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Abstract. We examined a region of high variability in
the mosaic mercury resistance (mer) operon of natural
bacterial isolates from the primate intestinal microbiota.
The region between themerP and merA genes of nine
mer loci was sequenced and either themerC,the merF,
or no gene was present. Two novelmerC genes were
identified. Overall nucleotide diversity,p (per 100 sites),
of themerCgene was greater (49.63) than adjacentmerP
(35.82) andmerA (32.58) genes. However, the conse-
quences of this variability for the predicted structure of
the MerC protein are limited and putative functional el-
ements (metal-binding ligands and transmembrane do-
mains) are strongly conserved. Comparison of codon us-
age of themerTP, merC,andmerAgenes suggests that
severalmerC genes are not coeval with their flanking
sequences. Although evidence of homologous recombi-
nation within the very variablemerCgenes is not appar-
ent, the flanking regions have higher homologies than
merC, and recombination appears to be driving their
overall sequence identities higher. The synonymous
codon usage bias (ENC) values suggest greater variabil-
ity in expression of themerCgene than in flanking genes
in six different bacterial hosts. We propose a model for
the evolution of MerC as a host-dependent, adventitious
module of themer operon.

Key words: Operon organization — Mercury resis-
tance — Horizontal gene transfer — Genome rearrange-
ment — Chi-homologous recombination — Codon usage

Introduction

Bacteria have evolved resistance to both inorganic and
organic mercury compounds, and these resistance sys-
tems occur world-wide, in many Gram-negative and
Gram-positive bacteria from environmental and clinical
sources. Early studies on themeroperons of Tn21 (NR1)
and Tn501 (Brown et al. 1986; Gilbert and Summers
1988) led to the impression that the organization ofmer
operons in Gram-negative bacteria was generally con-
served. However, now with over 20 sequencedmer op-
erons, polymorphism ofmer operons is well established
(Bruce et al. 1995; Liebert et al. 1997).

The mer operon has a modular or mosaic structure
(Fig. 1). In our previous study (Liebert et al. 1997), the
meroperons of the Gram-negative fecal isolates from the
Primate Amalgam collection (isolated from monkeys)
and the Environmental Plasmid Survey (EPS) collection
(isolated from humans) were grouped into nine phyloge-
netic mer locus types (Fig. 1) using mapped restriction
site polymorphisms (MRSP), restriction fragment length
polymorphisms (RFLP) of PCR amplicons, and Southern
hybridizations ofmer genes. Initial grouping of themer
loci was based on uniquemerAMRSPs and was further
supported by additional tests, including intergenic PCR
amplifications to establish gene order. These ninemer
loci demonstrated considerable polymorphism among
themselves and with respect to previously characterized
mer loci, supporting the view that themer operon is a
genetic mosaic and has a predominance of insertions/
deletions of functional genes immediately before and af-
ter themerAgene. In particular, we detected a high de-
gree of variability, both in length and hybridization, in
the region 58 of merA,suggesting considerable sequence
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Fig. 1. Uniquemer operons from Gram-negative bacteria. Arrange-
ment of operons is according to similar gene order and/or inferred
phylogenetic relatedness of themerCgenes. The Tn21 meroperon is
the first described operon with amerCgene. Tn5053carries themerF
gene, and Tn501 is the first describedmeroperon with no intervening
gene betweenmerP and merA.Thosemer operons with locus desig-
nations were characterized in our previous study (Liebert et al. 1997).
Thick boxes indicate regions sequenced and thin boxes indicate South-
ern hybridizations and/or RFLPs (Liebert et al. 1997) were performed

to identify the region. ThemerCgenes of pKLH272 and pKLH2 (*) are
identical and themerCgenes of Tn5041and Locus 5 (+) are identical,
but other regions of these four loci are not identical to each other. Gray
flags mark the location and orientation of Chi sites; recombination can
be stimulated leftward (top) or rightward (bottom) for up to 8 kb (Smith
1994). Only the ends of the pPB1merA have been sequenced.mer
operon pMER327 withmerFand partially sequencedmeroperon TC97
with merCare not shown here.
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divergence in this region which we investigate further
here.

The essential components of themer operon include
merR,encoding the regulatory protein (Summers 1992;
Zeng Q. et al. 1998),merTandmer P,together encoding
the Hg(II) uptake system (Morby et al. 1995; Steel and
Opella 1997), andmerA,encoding the mercuric ion re-
ductase (Miller et al. 1991; Schiering et al. 1991). In
addition to these genes,mer loci may also have the genes
merCor merF,encoding inner membrane proteins which
function in Hg(II) uptake (Sahlman et al. 1999; Wilson et
al. 2000). ThemerCgene is apparently not required for
Hg(II) resistance (HgR), if MerP and MerT are present,
since there aremer operons withoutmerC [e.g., those
found in transposons Tn501 (Misra et al. 1984) and
Tn5053 (Kholodii et al. 1993b)]. Moreover, deleting
merC from the Tn21 mer locus had no effect on HgR
(Hamlett et al. 1992). TheThiobacillus ferrooxidans mer
loci have at least three distinctmerCgenes (Inoue et al.
1991), one of which can function alone as a mercury
transport system inE. coli (Kusano et al. 1990). Sahlman
and coworkers have demonstrated that MerC of Tn21
binds Hg2+ (Sahlman et al. 1997) and that the two N-
terminal cysteines predicted to lie within the cytoplasmic
membrane are involved in Hg(II) uptake (Sahlman et al.
1999). Unlike MerT, uptake of Hg2+ by MerC is not
enhanced by MerP (Wilson et al. 2000) and the detailed
interactions of MerP, MerT, MerC, MerF, and MerA
remain to be defined. At the 38 end of the operon,merD,
encoding a protein which antagonizes the activation
function ofmerR(Mukhopadhyay et al. 1991) andmerE,
an undefined open reading frame (ORF) (Liebert et al.
1999) are generally found. Finally, themerB gene, en-
coding the organomercurial lyase has been found in
somemer operons located 38 either ofmerAor of merR
(Griffin et al. 1987; Liebert et al. 1997; Reniero et al.
1998).

