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Abstract

Glucosyltransferases (Gtfs) catalyze the synthesis of glucans from sucrose and are produced by several species of lactic-acid
bacteria. The oral bacterium Streptococcus mutans produces large amounts of glucans through the action of three Gtfs. GtfD
produces water-soluble glucan (WSG), GtfB synthesizes water-insoluble glucans (WIG) and GtfC produces mainly WIG but
also WSG. These enzymes, especially those synthesizing WIG, are of particular interest because of their role in the formation
of dental plaque, an environment where S. mutans can thrive and produce lactic acid, promoting the formation of dental
caries. We sequenced the gtfB, gtfC and gtfD genes from several mutans streptococcal strains isolated from the oral cavity of
humans and searched for their homologues in strains isolated from chimpanzees and macaque monkeys. The sequence
data were analyzed in conjunction with the available Gtf sequences from other bacteria in the genera Streptococcus,
Lactobacillus and Leuconostoc to gain insights into the evolutionary history of this family of enzymes, with a particular
emphasis on S. mutans Gtfs. Our analyses indicate that streptococcal Gtfs arose from a common ancestral progenitor gene,
and that they expanded to form two clades according to the type of glucan they synthesize. We also show that the clade of
streptococcal Gtfs synthesizing WIG appeared shortly after the divergence of viviparous, dentate mammals, which
potentially contributed to the formation of dental plaque and the establishment of several streptococci in the oral cavity.
The two S. mutans Gtfs capable of WIG synthesis, GtfB and GtfC, are likely the product of a gene duplication event. We dated
this event to coincide with the divergence of the genomes of ancestral early primates. Thus, the acquisition and
diversification of S. mutans Gtfs predates modern humans and is unrelated to the increase in dietary sucrose consumption.
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Introduction

Streptococcus mutans is a member of the indigenous human oral

biota, of worldwide distribution [1]. It largely contributes to the

formation of the biofilm known as dental plaque through the

production of extracellular glucans from dietary sucrose. Glucans

mediate the attachment of bacteria to the tooth surface [2,3] and

to other members of the oral biota [4,5], thus promoting biofilm

development. In this environment S. mutans produces mainly lactic

acid as the byproduct of the metabolism of sucrose and other

carbohydrates. This, in turn, can lead to the erosion of tooth

enamel and dentin, and the emergence of dental caries [1].

Glucans are high molecular weight D-glucose polymers synthe-

sized by extracellular enzymes called glucosyltransferases (more

generally known as glucansucrases, EC 2.4.1.5). Glucosyltransfer-

ases (Gtfs) belong to the glycosidase family 70, and catalyze the

transfer of glucosyl units from the cleavage of sucrose to a growing

a-glucan chain, employing only the energy released from splitting

of the glycosidic bond [6]. Gtfs are prevalent among the

homofermentative lactic acid bacteria, including the oral species

of Streptococcus and Lactobacillus, as well as in species of Leuconostoc

and Lactobacillus isolated from fermented foods or the environment

[7]. The number of glucosyltransferase genes found in a given

species may vary from one to four [8], with each enzyme

synthesizing a different type of glucan depending on the nature of

the glucosidic bond. Water-soluble glucans (WSG), also known as

dextran, are rich in a-1,6 glucosidic linkages, while a higher

content of a-1,3 glucosidic linkages is characteristic of water-

insoluble glucans (WIG), also known as mutan [9].

In S. mutans the synthesis of glucans is catalyzed by three Gtfs:

GtfB, GtfC and GtfD (also known as Gtf-I, Gtf-SI and Gtf-S,

respectively; [10]). GtfD synthesizes WSG in a primer-dependent

manner [11], i.e., it requires a preformed dextran for polymer-

ization to occur at a near maximum rate. GtfB and GtfC are

encoded by highly homologous genes that are tandemly arranged,

likely as the result of a gene duplication event [12]. Both Gtfs

synthesize WIG in a primer-independent manner, although GtfC

can also synthesize WSG [13].

S. mutans can be found in virtually all dentate humans, not just

individuals with dental caries [1]. It is acquired in infancy mostly

from the mother, and its colonization of the oral cavity is stable

[14]. Glucans, particularly WIG, play a key role in S. mutans
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sucrose-dependent adhesion [15] and biofilm formation [16]. This

lends itself to the interpretation that, when sucrose became a

significant part of the human diet, the presence of gtf genes could

have conferred a selective advantage to the oral bacteria harboring

them [1]. In this scenario, the acquisition of gtf genes through

horizontal gene transfer between oral species, or by gene

duplication followed by functional divergence, would be advan-

tageous. Selection pressure would maintain multiple gtf genes if

they independently contributed to fitness. The correlation between

sucrose metabolism within the dental biofilm and the incidence of

dental caries, have positioned the glucosyltransferases in the

spotlight of S. mutans virulence. It was therefore of interest to study

the acquisition of the glucosyltransferase genes by S. mutans in the

context of the evolution of this family of enzymes.

Materials and Methods

Bacterial Strains and DNA Isolation
A total of 18 oral strains were included in this study. Thirteen

plasmid-containing strains of S. mutans in our collection were

previously collected from saliva or plaque from caries-active

subjects from five different continents [17]. Eight oral isolates of

mutans streptococci were obtained from African chimpanzees (Pan

troglodytes) at the request of PC by Mark Achtman from Dr.

Lawrence Mugisha, Department of Wildlife and Animal Resourc-

es Management, Kampala, Uganda. The samples were taken as

part of a previous study by a group from the Max Planck Institute

in Berlin. The biopsy samples and dental scrapings were collected

in full accordance with set guidelines by the International

Primatological Society, Pan African Sanctuaries Alliance (PASA)

and Standard Operating Procedures by the Chimpanzee Sanctu-

ary & Wildlife Conservation Trust (CSWCT) that practices the

highest welfare standards of the chimpanzees in the sanctuary.

The biopsy samples were collected by Dr. Lawrence Mugisha

during the annual health checks as part of preventive medical care

under general anesthesia. In addition, the sample collection was

approved by Uganda Wildlife Authority (UWA) and UNCST ref

no: NS71 that reviews the ethical procedures with guidance from

National Institutional Board Review (IBR). Import and export

permits from CITES (permit nos: E-0437/08 and 001944

respectively were obtained to ship the biological samples (biopsies)

for analysis. Analysis of the 16S rRNA gene sequences showed that

they were closely related to S. mutans (not shown), and four distinct

genotypes were identified by chromosomal DNA fingerprinting as

previously described [17] and used for this study. A novel species,

Streptococcus troglodytae, was recently proposed for oral strains of

mutans streptococci isolated from chimpanzees and closely related

to S. mutans [18]. We adopted this name for our strains based on

the similarity of the 16S rRNA gene sequences (not shown).

