction

Bacteria have many methods of microbial resistance that
allow them to respond and adapt to a variety of environ-
mental conditions, one of which involves transcriptional
regulation of specific genes under specific sets of circums-
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tances. These include the MarRAB operon, which was map-
ped to 34 min on the chromosome of Escherichia coli (George
and Levy, 1983). This operon was initially discovered by
selection of E. coli resistant to low levels of tetracycline or
chloramphenicol. Proteins encoded by MarRAB included
MarR, a repressor of the operon (Cohen et al., 1993a; Ariza et
al., 1994). Alteration of the wild-type marR gene can contri-
bute to increases in multi-resistance in bacteria (Cohen et al.,
1993a; Kern et al., 2000). MarA, a positive transcriptional
activator that produces multidrug resistance when overex-
pressed (Gambino et al., 1993), and MarB, a protein essen-
tial to resistance but whose function is unknown (Cohen et al.,
1993a).

MarR was first found to be a negative repressor and addi-
tional homologous proteins were identified as transcriptional
regulators subsequently. For example, MprA [EmrR] acts as
a negative regulator and SIyA is a cytolysin (del Castillo et
al., 1991; Ludwig et al., 1995). RovA, SlyA, and PecS have
all been shown to positively and negatively affect expression
of several genes (Libby et al., 1994; Reverchon et al., 1994;
Ludwig et al., 1995; Praillet et al., 1996; Nasser et al., 1999;
Heroven et al., 2004; Rouanet et al., 2004; Navarre et al.,
2005; Ellison and Miller, 2006). The MarR family originated
before the divergence of archaea and bacteria (Perez-Rueda
and Collado-Vides, 2001). There are currently 336 putative
members of the marR family in 45 species of bacteria and
13 species of archaea listed in the Clusters of Orthologous
Groups database (http://www.ncbi.nlm.nih.gov/COG/). The
DNA binding domains of MarR proteins show a conserved
winged helix (or winged helix-turn-helix, wHTH) fold (Ku-
marevel, 2012). Alignment of proteins within the MarR family
show conserved residues to be distributed throughout the
entire length of the alignment (Wilkinson and Grove, 2006).
All proteins show the most pronounced strongest homology
and similarity in hydropathy plots at a particular hydrophilic
50-amino-acid domain within MarR (amino acids 50-107)
(Seoane and Levy, 1995). In addition, the highly conserved
amino acids of DxRxxxxx(L/I)TxxG extending from resi-
due 132 to residue 144 appear to be a signature of this family
of proteins (Sulavik et al., 1995).

In addition to significant structural homology and wide
distribution, primary sequence similarity was also detected
among proteins in the MarR family. For example, the amino
acid sequence of RovA (Yersinia) is 77% identical to that of
the Salmonella typhimurium SlyA (Wu et al., 2003). Com-
parative analysis was used to better understand the marR
locus between and within genera. On one hand, the S. typhi-
murium mar locus is structurally and functionally similar
to marRAB in E. coli (Sulavik et al., 1997). The amino acid
sequences of MarR showed 91% identity. On the other hand,



99% sequence homology was detected at this locus between
Salmonella enteritidis and S. typhimurium using DNA primers
based on the MarRAB operon of S. typhimurium (Kunonga
et al., 2000), suggesting a conservation of MarRAB operon
within members of the family Enterobacteriaceae (Cohen et
al., 1993D).

In contrast to the biological functions, crystal structures,
and sequence similarity of MarR homolog in family Entero-
bacteriaceae, which have been the subject of considerable
study, little attention has been paid to the origin and evolu-
tion of MarR family. There is ample evidence showing that
intra-chromosome duplication and horizontal gene transfer
(HGT) plays an adaptive role in bacterial evolution (Alm et
al., 2006; Serres et al., 2009). This has been shown to be the
case with antibiotic resistance (Andersson and Hughes, 2009;
Treangen et al., 2009). Whether the ability to resist multiple
antibiotics was transferred among taxa or developed in-
dependently in each lineage is still not clear, even though
there has been great interest in the isolation of antibiotic-
resistant strains. Therefore, it is important to investigate how
marR genes have evolved and how and why bacteria have
acquired marR genes. Fortunately, the genome sequences of
many bacteria have been completed. This provides an oppor-
tunity to perform genome-wide comparisons to investigate
the patterns of gene number and evolutionary characters
within bacterial MarR family. In this study, 43 bacterial
strains from 14 genera within the family Enterobacteriaceae
were chosen for a comprehensive set of analyses to deter-
mine the number of relationships among marR genes in
Enterobacteria, fostering significant advances in our under-
standing of the diversification of marR gene family and its
evolution in multiple bacterial genomes.

