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Polysaccharide in Prokaryotes, Is Governed by High-Frequency Phase
Variation
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ABSTRACT

Mycoplasmas are minimal, wall-less bacteria but have retained the ability to secrete complex carbohydrate polymers that consti-
tute a glycocalyx. In members of the Mycoplasma mycoides cluster, which are important ruminant pathogens, the glycocalyx
includes both cell-attached and cell-free polysaccharides. This report explores the potential secretion of polysaccharides by M.
agalactiae, another ruminant pathogen that belongs to a distant phylogenetic group. Comparative genomic analyses showed that
M. agalactiae possesses all the genes required for polysaccharide secretion. Notably, a putative synthase gene (gsmA) was identi-
fied, by in silico reconstruction of the biosynthetic pathway, that could be involved in both polymerization and export of the
carbohydrate polymers. M. agalactiae polysaccharides were then purified in vitro and found to be mainly cell attached, with a
linear �-(1¡6)-glucopyranose structure [�-(1¡6)-glucan]. Secretion of �-(1¡6)-glucan was further shown to rely on the pres-
ence of a functional gsmA gene, whose expression is subjected to high-frequency phase variation. This event is governed by the
spontaneous intraclonal variation in length of a poly(G) tract located in the gsmA coding sequence and was shown to occur in
most of the M. agalactiae clinical isolates tested in this study. M. agalactiae susceptibility to serum-killing activity appeared to
be dictated by ON/OFF switching of �-(1¡6)-glucan secretion, suggesting a role of this phenomenon in survival of the pathogen
when it invades the host bloodstream. Finally, �-(1¡6)-glucan secretion was not restricted to M. agalactiae but was detected
also in M. mycoides subsp. capri PG3T, another pathogen of small ruminants.

IMPORTANCE

Many if not all bacteria are able to secrete polysaccharides, either attached to the cell surface or exported unbound into the
extracellular environment. Both types of polysaccharides can play a role in bacterium-host interactions. Mycoplasmas are
no exception despite their poor overall metabolic capacity. We showed here that M. agalactiae secretes a capsular �-(1¡6)-
glucopyranose thanks to a specific glycosyltransferase with synthase activity. This secretion is governed by high-frequency
ON/OFF phase variation that might be crucial in mycoplasma host dissemination, as cell-attached �-(1¡6)-glucopyranose
increases serum-killing susceptibility. Our results provide functional genetic data about mycoplasmal glycosyltransferases
with dual functions, i.e., assembly and export of the sugar polymers across the cell membrane. Furthermore, we demon-
strated that nonprotein epitopes can be subjected to surface antigenic variation in mycoplasmas. Finally, the present re-
port contributes to unravel the role of secreted polysaccharides in the virulence and pathogenicity of these peculiar
bacteria.

Many bacterial species are able to synthesize and secrete car-
bohydrate polymers that either remain attached to the cell

surface (capsular polysaccharides [CPS]) or are exported un-
bound into the extracellular environment, sometimes forming a
loose slime layer (exopolysaccharides [EPS]) (1). The term “CPS”
refers here to cell-attached glycoconjugates whether or not they
form a true capsule that can be visualized by electron microscopy.
There is growing awareness of the role played by CPS and EPS in
cross talk among bacteria and between the bacterium and its host
cell or the overall environment (2, 3). In various bacterial models,
secreted polysaccharides were shown to modulate the intrinsic
properties of the producing bacteria (surface adhesion, biofilm
formation, resistance to host immune defenses such as phagocy-
tosis and serum killing) as well as the host cell response through
immunomodulation. Hence, bacterial exopolysaccharides have
been studied both as true virulence factors in several infectious
diseases (4) and as important components of probiotics due to

their positive impact on the host (5). The interplay between the
host and the polysaccharide-secreting bacteria is complex and
commonly involves phase variation of the surface-exposed poly-
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saccharides to modulate their level of expression during coloniza-
tion or infection processes (6, 7).