In bacteria, horizontal gene transfer can result in the
formation of mosaic loci (Campbell 1994; Maynard
Smith 1992). Boyd and coworkers (Boyd et al. 1996)
observed that recombination between genes on plasmids
takes place at a considerably higher frequency than that
observed for chromosomal genes and implicated Chi
sites and RecBCD in the mechanism of plasmid borne
gene exchange. They suggested that plasmid genes and,
by inference, the plasmids themselves are mosaic struc-
tures with different regions acquired from different
sources. Manymeroperons are found on large conjuga-
tive plasmids and often within transposons (de la Cruz
and Grinsted 1982; Yoshifumi et al. 1984). A common
recombination event which generates mosaics in trans-
posons is the exchange of transposon modules by recom-
bination at theres site (Grinsted et al. 1990; Minakhina
et al. 1999). This process is a recurring theme seen in the
evolution of transposons carrying HgR loci. Widely dis-
seminated transposons Tn21 (Liebert et al. 1999),

Tn5041 (Yurieva et al. 1997), and Tn5053 (Kholodii et
al. 1993b) are three examples of such mosaic HgR trans-
posons, all of which also carry genetic elements that can
effect site-specific or nonspecific recombination events.

In mer operons, mosaicism occurs at two levels: in
gene location within the operon and within the genes
themselves. The most conserved gene order for themer
operon ismerRTPADE.Of the 20 uniquemer operons
sequenced, 12 carry amerC variant(s) (Fig. 1). Two
nearly identicalmer operons carried by transposon
Tn5053 and plasmid pMER327 (Hobman et al. 1994)
(not shown) carrymerF in themerP–Aregion. ThemerC
and merF genes have only been found 58 to the merA
gene. Themer operons in Tn501, pDU1358, pMR26,
pPB2, andThiobacillussp. do not have any gene present
between themerPandmerAgenes. Variability also oc-
curs in the region 38 of merA,wheremerB(Griffin et al.
1987; Liebert et al. 1997) or other ORFs (Kiyono et al.
1997; Yurieva et al. 1997) can occur betweenmerAand
merD. In the present study, we focused on the variable
region betweenmerPandmerA(P–A), to ask three ques-
tions: (1) How diverse are the genes occurring there? (2)
What is the consequence of the divergence for the pos-
sible structures of the proteins? (3) What might be the
agents of the diversity seen in the P–A region?

Materials and Methods

Bacterial Strains.Strains carryingmer loci were from the Primate
Amalgam collection (n 4 7) and the EPS collection (n 4 9) (Table 1).
The mer loci of these strains were previously described (Liebert et al.
1997) as were the collections (Wireman et al. 1997). The standard
mercury-resistant strains used in this study were SK1592(pDU202),
SE23, JM83(pKLH2.5), and GD86 and were provided by T. Foster, D.
Ritchie, V. Nikiforov, and G. Dougan, respectively. Strains were stored
at −70°C.

DNA Isolation.Total cellular DNA was isolated using the IsoQuick
Nucleic Acid Extraction Kit (ORCA Research, Inc., Bothell, WA,
USA) from 1.5 ml cultures grown in Luria-Bertani (LB) broth at 37°C
for 6 h. Two independent DNA samples were prepared for each of two
strains of the samemer locus type (Table 1).

PCR Primers.Oligonucleotide primers (sequences available on re-
quest) were designed using the OLIGO™ Software (National Biosci-
ences, Inc.) and synthesized by the University of Georgia Molecular
Genetics Instrumentation Facility (Athens, GA, USA) or BioServe Bio-
technologies (Laurel, MD, USA). Priming sites and the regions of the
mer loci amplified are depicted in Fig. 2. Primary primers T3 and A5
amplified the template DNA used for sequencing (Fig. 2; open rect-
angle). To distinguish the twomer loci (Loci 5 and 11) carried by the
same strain (see Results), the primer pairs R1-A5 and R1-A0 were used
to generate physically distinct template amplicons for sequencing. Sec-
ondary sequencing primers (R1-A0) for these R1-A5 and R1-A0 tem-
plates are shown in Fig. 2.

PCR Amplification.Amplification reactions were carried out in a
total of 50ml containing 20 pmol of each primer, 0.2 mM each dNTP,
2.5 U clonedPfuDNA Polymerase (Stratagene, LaJolla, CA, USA) and
1X PCR buffer (20 mM Tris-HCI (pH 8.8), 10 mM KCl, 10 mM
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Table 1. The mercury resistance loci described in this study

mer
Locusa Sourcea Strain Host biotypeb

GenBank
accession
number Closest relative

Identityc

(%)

1 PA 517H Escherichia coli AF120960 Tn21 (NR1) 100
EPS 1349B Escherichia colior Kluyvera AF120959

2 PA 699H Citrobacter freundii AF120961 Tn5053 100
EPS 1312A Escherichia coli AF120962 99.8

3 PA 722H Klebsiella oxytoca AF120975 pMER610 100
EPS 224 Citrobacter diversus AF120974

4 PA 742H Leclercia adecarboxylata AF120965 pKLH272d 100
EPS 209A Escherichia coli AF120964

5 PA 660H Sphingomonas paucimobilis AF120972 Tn5041 95
PA 661H Sphingomonas paucimobilis AF120973 TC97(58merRTP)e 100

6 PA 687H Stenotrophomonas maltophilia AF120966 Tn501 99.7
EPS 2600 Ps. aeruginosa or fluorescens AF120967

9 EPS 298B Pseudomonas aeruginosa AF120971 pMER610 83
EPS 396 Pseudomonasor Alcaligene AF120970

10 EPS 394B Pseudomonas putidia AF120968 Tn5041 87
EPS 317B Pseudomonasor Alcaligenes AF120969

11 PA 660H Sphingomonas paucimobilis AF120977 pDU1358 89
PA 661H Sphingomonas paucimobilis AF120976

a Designation ofmer operons from our previous study (Liebert et al.
1997).merLoci 5, 9, 10, and 11 are newly described in this study. Loci
7 and 8 were not observed in either the PA (Primate Amalgam) or EPS
(Environmental Plasmid Survey) collections (Wireman et al. 1997).
b Determined by the API 20E system from bioMerieux Vitek, Inc.
(Hazelwood, MO).
c Percent identity to closest relative; the entire nucleotide sequence of
the segment ofmer operon sequenced (as indicated in Fig. 2) was
compared to GenBank sequences (Fig. 1).