Streptococcus macacae strain NCTC 11558 was isolated from the oral

cavity of a macaque monkey (Macaca fascicularis) by Beighton et al.

(1984) [19], and was purchased from the American Type Culture

Collection (ATCC 35911). Strains were streaked onto solid Todd-

Hewitt medium and grown anaerobically for three days. Cell lysis

and chromosomal-DNA isolation were performed as previously

described [20,21].

Cloning and Sequencing of Glucosyltransferase Genes
For the human strains, PCR primers specific for each of the S.

mutans gtfB, gtfC and gtfD genes were designed based on sequences

available at the NCBI database (Table S1). For the chimpanzee

and macaque strains, primers were designed based on the draft

genome assemblies generated in-house as part of an ongoing study

(data not published). The gtfB and gtfC genes were PCR amplified

separately with Elongase (Invitrogen, Carlsbad CA), cloned into

the pCR-XL-TOPO vector (Invitrogen), and transformed into

chemically competent E. coli TOP10 cells, all following manufac-

turer instructions. Colonies were tested for the presence of the gtf

amplicon by white/blue screening and enzymatic restriction

digestion with MluI. The positive clones were sequenced in both

directions at Genewiz (South Plainfield, NJ), with primers M13-F(-

20), M13-R and the primers listed in Table S1. Sequence reads

were assembled with using the Sequence Assembler module in

Bionumerics version 6.0 (Applied Maths, Belgium). The nucleotide

and predicted amino acid sequences were deposited into GenBank

(accession numbers JX072971-JX073024). During the course of

this study, an assembly of the S. macacae strain NCTC 11558

became available (GenBank AEUW00000000). The gtfC and gtfD

sequences were identical to the ones obtained by us, but the gtfB

sequence available at NCBI contained a 195-nt deletion coincid-

ing with the glucan binding YG repeats.

Over 140 available nucleotide and amino acid sequences of

glucosyltransferases/glucansucrases from Streptococcus, Lactobacillus,

Leuconostoc, Oenococcus and Weisella species were obtained from the

NCBI database. To obtain a more manageable number of

sequences we clustered similar sequences with BlastClust (cutoff

97%). Partial, inactive or genetically engineered sequences were

then manually removed, to obtain a collection of 69 full-length

glucosyltransferase/glucansucrase sequences representing 32 spe-

cies (Table S2), in addition to the sequences from this study.

Phylogenetic Inference
Phylogenetic analyses were conducted on both the nucleotide

coding sequences and the predicted amino acid sequences aligned

with MAFFT v6.864b [22] using the L-INS-i strategy for

accuracy. Maximum likelihood (ML) was used as the optimality

criterion, and optimal nucleotide and amino acid substitution

models were determined with MEGA5 [23] and PROTTEST

v2.4 [24] and the likelihood-ratio method [25]. Tree searches were

conducted with both PAUP 4.0a123 [26] and MEGA 5 under the

Tamura-Nei 93 nucleotide substitution model (TN93; [27]), or

either the Whelan and Goldman (WAG; [28]) or the Jones, Taylor

and Thornton (JTT; [29]) amino acid substitution models.

Substitution models were combined with empirical estimates of

nucleotide/amino acid frequencies and, a gamma distributed

among-sites rate variation, and an estimate of the proportion of

invariant sites. Positions containing gaps were excluded from the

analysis. Bootstrapping was performed with 500 replicates. The

dataset for Figure S1, was composed of 66 glucosyltransferase/

glucansucrase sequences from bacteria in the genera Streptococcus,

Lactobacillus, Leuconostoc, Oenococcus and Weisella. The dataset for

Figure 1 was composed of 39 streptococcal glucosyltransferase

sequences representing 16 species. The tree was constructed based

on the predicted amino acid sequence of the conserved catalytic

domain of Gtfs (positions 166–934 in S. mutans GtfB) and rooted

with the dextransucrase DsrP from L. mesenteroides, chosen as an

outgroup on the basis of its position in the tree presented in Figure

S1. A consensus tree was generated by collapsing the branches

with less than 50% bootstrap support, and thus the branch lengths

are not shown.

Bayesian estimate of the phylogeny and node ages were

obtained by Markov chain Monte Carlo sampling with a strict

clock as implemented in BEAST 1.7.1 [30]. Our dataset for the

Bayesian phylogeny included the GtfB, GtfC and GtfD sequences

from 13 S. mutans human strains, 4 S. mutans strains from

chipanzees and 1 S. macacae strain obtained in this study, the

WIG Gtf sequences from S. downei (GI 121724), S. criceti (GI

146741366) and S. orisuis (GI 146741364) strains isolated from
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macaque, hamster and pig, respectively (Table S2), as well as the

WSG Gtf sequences from S. dentirousetti (GI 358350620), S. downei

(GI 153653) and S. criceti (GI 357235604) isolated from bat,

macaque and hamster, respectively. Two sequences served as an

outgroup for this dataset: the dextransucrase DsrP from Leuconostoc

mesenteroides (GI 45934744), and the predicted glucansucrase from

Weisella cibaria (GI 332638569). Phylogeny inference was conduct-

ed both on nucleotide and on amino acid sequences with the same

calibration points, and the results were compared. Nucleotide

sequences were aligned based on the predicted amino acid

sequences with TranslatorX choosing the MAFFT method. The

amino acid sequences were aligned using MAFFT v6.864b. A

normal prior distribution was applied on the ages of the calibration

points, with a mean of 7.561.1 My for divergence time of the

human lineage from the chimpanzee lineage, a mean of 3164 My

for the divergence from the Old World monkeys (macaque) [31],

and a mean of 104.565.5 My for the divergence time of placental

mammals [32]. Two independent runs of 10 million iterations

(subsampling every 1000th iteration) were performed for each

analysis, using a Tn93+C+I and a WAG+C+I substitution model

for the nucleotide and amino acid data, respectively, a Yule tree

prior [33], a gamma distribution for the clock rate prior, and the

default options for all other prior and operator settings. The

convergence of the MCMC chains was assessed by inspection of

the trace plots and the effective sample sizes using Tracer 1.5 [34].