Mycoplasmas constitute a peculiar group of wall-less bacteria
with small genomes. Despite the paucity of their metabolic path-
ways, these minimal cells have been shown to produce complex
macromolecules with carbohydrate moieties, the so-called glyco-
calyx (8). Polysaccharide secretion in mycoplasmas was first evi-
denced in 1958 (9), and since then the number of species reported
to have a capsule has been constantly increasing (8). The current
list of mycoplasmas producing CPS or EPS is not exhaustive, how-
ever, as purification of polysaccharides has been hampered for
many years by the use of complex culture media. A detailed de-
scription of the polysaccharides secreted by nonruminant myco-
plasmas is available only for Mycoplasma pulmonis and M. pneu-
moniae (10, 11).

Our group recently contributed to identification of the poly-
saccharides secreted by several species that are pathogenic for ru-
minants and classified in the so-called M. mycoides cluster (12,
13). These are (i) galactan, a �-(1¡6)-galactofuranose polymer,
secreted by M. mycoides subsp. mycoides and M. mycoides subsp.
capri serovar LC; and (ii) �-(1¡2)-glucan, a linear �-(1¡2)-glu-
copyranose polysaccharide, produced by mycoplasmas in the M.
capricolum and M. leachii species (see Table 1 for a summary). The
role of �-(1¡2)-glucan has not yet been studied, but the galactan
in M. mycoides subsp. mycoides strain Afadé has been found both
to exhibit anti-inflammatory properties in EPS form (14) and to
protect the cells from the bactericidal activity of the serum when in
CPS form (15).

Polysaccharide biosynthesis in members of the M. mycoides
cluster is predicted to occur as a two-step process (12, 13) in which
sugars are first activated by the addition of a nucleoside-diphos-
phate group and then linked to an appropriate acceptor molecule
by a variety of glycosyltransferases, resulting in the synthesis of
different glycoconjugates (16). Among the glycosyltransferases in-
volved in EPS/CPS secretion, one specific subfamily of mem-
brane-embedded synthases has been described in several Gram-
negative bacteria whose members are able both to assemble and to
export the sugar polymers across the cell membrane (17). In M.
mycoides subsp. mycoides, only one of the three predicted glyco-
syltransferases, the MSC_0108 product, exhibits structural fea-
tures indicative of a synthase function, namely, the presence of
multiple transmembrane domains (TMD) and a large cytoplas-

mic loop bearing two specific motifs, DXD and R/QXXRW (13)
(Table 2; see also Fig. S1 in the supplemental material). The ho-
mology of the MSC_0108 product with the BcsA subunit of Rho-
dobacter sphaeroides cellulose synthase, an enzyme responsible for
cellulose synthesis and translocation across the cytoplasmic mem-
brane, prompted us to propose that the MSC_0108 product is the
galactan synthase catalyzing both UDP-galactofuranose polymer-
ization and galactan secretion across the mycoplasma cytoplasmic
membrane (13).

Interestingly, comparative genomic data have shown that sev-
eral genes involved in polysaccharide biosynthesis have been hor-
izontally transferred between members of the M. mycoides cluster
and other mycoplasma species that are also ruminant pathogens
but belong to a distant and distinct phylogenetic group (12, 18,
19). These include M. agalactiae, a major pathogen responsible for
contagious agalactia in small ruminants, which is listed by the
World Organization of Animal Health (OIE) due to its economic
impact in countries with important dairy industries. The M. aga-
lactiae model is thus of particular interest because it shares com-
mon hosts and ecological niches with some members of the M.
mycoides cluster, and this situation could be favorable to gene
transfers.

Although CPS and/or EPS may have an important role in M.
agalactiae infection, polysaccharide secretion has not yet been in-
vestigated in this pathogen. The present study was undertaken to
fill this gap. By combining comparative genomics with biochem-
istry and classical molecular biology, we demonstrated that M.
agalactiae can secrete a linear �-(1¡6)-glucopyranose which is
attached to the cell surface. We then reconstructed the corre-
sponding biosynthetic pathway in silico and showed that this se-
cretion was governed by high-frequency phase variation, which
could play a role in M. agalactiae-host interactions.