d Previous restriction enzyme studies (Liebert et al. 1997) and partial
sequencing of 742HmerA (data not shown) revealed identity to the
pKLH272 mer operon rather than the pKLH2mer operon.
e The portion ofmer Locus 5 we sequenced is 95% identical overall
with the Tn5041 merlocus and 100% identical to Tn5041 merC.It is
also 100% identical with the portion (merRTP) of the TC97mer locus
that has been sequenced and the TC97merC gene has the same re-
striction pattern as Tn5041 (Yurieva et al. 1997).

Fig. 2. Locations of themer PCR primers used and regions se-
quenced in this study. Open boxes indicate the regions amplified (pri-
mary amplicons) and used subsequently as DNA templates for se-
quencing. Light gray boxes represent the regions sequenced. Dark gray
box represents the region amplified from the primary amplicon (either

T3-A5 or R1-A5) and digested withBsrFI to confirm the locus type by
MRSP (Liebert et al. 1997). Primer designations (in bold) are on either
side of the boxes, the differentmer loci sequenced are indicated by the
locus number above or below the boxes, and the sizes (bp) of the
amplicons are to the right of the boxes.
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(NH4)2S4, 2 mM MgSO4, 0.1% Triton X-100, 0.1 mg/ml nuclease free
bovine serum albumin). Template DNA (50 ng in 1.0ml) and a wax
bead were added to a 0.5 ml Eppendorf tube and placed on ice. The
chilled PCR mixture was added to the tubes, which were immediately
placed in the thermal cycler for amplification. Cycles were 97°C for 45
s for one cycle; 97°C for 45 s, the appropriate annealing temperature for
45 s, and 72°C (or 76°C) for the appropriate extension time for 29
cycles; and 72°C (or 76°C) for 10 min for one cycle and finally held at
15°C. PCR annealing and extension temperatures and times are avail-
able upon request. To visualize the PCR product, 5ml of each reaction
mix were electrophoresed on 1% agarose gels, in 1X TBE (90 mM Tris
base, 90 mM boric acid, 2 mM EDTA (pH 8.0)), stained with 0.1 mg/ml
ethidium bromide (EtBr), and photographed. Appropriate positive and
negative controls were included in every PCR experiment.

Purification and Characterization of PCR Amplicons.Template
amplicons were electrophoresed in 0.7% low melt agarose gels in 0.5
X TAE buffer and then purified with the Wizard PCR Preps DNA
Purification System (Promega, Madison, WI, USA). Before sequenc-
ing, an aliquot of each purified primary amplicon was used as PCR
template to test that the sequencing primers produced an amplicon of
the expected size. In addition, each primary amplicon was also used as
a template to produce an A1-A5 amplicon. The A1-A5 amplicon (Fig.
2; dark gray rectangle) was digested with the restriction enzymeBsrFI
(New England Biolabs, Beverly, MA, USA) without prior purification
to confirm that the sequenced template was in fact the expectedmer
locus as defined by previous RFLPs studies (Liebert et al. 1997). The
reactions were electrophoresed on 15 × 15 cm, 3% MetaPhor gels
(FMC BioProducts, Rockland, ME, USA) in 1X TBE, at 100 V for 4.5
h (MetaPhor gels), which were subsequently stained with EtBr and
photographed.

DNA Sequences.Sequencing of the template amplicons was per-
formed by the University of Georgia Molecular Genetics Instrumenta-
tion Facility (Athens, GA) using an Applied Biosystem model 373A
automated DNA sequencing system and a DyeDeoxy termination cy-
cler sequencing protocol (Applied Biosystem, Incorp., Foster City, CA,
USA). Both strands of each primary amplicon were sequenced at least
twice in the region of interest from independent DNA preparations and
amplifications (Fig. 2).

Computer Analyses.The software Sequencher (Gene Codes Corp.,
Ann Arbor, MI, USA) was used to align, view, and edit sequence data.
Sequence analyses were performed using the Wisconsin Package Ver-
sion 10, Genetics Computer Group (GCG), (Madison, WI, USA) pro-
grams: PILEUP, GAP, CODONFREQUENCY, CORRESPOND, and
FINDPATTERNS. Codon usage indices were generated by CodonW
(http:/bioweb.pasteur.fr/seqanal/interface/codonW/) (Peden 1997) and
the GenBank Codon Usage Database (http://www.kazusa.or.jp/codon/)
was used to generate theEscherichia coli, Pseudomonas aeruginosa,
Shewanella putrefaciens,andT. ferrooxidanscodon frequency tables.
The DnaSP program version 3.1 (URL;http://www.bio.ub.es/∼julio/
DnaSP.html) was used to determine nucleotide diversity (p) (Rozas
and Rozas 1997) and the method of Lynch and Crease (Lynch and
Crease 1990) was used with the Jukes and Cantor correction (Jukes and
Cantor 1969).

Secondary structure predictions were performed using PredictPro-
tein (Rost and Sanders 1994), and PHDsec and PHDtopology (Rost et
al. 1995), search for protein domains in PROSITE (Bairoch et al.
1997), and ProDom (Corpet et al. 1998) databases were performed
using BLASTP (Altschul et al. 1990). Prediction of transmembrane
helices in proteins was performed using TMHMM1.0 (URL;http://
www.cbs.dtu.dk/services/TMHMM1.0/) (Sonnhammer et al. 1998) and
plotted in CA-Cricket Graph III Version 1.5.3., Computer Associates
International (Islandia, NY, USA).