Maximum clade credibility trees were annotated using TreeAn-

notator [34] with a posterior probability limit of 0.5 and mean

node heights, and visualized in FigTree v1.3.1 (http://tree.bio.ed.

ac.uk/software/figtree/).

Detection of Selection and Protein Modeling
The signatures of selection operating on the gtfB, gtfC and gtfD

genes were detected using the single-likelihood ancestor counting

(SLAC), fixed effects likelihood (FEL) and random effects

likelihood (REL) methods [35] implemented in the HyPhy

package [36] available at the Datamonkey webserver [37,38].

This dataset was composed of the 18 nucleotide sequences for each

gtf gene obtained in this study from human, chimpanzee and

macaque strains. Individual gtfB, gtfC and gtfD sequence alignments

were generated based on the predicted amino acid sequences with

TranslatorX [39]; http://translatorx.co.uk/) and inspected man-

ually. The alignments were screened for the presence of

recombination with the GARD method [40] previous to the

SLAC, FEL, and REL analyses.

Models of the 3D structure of proteins GtfB (residues 219 to

1062) and GtfD (residues 230 to 1091) were built with Swiss-

Model [41,42] based on the crystal structure of the catalytic

domain of S. mutans Gtf-SI from strain MT8148 (Protein Databank

accession code 3AIE; [43]). The resulting structures were viewed

with Polyview-3D [44].

Functional Divergence
Types I and II functional divergence between S. mutans GtfB

and GtfC were estimated with DIVERGE2 [45,46] based on an

alignment of Gtf sequences from human, chimpanzee and

macaque isolates and a Neighbor Joining tree constructed with

MEGA5. Type I and type II functional divergence coefficients (hI

and hII, respectively) between the GtfB and GtfC clusters were

calculated with a maximum-likelihood method and their signifi-

cance was assessed with a likelihood ratio test (LRT). The amino

acid residues that were critical for functional divergence were

identified as those with a posterior probability (P) of functional

divergence above the cutoff value of P.0.85.

Results

A Tree Based Classification of Gtf Proteins and Genes
Genes encoding glucosyltransferases, more generally known as

glucansucrases, have been found thus far in five different genera of

lactic-acid bacteria: Streptococcus, Lactobacillus, Leuconostoc, Weisella

and Oenococcus. The phylogeny of the 66 glucansucrases in our

dataset (Figure S1 and Table S2) suggests a monophyletic

relationship among the streptococcal enzymes, regardless of the

type of glucan synthesized. Glucansucrases from Lactobacillus and

Leuconostoc species, on the other hand, form polyphyletic groups.

Correlation of Divergence of Gtfs with their Function
Streptococcal glucosyltransferases synthesize WSG (dextran)

with a predominance of a-1,6 glucosidic linkages, WIG (mutan)

with a high proportion of a-1,3 glucosidic linkages and, in the case

of S. mutans GtfC, both types of glucans are synthesized [9]. A

more detailed reconstruction of the phylogeny of 39 glucosyl-

transferases representing 16 Streptococcus species is presented in

Figure 1A. Streptococcal glucosyltransferases clustered by the type

of glucan they synthesize. The first clade contained the Gtfs that

synthesize WIG, including S. mutans GtfB (Gtf-I) and GtfC (Gtf-SI).

The phylogenetic relationships between S. macacae, S. troglodytae and

S. mutans GtfB and GtfC were not resolved with this approach. A

phylogeny inferred from the full-length Gtf amino acid sequences

showed that the GtfB and GtfC sequences form two sister groups,

with bootstrap support values only slightly higher than 50%

(Figure 1B). The most parsimonious reconstruction of character

states presented in Figure 1B leads us to believe that the most likely

common ancestor to GtfB and GtfC is a WIG-synthesizing Gtf,

thereby suggesting that the ability of GtfC to synthesize WSG was

likely acquired after the gene duplication event. It is also

noteworthy that all the glucosyltransferases from the WIG clade

belong to Streptococcus species from the mutans group [47].

The second clade contains the Gtfs that synthesize WSG. This

group also includes Gtf-L and Gtf-I from S. salivarius, which

synthesize WIG. These two enzymes present peculiarities that may

explain this fact. On one hand Gtf-L synthesizes a glucan with

equal proportions of a-1,3 and a-1,6 glucosydic linkages [8]. On

the other hand, Gtf-I (encoded by gtfJ) is acceptor-dependent, that

is the enzyme requires a primer glucan for activity [8], and is likely

to have arisen from a gene duplication event since gtfJ is

immediately upstream from gtfK, encoding acceptor-dependent

Gtf-S that synthesizes WSG.

Figure 1. Phylogenetic analysis of streptococcal glucosyltransferases. A) Maximum likelihood consensus tree of 39 streptococcal
glucosyltransferases based on the amino acid sequence of the catalytic domain. Node values indicate bootstrap support from 500 replicates.
Branches with less than 50% support were collapsed. Inset: tree topology for the S. mutans water-insoluble glucan cluster based on the full length
amino acid sequence. Biochemical data on the type of glucan is indicated as circles for WIG, squares for WSG, and triangles for gtfs that synthesize
both WIG and WGS. Bacterial species are indicated as follows: cr = S. criceti; dt = S. dentirousetti; dn = S. dentisuis; do = S. downei; eq = S. equinus; ga = S.
gallolyticus; go = S. gordonii; in = S. infantarius; ma = S. macacae; mu = S. mutans; or = S. oralis; os = S. orisuis; sl = S. salivarius; sn = S. sanguinis; so = S.
sobrinus; tr = S. troglodytae. The strains were isolated from human subjects unless indicated as follows: B = bat; C = chimpanzee; Co = cow; H = hamster;
M = macaque; P = pig. B) Detail of the tree topology for the WIG cluster of S. mutans Gtfs based on the full length amino acid sequence.
Reconstruction of character states is indicated by gray circles and triangles.
doi:10.1371/journal.pone.0056305.g001
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There is also some correlation within the WSG group with the

subdivision of the Streptococcus genus into groups based on the 16S

rRNA gene sequence [47]. For example, a very robust clade is

composed of all the Gtf sequences from species belonging to the

bovis group, which are common inhabitants of the intestinal flora.

Concordantly, these strains have been isolated from sites other

than the oral cavity (Table S2).