MATERIALS AND METHODS
Mycoplasma strains and culture conditions. The genome sequences
of M. agalactiae strains PG2T, 5632, and 14628 and M. mycoides subsp.
capri serovar capri strain PG3T are available in databases (GenBank
accession numbers CU179680, FP671138, and AJPR00000000.1 and
JFAE00000000.1, respectively). Other M. agalactiae clinical isolates
came from a collection maintained in our laboratory. Most isolates were
collected within the framework of the Vigimyc national surveillance net-
work (20) or during specific epidemiological studies (19). Strains were
grown in PPLO medium supplemented as previously described (21). Tet-

TABLE 1 Polysaccharide secretion among members of the M. mycoides cluster and M. agalactiae

Phylogenetic
group Mycoplasma species Main host(s) Disease(s)a

Polysaccharide

Structure
Secreted
form(s)b

Reference(s)
or source

Spiroplasma M. mycoides subsp. mycoides Bovine CBPP Polymer of �(1¡6)-galactofuranose CPS, EPS 12, 13
M. mycoides subsp. capri serovar LC Caprine CA Polymer of �(1¡6)-galactofuranose CPS 12
M. mycoides subsp. capri serovar capri Caprine CA Polymer of �(1¡6)-glucopyranose CPS, EPS This study
M. leachii Bovine Mastitis,

arthritis
Polymer of �(1¡2)-glucopyranose CPS, EPS 12

M. capricolum subsp. capripneumoniae Caprine CCPP Polymer of �(1¡2)-glucopyranose CPS, EPS 12
M. capricolum subsp. capricolum Caprine CA Polymer of �(1¡2)-glucopyranose CPS 12

Hominis M. agalactiae Caprine, ovine CA Polymer of �(1¡6)-glucopyranose CPS This study
a CBPP, contagious bovine pleuropneumonia; CCPP, contagious caprine pleuropneumonia; CA, contagious agalactia (CA is a syndrome that includes several clinical signs such as
mastitis, arthritis, keratoconjunctivitis, and pneumonia).
b CPS, capsular polysaccharide; EPS, exopolysaccharide.

�-(1¡6)-Glucan Production in Mycoplasma agalactiae
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racycline (2 �g/ml) was added to the medium for the propagation of
mycoplasma transformants. Mycoplasma titers (quantified in CFU per
milliliter) were determined by plating serial dilutions of broth cultures
onto solid medium and counting the colonies after incubation for 4 days
at 37°C. Each CFU titer determination was done in triplicate.

DNA extractions and PCR amplifications. Mycoplasma genomic
DNA was extracted from logarithmic-phase cultures (2 ml) using a Blood
& Cell Culture DNA kit from Qiagen. Specific oligonucleotide primers
were used to amplify the gsmA region surrounding the poly(G) tract
(5=-CTATGAAACAGTCATTTTGG-3= and 5=-GGCGCATATAGTGAT
TGTC-3=) or the full gsmA gene (5=-GCATCACAATTGAAAACG-3= and
5=-CAGTTTATATTCCTAAAACTGG-3=). PCR amplifications (25-�l
volume) were performed according to the recommendations of the Taq
DNA polymerase supplier (Promega). All PCR amplifications were con-
ducted in a Bio-Rad thermocycler with an initial denaturation step of 5
min at 95°C, followed by 35 cycles, including a denaturation step at 95°C
(30 s), primer annealing at 47°C (30 s), and elongation at 72°C [40 s or 2
min for poly(G) or gsmA amplification, respectively], and finally an elon-
gation step at 72°C (2 min). PCR products were sequenced using an ex-
ternal facility at Beckman Coulter Genomics.