Phylogenetic analyses were performed using the Phylogenetic
Analysis Using Parsimony (PAUP) version 4.0 programs (Swofford

1998). Sequences were aligned using the PILEUP program in GCG
(Devereux et al. 1984). Calculation of distance values was done with
the Kimura 2 parameter or Jukes–Cantor options, and evolutionary
trees were constructed with the UPGMA or neighbor-joining options
(Saitou and Nei 1987). Bootstrap analysis (100 replicates) was also
performed.

Results and Discussion

Is There Unusual Divergence in the Region Between
the merPandmerA Genes?

Overall Comparison of the P–A Regions
In the ninemer loci from wild isolates examined here

(Table 1), we observed in the region betweenmerPand
merAeithermerC, merF,or no gene (Fig. 1). The P–A
regions of three of these nine primate strainmer loci
were 100% identical to published sequences we have
defined as index examples ofmer Loci 1, 3, and 4, re-
spectively (Table 1).

Primate strains 660H and 661H carry at least twomer
operons, only one of which (Locus 5), could we charac-
terize previously (Liebert et al. 1997). Locus 5 contains
amerCgene, has the operon structuremerRTPCA,and is
100% identical to themerRTPregion of the TC97mer
operon (see Table 1 legend). Here, using gel purification
of amplicons, we have characterized a secondmer locus,
Locus 11, from strains 660H and 661H. Locus 11 lacks
merC,has the genesmerRTPA,and is a novelmer op-
eron, albeit, with some similarity in itsmerRTPregion to
the pDU1358 (Locus 8, 89% identical)mer operon.

Sequencing of previously defined Loci 9 and 10 re-
vealed that the entire 38 merP, merC,and 58 merA(PCA)
region of Locus 9 is only 83% identical to its closest
relative, pMER610. ThemerCgene itself in Locus 9 has
suffered a 58 deletion of 42 nt and may be nonfunctional.
The PCA region ofmer Locus 10 is only 87% identical
to its closest relative, themer operon of Tn5041.

Unlike the Tn21 meroperon, Locus 2 has themerF
gene instead ofmerClying betweenmerPandmerA.The
P–A region of this locus in our primate strain 722H is
100% identical to both published sequences ofmerF,one
of which (Tn5053) we had defined as the index example
of mer Locus 2 (Fig. 1, Table 1). The P–A region of
strain 1312A differed by one nt from the corresponding
published sequences resulting inmerP Ser27, a small
polar amino acid, on the outer surface of the protein
(Steel and Opella 1997), being replaced by Phe, a large
hydrophobic amino acid.

Unlike the Tn21 and Tn5053 meroperons, the Tn501
(Locus 6)mer operon has no protein-encoding gene but
only a 71 bp intergenic region betweenmerPandmerA.
The partial sequence of the Locus 6meroperon indicates
that it and Tn501 are the same “sequence type,” since
they differ by fewer than 0.5% of their nucleotides
(Milkman and Bridges 1990). Bothmer Locus 6 ex-

611



amples here differed by one nucleotide from the pub-
lished sequence of Tn501 (Fig. 1, Table 1). Themer
Locus 7 (Thiobacillus TF1 or TF2) and Locus 8
(pDU1358) were not observed in either the EPS or Pri-
mate Amalgam collections.

Thus, in this study, we, as others (Fig. 1, Table 1),
have observed three gene order types: those withmerC,
those withmerF,and those with no gene betweenmerP
andmerA.The actual sequence divergence in themerC
genes of Loci 1, 3, 4, 5, 9, and 10 reported in this study
confirms the differences detected previously by hybrid-
ization (Liebert et al. 1997).

Individual Gene Phylogenies
A phylogenetic tree of all sequencedmerCgenes (Fig.

3) was robust with high bootstrap values. Comparison of
different distance and tree drawing algorithms (see
Methods) yielded similar branching patterns (data not

shown). There are no obvious sharp transitions between
homology and nonhomology (i.e., crossover points) to
indicate recombination has occurred within any of the
merC genes (data not shown; map available upon re-
quest).Thiobacillusand pMERPHmerCs diverge exten-
sively from the others; this is especially so forThioba-
cillus TF1 merC and Thiobacillus TF2 merC1 (and
merC2). In a phylogeny based onmerRgenes (Osborn et
al. 1995), theThiobacillusTF2 merRalso diverged from
merRsof other Gram-negative bacteria. The regions of
greatest variation in themerC gene corresponded to nt
1–66 (protein residues 1–22), nt 280–309 (protein resi-
dues 94–103), and nt 409–420 (protein residues 137–
140) in Tn21 merC(Fig. 4).

Although there are limits to conclusions which can be
drawn from phylogenetic comparisons for highly peripa-
tetic loci such asmer, there appear to be at least three
lines of descent formerCrepresented by: (1) those in the

Fig. 3. Individual phylogenies ofmeroperon genes. Distance trees based on the five availablemerTPandmerAsequences of operons which have
merC,and on the elevenmerC gene sequences available; constructed by the neighbor-joining method using PAUP (Swofford 1998). Bootstrap
percentages are in bold.
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Thiobacillus loci; (2) those in a cluster consisting of
Tn21,pMER610, pKLH2, pPB1 and Tn5041;and (3) the
one gene in the pMERPH operon.

Of the mer operons which havemerC, there is se-
quence information for flanking genes (merT, merP,and
merA) only in Tn21, pKLH2, pMER610, Tn5041, and
pMERPH. We used this information to generate phylo-
genetic trees of the region including both of the small
genesmerTandmerP (ca. 627 bp total) and the region
encompassing the FAD and NADPH domains ofmerA
(675 bp) genes (Fig. 3). Note that here, and in what
follows, merTandmerPare considered together because
each alone is too small for statistical validity. As in the
merCtree above, the outlier in themerTPandmerAtrees
is pMERPH. Surprisingly, the distances of the pMERPH
merTPandmerAgenes from othermer genes are even
larger than the distances of the pMERPHmerCfrom the
other merC genes. The shorter branch lengths between
merTP’s and merA’s of pMER610 and pKLH2 likely
arise from extensive crossover that occurs inmerT and
merAthat is not seen inmerC(Yurieva et al. 1997) (and
our data not shown; map available upon request). The
branch order for all three genes differs; this could arise if
a crossover inmerAis not always accompanied by cross-
over inmerTPbut occurs elsewhere. The branch lengths
of the three trees indicate close relations among the ad-
jacent merTP and merA genes in operons containing
merCwith the exception of the pMERPH and theThio-

bacillus loci and is consistent with two of the three lines
of descent noted formerC itself.