Role of Natural Selection in the Evolution of S. mutans
Gtfs

The predominant role of WIG over WSG in sucrose-dependent

adhesion [15] and S. mutans cariogenicity [48] could lead to the

assumption that the acquisition and diversification of WIG-

synthesizing Gtfs in S. mutans could reflect the increase in sucrose

consumption by humans. We found genes homologous to S. mutans

gtfB, gtfC and gtfD in the draft genomes of S. troglodytae and S. macacae

strains isolated from chimpanzees and macaque, respectively,

strongly suggesting that the acquisition of WIG-synthesizing Gtfs

took place well before the origin of humans.

Given the significance of Gtfs in the formation of the dental

biofilm and in cariogenesis it was of interest to investigate whether

selective pressure affecting S. mutans sucrose metabolism was

driving the functional divergence of Gtfs. We analyzed the

presence of signatures of selection on Gtf proteins based on the

relative rates of synonymous and non-synonymous substitutions

with the integrative analysis that combines the SLAC, FEL and

REL methods as implemented in Datamonkey. Evidence of

positive selected sites was found with FEL for all three Gtfs, but

they were not supported by the REL and SLAC analyses. On the

other hand, 60, 43 and 29 negatively selected sites (i.e., under

purifying selection) were identified by all three methods for GtfB,

GtfC and GtfD, respectively. Fifteen negatively selected amino

acids were conserved between GtfB and GtfC, while only one

amino acid under negative selection was common to the GtfB and

GtfD or GtfC and GtfD pairs.

As a result of the conservation of function in catalytic domains

of proteins, most of the amino acids predicted to be under

purifying selection were located in the catalytic domains of the

three proteins. However, there are some interesting departures

from this general expectation based on location of the catalytic

domain. Figure 2 shows that the catalytic domains of GtfB and

GtfC are under stronger negative selection than the catalytic

domain of GtfD. In addition the active site of GtfB appears to be

tightly surrounded by negatively selected amino acids, even more

so than that of GtfC.

Gene Duplications and Timing of Functional Divergence
of S. mutans Gtfs

Gene duplication is a key mechanism in the evolution of gene

diversity. After duplication, one or both duplicates can accumulate

amino acid changes, thereby promoting functional divergence

through the action of natural selection. To estimate the time of the

gtfB-gtfC gene duplication event in S. mutans we analyzed a dataset

including gtfB, gtfC and gtfD sequences from S. mutans, S. troglodytae,

and S. macacae strains with a Bayesian method. The posterior

probability distribution for the gtfB-gtfC divergence time is

characterized by a mean of 46.0 Mya (95% CI = 42.0–

50.0 Mya) for the nucleotide data or 52.8 Mya (95% CI = 47.1–

58.0 Mya) for the amino acid data. Our results support that the

gtfB-gtfC gene duplication event occurred around the time of

divergence of primates (Figure 3). In addition, the GtfB and GtfC

sequences from humans, chimpanzees and macaque formed two

well-resolved sister groups with posterior probabilities of 1, a

phylogenetic relationship that was not resolved with the maximum

likelihood tree of all streptococcal Gtf presented in Figure 1.

Even though both GtfB and GtfC synthesize WIG, there are

several differences between the two enzymes, most notably that

GtfC can also synthesize WSG [13]. GtfB and GtfC also exhibit

different sucrose-dependent binding properties [49], [4,50] and

different activities in a mixed oral biofilm model [51]. This

suggests that, despite their high conservation (74.5% sequence

identity), they have diverged enough to gain different functions.

Functional divergence of duplicated genes can result in different

evolutionary rates at certain amino acids, known as type I

functional divergence [52,45], or in site-specific property shifts,

typically represented by a radical shift in amino acid property and

known as type II functional divergence [45,53]. We estimated the

functional divergence between GtfB and GtfC using DIVERGE2

[46]. The coefficient of type I functional divergence between GtfB

and GtfC was significantly different from zero

(hIML = 0.30160.039; LRThI = 58.258, p,,0.005), indicating

that the site-specific evolutionary rate differs between the GtfB and

GtfC clades. On the other hand, DIVERGE2 failed to identify

site-specific amino acid substitutions that represent a change in the

physicochemical properties and that are fixed in each clade

(coefficient of type II divergence hII = 0.07560.019).

The amino acid residues responsible for type I functional

divergence were identified based on the site-specific posterior

probability (Figure 4). From the nine sites with a posterior

probability of type I divergence between GtfB and GtfC larger

than 0.85, four (positions 540, 1339, 1442 and 1456 in our

alignment) were completely conserved in GtfB but variable in

GtfC, and four (positions 70, 92, 566 and 1042) were completely

conserved in GtfC but variable in GtfB. The remaining residue

(position 1467) was mostly conserved in GtfC but variable in GtfB.

In addition, two residues were located in the N-terminal variable

region of these proteins, two were located in the catalytic domain

and four were located in the glucan binding domain (GBD). The

two type I residues located in the catalytic domain were outside

(but close) of the active site and the 19-amino acid Gtf-P1 region,

both of which are completely conserved between the GtfB and

GtfC clades (not shown). Only the crystal structure of the catalytic

domain of GtfC is currently available, thereby making it

impossible to map the nine type I residues to the 3D structure

of the enzyme to analyze their spatial distribution. Nonetheless,

these nine residues represent attractive candidates for site-directed

mutagenesis since they are likely involved in the functional

divergence between GtfB and GtfC.

Discussion

Phylogenetic Perspective on the Evolution of Gtfs in
Dental Plaque

Our phylogenetic reconstruction of the evolution of Gtfs shows

that all the streptococcal glucosyltransferases form a robust

monophyletic group, while the Lactobacillus and Leuconostoc gluco-

syltransferases are polyphyletic (Figure S1). Furthermore, our

Bayesian analysis dates the common ancestor of streptococcal

glucosyltransferases to 124–140 Mya (Figure 3), which roughly

coincides with the divergence time of marsupials [32]. Streptococci

have been shown to represent about 4% of the cultivable

microbiota of dental plaque of marsupial species like kangaroos

and wallabies [54].

The evidence lends itself to the speculation that an ancestral

streptococcal species could have acquired a glucosyltransferase

gene by lateral transfer around the time of divergence of

viviparous, dentate animals, like marsupials and placental mam-
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mals. Streptococcal Gtfs synthesize two types of glucans: water-

soluble dextran and water-insoluble mutan. Figures 1 and 3

suggest that the ancestral form of the streptococcal Gtfs likely

synthesized dextran. Mutan has been strongly correlated with

sucrose-dependent adherence in S. mutans [15], while dextran

seems to play a minor role [11], mostly by aiding the adherence of

insoluble glucans synthesized by other Gtfs [55] or by binding to

other glucan-binding proteins in the cell surface [56]. Thus, the

acquisition of a dextran-synthesizing Gtf by an ancestral strepto-

coccal species may have contributed modestly to the colonization

of the oral cavity, especially in the absence of WIG-synthesizing

Gtfs.