Materials and Methods

Identification of marR genes

Complete sequences of 43 genomes (Supplementary data
Table S1) from 14 genera in the family Enterobacteriaceae
were downloaded from NCBI bacteria database (http://ftp.
ncbi.nlm.nih.gov). Among the 43 bacterial strains, 13 spe-
cies or subspecies were included in Salmonella; 4 species in
Shigella; 3 species in Erwinia, Pectobacterium, and Yersinia,
2 species in Citrobacter, Cronobacter, Dickeya, Edwardsiella,
Enterobacter, Escherichia, Klebsiella, Pantoea, and Photor-
habdus, respectively. To identify MarR homologs in the bac-
terial genomes, tBLASTn searches were performed using
amino acid sequences of the MarR domain against the cod-
ing sequences (CDS) of all 43 genomes with E-values of at
least 1. Then the MarR domains were confirmed by Pfam
database version 25.0 with E-values of at least 1 (http://pfam.
sanger.ac.uk/) and SMART protein motif analyses (http://
smart.embl-heidelberg.de/). All selected marR genes were
used for further analyses.

Sequence alignment and data analysis

The nucleotide coding sequences (CDS) of marR genes were
aligned in MEGA v5.0 according to the alignments of pro-
tein sequences with default options (Tamura et al., 2011).
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The alignments were used to generate a phylogenetic tree
using the bootstrap neighbor-joining (NJ) method with a
p-distance model and MEGA v5.0. The stability of internal
nodes was assessed using bootstrap analysis with 1000 re-
plicates. Then the phylogeny was split into individual clades
based on nucleotide diversity/divergence between orthologs
and paralogs within the clades (0.3) combined with their boot-
strap values (80%). Other criteria were also used for the divi-
sion of all these marR genes. They were classified into 23
subfamilies according to more than 70% identity with 60%
coverage as the cutoff. The subfamilies correspond closely
with previous clades, suggesting that this classification was
accurate. In the present study, they were considered the
same. These clades were further classified into groups based
on their highly conserved character and specificity among
Enterobacteria.

After the group division of the phylogenic tree, the average
nucleotide divergence of marR domain sequences in each
clade was calculated. These values were estimated by Dxy
with the Jukes and Cantor correction using MEGA 5.0 (Nei,
1987). The ratio of nonsynonymous to synonymous nu-
cleotide substitutions (dN/dS, where dN and dS are defined
as nonsynonymous substitutions synonymous substitutions
respectively) can be used to detect the signature of selection.
Then dN, dS, and dN/dS were calculated for each clade
based on the Nei-Gojobori method with Jukes-Cantor cor-
rection (Nei and Gojobori, 1986). To detect the evolutionary
constraints on the functional domains, the dN and dS of
marR and regions outside this domain were also calculated.
A sliding-window analysis of the ratio of nonsynonymous
to synonymous substitution rates (dN/dS) was performed
on the sequences of the three conserved subfamilies using
DnaSP v5 (http://www.ub.edu/dnasp) (Librado and Rozas,
2009), with a window size of 30 bases and 5-base increments.

In addition, a housekeeping gene rpoB, encoding the bac-
terial RNA polymerase f-subunit is universal, and compar-
ison of rpoB sequences has been used as basis for genetic
analysis among bacteria (Piihler ef al., 1989). In our study,
the same method was used to evaluate the rpoB gene to per-
form a comparative analysis. In contrast analysis, two diffe-
rent species within the same genus were defined as strain
pair and used to assess all the marR and rpoB genes identi-
fied in these strains. Gene pairs were defined as any ortholo-
gous genes within any pair of strains. Then all Dxy, dN, dS,
and dN/dS values were calculated for each gene pair. The
average values of these parameters in each strain pair were
calculated and these values were used for further comparison.