Codon Utilization
Genes with atypical codon usage compared to flank-

ing sequences are considered to have been acquired re-
cently from distantly related organisms via horizontal
transfer (Lawrence and Ochman 1997; Medigue et al.
1991). We compared codon usage of themerTP, merC,
and merA genes using the GCG program, CORRE-
SPOND (Grantham et al. 1981), which compares two
Codon Frequency Tables (Devereux et al. 1984) and
yields the residuals statistic D2 (see Table 2 legend).
Lower D2 values imply either similar origins or sufficient
elapsed time for amelioration to have occurred. Codon
usage comparisons across operons withmerC indicate
significant diversity in themerCgenes compared to the
merTPandmerAregions (Table 2). The general trend of
these comparisons is a larger D2 value (values >3 in
boldface) and lower percent DNA sequence identity
(data not shown but note Fig. 3) amongmerCs compared
to merTPor merAgenes. Moreover, the low D2 values
seen between the TF1merA and merC genes and the
corresponding Tn21 genes suggest a similar origin for
these genes. Likewise, similar codon usage between
pMER610 and TF2merCs and between Tn5041 and
pKLH2 merCs suggest common ancestry. Thus, codon
usage of mostmerC genes, like many genes found in

Fig. 4. Alignment of eleven unique MerC amino acid sequences. Numbers in the top line are the residue position numbers for Tn21 MerC.
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integrated cassettes in integrons, is quite dissimilar from
other genes found near them (Bissonnette and Roy
1992).

We also compared codon usage amongmerTP, merC,
andmerAsequences within the same operon (Table 3). In
five of the eight operons analyzed, codon usage com-
parisons ofmerCwith eithermerTPand/ormerAyielded
high D2 values. So by D2 analysis, whether comparisons
are made among different operons or between genes in

the same operon,merCstands out as less related to other
genes in the operon than they are to each other.

An additional measure of genetic idiosyncrasy is the
synonymous codon usage bias, the effective number of
codons (ENC) (Wright 1990) which quantifies how far
the codon usage of a gene departs from equal usage of
synonymous codons. This measure indicates the degree
of codon preference in a gene. For unicellular organisms,
the degree of synonymous codon usage bias is highly

Table 3 Codon usage comparisons (D2)a amongmerTP, merC,andmerAsequences within the same operon

Tn21 pMER610 pKLH272 pKLH2 pPB1 Tn5041 pMERPH TF1

merTP/A 3.12 1.81 2.99 2.28 — 1.45 3.13 —
merC/TP 2.82 8.10 7.91 8.40 4.29 2.76 3.19 —
merC/A 2.45 2.98 4.53 5.76 — 9.20 3.64 2.92

a See Table 2 legend

Table 2. Codon usage comparison (D2)a amongmerTP, merC,andmerAgenes between operons withmerC

merTP/TP
merC/C
merA/A Tn21 pMER610 pKLH272b pKLH2b pPB1c Tn5041d pMERPH TF1e TF2e

Tn21 0 <1 <1 <1 1.59 2.30 3.93 —f —
0 4.71 4.21 4.21 3.72 7.20 10.2 2.31 6.00
0 1.00 <1 1.80 — 1.62 7.81 2.28 —

pMER610 0 <1 <1 <1 1.76 3.96 — —
0 5.24 5.24 4.72 6.79 4.34 4.93 2.25
0 <1 <1 — <1 7.66 1.36 —

pKLH272 0 <1 <1 1.91 3.86 — —
0 0 4.12 2.77 9.00 5.05 6.13
0 1.18 — 1.33 7.69 2.05 —

pKLH2 0 1.40 1.49 4.79 — —
0 4.12 2.77 9.00 5.05 6.13
0 — <1 8.70 1.25 —

pPB1 0 2.05 3.44 — —
0 4.22 9.21 4.73 6.66

— — — — —
Tn5041 0 5.62 — —

0 7.74 5.03 8.34
0 9.78 1.33 —

pMERPH 0 — —
0 6.12 4.04
0 7.15 —

TF1 — —
0 7.25
0 —

TF2 —
0

—

a The D2 statistic, calculated with the GCG program CORRESPOND,
compares the pattern of codon usage generated by the GCG program
CODONFREQUENCY (Devereux et al. 1984). The D2 statistic is the
sum over all codons of the residual equation: D2 4 (frequencycodon table 1

− frequencycodon table 2).
2 D2 values of <3.0 are consistent with a com-

mon origin for the genes (Grantham et al. 1981). D2 increases as
patterns of codon usage become less similar; D2 values of >3.0 are in
boldface
b Due to a recombination event between the pKLH2 and pKLH272
operons (Yurieva et al. 1997) (and our unpublished observations), these
operons have identicalmerCsequences

c The merAgene of the pPB1mer operon has not been sequenced
d Tn5041 and Locus 5 have identicalmerC sequences. Codon usage
comparisons of Locus 5merTPto othermerTPsequences were similar
to those of Tn5041.The merAgene of Locus 5 was not sequenced
e NeitherT. ferrooxidans meroperon has adjacentmerTor merPgenes.
For the TF2mer operon, themerC1sequence was used
f Dash indicates one or both sequences not available. ThemerTPand
merAgenes of Loci 9 and 10 were not sequenced. Locus 9 D2 values
for merC/Ccomparisons were similar to those of Tn21. Locus 10 D2

values formerC/Ccomparisons were similar to those of Tn5041with
the exception of pKLH2 (4.74) and TF1 (2.50)
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correlated with the level of a gene’s expression (Gouy
and Gautier 1982; Ikemura 1985). ForE. coli, highly
expressed genes tend to use a subset of 25 preferred
codons, whereas weakly expressed genes tend to use a
wider variety of the 61 sense codons (Bennetzen and
Hall 1982).