On the other hand, the exploitation of the high energy

glucosidic bond between the fructose and glucose molecules in

sucrose, to produce an adhesive glucan (mutan) that mediated the

attachment to the tooth surface would have conferred a greater

selective advantage to the bacterium. This is supported by the

observation that the dental plaque of modern humans is composed

of 70% WIG, with only less than 2% of WSG [57]. Our data

shows that the WIG-synthesizing streptococcal Gtfs, which seem

predominant in the streptococcal species belonging mutans group,

appeared around 85–90 Mya during the placental mammals

lineage (Figure 3). The acquisition of a WIG-synthesizing Gtf likely

promoted the colonization of the oral cavity by the ancestral

streptococcal species.

The synthesis of WIG by S. mutans has long been recognized to

be an important virulence factor in human dental caries [1,58]. S.

mutans strains isolated from humans harbor two genes encoding

enzymes capable of synthesizing WIG, gtfB and gtfC. These two

genes are highly homologous and arranged in tandem in the

chromosome, which suggests that they arose by gene duplication.

A chimeric gtfBC gene, likely the result of a recombination event

between gtfB and gtfC, has been found in a small number of

isolates, such as strain UA101 ([59,60] and our unpublished

results). One of the pieces of evidence that cemented the

association between WIG and cariogenicity is that strain UA101

exhibits low levels of smooth caries activity in rats fed on a high-

sucrose diet, which has been attributed to the reduced synthesis of

WIG caused by this mutation [59,60]. In a recent study of the

ancestry of streptococcal Gtfs, Hoshino et al proposed that

streptococci acquired glucosyltransferase genes by horizontal gene

transfer when they encountered lactic acid bacteria present in

fermented foods, and that the consumption of refined sugars by

humans acted as a secondary selection pressure that prompted the

acquisition of multiple gtf genes. Our results dissent with their

model in that we found evidence of gtfB, gtfC and gtfD genes in the

genomes of strains isolated from chimpanzees and macaques,

animals that rarely manifest dental caries. Furthermore, the gene

duplication event that gave rise to gtfB and gtfC took place

approximately 46 to 53 Mya (Figure 3), around the time of

divergence of early primates. Thus, the acquisition of GtfB and

GtfC in S. mutans predates humans and does not coincide with the

increased consumption of sucrose and other carbohydrates

characteristic of the post-agricultural and post-industrial human

diets [61]. After gene duplication, both duplicates can be

maintained if their functions or expression patterns differ in some

way [62]. GtfB and GtfC both synthesize WIG with 1,3-linked

glucose as the major linkage, but the structure of the polymers is

not identical. The glucans synthesized by GtfB and GtfC bound to

saliva-coated hydroxyapatite beads display different branching

points, and when the enzymes are in solution GtfC synthesizes a

glucan with predominantly 1,6-linked glucose instead of 1,3-linked

glucose like GtfB [63]. GtfB and GtfC also exhibit different

sucrose-dependent binding properties [49,4,50], and their activ-

ities are different in a mixed oral biofilm model [51] and in

response to starch hydrolysates [64]. The evidence suggests that

GtfB and GtfC have acquired enough neofunctionalization for

both copies to become fixed in the population.

The acquisition of two WIG-synthesizing Gtfs by gene

duplication around the time of divergence of early primates was

likely advantageous for the colonization and establishment of

mutans streptococci in the oral cavity. The evidence suggests that

the ancestral line leading to apes and humans was predominantly

herbivorous, feeding mostly on dicotyledonous plants, fruits,

flowers and leaves, with a minor intake of animal matter [65].

The small amount of sucrose present in wild-type fruits may have

been sufficient to support colonization and establishment of

mutans streptococci. Nevertheless, considerable evidence supports

a direct relationship between dietary sucrose intake and plaque

levels of mutans streptococci [66]. Thus, S. mutans likely benefitted

from the increase in sucrose consumption in the human diet

concomitant with the introduction of cultivated fruits and products

containing refined sugar. This sets the stage for an intimate

interaction between bacterium and host, with a central role for

Gtfs.

Correlates of Natural Selection to Catalytic Domains in
Gtfs

We found evidence of negative selection on all three S. mutans gtf

genes (Figure 2), particularly on the catalytic domain. This is in

agreement with the finding by Ooshima and others [55] that all

three enzymes are required in a particular ratio for optimal

sucrose-dependent adhesion of S. mutans cells. Therefore, the

seemingly small contribution of GtfD and soluble dextran to

sucrose-dependent adherence may become more relevant in the

presence of insoluble mutan synthesized by GtfB and GtfC.

The gtfB gene appeared to be the one under the strongest

negative selection. This is consistent with the idea that the

common ancestor to GtfB and GtfC was likely a WIG-synthesizing

enzyme (Figure 1), and that after the gene duplication event the

evolutionary constraints on GtfC were somewhat relieved, which

allowed it to acquire the ability to also synthesize WSG. This was

first postulated by Ueda and Kuramitsu [12] based on their

finding of 24-bp homologous sequences flanking the gtfB and gtfC

genes.

The statistically based approaches for detecting selection we

employed have been criticized for not addressing functionality in a

precise manner [67,68]. The S. mutans Gtfs, however, display a

high level of amino acid sequence identity (52% between GtfB/

GtfC and GtfD and 74.5% between GtfB and GtfC), particularly

in the catalytic domain. The high degree of conservation between

these three enzymes allows for tests of hypotheses for functionality

in the different domains.