Results

Reconstructing the phylogenetic tree of Enterobacteriaceae

The phylogenetic relationship within family Enterobacteri-
aceae can be used to elucidate the evolutionary history of
marR family. Based on 16S rDNA sequences, a previous
study divided Pectobacterium, Klebsiella, and some other
genera of the family Enterobacteriaceae into two groups
(Groups A and B) (Sproer et al., 1999). Herein, a species tree
was reconstructed based on 16S rDNA sequences extracted
from the genomes of 43 species/subspecies of Enterobacteri-
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aceae (Fig. 1). The entire tree encompassed 14 genera, with
7 newly added. The phylogenetic tree indicated the relative
relationships between different genera with strong support.
Based on bootstrap value and previous study, seven clusters
were delineated in the present study. Cluster 1 contained
Salmonella, Citrobacter, Escherichia, Shigella, Cronobacter,
Enterobacter, and Klebsiella, consistent with the statement
that the genera Escherichia, Klebsiella, and Enterobacter
should be integrated into a single genus based on DNA seg-
mental homology (Murata and Starr, 1974). Cluster 2 was
found to contain Pantoea and Erwinia. The remaining 5
clusters were placed in single genus. These clusters were con-
sistent with previously identified phylogenetic relationships.
Clusters 1, 2, 3, and 6 were found to correspond to groups
A and B.
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Fig. 1. Distribution of all identified marR genes among 43 Enterobacteri-
aceae in a clear phylogenetic background. This phylogenetic analysis was
based on 16S rDNA. The numbers on the right are the copy numbers of
MarR genes within each genome.

Number and domain organization of MarR proteins

tBLASTn and HMM searches were performed on the basis
of sequence similarity and the conserved marR domain.
Some 255 marR genes were identified in 43 sequenced bac-
terial genomes from 14 genera within the family Entero-
bacteriaceae.

The length of 255 identified sequences was highly variable,
ranging from 378 to 1227 nucleotides. Domain organiza-
tions of MarR proteins varied. In addition to MarR do-
main, two types of other domains were detected in Entero-
bacteriaceae MarR homologous. Proteins with other domains
(ROK and DypPerox) were found to be exclusive to each
strain, suggesting a possible clear-ortholog relationship be-
tween species. There were many MarR proteins with as yet
undefined (or unknown) C-terminal domains.

The average number of marR genes in all the 43 bacterial
genomes was 5.9. The number in a single genome ranged
from 2 in Ype to 11 in Kpn and Kva, respectively, with other
strains falling in between (Fig. 1 and Supplementary data
Table S1). Strains of the same genus were expected to have
the same number of marR genes. However, exceptions were
found in 9 of the 14 genera. For example, in Yersinia, Yen
showed 4 marR genes, Yps showed 3, and Ype showed only
2 marR genes. In Escherichia, Eco showed 4 and Efe has 6
marR genes. The remaining 7 genera, differed by only one
marR, but it was not always the same one. Copy number
variations among closely related strains were here attributed
to either gene gain or gene loss. Fewer marR genes were
found in Edwardsiella, Yersinia, and Photorhabdus lineages
than in other lineages, indicating an unequal distribution
of marR genes among different groups.

Phylogeny and classification of marR genes

To evaluate the evolution of marR genes in family Entero-
bacteriaceae, all 255 MarR domain sequences from the 43
bacterial genomes were aligned and a phylogenetic tree was
constructed in MEGA v5.0 (Supplementary data Fig. S1 and
Fig. 2). Phylogenetic analyses allowed us to identify evolu-
tionarily conservative and divergent marR genes. The tree
was divided into 23 clades based on the nucleotide diversity/
divergence between orthologs and paralogs within the clades
(<30%) combined with their bootstrap values (>80%). The
number of genes in these clades ranged from 2 to 43 with
an average of 10.8. Three of the most conserved clades (clade
20, clade 22, and clade 23) were composed of sequences from
all the 43 bacterial genomes excepting that Ype was not
found in clade 23. This suggested that these three clades
might have existed before the split of 14 genus bacteria and
these genes may be related to some essential functions. No
sequences from Ype were found in clade 23, indicating that