Although generally useful distinctions about genetic
incursions can be made when the ENC is plotted against
the percent of G+C in the third position of the gene
(Wright 1990), we did not observe any trend in the ENC

as a function of G+C content of themergenes. However,
distinct trends appeared when we plotted the ENC against
the D2 values derived from comparisons ofmer genes
with the chromosomal genes of four bacterial species
(Fig. 5). E. coli, P. aeruginosa, S. putrefaciens,and T.
ferrooxidanswere selected since these species represent
bacteria which carrymerCgenes from one of the three
deeply divergent branches of themerC phylogenic tree
(Fig. 3).

With respect to ENC (Fig. 5), merAandmerTPboth
have codon usage biases with little dispersion (except for
the genes of pMERPH). In contrast,merCs’ codon biases
range widely in their predictions from moderate expres-
sion by Tn21, to weak expression by pMER610. Thus,
merC tends to be much more variable in its predicted
expressability. Clustering of D2 values (Fig. 5) formerA
suggests it is more closely related to the genes ofP.
aeruginosaandT. ferrooxidansand very distantly related
to the genes ofS. putrefaciens.D2 values formerTP
show some clustering by host but are slightly more dis-
persed thanmerA. In contrast,merC shows much less
host-specific clustering. Similar trends were observed
when the Codon Adaptation Index (Sharp and Li 1987)
was plotted against D2 values (data not shown).

As with our other comparisons, ENc and D2 values of
pMERPH mer genes (Fig. 5) show obvious differences
from the othermergenes. The pMERPH genes all appear
by ENC to be weakly expressed. Interestingly, the ex-
pression of pMERPHmer genes occurs constitutively
(Osborn et al. 1996), unlike Tn21 merstructural genes
which are tightly regulated (Summers 1992). Also, un-
like the othermer genes, the D2 values of the pMERPH
genes cluster in a manner suggesting a closer relation to
chromosomal genes ofE. coli and toS. putrefaciens.The
most parsimonious interpretation of the overall trend in
the D2 values suggests that several of thesemerCgenes
were not coeval with their flanking sequences. More-
over, the ENC values suggest thatmerC may be ex-
pressed at different levels in different host bacteria.

Do the merC Genes Diverge More than
Adjacent Genes?

The DNA sequence similarity among themerCgenes is
less (with two exceptions) than that among themerTPor
merAgenes positioned on either side of them. Excluding

pMERPH, which varied greatly from the other loci in
every gene, the average percent identity amongmerTP
genes was 83.7 ± 5.4 and among themerAregions it was
81.0 ± 4.5, whereas amongmerCgenes it was 68.4 ± 7.9.
These average identities suggest thatmerC is less con-
served, although this distinction is only statistically sig-
nificant at the 68% confidence interval for the limited
number of sequences we have for this relatively small
gene.

The nucleotide sequences of themerC and of the
merR, merP,andmerAgenes in loci containing amerC

Fig. 5. D2 values derived from the comparison of codon usage in
merTP, merC,and merA genes ofmer operons [Tn21 (solid black);
pMER610 (open); pKLH2 (black and white); Tn5041(gray and white);
pMERPH (crossed); and TF1 (solid gray)] with those for the chromo-
somal genes ofE. coli (square);P. aeruginosa(diamond);S. putrefa-
ciens(circle); andT. ferrooxidans(triangle) plotted against the effec-
tive number of codons used inmerTP, merC,andmerAgenes.

615



gene were aligned using the GCG program PILEUP.
Alignments ofmergenes were used to determine overall
nucleotide diversity (Table 4), the number of nucleotide
differences per site (p) (Rozas and Rozas 1997). These
results also indicated that there is less diversity among
the flankingmerPandmerAgenes than among themerC
genes. The more physically distantmerRgene, also had
a lowerp value thanmerC.Thus, diversity in the P–A
region consists of the presence or absence of two distinct
genes, one of which (merC) is itself quite variable by
comparison to its immediate neighbors. The variation in
merC suggests it might not generally be essential or
might even be vestigial. To consider this question, we
asked whether the variation in the P–A region affects the
conserved motifs of the proteins occurring there.

What Would be the Consequences of P–A Region
Divergence for the Structure of the Proteins Encoded
in This Region?

MerC
The MerC proteins are small, hydrophobic proteins

ranging in size from 129–144 aa (Fig. 4). MerC of Tn21
is in the cytoplasmic membrane (Jackson and Summers
1982). The MerC proteins all conserve two cysteine
pairs, except the MerC of pMER610, which lacks the
first cysteine of the C-terminal pair. Most MerC proteins
are predicted to have four transmembrane helices with
the N-terminal cysteine pair lying near the middle of the
first transmembrane helix (Fig. 6, top panel) and the
C-terminal cysteine pair lying in the cytosol (Rost et al.
1995; Sonnhammer et al. 1998). The exceptions to this
predicted topology are the very similar MerC1 (Fig. 6)
and MerC2 (not shown) proteins ofThiobacillus TF2,
which may lack the third transmembrane helix, resulting
in their C-terminal cysteine pair probably lying in the
periplasm.

All MerC proteins conserve a CAXCFPA motif in the
N-terminal cysteine pair which is distinct from the heavy
metal associated (HMA) motif (GMXCXXC) of MerP,

the N-terminal region of MerA, and many metal trans-
porting P-type ATPases (Bull and Cox 1994) (Fig. 4).
The spacing (CXXXXC ) of the most common C-
terminal cysteine pair is also distinct from the HMA
motif; note that in the unusualThiobacillusTF2 MerC1
and MerC2, the C-terminal spacing is CX10C. These lat-
ter two MerC variants are identical with the exception of
two residues (I/V116, A/V125) and also have a fifth
cysteine at position 79 predicted to lie in the cytoplasm
(Figs. 4 and 6). Thus, with the exception ofThiobacillus
TF2 MerC1 and MerC2, the predicted structural varia-
tion within MerC itself is quite limited and putative func-
tional elements (metal-binding ligands and transmem-
brane domains) are strongly conserved.

