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Abstract Hyaluronic acid (HA) is a ubiquitous linear

polysaccharide in vertebrates and also is the capsule

material of some pathogenic bacteria including group A

and C streptococci. In bacteria, the HA synthase occurs in

an operon (has) coding for enzymes involved in the pro-

duction of HA precursors. We report two new members of

the has operon family from Streptococcus equi subsp.

zooepidemicus (S. zooepidemicus) and Streptococcus equi

subsp. equi (S. equi). The has operon of S. zooepidemicus

contains, in order, hasA, hasB, hasC, glum, and pgi,

whereas these genes are separated on two operons in

S. equi (hasA, hasB, hasC and hasC, glmU, pgi). The

transcription start site and a r70 promoter were experi-

mentally identified 50 bp upstream of hasA in

S. zooepidemicus. We performed a phylogenetic analysis of

each of the has operon genes to determine the evolutionary

origin(s) of the streptococcal has operon. In contrast to

other capsular and exopolysaccharide operons, has operons

have undergone no detectable interspecies lateral gene

transfers in their construction, instead relying on intrage-

nome gene duplication for their assembly. Specifically,

hasC and glmU appear to have been duplicated into the

S. zooepidemicus has operon from remotely located but

near-identical paralogues most likely to improve HA pro-

ductivity by gene dosage in this streptococcus. The

intragene rearrangements appear to be ongoing events and

the two has operons of the S. equi subspecies represent two

alternatives of the same gene arrangement. A scenario for

the evolution of streptococcal has operons is proposed.

Keywords Hyaluronic acid production �
Lateral gene transfer � Gene dosage � Duplicate genes �
Homologous recombination � Group C

Abbreviations

hasA Hyaluronate synthase

hasB UDP-glucose dehydrogenase

hasC glucose-1-phosphate uridyltransferase

glmU N-acetyl-glucosamine-1-phosphate

uridyltransferase

pgi glucose-6-phosphate isomerase

Introduction

Hyaluronic acid (HA) is an important polymer in vertebrates,

fulfilling a large range of functions such as lubrication, water

binding, and cell trafficking (Lee and Spicer 2000). HA is

also found as capsule material of pathogenic group A and C

streptococci, where it camouflages the bacteria against the
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host immune system (Wibawan et al. 1999). The two pre-

cursors for this linear polymer are UDP-glucuronic acid and

UDP-N-acetylglucosamine, synthesized from the glycolysis

intermediates glucose-6-phosphate and fructose-6-phos-

phate, respectively (Fig. 1).

Like other b-polysaccharide synthases, such as cellulose

and chitin synthase, the HA synthase is a multifunction,

membrane-bound enzyme that assembles the polymer

directly from the UDP sugars and extrudes it through the

plasma membrane (Kamst and Spaink 1999; Tlapak-Sim-

mons et al. 1999). In contrast, extracellular and capsular

polysaccharide production in other streptococci and most

pathogenic bacteria is performed by an indirect mecha-

nism, in which the repeating unit is assembled from UDP

sugars on an isoprenoid lipid carrier by the action of

specific glycosyl transferases, most likely transported

across the cell membrane before being polymerized by a

membrane-associated polymerase (De Vuyst et al. 2001).

The HA synthase (hasA; hyaluronate synthase) was first

identified in Streptococcus pyogenes (DeAngelis et al.

1993), where it is part of a polycistronic transcription unit

that also encodes for two additional genes involved in

UDP-glucuronic acid synthesis, namely, UDP-glucose

dehydrogenase (hasB) and glucose-1-phosphate uridyl-

transferase (hasC) (Dougherty and van de Rijn 1994).

More recently, the has operon from Streptococcus uberis

was cloned and found to encode hasA and hasB but

not hasC (Ward et al. 2001). Here we characterize the

has operons of two equine pathogens, Streptococcus

equi subsp. zooepidemicus and Streptococcus equi subsp.

equi, used in the commercial production of HA (Chong

et al. 2005).
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Fig. 1 (A) Gross operon

structure of Firmicutes
containing hasA homologues.

The identity of individual genes

is given at the top and indicated

throughout by shading. Vertical

lines indicate that the gene

originated via intragenomic

gene duplication; horizontal

lines, that the gene was

introduced via lateral gene

transfer. Putative transcription

terminator sequences are

indicated by }. The

relationships of the species are

indicated by the evolutionary

distance dendrogram (Kimura

two-parameter model) at the left

as determined by comparative

16S rRNA analysis. The scale

bar indicates 0.05 change per

nucleotide. (B) Biosynthetic

pathways involved in HA

production. Proteins encoded by

the has operon from S.
zooepidemicus are in boldface
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Lateral gene transfer (LGT) has been extensively impli-

cated in the assembly of the extracellular and capsular

polysaccharide operons in streptococci (Bentley et al. 2006;

Chaffin et al. 2002; Garcia et al. 2000; Mavroidi et al.