Purification and quantification of capsular and cell-free polysaccha-
rides. Mycoplasma cells from 50-ml stationary-phase cultures were
counted (time zero [T0] in Table 3), harvested by centrifugation at 12,000 �
g for 30 min at 18°C, washed with phosphate-buffered saline (PBS), and
further incubated in 12 ml of CMRL-1066 medium (Life Technologies)
for 72 h at 37°C. After counting the cells (h 72 [T72] in Table 3), the
cultures were centrifuged at 14,000 � g for 1 h at 4°C to separate the cells
from the supernatant. EPS were extracted from the cell-free supernatant
as described previously (13). CPS were purified from the cell pellet recov-
ered after centrifugation using the method described by Shi et al. (22) with
some modifications. Briefly, cells were suspended in 1 ml of sterile PBS
and lysed with proteinase K (0.1 �g/ml) for 4 h at 37°C. The lysate was
incubated for an additional 12 h at 37°C after adding SDS (1% [wt/vol]),
DNase (100 U/ml), and RNase (500 �g/ml). Residual proteins were re-
moved by trichloroacetic acid precipitation (10% [wt/vol], 1 h, 4°C) fol-
lowed by centrifugation (14,000 � g, 1 h at 4°C). Polysaccharides were
precipitated from the resulting supernatant with 10 volumes of cold ace-
tone (�20°C) for 72 h and centrifuged at 14,000 � g for 1 h at 4°C. The
polysaccharide pellet was allowed to dry at room temperature and was
resuspended in sterile ultrapure water. Absence of protein contamination
was assessed by SDS-polyacrylamide gel electrophoresis and silver stain-
ing. The sugar concentration was estimated by the phenol/sulfuric acid
method using glucose as the standard (23). For each sample, the determi-T
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TABLE 3 Quantification of the production of exopolysaccharides and
capsular polysaccharides by M. agalactiae and by M. mycoides subsp.
capri

Mycoplasma

Titer (CFU/ml)a

Polysaccharide
production (�g/ml)b

T0 T72 EPS CPS

M. agalactiae 14628 2 � 109 3 � 106 1.1 � 0.1 9.7 � 0.1
M. agalactiae PG2T 3 � 1010 1 � 104 �0.8c 1.3 � 0.1
M. agalactiae 5632 7 � 1010 7 � 104 �0.8c 1.6 � 0.1
M. agalactiae 5632pO/T 7 � 1010 1 � 106 �0.8c 1.2 � 0.1
M. agalactiae 5632pO/T1260 6 � 1010 3 � 104 1.5 � 0.1 10.0 � 0.3
M. agalactiae

5632pOT/1260mod
6 � 1010 8 � 103 1.9 � 0.1 11.1 � 0.5

M. mycoides subsp. capri PG3T 2 � 1011 6 � 108 5.1 � 0.2 10.9 � 0.1
a Data represent mycoplasma titers at h 0 (T0) and after 72 h of incubation (T72) in
CMRL-1066 medium.
b Data represent averages of results of three biological repeats � standard deviations.
Results are expressed as micrograms of glucose per milliliter of CMRL.
c Concentrations were below the detection limit (0.8 �g/ml).
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nation was done three times and the results were expressed as means �
standard deviations (SD). The limit of quantification (LOQ) was calcu-
lated using the following equation: LOQ � Mbs 	 10 � SDbs, where Mbs
is the mean of 10 blank samples (without sugar) and SDbs is the standard
deviation of the blank samples. The estimated LOQ of the phenol/sulfuric
assay in our experimental conditions was 0.8 �g of glucose/ml.

Composition and structure of the capsular polysaccharides. CPS
were purified as described above except that the CMRL phase was omitted
and the cell pellets were collected directly from PPLO broth cultures and
washed twice with PBS. After resuspension in pure water, the CPS extract
was further dialyzed against regularly renewed ultrapure sterile water for
48 h at room temperature using 3.5-kDa-cutoff dialysis tubing (Spectrum
Laboratories) to eliminate potential contaminants. The monosaccharide
components were determined after hydrolysis of 1 mg of CPS with 4 M
CF3CO2H (100°C, 4 h) and dried under nitrogen. After dilution in pure
water, samples were analyzed by high-performance anion-exchange chro-
matography (HPAEC) using a pulsed amperometric detector (Dionex
ICS 3000 system). Samples were then passed through a Propac PA1 pre-
column (Dionex) (4 by 50 mm) followed by a CarboPak PA 1 column at
30°C. Gradient elution was performed at a flow rate of 1 ml/min with a
multistep gradient as follows: 0 to 25 min, 90% H2O and 10% NaOH (160
mM); 25 to 34 min, 100% NaOH (200 mM); 35 to 50 min, 90% H2O and
10% NaOH (160 mM). Peak analysis was performed using Chromeleon
software, version 7.0.