Table 1. Number of marR genes in four groups

Group name Gene no. Rate
Groupl 128 0.502
Group2 48 0.188
Group3 35 0.137
Group4 38 0.149

Single gene 6 0.024
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a gene loss event occurred in the Ype strain at some point.
However, in 15 cases, each clade was composed of sequences
from the same genus, indicating genus-specific gene gains
after split of different genera from the ancient common
ancestor. The two types of clades above served as the con-
served group (Group 1) and specific group (Group 4), res-
pectively. The remaining 5 clades were in between. Based
on the number of genera in which the clades’ sequences
were found, clades containing at least half of the 14 genera
were classified into Group 2 and Group 3 was in between
Groups 2 and 4. Group 2 was the moderately conserved
group and Group 3 was the less conserved group. Among
the identified 255 marR genes, 128 (50.2%), 48 (18.8%),
35 (13.7%), 38 (14.9%) genes were found in Groups 1-4,
respectively (Table 1). Six genes that were not included in
any clade were classified as species-specific genes.

As shown in Supplementary data Fig. S1, in Group 1, se-
quences from the 43 bacterial genomes formed the basal
lineages of the three clades and their topology was generally
consistent with the species tree based on 16S rDNA. This
topology of clade 20, clade 22, and clade 23 strongly sug-
gested that the division of the three subfamilies must have
occurred earlier than the division of the family Enterobac-
teriaceae. Group 2 genes (clades 1 and 10) appeared to exist
mainly in E. coli and its close relatives. They were not found
in strains from other lineages. The results of phylogenetic
analysis suggested a scenario in which most strains of E.
coli and its close relatives of the two clades are orthologs,
direct (vertical) descendants of their common ancestor.
Within Group 4, incongruence was observed between marR
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Fig. 2. Phylogenetic relationship among the
MarR domain-related genes. Clades in red,
purple, green, and blue correspond to groups
1 through 4, respectively. Red dots represent
functional marR genes. Purple dots represent
genes from outside Enterobacteriaceae.

gene clades and genome tree based on 16S rDNA. This is
prima facie evidence of horizontal gene transfer. A best
BLAST match targeting a distant taxon is widely considered
sufficient to prove HGT (Ragan, 2001). An online Blast search
in the Genbank database was performed. Results showed that
3 marR genes in Serratia proteamaculans 568, Alcanivorax
dieselolei B5, and Xanthomonas campestris pv. campestris
str. ATCC 33913 were closely related to the marR genes iden-
tified in Enterobacteriaceae, suggesting three HGT events
(Supplementary data Fig. S1 and Fig. 2).

To investigate the relationship between clades and gene
functions, eight functional and homologous marR genes
were included in these phylogenetic relationships. The top-
ology of phylogenetic tree showed that rovA, hor (Thomson
et al., 1997), slyA, marR, and mprA(EmrR) were located in
Groups 1 and 2. RovA, hor, and slyA were classified into the
same clade, suggesting a clear-ortholog relationship among
them. The present results indicated that marR functional
genes are prone to a conserved relationship in Enterobac-
teriaceae. However, three homologous genes were classi-
fied into very specific group. PecS was specific to Dickeya in
the present study, which was reported to control enzymes
that degrade the plant cell wall and affect hairpin and flagella
synthesis in Erwinia chrysanthemi (Reverchon et al., 1994;
Rouanet et al., 2004). The very high similarity and the fact
that they share a function strongly suggest a lateral gene
transfer event; ohrR, which was involved in the resistance
of lipid hydroperoxide in X. campestris (Klomsiri et al.,
2005). The close relationship between ohrR and genes in
Enterobacteriaceae, the conserved redox sensing Cys resi-
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Table 2. Distribution of 23 clades in 4 groups