2004). Although the has operon has not specifically being

investigated for LGT, the absence of nonvertebrate eucaryal

HasA homologues led to the inclusion of HA synthase in a

list of 223 putative LGTs from bacteria to vertebrates by the

Human Genome Sequencing Consortium (Lander et al.

2001). We performed a rigorous phylogenetic analysis of

genes involved in HA synthesis to determine the role of LGT

in has operon evolution and propose a scenario for the evo-

lutionary history of this operon in streptococci.

Materials and Methods

Primers

Oligonucleotide primers were synthesized by Gibco BRL

and Sigma Genosys. Medium components were obtained

from Difco and Oxoid.

Bacterial Strains and Plasmids

The mucoid Group C Streptococcus equi subsp. zooepi-

demicus ATCC 35246 was obtained from the American

Type Culture Collection (Rockville, MD, USA). A non-

mucoid (HA-negative) strain was isolated on sheep blood

agar plates. The E. coli host strain STBL4TM was obtained

from Life Technologies. Streptococci were grown in

M17G, and E. coli in LB medium. The pGEM-T (Promega)

cloning vector kit was used in this study.

DNA Purification and Manipulations

High molecular mass genomic DNA from S. zooepidemicus

was isolated by the method of Anderson and McKay (1984)

with an additional hyaluronidase (final concentration, 200 U/

ml) digest to remove capsular material prior to alkaline lysis.

DNA was then purified with the Tissue spin column kit

(Qiagen). Plasmid DNA was purified from E. coli cultures

(3 ml) with Wizard Mini-Preps (Promega) or Mini kit (Qia-

gen) and resuspended in a final volume of 50 ll in water.

Amplification and Sequencing of the has Operon

To amplify the 50 end of S. zooepidemicus hasA including the

promoter region, chromosome walking was performed

(Siebert et al. 1995). Five restriction enzymes (DraI,

EcoRV, PvuII, SspI, XbaI) were used for the generation of

S. zooepidemicus chromosomal DNA fragment libraries.

Two primers were designed based on the partial hasA

sequence obtained via degenerate PCR according to Kumari

and Weigel (1997) (P3, 50-TCA AGG GCT GTA GGA CAA

ACA AAT G-30; P4, 50-GCA GTA CCC CAT AAA ACG

GAG ATA AC-30). An *1.4-kb DNA fragment was

amplified by nested PCR using primer combinations

P3+Ap1 and P4+Ap2 (Ap1 and Ap2 according to Siebert

et al. [1995]) with fragment library DraI as template. This

fragment was cloned into pGEM-T and sequenced. The

sequence corresponded to the 50 end of the has operon

including ca. 100 bp upstream of the transcription start site.

The full S. zooepidemicus has operon was PCR ampli-

fied using primer P64 (50-GGT TAG CGT TTA AAG GCA

C-30) and primer P99 (50-GAA ACA CAG CAC AAT CAG

AG-30). P64 was designed to anneal upstream of hasA,

while P99 was designed to anneal downstream of the

S. equi has operon (S. equi Sequencing Group at the Sanger

Center; can be obtained at ftp://ftp.sanger.ac.uk/pub/

pathogens/se/). The remotely located paralogues of hasC

and glmU (N-acetyl-glucosamine-1-phosphate uridyltrans-

ferase) were amplified using primers designed against

available sequence data from the S. equi genome project.

We amplified hasC using primer combination P104

(50-AGC TGG TGC TGC TCT TGG-30) and P80 (50-CGG

TTT TGC TGC CGT TGC-30) and glmU using P106

(50-TGG AGC ACA GCA AGG CAG-30) and P107

(50-TAC AGC CAA TAT AGC GAC TGC-30).

Direct Genome Sequencing

Genome sequencing was performed using 3 lg of template

DNA and 16 ll of ABI Prism Big Dye Sequencing kit

(Applied Biosystems) to gather additional sequence data

upstream of the has operon. The thermocycler profile used

was 99 cycles of 96�C for 30 s, 50�C for 15 s, and 60�C for

4 min. A spin column step ensured the removal of unin-

corporated nucleotides (Centri spin columns; Princeton

Separations). A sequencing reaction with primer P48

(50-GCA AAC AAG GTC ATT AAT TTA CC-30) resulted

in ca. 500 bp of additional upstream sequence.