For nuclear magnetic resonance (NMR) spectroscopy, CPS were ex-
changed twice with 99.9% D2O (Euriso-top), dried under vacuum, and
dissolved in 99.96% D2O (3 mg/0.5 ml). 1H NMR spectra were recorded,
at 80°C, on a Bruker Avance 500 spectrometer equipped with a BBI probe
(5-mm sample diameter) and Topspin 1.3 software. 1H NMR spectra were
accumulated using a 30° pulse angle, a recycle time of 1 s, and an acquisi-
tion time of 2 s for a spectral width of 3,000 Hz for 32-K data points after
presaturation of the HOD signal using an experimental sequence pro-
vided by Bruker. 13C NMR experiments were conducted using the same
spectrometer operating at 125.48 MHz with 2 s as the relaxation delay. The
two-dimensional (2D) 1H/1H correlation spectroscopy (COSY), 1H/1H
total correlation spectroscopy (TOCSY), 1H/1H nuclear Overhauser effect
spectroscopy (NOESY), 1H/13C heteronuclear single quantum coherence
(HSQC), and 1H/13C heteronuclear multiple bond correlation (HMBC)
spectra were acquired with standard pulse sequences delivered by Bruker.

Detection of polysaccharide secretion by colony immunostaining.
Colony immunostaining experiments were performed as described pre-
viously (24). The mmc4 serum prepared against the type strain of M.
mycoides subsp. capri (PG3T) was kindly provided by the CIRAD labora-
tory in Montpellier, France. The anti-�-(1¡6)-glucan polyclonal serum
was prepared as described by Montijn et al. (25). Briefly, purified
�-(1¡6)-glucans were coupled with bovine serum albumin (BSA) and
used to inoculate rabbits in a 28-day immunization protocol (Proteomics
Services of Eurogentec). Sera collected at the end of the immunization
period were tested by dot blotting (13). No reaction was observed with
galactan purified from M. mycoides subsp. mycoides strain Afadé or with
�-(1¡2)-glucan from M. capricolum subsp. capricolum strain 14232,
while a positive signal was observed with �-(1¡6)-glucan purified from
M. mycoides subsp. capri serovar capri strain PG3T and from M. agalactiae
strain 14628.

Plasmids, DNA constructions, and transformation of M. agalactiae.
Plasmid p20-1miniO/T (here termed “pO/T”), which contains parts of
the M. agalactiae origin of replication (oriC), was used as a stable vector
for protein expression in this species (26). The gsmA gene from strain
14628 (MAGb_1260) was cloned downstream of the P40 gene promoter
region, as previously described (26). Briefly, the promoter region was
amplified first by using oligonucleotide primers p40RF-CC (5=-ACG
GGGCTAAAGAAGCTGAT-3=) and p40/MAGb1260 (5=-ACACATTT
TGTTTCTTTTTCATAATTATTTATATCCTTTTC-3=) to generate a
200-bp DNA fragment overlapping MAGb_1260 at the ATG codon. The
MAGb_1260 locus was then amplified by using the overlapping DNA

fragment and the primer MAGb1260_R (5=-TTATTTTTGTTGTGCACC
TG-3=). The resulting PCR product was cloned into pGEM-T Easy (Pro-
mega) before subcloning at the NotI site of the pO/T plasmid was per-
formed to generate pO/T1260. Plasmid pO/T1260mod is a modified
version of pO/T1260 in which the poly(G) (9G) tract in MAGb_1260
has been replaced by a synonymous, nonhomopolymeric nucleotide
sequence (GGAGGTGGC). Site-directed mutagenesis was performed
by PCR amplification using the overlapping oligonucleotide primers
MAGb1260mut_F (5=-GTAAATGGAGGTGGCAACTTATTCCAATAC
TTGCTCT-3=) and MAGb1260mut_R (5=-TAAGTTGCCACCTCCATT
TACTTTTGTTTTATTTAT-3=). Briefly, two overlapping PCR products
were generated from pO/T1260 by using the primer sets p40RF-CC/
MAGb1260mut_R and MAGb1260mut_F/MAGb1260_R. Overlapping
PCR products were then assembled by using the primer set p40RF-CC/
MAGb1260_R. The final PCR product was used to generate pO/
T1260mod, as described above.