. D=0.0% 0.0<D<4.0% 4.0%<D<9% 9%<D<16% 16<D<26% Total
Nucleotide divergence (D)
C.No. Gp. No. C.No. Gp. No. C.No. Gp. No. C.No. Gp. No. C.No. Gp. No. C.No. Gp. No.
Groupl 0 5 0 22 3 15 0 19 0 9 3 70
Group2 0 0 0 11 2 1 0 0 2 16
Group3 0 0 0 3 1 2 2 0 3 13
Group4 1 1 4 4 1 2 6 12 2 2 14 21

C. No, clade number; Gp. No, gene pair number

dues and similar genetic organization indicated a HGT event
(Reverchon et al., 2010). Then 17 kDa, was obtained via HGT
and deletion of this stretch did not affect the degree of pilia-
tion or the adhesion characteristics of the recombinant host
(Marklund et al., 1992).

In conclusion, conservatism and specificity were detected
in marR genes based on phylogenetic relationships. The
clear-ortholog relationship among Enterobacteriaceae was
detected in three conserved clades and in three functional
genes. This suggests the conserved nature and functional im-
portance of marR genes to resistance to multiple antibiotics.
The variable copy number among Enterobacteriaceae indi-
cates frequent gene gain and loss events, especially for spe-
cific groups. In the present study, HGT events were identi-
fied in specific groups. Furthermore, some functional genes
were found to be the result of HGT. This is consistent with
its multiple functional characteristics in bacterial physiology
and adaptive response to external stimuli.

Genetic variations comparison

Sets of orthologous protein sequences and corresponding
nucleotide sequences shared by the 43 completely sequenced
bacterial genomes were identified and aligned. Nucleotide
sequences were used to calculate the divergence (Dxy) and
synonymous (dS) and nonsynonymous (dN) substitution
rates (see ‘Materials and Methods’). To prevent the back-
ground effects of strains from different genera, all calcu-
lations were based on pairs of genes from different species
within the same genus. In this way, clade 11, which con-
tained strains of different subspecies, was excluded from
the investigation.

The average of Dxy was 0.091 with a standard deviation of
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Fig. 3. Sliding window analysis of dN/dS and divergence values of clade 20.
Nucleotide positions 136-306 correspond to the MarR domain. dN/dS
ratios were calculated using DnaSP with a sliding window of 30 bases
and 5-base increments.

0.064. The Dxy value among the 23 clades ranged from 0 in
clade 6 to 0.234 in clade 15. Clades 6 and 15 also showed
the highest and lowest values of dS and dN, respectively
(data not shown). The highest and the lowest divergence
values among the 22 clades were both observed in Group 4.
The average nucleotide divergence values were 0.077, 0.055,
0.103, and 0.096 for Groups 1-4, respectively (Table 3). A
significantly more pronounced level of volatility was detected
in Groups 3 and 4 than in Groups 1 and 2 (P<0.01), sug-
gesting an alternative evolutionary pattern in marR genes.

More stringent criteria were used to identify polymorphisms
among orthologs within each genus. Specifically, 60.0% of
the orthologs in Group 1 had <9% divergence. The propor-
tions in Groups 2-4 were 75.0%, 38.5%, and 33.3% respec-
tively (Table 2). Besides, Dxy with<16%, <9% or <4% among
orthologs, Group 2 still had the highest proportion of or-
thologs. And group3 and group4 have the highest propor-
tions of orthologs with Dxy ranging from 16-26% and
9-16%, respectively.

Conservation of functional domains in marR genes

To evaluate the evolution of marR genes, and especially to
elucidate the nucleotide substitution patterns among dif-
ferent regions of marR genes, a sliding window analysis of
dN, dS, and dN/dS was carried out for three highly con-
served clades using DnaSP v5.0. Interestingly, the dN of
marR domains were consistently significantly lower than
ROK domains and regions outside the domains, especially
for clade 20, into which rovA, slyA, and hor were classified
(Fig. 3). The present results suggested that MarR domain
corresponding to nucleotide positions 136-306 had low
dN/dS values. However, the dS value of MarR domains was
similar to that of complete genes. MarR domain is likely to
be responsible for DNA binding, suggesting a strong puri-
fying selection on this section to keep a conserved winged-
helix DNA binding motif.