Phylogenetic Analyses

HA synthase gene (hasA) homologues were identified in

the public databases as follows. First, the amino acid

sequence of S. zooepidemicus hasA and its PFAM motif

(Glycos_transf_2; http://www.pfam.sanger.ac.uk/) were

used as starting points for profile searches on the NCBI

server (PSI-BLAST [Altschul et al. 1997]). The same

strategy was used on unfinished genome databases, not

yet included in the central database, available from NCBI

(http://www.ncbi.nlm.nih.gov/BLAST/), JGI (http://www.

jgi.doe.gov/), and TIGR (http://www.tigr.org/). An initial

dataset of hasA homologues (ca. 1000 sequences) was

J Mol Evol (2008) 67:13–22 15
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reduced by eliminating partial and redundant entries. Polymer

extrusion is a unifying property of the HasA family members,

hence all glycosyl transferases lacking transmembrane

domains also were excluded. The amino acid sequences were

aligned using ClustalW (version 1.8 [Thompson et al. 1994])

or T-COFFEE (Notredame et al. 2000), and the alignment

refined manually in the sequence database and analysis soft-

ware package ARB (Ludwig et al. 2004) using published

motifs (Kamst and Spaink 1999). Amino acid datasets for

hasB, hasC, glmU, and pgi (glucose-6-phosphate isomerase)

were generated using the same approach.

Masks were created in ARB using the base frequency

filter tool (25% minimal similarity) to remove regions of

ambiguous positional homology from all amino acid align-

ments. This produced masked alignments of 185, 305, 251,

442, and 304 amino acids for hasA, hasB, hasC, glum, and

pgi, respectively, available upon request from the authors.

Evolutionary distance (ED) dendrograms were constructed

from the masked amino acid alignments in ARB using a

Dayhoff PAM correction and the Fitch Margoliash additive-

tree method (Supplementary Figs. S2–S6). Support for

interior nodes of the dendrograms was determined using 200

bootstrap resamplings of maximum parsimony (MP) trees

calculated in PAUP* version 4.0b2a (D. L. Swofford, Sina-

uer Associates, Sunderland, MA) and Bayesian posterior

probabilities using the general time-reversible model and

gamma correction (Huelsenbeck and Ronquist 2001). In all

cases, posterior probabilities were calculated from 1000

trees representing 100,000 generations after a 100,000 gen-

eration ‘‘burn-in.’’ The ED tree (Fig. 2) serving as a proxy for

organismal evolution (vertical descent) was constructed in

ARB using a Lane masked small-subunit rRNA gene

alignment comprising 1287 characters and the Kimura two-

parameter model correction and neighbor joining.

Nucleotide Sequences

The nucleotide sequence of the has operon from S. zoo-

epidemicus has been deposited in the GenBank database

under accession number AF347022, the nucleotide

sequence of the remote hasC under AF468691, and the

nucleotide sequence of the remote glmU under AF468690.

Results

Characterization of has Operons in Streptococcus equi

Subspecies

The complete coding region of the has operon from S. equi

subsp. zooepidemicus ATCC 35246 (referred to as S. zoo-

epidemicus) was determined using a combination of direct

genome sequencing and PCR with primers designed

according to database entries as outlined under Materials

and Methods. The has operon of S. zooepidemicus, with a

size of 6.8 kb, contains the most number of genes (five) of

any has operon characterized to date (Fig. 1). A draft

genome sequence of S. zooepidemicus strain H70 has since

become available (www.sanger.ac.uk/Projects/S_zooepi

demicus) and the has operon therein was 98% identical

to our sequence. In order, the operon contains hasA, hasB,

hasC, glmU, and pgi, encoding hyaluronate synthase, UDP-

glucose dehydrogenase, glucose-1-phosphate uridyltrans-

ferase, a putative N-acetyl-glucosamine-1-phosphate

uridyltransferase, and a putative glucose-6-phosphate

isomerase, respectively (GenBank accession number

AF347022). HasB and HasC catalyze the synthesis of the

UDP-glucuronic acid precursor from glucose-1-phosphate,

and Pgi and GlmU are two of the enzymes involved in the

synthesis of the second HA precursor, UDP-N-acetyl-

glucosamine, from glucose-6-phosphate (Fig. 1). Primer

extension analysis identified a transcription start site 50 bp

upstream of S. zooepidemicus hasA and a r70 promoter

Pribnow Schaller box 6 bp upstream from the transcription

start (Supplementary Fig. S1). From the apparent presence

of a conserved sorbitol operon immediately downstream of

pgi, we conclude that the operon is complete.

We found a similar gene order in the recently finished

S. equi subsp. equi genome (www.sanger.ac.uk/Projects/

S_equi; referred to as S. equi; Fig. 1), however, the genes

are organized in two operons (hasA, hasB, hasC and hasC,

glmU, pgi) as described below.