Comparison of MerC to MerT
MerT is also an inner membrane protein (Jackson and

Summers 1982). The most common MerC protein shares
a few similarities with MerT (Fig. 6). Both have a cys-
teine pair within the first predicted transmembrane helix
and a C-terminal cysteine pair predicted to be in the
cytosol. However, a subset of MerC proteins, (Tn21clus-
ter, Fig. 3) have a C-terminal cysteine pair motif (CX-
PXXCXXP) very similar to that of MerT (CXPXXX-
CXXP). Surprisingly, the predicted topology of
ThiobacillusTF2 MerC1 and MerC2 resembles that of
Tn21 MerT (Fig. 6), although MerT lacks the last 18 aa
of ThiobacillusTF2 MerC1 and MerC2 which are pre-
dicted to be in the periplasm. Despite the predicted to-
pological similarities, amino acid pairwise comparisons
of TF2 MerCs are more similar to other MerCs than to
MerTs (data not shown).

MerF and Putative MerE
The 81 aa MerF protein (Fig. 7) is hydrophobic and

secondary structure predictions (Rost et al. 1995; Son-
nhammer et al. 1998) indicate two transmembrane heli-
ces (Fig. 6), similar to MerT. MerF has an N-terminal
cysteine pair (C20, C21) predicted to lie near the middle
of first helix and its C-terminal cysteine pair (C70, C71)
is predicted to lie in the cytsol (Fig. 6). MerF’s structure
is reminiscent of two other predicted small hydrophobic
mer proteins, MerE (78 aa) (Liebert et al. 1999) and
ThiobacillusTF1 Urf1 (Fig. 6) (Inoue et al. 1989). Ten
promoter distal, putativemerEgenes and oneThiobacil-
lusTF1 urf1 gene, immediately adjacent and upstream of
merC, have been sequenced (Fig. 1). The predicted
MerEs andThiobacillusTF1 Urf1 proteins all have cys-
teine pairs (CXXC) positioned similarly to the N-
terminal cysteine pair ofmerF (Fig. 6), suggesting a
possible role in facilitating mercuric mercury transport as
recently demonstrated for MerF (Wilson et al. 2000).

Thus, we find that MerC’s putative structure is not
affected by extensive DNA-level variation. Also, we ob-
serve putative structural similarities and conserved cys-

Table 4 Nucleotide diversity measurep (%) for the merR, merP,
merC,andmerAgenes

mer
genesa Sitesb pc

merR 400 39.03
merP 267 35.82
merC 354 49.63
merA 1374 32.58

a The mer loci used in this analysis were Tn21, pMER610, pKLH2,
pPB1, Tn5041,andT. ferrooxidansTF1
b Total sites (excluding sites with alignment gaps) analyzed per align-
ment
c Number of nucleotide differences per 100 sites
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Fig. 6. Topology prediction of
Tn21 MerC, T. ferrooxidansTF2
MerC1, Tn21 MerT, Tn5053MerF,
Tn21 MerE, andT. ferrooxidans
TF1 Urf1. Position of cysteines
marked on residue axis. Solid line,
transmembrane; dash, cytosol; and
dot, periplasm.

Fig. 7. (A) Sequence of Tn5053MerF and (B) alignment of Tn21 MerE with T. ferrooxidansTF1 Urf1.
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teine pairs in MerC, MerF, MerT, and MerE. Cysteine
pairs in MerT, MerC, and MerF have been shown to be
required for transport of mercury across the cell mem-
brane (Hamlett et al. 1992; Morby et al. 1995; Sahlman
et al. 1999; Wilson et al. 2000). Thus, with MerT and
MerP present, either MerC or MerF could supply addi-
tional membrane and cytosolic cysteine pairs to bind
mercury, whether this also occurs in MerE has yet to be
tested.

What Might Be the Agents of Divergence in the
merP-ARegion?

RecA-Dependent Homologous Recombination
Since manymer operons occur in cells which have

anothermer operon (Griffin et al. 1987; Liebert et al.
1997; Reniero et al. 1998), often on the same plasmid,
host-mediated homologous recombination might contrib-
ute to their reassortment (Lloyd and Low 1996). Cross-
over events involving sequence exchange greater than 1
kb generally require RecA. Sequence identity-dependent
crossovers, in some cases RecA-dependent, can occur
between sequences as short as 50- to 100-bases (Shen
and Huang 1986; Watt et al. 1985). For shorter se-
quences, RecA-independent mechanisms can come into
play (Lloyd and Low 1996).

Abrupt high/low identities (crossover points) between
two sequences (Maynard Smith 1992) signal crossover
events and many are observed inmer operons (map
available upon request). Long regions of sequence iden-
tity (>99%) occur betweenmer operons pKLH2 and
pKLH272 (1.3 kb), pMER610 and pKLH272 (1.1 kb)
and Tn501 and pPB1 (2.4 kb). Shorter regions of se-
quence identity, ranging from 50- to 900-bases, occur in
many mer operons. Interestingly, there are no apparent
crossover points in any of the sequencedmerCs. Cross-
over points are seen between all themer operons in the
flanking regions (those with and withoutmerCor merF)
with the exception of theThiobacillus and pMERPH
operons. Apparently the higher level of divergence be-
tween themerC genes does not readily allow homolo-
gous recombination within them. However, the flanking
regions with higher sequence identities do appear to be
recombining, driving their overall sequence identities
higher.

The Role of Homologous Recombination and Chi
The RecBCD-dependent recombination activity is

stimulated by the Chi DNA sequence and increases ho-
mologous recombination for approximately 8 kb to the 58
side of the sequence (Smith 1994). Chi occurs through-
out theE. coli chromosome approximately once per 5 kb
(Smith 1994). We observed a total of 31 Chi or Chi
single-base variants in the total 107.7 kb of sequence
containingmeroperons (1.4 occurrences/5 kb); one-third
of these were Chi itself (0.5 Chi/5 kb; Fig. 1, gray flags).