The detection of type I functional divergence between GtfB and

GtfC, but not of type II, suggests that they differ significantly in the

site-specific evolutionary rates but not in site specific amino acid

properties. Only two out of the nine residues identified as being

critical for type I functional divergence are found in the catalytic

Figure 2. Models of the 3D structure of the catalytic domain of S. mutans Gtfs. Blue: amino acids under negative selection (side chains
shown). Yellow: active site. Magenta: Gtf-P1 region [69]. Green sphere: Ca2+ ion. Right panels: Detail of a different view of the region surrounding the
active site of GtfB and GtfC.
doi:10.1371/journal.pone.0056305.g002

Phylogenetic Analysis of Glucosyltransferases

PLOS ONE | www.plosone.org 7 February 2013 | Volume 8 | Issue 2 | e56305



Figure 3. Bayesian phylogeny of streptococcal Gtfs. Values represent mean node ages obtained from either the nucleotide (top) or the amino
acid (bottom) sequences, with the node calibration from [31]. The substitution models were TN93+C+I and WAG+C+I for nucleotide and amino acid
data, respectively. The scale at the bottom represents time before present in millions of years. Bacterial species are indicated as follows: cr = S. criceti;
dt = S. dentirousetti; do = S. downei; ma = S. macacae; mu = S. mutans; os = S. orisuis; tr = S. troglodytae. Strains isolated from Hu = human;
Ch = chimpanzee; Ma = macaque; Ha = hamster; Pi = pig; Ba = bat.
doi:10.1371/journal.pone.0056305.g003
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domain (Figure 4). This is consistent with the high degree of

conservation between the two enzymes and with the fact that both

synthesize WIG. The position 540 of the alignment is occupied by

a conserved aspartic acid in GtfB (Asp493), but that position is not

conserved in GtfC or GtfD. Aspartic acid residues are present both

in the active site and Gtf-P1 region of S. mutans Gtfs and their

importance for the enzymatic activity has been shown by site-

directed mutagenesis experiments [6,69]. Moreover, the mutation

of several other aspartic acid residues in GtfB led to the synthesis

of glucans of increased solubility [70]. On the other hand, the

position 566 in the alignment is not conserved in GtfB (Figure 4),

but it is occupied by a conserved tyrosine residue in GtfC

(Tyr545). GtfD also presents a conserved tyrosine residue at that

position (Tyr533), suggesting that this residue might be relevant to

the synthesis of WSG.

Five out of the nine residues identified as being critical for type I

functional divergence between GtfB and GtfD are located in the

C-terminal glucan-binding domain (GBD). The GBD of Gtfs is

composed of a series of relatively conserved repeated units, known

as YG repeats, responsible for the binding of glucan [6]. Nakano

and Kuramitsu (1992) showed that the GBD influences the

structure of the glucan synthesized by means of a fusion protein

composed of the catalytic domain of GtfD (WSG) and the GBD of

GtfB (WIG), which synthesized WIG in a primer-independent

manner. The differences between the GBDs of GtfB and GtfC are

expected to be subtler because of their common WIG-synthesizing

activity. The residues identified by the functional divergence

analysis are either hydrophilic (alignment positions 1339, 1402,

1422 and 1467, Figure 4) or hydrophobic (position 1456). The

amino acid properties of those positions are unchanged between

GtfB and GtfC, consistent with type I functional divergence, but

the differences in evolutionary rate may hint to subtle differences

in the hydrophobicity/hydrophilicity in the GBD instead. This is

indeed confirmed by a hydropathy plot of the GBD of GtfB and

GtfC ([71] Figure S2). The YG repeats are evidenced in the

pattern of the hydropathy plot, which shows that GtfC presents

stronger hydrophobic peaks than GtfB, as well as a C-terminal

hydrophilic region (1417–1430) absent in GtfB. The biological

Figure 4. Site specific profile of type I functional divergence posterior probability. Logos are shown for positions predicted to be critical
for type I functional divergence between GtfB and GtfC (cutoff P.0.85). Residues are color coded by biochemical property and heights represent
their relative frequency at each site. The Gtf protein domains are represented below the graph. I) signal peptide, II) N-terminal variable region, III)
catalytic domain, IV) glucan binding domain.
doi:10.1371/journal.pone.0056305.g004
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significance of this region rich in polar amino acids may reside in

the implication of polar residues in the creation of hydrogen bonds

with hydroxyl residues of the sugar [6].

Our study constitutes an in-depth study of the evolution of

streptococcal glucosyltransferases. We have provided evidence

supporting the monophyly of this group that appears to cluster

according to the type of glucan they synthesize, with the WIG-

synthesizing Gtfs being found mostly in the mutans group. We also

showed that the acquisition and diversification of S. mutans Gtfs

predates humans and is therefore not associated with changes in

human diet.

Supporting Information

Figure S1 Phylogenetic analysis of glucansucrases from
lactic-acid bacteria. ML tree of 66 glucansucrases based on

full-length aminoacid sequences and the WAG+C+I+F model.

Branch color indicates Red = Streptococcus spp.; Blue = Leconostoc

spp.; Purple = Lactobacillus spp.; Brown = Oenococcus oeni; Magen-

ta = Weisella cibaria.

(TIF)

Figure S2 Kyte-Doolittle hydropathy plots of the GBD of
S. mutans GtfB and GtfC. The x-axis indicates the window

position (window size = 7) and the y-axis the hydropathy score.

Positive values indicate hydrophobic regions while negative values

represent hydrophilic regions. The arrow indicates a highly

hydrophobic region unique to GtfC.

(TIF)

Table S1 Primers used in this study.

(PDF)

Table S2 Metadata for the sequences used in this study.

(PDF)

Acknowledgments

The authors gratefully acknowledge Waisie Chun for her technical support,

and Dr. Lawrence Mugisha for the collection of plaque samples from

chimpanzees. We thank Carl J. Rothfels for critical reading of the

manuscript.

Author Contributions

Conceived and designed the experiments: SA RD PWC. Performed the

experiments: SA. Analyzed the data: SA AVA RD PWC. Wrote the paper:

SA.

References

1. Loesche WJ (1993) Dental Caries: A Treatable Infection. Grand Haven,

Michigan USA: ADD Publications.

2. Schilling KM, Bowen WH (1992) Glucans synthesized in situ in experimental

salivary pellicle function as specific binding sites for Streptococcus mutans. Infect

Immun 60: 284–295.

3. Hannig C, Ruggeri A, Al-Khayer B, Schmitz P, Spitzmuller B, et al. (2008)

Electron microscopic detection and activity of glucosyltransferase B, C, and D in

the in situ formed pellicle. Arch Oral Biol 53: 1003–1010.

4. Vacca-Smith AM, Bowen WH (1998) Binding properties of streptococcal

glucosyltransferases for hydroxyapatite, saliva-coated hydroxyapatite, and

bacterial surfaces. Arch Oral Biol 43: 103–110.