Role of Lateral Gene Transfer in Streptococcal has

Operon Formation

The role of LGT between different bacterial species in

operon formation was investigated by establishing the

phylogeny for homologues of each of the five genes in the

S. zooepidemicus has operon (see Materials and Methods).

Fig. 2 An evolutionary distance dendrogram (Kimura two-parameter

model) of representatives of the three domains of life with available

genome sequences, based on comparative analysis of 16S/18S rRNA

genes. Major lineages (phyla) within each domain are distinguished

by horizontal lines and named at the extreme right. 16S/18S rDNA

sequence accession numbers follow the species names, and those in

red indicate documented HA producers. The scale bar indicates 0.1

change per nucleotide. The colored columns at the right each

represent the phylogenetic affiliation of a has operon gene relative to

the 16S/18S rRNA phylogeny. Reproducibly monophyletic groups

within each has operon gene tree (see Materials and Methods for

details of tree construction) were assigned a color (Supplementary

Figs. S2–S6), and this color was then transferred to the appropriate

boxes within a column. Sequences not significantly affiliated with

other homologues within their respective trees are shown in black.

Checkered areas within the hasC and glmU columns indicate that

alternative enzymes and pathways exist for these functions in

eukaryotes. Multiple copies of any given has operon gene within a

genome are indicated by partitioning of a box within a column

c
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Completed genome sequences were used (with the excep-

tion of a few basal eukaryote genomes) to provide a

complete picture of the has operon genes in these organ-

isms. Phylogenetic trees were inferred from the gene

datasets using evolutionary distance, MP, and Baysian

inference to minimize potential tree reconstruction

artifacts. Branching points resolved by all three methods

with MP bootstrap or Baysian posterior probability values

C75% were considered to be reliable. In a few instances,

branchpoints with Baysian posterior probabilities of 100%

but MP bootstraps \75% were also used to define mono-

phyletic groups.

St reptococcus equi subsp. zooepidemicus, Ab002516 
St reptococcus equi subsp. equi, Ab002515 
St reptococcus uberis, Ab023576 

St reptococcus mutans, S70358 
St reptococcus pneumoniae, S70363 
Lactococcus lactis, M58837 

Enterococcus faecium 
Enterococcus faecalis 
Bacillus subtilis, D26185 
Bacillus halodurans, Aj302709 
St aphylococcus aureus, L37597 

Clostridium acetobutylicum, X81021 
Mycoplasma genitalium, X77334 
Mycoplasma pneumoniae, M29061 

Ureaplasma urealyticum, U06094 
Mycoplasma pulmonis, M23941 

Mycobacterium tuberculosis, S45301 
Mycobacterium smegmatis, X52922 
Corynebacterium diphtheriae, X84248 

St reptomyces coelicolor , X60514 
Escherichia coli, J01695 

Buchnera sp. APS, 15616630 
Vi brio cholerae, X74694 

Haemophilu s i  nfluenzae, L42023 
Pasteurella multocida, M35018 

Pseudomonas aeruginosa, U38445 
Burkholderia cepacia, M22467 
Neisseri a m  eningitidis, 15675948 
Xylella fastidiosa, M26601 

Agrobacterium tumefaciens, D01260 
Sinorhizobium meliloti, X67222 

Caulobacter crescentus, M83799 
Rickettsia conorii, L36107 
Rickettsia prowazekii, M21789 
Helicobacter pylori, U01330 

Campylobacter jejuni, L14630 
Porphyromonas gingivalis, L16492 

Cytophaga hutchinsonii, M58768 
Chlorobium tepidum , M  58468 

Chlamydi a t  rachomatis, M59178 
Chlamydia muridarum, D85718 
Chlamydia pneumoniae, L06108 

Deinococcus radiodurans, Ae001871 
Synechocystis sp. PCC 6308, Ab039001 
Nostoc punctiforme, Af027655 

Prochlorococcus marinus subsp. Pastoris, Af180967 
Borrelia burgdorferi, M64310 

T reponema pallidum 
Thermotoga maritima, M21774 

Aquifex aeolicus, Aj309733 
Schizosaccharomyces pombe, X54866 
Pneumocystis carinii, X12708 
Saccharomyces cerevisiae, J01353 
Candida albicans, X53497 

Aspergillu s f  umigatus, M60300 
Phanerochaete chrysosporium, U59084 

Homo sapiens, X03205 
Xenopus laevis, J01006 
Ciona intestinalis, Ab013017 

Caenorhabditis elegans, X03680 
Drosophila melanogaster , M21017 

Arabidopsi s t  haliana, X16077 
Theileria parva, L02366 
Theileria annulata, M34845 