Cloned sequences were verified by DNA sequencing at the GeT-Pur-
pan sequencing facility (Toulouse, France). PCRs were performed using
Phusion High-Fidelity DNA polymerase (New England BioLabs). Trans-
formation of M. agalactiae with DNA constructions was obtained with
polyethylene glycol 8000 (27).

Mycoplasma susceptibility to serum-killing and complement-kill-
ing activity. Mycoplasma cells from 1-ml cultures (
109 CFU) were cen-
trifuged at 12,000 � g (room temperature) for 15 min and resuspended in
1 ml of CMRL-1066 medium. For the complement-killing assay, 100 �l of
mycoplasma cells in CMRL medium was incubated for 1 h at 37°C with
100 �l of fresh or heat-inactivated (1 h at 56°C) guinea pig serum (Sigma-
Aldrich) diluted in CMRL-1066 (1:3 [vol/vol]). The mix was then spread
on an agar plate, and mycoplasma colonies were counted after incubation
for 4 days at 37°C. Mycoplasma survival after treatment with complement
was determined from the percentage of CFU recovered after the treatment
with fresh guinea pig serum in relation to the CFU recovered after treat-
ment with heat-inactivated serum. For the goat serum sensitivity assay,
100 �l of M. agalactiae cells in CMRL was incubated for 90 min at 37°C
with 100 �l of (i) a pool of 4 serum samples collected from mycoplasma-
free goats (preimmune; diluted 1:1 in CMRL), (ii) a pool of sera from the
same animals collected 23 days postinfection (23DPI) with strain 5632
(diluted 1:1 in CMRL), and (iii) CMRL, as a serum-negative control.
Experimental infections with strain 5632 were conducted as previously
described (28). Percentages of survival were calculated from the fraction
of CFU recovered after incubation with goat serum divided by the CFU
recovered from the incubation without serum. For each experiment, the
�-(1¡6)-glucan secreted by the culture was determined by colony im-
munostaining using mmc4 serum or anti-�-(1¡6)-glucan serum.

In silico analysis of potential polysaccharide biosynthetic pathways.
BLASTP analyses were conducted in the Molligen database (29) to search
for enzymes potentially involved in glucose uptake and phosphorylation
and for the synthesis of UDP-sugar in M. agalactiae genomes, using the
proteins described for members of the M. mycoides cluster (12, 13). Ho-
mologs of enzymes described in Fig. 1 for M. mycoides subsp. mycoides
PG1 and M. capricolum subsp. capripneumoniae strain Ambosa were first
searched using BLASTP. Glycosyltransferases from M. agalactiae strain
PG2T were retrieved from the CAZy databases (30), and the homologous
enzymes in strains 14628 and 5632 were identified using BLASTP analyses
and the Molligen database (29). Glycosyltransferases showing (i) several
TMDs predicted by TMHMM2 (31) with a large cytoplasmic loop bearing
DXD and R/QXXRW-like motifs (identified by alignment with the galac-
tan synthase MSC_0108 with Clustal Omega [32]) and (ii) homology with
the cellulose synthase of Rhodobacter sphaeroides cellulose synthase sub-
unit a (Uniprot accession number Q3J125) as shown using Phyre (33)
were classified as synthases. Transmembrane proteins (see Fig. S1 in the
supplemental material) were represented by using the TOPO2 software
(http://www.sacs.ucsf.edu/TOPO2/).

Phylogenetic analyses of synthases among mycoplasmas. Glycosyl-
transferase sequences of diverse mycoplasma species were obtained from
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the CAZy database or from the nonredundant protein database of the
National Center for Biotechnology Information by carrying out BLASTP
searches against the synthase sequences identified in this study or previ-
ously described (13). Among the putative glycosyltransferases, synthases
were specifically identified as described above and selected to construct a
phylogenetic tree using the www.phylogeny.fr website (34, 35) and the
methodology of Ulvskov et al. (36). Briefly, the amino acid sequences were
aligned with Muscle v3.8.31 using the default parameters. Gaps were re-
moved, and the resulting sequences were used to build a maximum like-
lihood phylogenetic tree using the default settings and the WAG substi-
tution matrix.