5. Gregoire S, Xiao J, Silva BB, Gonzalez I, Agidi PS, et al. (2011) Role of

glucosyltransferase B in interactions of Candida albicans with Streptococcus mutans

and with an experimental pellicle on hydroxyapatite surfaces. Appl Environ

Microbiol 77: 6357–6367.

6. Monchois V, Willemot RM, Monsan P (1999) Glucansucrases: mechanism of

action and structure-function relationships. FEMS Microbiol Rev 23: 131–151.

7. van Hijum SA, Kralj S, Ozimek LK, Dijkhuizen L, van Geel-Schutten IG (2006)

Structure-function relationships of glucansucrase and fructansucrase enzymes

from lactic acid bacteria. Microbiol Mol Biol Rev 70: 157–176.

8. Simpson CL, Cheetham NW, Giffard PM, Jacques NA (1995) Four

glucosyltransferases, GtfJ, GtfK, GtfL and GtfM, from Streptococcus salivarius

ATCC 25975. Microbiology 141 (Pt 6): 1451–1460.

9. Monsan P, Bozonnet S, Albenne Cc, Joucla G, Willemot R-M, et al. (2001)

Homopolysaccharides from lactic acid bacteria. International Dairy Journal 11:

675–685.

10. Kuramitsu HK (1993) Virulence factors of mutans streptococci: role of

molecular genetics. Crit Rev Oral Biol Med 4: 159–176.

11. Hanada N, Kuramitsu HK (1989) Isolation and characterization of the

Streptococcus mutans gtfD gene, coding for primer-dependent soluble glucan

synthesis. Infect Immun 57: 2079–2085.

12. Ueda S, Shiroza T, Kuramitsu HK (1988) Sequence analysis of the gtfC gene

from Streptococcus mutans GS-5. Gene 69: 101–109.

13. Hanada N, Kuramitsu HK (1988) Isolation and characterization of the

Streptococcus mutans gtfC gene, coding for synthesis of both soluble and insoluble

glucans. Infect Immun 56: 1999–2005.

14. Caufield PW, Cutter GR, Dasanayake AP (1993) Initial acquisition of mutans

streptococci by infants: evidence for a discrete window of infectivity. J Dent Res

72: 37–45.

15. Munro C, Michalek SM, Macrina FL (1991) Cariogenicity of Streptococcus mutans

V403 glucosyltransferase and fructosyltransferase mutants constructed by allelic

exchange. Infect Immun 59: 2316–2323.

16. Mattos-Graner RO, Napimoga MH, Fukushima K, Duncan MJ, Smith DJ

(2004) Comparative analysis of Gtf isozyme production and diversity in isolates

of Streptococcus mutans with different biofilm growth phenotypes. J Clin Microbiol

42: 4586–4592.

17. Caufield PW, Saxena D, Fitch D, Li Y (2007) Population structure of plasmid-

containing strains of Streptococcus mutans, a member of the human indigenous

biota. J Bacteriol 189: 1238–1243.

18. Okamoto M, Imai S, Miyanohara M, Saito W, Momoi Y, et al. (2012)

Streptococcus troglodytae sp. nov., from the Chimpanzee Oral Cavity. Int J Syst
Evol Microbiol.

19. Beighton D, Hayday H, Russell RR, Whiley RA (1984) Streptococcus macacae sp.
nov. from Dental Plaque of Monkeys (Macaca fascicularis). International Journal

of Systematic Bacteriology 34: 332–335.

20. Caufield PW, Walker TM (1989) Genetic diversity within Streptococcus mutans

evident from chromosomal DNA restriction fragment polymorphisms. J Clin

Microbiol 27: 274–278.

21. Argimon S, Caufield PW (2011) Distribution of putative virulence genes in

Streptococcus mutans strains does not correlate with caries experience. J Clin

Microbiol 49: 984–992.

22. Katoh K, Toh H (2008) Recent developments in the MAFFT multiple sequence

alignment program. Brief Bioinform 9: 286–298.

23. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:

molecular evolutionary genetics analysis using maximum likelihood, evolution-

ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731–2739.

24. Abascal F, Zardoya R, Posada D (2005) ProtTest: selection of best-fit models of

protein evolution. Bioinformatics 21: 2104–2105.

25. Huelsenbeck JP, Crandall KA (1997) Phylogeny Estimation and Hypothesis

Testing Using Maximum Likelihood. Annual Review of Ecology and

Systematics 28: 437–466.

26. Swofford DL (2002) PAUP*. Phylogenetic Analysis Using Parsimony (*and

Other Methods).Version 4 ed. Sunderland, Massachusetts: Sinauer Associates.

27. Tamura K, Nei M (1993) Estimation of the number of nucleotide substitutions in

the control region of mitochondrial DNA in humans and chimpanzees. Mol Biol

Evol 10: 512–526.

28. Whelan S, Goldman N (2001) A general empirical model of protein evolution

derived from multiple protein families using a maximum-likelihood approach.
Mol Biol Evol 18: 691–699.

29. Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of mutation

data matrices from protein sequences. Comput Appl Biosci 8: 275–282.

30. Drummond AJ, Suchard MA, Xie D, Rambaut A (2012) Bayesian phylogenetics

with BEAUti and the BEAST 1.7. Mol Biol Evol.

31. Wilkinson RD, Steiper ME, Soligo C, Martin RD, Yang Z, et al. (2011) Dating

primate divergences through an integrated analysis of palaeontological and

molecular data. Syst Biol 60: 16–31.

32. Benton MJ, Donoghue PC (2007) Paleontological evidence to date the tree of

life. Mol Biol Evol 24: 26–53.

33. Gernhard T, Hartmann K, Steel M (2008) Stochastic properties of generalised

Yule models, with biodiversity applications. J Math Biol 57: 713–735.

34. Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol Biol 7: 214.

35. Kosakovsky Pond SL, Frost SD (2005) Not so different after all: a comparison of
methods for detecting amino acid sites under selection. Mol Biol Evol 22: 1208–

1222.

36. Kosakovsky Pond SL, Frost SD, Muse SV (2005) HyPhy: hypothesis testing
using phylogenies. Bioinformatics 21: 676–679.

37. Kosakovsky Pond SL, Frost SD (2005) Datamonkey: rapid detection of selective
pressure on individual sites of codon alignments. Bioinformatics 21: 2531–2533.

Phylogenetic Analysis of Glucosyltransferases

PLOS ONE | www.plosone.org 10 February 2013 | Volume 8 | Issue 2 | e56305



38. Delport W, Poon AF, Frost SD, Kosakovsky Pond SL (2010) Datamonkey 2010:

a suite of phylogenetic analysis tools for evolutionary biology. Bioinformatics 26:
2455–2457.