Babesia bovis, L19077 
T oxoplasma gondii, M97703 

Cryptosporidium parvum, L16996 
Plasmodium vivax, U07368 

Plasmodium falciparum, M19172 
Entamoeba histolytica, X56991 

Dictyosteliu m d  iscoideum, K02641 
T rypanosoma cruzi, X53917 

T rypanosoma brucei, M12676 
Leishmania major , X53915 

Giardi a l  amblia, U09491 
Pyrococcus horikoshii, D45214 
Pyrococcus abyssi, L19921 
Archaeoglobus fulgidus, Ae000965 

Methanococcus jannaschii, U67473 
Methanothermobacter thermoautotrophicus, Ae000930 

Thermoplasma acidophilum, M20822 
Thermoplasma volcanium, Aj299215 

Ferroplasma acidarmanus, Aj224936 

Sulfolobus solfataricus, X90478 
Sulfolobus tokodaii, 15622132 
Aeropyrum pernix, 3355905 

0.10 

Halobacteriumsp. NRC-1, Ae005128 

St reptococcus pyogenes, Ab002521 
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Monophyletic groups within each gene tree (Supple-

mentary Figs. S2–S6) were color-coded and overlaid on a

small-subunit (16S/18S) ribosomal RNA gene (rDNA) tree

(Fig. 2). Sequences not significantly affiliated with other

homologues within their respective trees are shown in

black. Ribosomal RNAs are highly conserved functional

RNAs integral to cellular protein production and are

thought to be good indicators of organismal phylogeny

(Woese 1987). Incongruencies between rDNA and other

gene phylogenies may provide evidence of LGT (Doolittle

1999) and appear in Fig. 2 as a mixing of colors. For

example, the hasB gene in Prochlorococcus marinus (a

cyanobacterium) is closely related to eucaryal hasB genes

shown in blue in Fig. 2, and is not closely related to the

hasB genes of other cyanobacteria shown in brown in

Fig. 2. Therefore, we hypothesize that Prochlorococcus

received its hasB via a lateral transfer from a eucaryal

donor. More generally, proteobacterial HasB sequences are

intermingled with Firmicutes and Bacteroidetes, and pro-

teobacterial Pgi sequences with eukaryota. By contrast, the

gene coding for GlmU appears to have been vertically

transmitted since its topology closely follows that of 16S

rRNA as evidenced by the consistency of color groupings

(Fig. 2). The color-coding of HasC sequences tends to

suggest that the gene has been subject to lateral transfer,

but this may rather be an artifact of poor resolution in the

HasC tree due to limited comparative information.

Figure 2 confirms the extremely limited representation

of HasA gene homologues in the tree of life observed by

others (Salzberg et al. 2001). Homologues of HasA with a

putative glycosyl transferase function were identified in

Sulfolobus solfataricus and Mycobacterium smegmatis

and are the first described hasA homologue representa-

tives of the Crenarchaeota and Actinobacteria phyla,

respectively (see Supplementary Fig. S2). No additional

hasA homologues were identified in nonvertebrate

eukaryote genomes, suggesting that the highly restricted

distribution of hasA homologues in eukaryotes is real and

not a sampling artifact as suggested for some metabolic

genes (Rogers et al. 2007). Notably, however, the tree

provides no direct evidence for lateral transfer of hasA

between vertebrates and streptococci, as both groups are

monophyletic and consistent with the 16S rRNA tree

despite very low overall representation in the tree of life

(Fig. 2). Unfortunately, the eukaryotic genome sequences

are generally less complete than their bacterial and ar-

chaeal counterparts, and we therefore cannot entirely rule

out the presence of hasA genes in the nonvertebrate

eukaryotes presented in Fig. 2. The absence of hasB in

most basal eukaryotes as well, however, supports the view

that the role of HA in embryonic development is a rela-

tively late invention in eukaryotes (Spicer and McDonald

1998).

Although Fig. 2 suggests that interspecies, interphylum,

and even interdomain LGT has occurred for HasB and Pgi

genes, HA-producing streptococci are monophyletic for all

of the has operon genes. Moreover, in all trees S. equi and

S. zooepidemicus are reproducibly nearest neighbors

immediately flanked by S. pyogenes (Supplementary Figs.

S2–S6), consistent with the 16S rRNA tree and indicative

of vertical descent. Phylogenetic inference therefore sug-

gests that interspecies gene transfer has not played a role in

has operon formation, but intraspecies (strain-level) LGT

cannot be discounted.