More elaborate results were acquired to identify the ex-
haustive polymorphisms of MarR homologues. Genetic pa-
rameters were calculated in strain pairs within each genus
to reduce the effects of the relationships between the strains.

Table 3. Divergence of four groups of marR gene clades and rpoB gene

Group Dxy dN ds dN/dS
Groupl 0.077 0.018 0.424 0.094
Group2 0.055 0.02 0.287 0.082
Group3 0.103 0.051 0.449 0.108
Group4 0.096 0.036 0.502 0.095

rpoB 0.033 0.003 0.147 0.015
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Fig. 4. Non-synonymous (A) and synonymous (B) substitutions of MarR
domain, marR gene, and rpoB gene among pairs of strains.

The same was done to marR genes, nucleotide sequences of
MarR domain, and a housekeeping gene rpoB. The average
nucleotide divergence was 8.02%, 8.23%, and 3.27% for MarR
domains, marR genes and rpoB genes respectively. Signifi-
cant more genetic divergence were detected in nucleotide
sequences corresponding to the marR genes and MarR do-
mains than those of the rpoB genes (P<0.05). There is not
much difference in divergence or synonymous substitutions
between the complete gene and MarR domain regions.
However, the average dN value was 1.26% and 2.55% for
MarR domains and marR genes respectively. Significantly
fewer non-synonymous substitutions and lower dN/dS values
were detected in nucleotide sequences of MarR domain than
the complete marR genes (Fig. 4) (P<0.05). The fact that
closely related genes were nearly the same between strain pairs
in Shigella suggest that the strains differentiated recently.
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Discussion

Conserved nature and specificity of marR genes

MarR was first found to be a negative repressor in E. coli
(George and Levy, 1983), and additional MarR homologs
were later found. For example, SIyA in S. typhimurium, PecS
in E. chrysanthemi, and RovA in Yersinia enterocolitica (Re-
vell and Miller, 2000; Reverchon et al., 2002). MarR have a
wide distribution in both archaea and bacteria. However, the
origin and evolution of this superfamily remain ambiguous.
In the present study, a total of 255 marR genes were identi-
fied among 43 strains in Enterobacteriaceae. These could
be divided into 23 clades based on their phylogenetic traits.
The fact that the branching patterns of three conserved clades
are congruent to the species tree based on 16S rDNA indi-
cates that the three conserved genes were present in a com-
mon ancestor of Enterobacteriaceae, this is consistent with
the conservation of MarRAB operon within family Entero-
bacteriaceae (Cohen et al., 1993b). However, the two clades
in group 2 were found to be present only in Cluster 1, indica-
ting an unequal distribution of marR genes among different
clusters of Enterobacteriaceae. The absence of two clades of
marR genes from other lineages might be attributable to
independent gene loss events that occurred during lineage-
specific evolution. The results of phylogenetic analysis sug-
gested a scenario in which Cluster 1 of the two clades are or-
thologs were direct (vertical) descendants of their common
ancestor.

Multiple Klebsiella strains were isolated from hostile envi-
ronments, for example, from hydrocarbon-contaminated
estuaries or a heavily polluted environment (Rodrigues et
al., 2009; Xu et al., 2010). Sophisticated systems may have
evolved in these pathogenic bacteria to sense hostile environ-
ments and trigger compensatory gene expression in order
to survive within the host. In our result, more genus-specific
genes were detected in Klebsiella than in other genera. These
MarR family homologues may play an important role in
adaptive responses to a number of external stimuli.

Unequal distribution of marR genes among different groups
was apparent. Variable copy number among Enterobacteri-
aceae indicates frequent gene gain and gene loss events, es-
pecially for specific groups. According to the present phy-
logenetic tree, fifteen genus-specific clades were identified.
In many cases, the genus-specificity of these clades can be
attributed either to the acquisition of genes through HGT
or to the loss of ancestral genes. The present phylogenetic
analysis revealed that 3 of the marR genes had been acquired
from non-Enterobacteriaceae species, suggesting HGT play-
ing an important character in rapid gene gain (Alm et al.,
2006; Serres et al., 2009), especially to the case with antibiotic
resistance (Andersson and Hughes, 2009; Treangen et al.,
2009). Furthermore, three functional genes were found to
be the result of HGT, reflecting a scenario that the ability
to resist multiple antibiotics can be transferred among taxa.