39. Abascal F, Zardoya R, Telford MJ (2010) TranslatorX: multiple alignment of

nucleotide sequences guided by amino acid translations. Nucleic Acids Res 38:
W7–13.

40. Kosakovsky Pond SL, Posada D, Gravenor MB, Woelk CH, Frost SD (2006)
GARD: a genetic algorithm for recombination detection. Bioinformatics 22:

3096–3098.

41. Schwede T, Kopp J, Guex N, Peitsch MC (2003) SWISS-MODEL: An
automated protein homology-modeling server. Nucleic Acids Res 31: 3381–

3385.
42. Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-MODEL

workspace: a web-based environment for protein structure homology modelling.
Bioinformatics 22: 195–201.

43. Ito K, Ito S, Shimamura T, Weyand S, Kawarasaki Y, et al. (2011) Crystal

structure of glucansucrase from the dental caries pathogen Streptococcus mutans.
J Mol Biol 408: 177–186.

44. Porollo A, Meller J (2007) Versatile annotation and publication quality
visualization of protein complexes using POLYVIEW-3D. BMC Bioinformatics

8: 316.

45. Gu X (2001) Maximum-likelihood approach for gene family evolution under
functional divergence. Mol Biol Evol 18: 453–464.

46. Zheng Y, Xu D, Gu X (2007) Functional divergence after gene duplication and
sequence-structure relationship: a case study of G-protein alpha subunits. J Exp

Zool B Mol Dev Evol 308: 85–96.
47. Kilian M (2005) Streptococcus and Lactobacillus. In: S.P. Borriello PRM, and G

Funke, editor. Topley and Wilson’s Microbiology and Microbial Infections.

London, United Kingdom: Hodder Arnold. 833–881.
48. Mattos-Graner RO, Smith DJ, King WF, Mayer MP (2000) Water-insoluble

glucan synthesis by mutans streptococcal strains correlates with caries incidence
in 12- to 30-month-old children. J Dent Res 79: 1371–1377.

49. Tsumori H, Kuramitsu H (1997) The role of the Streptococcus mutans

glucosyltransferases in the sucrose-dependent attachment to smooth surfaces:
essential role of the GtfC enzyme. Oral Microbiol Immunol 12: 274–280.

50. Tamesada M, Kawabata S, Fujiwara T, Hamada S (2004) Synergistic effects of
streptococcal glucosyltransferases on adhesive biofilm formation. J Dent Res 83:

874–879.
51. Thurnheer T, van der Ploeg JR, Giertsen E, Guggenheim B (2006) Effects of

Streptococcus mutans gtfC deficiency on mixed oral biofilms in vitro. Caries Res 40:

163–171.
52. Gu X (1999) Statistical methods for testing functional divergence after gene

duplication. Mol Biol Evol 16: 1664–1674.
53. Gu X (2006) A simple statistical method for estimating type-II (cluster-specific)

functional divergence of protein sequences. Mol Biol Evol 23: 1937–1945.

54. Beighton D, Miller WA (1977) A microbiological study of normal flora of

macropod dental plaque. J Dent Res 56: 995–1000.

55. Ooshima T, Matsumura M, Hoshino T, Kawabata S, Sobue S, et al. (2001)

Contributions of three glycosyltransferases to sucrose-dependent adherence of

Streptococcus mutans. J Dent Res 80: 1672–1677.

56. Matsumoto M, Fujita K, Ooshima T (2006) Binding of glucan-binding protein C

to GTFD-synthesized soluble glucan in sucrose-dependent adhesion of

Streptococcus mutans. Oral Microbiol Immunol 21: 42–46.

57. Hotz P, Guggenheim B, Schmid R (1972) Carbohydrates in pooled dental

plaque. Caries Res 6: 103–121.

58. Hamada S, Slade HD (1980) Biology, immunology, and cariogenicity of

Streptococcus mutans. Microbiol Rev 44: 331–384.

59. Yamashita Y, Bowen WH, Kuramitsu HK (1992) Molecular analysis of a

Streptococcus mutans strain exhibiting polymorphism in the tandem gtfB and gtfC

genes. Infect Immun 60: 1618–1624.

60. Ueda S, Kuramitsu HK (1988) Molecular basis for the spontaneous generation

of colonization-defective mutants of Streptococcus mutans. Mol Microbiol 2: 135–

140.

61. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, et al. (2005) Origins

and evolution of the Western diet: health implications for the 21st century.

Am J Clin Nutr 81: 341–354.

62. Zhang J (2003) Evolution of gene duplication: an update. Trends Ecol Evol 16:

292–298.

63. Kopec LK, Vacca-Smith AM, Bowen WH (1997) Structural aspects of glucans

formed in solution and on the surface of hydroxyapatite. Glycobiology 7: 929–

934.

64. Vacca-Smith AM, Venkitaraman AR, Quivey RG Jr, Bowen WH (1996)

Interactions of streptococcal glucosyltransferases with alpha-amylase and starch

on the surface of saliva-coated hydroxyapatite. Arch Oral Biol 41: 291–298.

65. Milton K (1999) Nutritional characteristics of wild primate foods: do the diets of

our closest living relatives have lessons for us? Nutrition 15: 488–498.

66. Loesche WJ (1986) Role of Streptococcus mutans in human dental decay. Microbiol

Rev 50: 353–380.

67. Dean AM, Thornton JW (2007) Mechanistic approaches to the study of

evolution: the functional synthesis. Nat Rev Genet 8: 675–688.

68. Hoekstra HE, Coyne JA (2007) The locus of evolution: evo devo and the genetics

of adaptation. Evolution 61: 995–1016.

69. Chia JS, Yang CS, Chen JY (1998) Functional analyses of a conserved region in

glucosyltransferases of Streptococcus mutans. Infect Immun 66: 4797–4803.

70. Shimamura A, Nakano YJ, Mukasa H, Kuramitsu HK (1994) Identification of

amino acid residues in Streptococcus mutans glucosyltransferases influencing the

structure of the glucan product. J Bacteriol 176: 4845–4850.

71. Kyte J, Doolittle RF (1982) A simple method for displaying the hydropathic

character of a protein. J Mol Biol 157: 105–132.

Phylogenetic Analysis of Glucosyltransferases

PLOS ONE | www.plosone.org 11 February 2013 | Volume 8 | Issue 2 | e56305