Origin of has Operons in Streptococci

The identification of two new has operons in the S. equi

subspecies brings to four the number of known functional

has operons (Fig. 1). There is also a phylogenetically

related operon (cap) of Streptococcus pneumoniae type 3

(Arrecubieta et al. 1994), which has a different function—

the synthesis of a cellubiuronic acid polymer (Cartee et al.

2000). In addition, there is a putative has operon of

unverified function on the mega-plasmid pXO1 of Bacillus

anthracis (Okinaka et al. 1999), a bacterium which lacks

an HA capsule. The HasA homologue from B. anthracis

groups with streptococcal hasA, while the Cap3B for

S. pneumoniae is an orphan homologue (Supplementary

Fig. S2). Conceivably, all six HasA homologues could

have originated in a common Firmicutes ancestor, with

Cap3B having undergone rapid evolution and functional

reassignment due to selective pressure as a human

pathogen.

Neither HasA nor Cap3B is functional in the absence of

HasB (Fig. 1B) and we first considered the possibility that

the hasA/hasB pairing originated in a common Firmicutes

ancestor. HasB’s coded by the pXO1 operon, however,

map with other Bacillus strains, while the five streptococcal

HasB’s map in a distant group together with a number of

Proteobacteria (Supplementary Fig. S3). The HasC gene on

pXO1 is also of Bacillus origin, suggesting that hasA alone

was transferred between pXO1 and a streptococcal ancestor

(direction unknown). Furthermore, gene rearrangement

(BA rather than AB; Fig. 2) and rapid divergence of the

S. pneumoniae operon genes cast doubts about a common

streptococcal ancestor for the cap and has operons. Thus, a

common streptococcal ancestor can only be inferred for the

four has operons.

The branching order of the streptococci cannot be fully

resolved for the four species on the basis of available 16S

rRNA sequences (Fig. 1A). As expected, the two S. equi

subspecies group together but their specific relationship to

S. pyogenes and S. uberis is unclear. Phylogenetic infer-

ence from individual has operon genes and a concatenated

HasA/HasB dataset also failed to resolve the branching

18 J Mol Evol (2008) 67:13–22
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order (data not shown). However, the ribosomal binding

site of hasA in S. uberis and S. pyogenes, but not in

S. zooepidemicus, contains a 22-bp fragment with 13

conserved positions and identical spacing. Also, the inter-

genic region is small in S. uberis and S. pyogenes (24 and

35 bp, respectively), while fairly long (251 bp) in the two

S. equi subspecies. Finally, of the 24 bp of the S. uberis

intergenic region, 15 bp is conserved in the S. pyogenes

sequence, while no similarity could be detected in the

intergenic region between S. uberis and the two S. equi

subspecies. These noncoding sequence data suggest a clo-

ser relationship of S. uberis and S. pyogenes to each other

than to the S. equi subspecies and argue against a simple

linear addition of hasC to the operons.

Assembly of Streptococcal has Operons

Genes involved in HA precursor synthesis (hasC, glmU, and

pgi) have been added to the basic HasA/HasB operon over the

course of evolution (Fig. 1A). These additional has operon

genes all have functional paralogues (Fitch 1970) remotely

located in their host genomes, with the exception of pgi (www.

sanger.ac.uk/Projects/S_zooepidemicus, www.sanger.ac.uk/

Projects/S_equi), and it has been shown in S. pyogenes that

the operon hasC can be knocked out without loss of the HA

capsule (Ashbaugh et al. 1998). This raises the possibility that

intragenomic gene duplication (paralogue formation) is the

principal mechanism involved in has operon assembly.

We identified two nearly identical copies of hasC in the

S. zooepidemicus genome, one in the has operon (hasC)

and the second in a two gene operon containing gpsA,

which codes for an NAD(P)+ dependent glycerol-3-phos-

phate dehydrogenase (EC 1.1.1.94) and hasC (galU)

(Fig. 3). Comparison of the sequences flanking the hasC

genes indicate that galU and 24 bp of gpsA were duplicated

and incorporated into the has operon (Fig. 3). Traces of a

possible mechanism involved in this gene duplication are

an 8-bp palindrome on the 50 insertion border with hasB

and a 6-bp repeat at the insertion borders (Fig. 3).

The major part of the S. zooepidemicus hasC paralogues

is identical (862 of 903 bp; hatched region in Fig. 3),

suggesting that the gene duplication was a recent event.