In addition to the different evolutionary patterns for con-
served and specific clades, the present results suggest that
clade type is relevant to gene function. Most of the functional
genes are conserved within clades and lineages, suggesting
a functional importance in Enterobacteriaceae. It has been
suggested that function of uncharacterized proteins can be
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predicted by their corresponding positions in the MarR
family tree. In addition to, rovA, which is important to
pathogenesis and virulence (Heroven et al., 2004); Hor, which
controls the production of antibiotics, of exoenzymes, and
of determinants of virulence in phytopathogens (Thomson
et al., 1997); and slyA, which is important to the development
of soft-rot disease on plants (Rouanet et al., 2004), have also
been shown to be clear orthologs among Enterobacteriaceae.
This indicates the functional importance and a conserved
evolutionary strategy of these genes. On the contrary, three
specific marR genes, pecS, ohrR, and 17 kDa, were obtained
through horizontal gene transfer and their functions usually
involve responses to special conditions or play redundant
roles in Enterobacteriaceae (Marklund et al., 1992; Reverchon
et al., 1994; Klomsiri et al., 2005).

The genetic parameters also reflected conservatism and
specificity of marR genes. The average nucleotide divergence
values were 0.077, 0.055, 0.103, and 0.096 for groups 1
through 4, respectively. The highest and lowest divergence
values were both found in Group 4. The level of polymor-
phism was found to be significantly more volatile in Groups
3 and 4 than in Groups 1 and 2 (P<0.01). This suggests an
alternative evolutionary pattern for marR genes.

Evolutionary patterns of marR genes

Significantly more nucleotide polymorphisms were detected
in both the domain and complete gene of marR than in the
housekeeping gene rpoB, suggesting a fast ratio of evolu-
tion for both domain region and complete gene of marR.
Not much difference in divergence or synonymous sub-
stitutions was found between the complete gene and MarR
domain. However, the average dN values were 1.26% and
2.55% for marR domain and marR genes respectively. Sig-
nificant less nonsynonymous substitutions were detected
in marR domain regions (P<0.05), suggesting a severe mu-
tation constraint on these sections. Inconsistent substitu-
tions rate within the same gene tend to correspond to dif-
ferent types of function. The MarR domain (p1-a3-a4-{32-
W1(wing)-B3) is a dimer with each subunit containing a
winged-helix DNA binding motif (Alekshun et al., 2001).
The N-terminus was shown to be essential to repressor ac-
tivity (Seoane and Levy, 1995). Mutations in both a4 and
W1 affect the DNA binding activity of MarR because amino
acids from each of these regions contribute to the DNA
binding activity of the protein. For example, mutations in
these regions have been shown to abolish MarR DNA
binding activity in whole cells and in vitro (Alekshun et al.,
2000). Our sliding window analysis demonstrated that marR
domains often exhibit very low dN/dS values. The level of
conservation of MarR homologues is particularly high in
the N-terminus, but it is relatively low in the C-terminus
(Thomson et al., 1997). The DNA binding activity endows
the MarR domain with a particular feature. For example, it
may undergo severe purifying selection to preserve a con-
served winged-helix DNA binding motif. The variable C-
terminus may be largely responsible for the modulation of
the relative specificity of these closely homologous genes
(Ludwig et al., 1995; Thomson et al., 1997). These opposite
evolutionary patterns have been observed both within and
outside functional domains of marR genes. This likely re-

flects a sophisticated strategy in the evolution of repressors
of multiple antibiotic resistance. The findings of the present
and previous studies suggested that negative selection pres-
sure allows the MarR domain to maintain the conserved
functions and positive selection pressure that drive the evo-
lution of C-terminus, which then helps modulate the rela-
tive specificity of these closely homologous genes. These
dual characters helped MarR to maintain a conserved bind-
ing motif and variable C-terminus, which are important to
adaptive responses to a number of external stimuli in Entero-
bacteriaceae.
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