The rare Chi variant 58GCTAGTGG38 (10% relative ac-
tivity) (Cheng and Smith 1984) is normally observed
twice per 500 kb; we observed it twice per 107.7 kb.
Thus, Chi-like sequences are present in and nearmer
operons, but not in greater numbers than expected. None-
theless, there is a Chi site in Tn21 merAand one inmerC
that may stimulate recombination nearmerC in this op-
eron.

Other Possible Agents of Variation
Finally, we examined the intergenic sequences for any

recurring patterns that might indicate sites of action for
yet undefined recombinases. We aligned the intergenic
region betweenmerTandmerP (TP) and also the inter-
genic regions betweenmerPandmerC (PC), andmerC
and merA (CA), and themerP–A intergenic region of
operons lackingmerC or merF (PA). The TP regions
(Fig. 8) are very similar with the exception of the
pMERPH intergenic region. The TP region is ca. 19 bp
(except pMERPH which is 62 bp). Nine of 12 nucleo-
tides immediately upstream from themerPstart site, con-
taining the ribosome binding site (RBS), are conserved.
The largest variability in the TP region occurs immedi-
ately 38 of the merTgene.

In contrast to the TP region, the PC region (Fig. 8)
ranges from 12 bp (pMERPH) to 35 bp (Tn21) and the
CA region ranges from 35 bp (Tn5041) to 51 bp (Tn21).
The only conserved regions in the PC and CA regions
corresponded to the RBSs formerC and merA, respec-
tively. The RBSs formerCalso diverge more from the
consensus sequence and from optimal spacing before the
first codon than the RBSs ofmerPor merA.This diver-
gence is consistent with variability in expression ofmerC
as suggested bymerCENC values (Fig. 5).

As yet, only one sequence of themerF gene and
flanking regions has been described (Hobman et al.
1994; Kholodii et al. 1993b). The intergenic region be-
tweenmerPandmerFconsists of only 2 bp and there is
no intergenic region betweenmerFandmerAsince they
overlap by 4 bp (ATGA).

For operons which lackmerC or merF (Tn501 and
pDU1358), the PA regions (Fig. 8; marked with aster-
isks) are 71 bp each and are 84.5% identical. The PA
region of Tn501 is only 48% identical to the correspond-
ing PC and CA regions of Tn21 (i.e., flanking the arrow
in Fig. 8). The PA region for Locus 11 is identical to that
of pDU1358 and the PA region for pPB1 is 97.2% (69/71
bp) identical to that of Tn501 (data not shown).

Although no obvious patterns in the intergenic regions
betweenmerPandmerAwere discerned, the high vari-
ability seen inmerC clearly extends beyond the struc-
tural gene itself and into the adjacent intergenic regions.
If, as previously proposed (Summers 1986), gene dupli-
cation and divergence ofmerT led to the formation of
merC early in operon formation, little evidence of this
initial acquisition is likely to be seen. The irregular
lengths of the intergenic region flankingmerCcould re-
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flect different evolutionary constraints in various hosts
resulting in variable erosion of intervening material.

Thus, we find that with respect to how divergence
might arise: (1) Homologous recombination is evident in
meroperons on either side ofmerCbut not withinmerC.
(2) mer operons have the normal opportunities for Chi-
driven homologous recombination, perhaps somewhat
increased nearmerCin Tn21.(3) There is no evidence of
site-specific recombination mechanisms in intergenic
flanking regions. Indeed, the spacing variations in
merP–CandmerC–Ajunctions are consistent with very
low-fidelity recombination processes.

In summary, the greatest variation in the P–A region
is the presence or absence ofmerCor merF, and when
merCoccurs, it is even more variable than are flanking
genes. Although, homologous recombination mediated
through flanking genes can explain the presence or ab-
sence ofmerC/merF, the greater sequence diversity in
merCis harder to explain. It is possible that one example
of themeroperon experienced gene duplication ofmerT
and merP (Summers 1986) and later exchanged seg-
ments with another operon by homologous recombina-
tion forming mosaicmer operons containingmerC or
merF.These events most likely occurred under the con-
straints defined by the selfish operon model (Lawrence
and Roth 1996) which postulates that operon formation
is driven by proximal genes, horizontally cotransferred,
which maintain a selectable phenotype. In the case of
meroperons, themerCandmerFgenes, wedged between
essential genes, would be cotransferred as long as they
did not compromise the expressed phenotype in a given
host.

So the question arises, ismerC merely a redundant
gene which has yet to be eliminated from some of the
mer operons? If so, why conserve important metal-
binding ligands and transmembrane domains? Perhaps
MerC augments mercury resistance under certain condi-
tions or in some bacteria (or niches) and not in others. If
MerC confers an advantage, it is more likely to be con-
served, but if MerC is nonessential, it will diverge or be
deleted altogether. Thus,merC,when present, diverges
slightly, but measurably more than essential flanking
genes. Sincemeroperons are continually undergoing re-
combination, the more homologous flanking regions be-
come more similar to each other over time, whilemerC
continues to drift as the operons variously find them-
selves in hosts or conditions requiring it or not.

In conclusion, our observations establish quantita-
tively that the P–A region is highly variable compared to
other regions of themeroperon. This variability involves
alternative small hydrophobic proteins with one or two
cysteine pairs and two or four transmembrane helices.
Variability within one of these genes (merC) is great but
does not compromise its more obvious structural ele-
ments. Nonetheless, it suggests that MerC may only be
sporadically needed. The variation in the P–A region

may be mediated by homologous recombination between
more conserved adjacent genes as has been shown for
other mosaic genetic elements (Campbell 1994). This is
the first documentation of such drift in a module of a
plasmid-encoded resistance operon. The set of criteria
we have applied here may prove useful in the discovery
of other such occasionally necessary components of op-
erons which enjoy extensive horizontal transfer.
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