However, inspection of the S. equi genome revealed a

nearly identical galU duplication including the 30 end of

gpsA (Fig. 3), with the exception that the S. equi galU is

part of the has operon and the hasC homologous to the

hasC of S. zooepidemicus is part of the second operon

including glmU and pgi. As it would be highly improbable

that identical duplication events occurred independently in

S. zooepidemicus and S. equi, hasC duplication must have

occurred prior to subspeciation. Therefore, the near-iden-

tity of galU and hasC in S. zooepidemicus likely is due to

frequent homologous recombination of these paralogues

between base 1 and base 862 (Fig. 3). This also appears to

be the case for the S. equi hasC paralogues, which are

identical in the 1- to 862-bp region but distinct from the

S. zooepidemicus paralogues (97% identical). The 30 end

of the hasC paralogues does not appear to be involved in

homologous recombination since hasC’s in the two sub-

species are more closely related to each other than to their

respective galU paralogues (Fig. 3). Why homologous

recombination of hasC paralogues is selected for in these

S. equi subspecies is unknown, but it is not ubiquitous in

HA-producing streptococci. A gene duplication of hasC

occurred in the S. pyogenes genome, however, the para-

logues are only 79% identical on the DNA level,

suggesting no homologous recombination of the para-

logues has occurred since their duplication. As with the

S. equi subspecies duplication, the 30 end of S. pyogenes

gpsA was transferred with hasC to the has operon. How-

ever, it must have been an independent event from the

duplication in the S. equi subspecies because a greater

S. zooepidemicus  

S. equi  

has  operon  

gps  operon  

TTTCGCTCAG AAAATGAATGGCACACA TAA 
GACTAGTCAG AAAACAAGTGGCACACA TAA 
GACTAGTCTG AAAACGAATGGCACTCG TAA 
TTTCGCTCAG AAAACGAATGGCACTCA TAA 

** ***** * ****** * ***

AGCTGGGTAAAGCACTAGA-AAGCACTCAGCAGCAGACAAAA TAG 
AGCTCAG TAAGCAACTGAACAAGGAC-------GTCAAGAAA TAG 
AGCTGGGTAAAGCACTAGA-AAGCACTCAACAGCAAGCAAAA TAG 
AGCTCAG TAAGCAACTGAACAAGGAC-------GTTAAAAAA TAG 
**** **** *** * *** ** ******

hasC  ATG TA G 

hasB  

gp sA  

gps  operon  
gpsA  

{ 
{ } 

hasB  

Fig. 3 Schematic alignment of the two hasC (hasC, galU) paralogues

in S. zooepidemicus and S. equi. The genome location of the

paralogues is indicated at the right. Gene names and start and stop

codons for the hasCs are shown at the top. Putative homologue

recombination sites are magnified at the bottom. Palindromes within

these sites are in boldface, repeated sequences are underlined, and

stop codons are italicized. Shading indicates sequence similarities

(see text for details)
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portion of gpsA was transferred (45 vs. 24 bp; data not

shown).

The duplication of glmU into the has operon appears to

follow a similar scenario as described for hasC in both

S. zooepidemicus and S. equi. The insertion borders are

identical for the two strains, again suggesting that the gene

duplication occurred prior to subspeciation. However, the

direction of glmU transfer could not be determined from

the sequence data because no flanking genes were

involved, and indeed the insertion borders exactly coincide

with the open reading frame of glmU. Indirect evidence

that the transfer of duplication was into the has operon

comes from the single copy of glmU found in S. pyogenes,

S. mutans, and S. pneumoniae (Supplementary Fig. S5).

The glmU’s of these organisms have the same local gene

environment as the non-has operon glmU of the S. equi

subspecies (Supplementary Fig. S7).

In contrast to hasC and glmU, pgi was not found to be

duplicated in the S. equi subspecies. As the Pgi is, however,

essential for growth of streptococci on sugars as carbon

source, but not HA production, has operon independent

transcription is required. Indeed, we identified a highly

conserved r70 promoter upstream of pgi using BPROM

(http://www.softberry.com/all.htm), suggesting that pgi

expression is under the control of at least two promoters,

the has operon and the pgi promoter.

Finally, the four has operons have moved within the

respective streptococci genomes as they currently reside in

conserved stretches of genes (Supplementary Figs. S8 and

S9). Specifically, the has operons of the S. equi subspecies

reside downstream of a conserved hypothetical RNA

encoding gene. Although the has operons of these two

species vary in gene content, downstream of galU and pgi

the same genes are located. These gene arrangements

suggest that the has operons in the two S. equi subspecies

can change gene content (three or five genes) via homo-

logue recombination of the highly conserved hasC/galU

genes. Thus the two different has operon structures in

S. equi and S. zooepidemicus (Fig. 1) are two alternatives

of the same gene arrangement. The pgi of the S. zooepi-

demicus has operon was acquired by insertion of the four-

gene has operon (hasA, hasB, hasC, glmU) upstream of the

pgi gene (Supplementary Fig. S8). In contrast, the operon

of S. uberis is located downstream of the pgi and sorbitol

operon and upstream of a putative hippurate hydrolase

gene and the galU (Supplementary Fig. S9). The S. pyog-

enes operon resides in a highly conserved stretch of genes

that are present in all streptococci (Supplementary Fig. S9).

In summary, despite evolving without recent LGT, the

streptococcal has operons appear to be highly dynamic

within their host genomes, having been constructed via a

number of independent gene duplications and entire operon

relocations.

Discussion

We have characterized two new streptococcal has operons.

A five-gene operon was cloned from S. zooepidemicus,

while a three-gene operon was identified in the draft gen-

ome sequence of the closely related S. equi. The S. equi

subspecies S. zooepidemicus has significantly greater HA

production than S. uberis and S. pyogenes, which have a

has operons containing only HA synthase and one or two

genes involved in HA precursor synthesis respectively. The

inclusion of additional genes involved in precursor for-

mation in the S. equi subspecies is most likely driven by a

selective advantage of enhanced HA production and hence

coat thickness. Indeed, S. zooepidemicus can direct more

than 10% of glucose carbon toward HA (Blank et al. 2005),

which is 10 to 100 times higher than the glucose usage for

extracellular or capsular polysaccharides in other strepto-

cocci such as S. thermophilus (De Vuyst et al. 2001).

HA synthase was previously identified as one of 223

putative candidates for LGT from bacteria to human

(Lander et al. 2001) based on the absence of nonvertebrate

hasA homologues. While our results confirm this absence

in nonvertebrate genomes, there is no unequivocal phylo-

genetic evidence pointing toward LGT despite the fact that

HasA genes are clearly capable of being mobilized by their

presence on a Bacillus anthracis plasmid and in a viral

genome (Supplementary Fig. S2). hasA homologues have a

very limited representation in all domains, with only five

monophyletic clades: vertebrate HasA, streptococcal HasA,

rhizobial NodC, an archaeal glycosyl transferase cluster,

and a putative glycosyl transferase group represented by

Mycobacterium smegmatis in Supplementary Fig. S2. No

group branches within the radiation of any other group and

the vertebrate HA synthases are no more closely related to

streptococcal HA synthases than to rhizobial NodC (pro-

ducing oligochitins) or putative archaeal glycosyl

transferases (Supplementary Fig. S2). Thus, we concur

with Salzberg et al. (2001) that other possible explanations

for this unusual gene distribution, such as massive gene

loss, are equally (un)likely.

Similarly, there is no evidence that any of the other

genes in the streptococcal has operons were obtained by

interspecies LGT. In this regard, the has operons differ

from most polysaccharide operons found in bacteria,

including other streptococci, which appear to be chimeric

assemblies of indirect glycosyl transferases obtained from

at least two different bacterial genera (Bourgoin et al.

1999). We attribute this difference to different selective

pressures. Where HA is a nonimmunogenic coat, most

bacterial polysaccharides are immunogenic and diversifi-

cation of polysaccharide composition is a means of

bypassing the immune system. Therefore, LGT is likely to

be favored under these conditions. For example, 90
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recognized serotypes of S. pneumoniae are distinguished

principally by their capsule composition, which is a result

of frequent lateral exchange of genes between species

(Bentley et al. 2006; Chaffin et al. 2002; Garcia et al.

2000; Mavroidi et al. 2004). Incorporation of a single, new

glycosyl transferase activity is sufficient to change the

polysaccharide repeating unit and hence the capsule com-

position (Bentley et al. 2006).

By contrast, we propose that the increase from the two

essential genes in the has operon (hasA and hasB) to three

and five genes occurred by intragenomic gene duplication,

although strain-level LGTs cannot be entirely ruled out.

Sequence similarity and spacing in the ribosomal binding

site and intergenic sequence suggest that S. uberis and

S. pyogenes had a common ancestor, which diverged from

the common S. equi subspecies ancestor (Fig. 4). This is

consistent with the finding that hasC duplication occurred

separately in S. pyogenes and the two S. equi subspecies,

as indicated by the insertion border with gpsA. In the two

S. equi subspecies, hasC and glmU duplication appear to

have occurred prior to subspeciation (Fig. 4) judging by the

sequence identity in the flanking regions for hasC and the

identical insertion length and position for both hasC and

glmU. In addition to duplication, there is evidence of fre-

quent homologous recombination for the two hasC

paralogues in both S. equi subspecies (Fig. 3), partial

operon rearrangement in S. equi, as well as full operon

relocation in S. equi, S. pyogenes, S. uberis, and S.

zooepidemicus.

A detailed understanding of the evolution of operons

that produce industrially important polymers, such as the

has operon, may assist in systematic efforts to engineer

strains for improved production rates and yields.
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