RESULTS
A complete polysaccharide biosynthetic pathway is encoded by
M. agalactiae. Metabolic pathways involved in the biosynthesis of
�-(1¡2)-glucopyranose and �-(1¡6)-galactofuranose polysac-
charides have already been predicted for several mycoplasma spe-
cies within the M. mycoides cluster (Fig. 1). These data served as a
basis to identify putative polysaccharide biosynthetic pathways in
M. agalactiae. BLASTP analyses were conducted using whole-ge-
nome sequences of M. agalactiae available in databases to detect
sequence similarity with enzymes of the M. mycoides cluster puta-
tively involved in glucose uptake, transformation, and activation
as UDP monomers. Homologs of Pgm and GalU were predicted in
each M. agalactiae genome tested (similarity of �55% with
MSC_0829 and MSC_0110, respectively), but no sequence simi-
larity was evidenced for phosphotransferase system (PTS) per-
meases, Glk, GalE, or Glf (Table 2). Putative glycosyltransferase
genes were further explored using the CAZy database (30). For
strain PG2T, the only M. agalactiae strain available in the CAZy
database, three genes were predicted to encode glycosyltrans-
ferases, namely, MAG4860, MAG0570, and MAG3010 (Table 2).
Homologs of the corresponding glycosyltransferases in strains

14628 and 5632 were retrieved by conducting BLASTP searches
(Table 2). Remarkably, only the MAGb_1260 product (strain
14628) was found to display structural similarity to the previously
described galactan synthase encoded by M. mycoides subsp. my-
coides PG1T MSC_0108 (13). Both are transmembrane proteins
carrying a cytoplasmic domain with DXD and R/QXXRW motifs
of the GT-A glycosyltransferase family (37) (see Fig. S1 in the
supplemental material). However, the MAGb_1260 product is
composed of 7 TMDs (see Fig. S1) whereas the MSC_0108
product has only 4 (13). This structural difference might be
associated with the nature of the exported polymers. Indeed, all
the glycosyltransferases predicted in glucan-producing strains
of the species M. capricolum (12) were analyzed by TMHMM2
and shown to possess 7 TMDs like MAGb_1260 (see, for instance,
MCCP01_0081) (Table 2; see also Fig. S1), whereas the M. my-
coides species shown to produce galactan (13) displayed 4 TMD
synthases (see, for instance, MSC_0108 in Table S1 and Fig. S1).

In contrast to the MAGb_1260 product in strain 14628, both of
the glycosyltransferase homologs in strains PG2 and 5632
(MAG4860 and MAGa5320, respectively) were truncated and had
only two TMDs in their N-terminal portion (Table 2; see also Fig.
S1 in the supplemental material). Their respective genes were dis-
rupted by an insertion sequence in strain 5632 (MAGa5330) and a
premature STOP codon in PG2T resulting from a nucleotide de-
letion in a poly(G) stretch (Fig. 2). Apart from this difference, the
overall synteny of the genomic region surrounding the synthase
gene in the three strains was well conserved (Fig. 2).

Thus, in silico analysis revealed that a complete polysaccharide
biosynthetic pathway is encoded by the M. agalactiae strain 14628
genome. However, the apparent lack of GalE and Glf, two en-
zymes involved in �-(1¡6)-galactofuranose synthesis, suggests
that the polysaccharides produced by M. agalactiae might be re-

FIG 1 Predicted biosynthetic pathways of �-(1¡2)-glucopyranose, �-(1¡6)-glucopyranose, and �-(1¡6)-galactofuranose polysaccharides in mycoplasma
species of the M. mycoides cluster and M. agalactiae. Glucose uptake and activation into glucose-6-phosphate are mediated by the phosphotransferase system
(PTS)-glucose permease or by a two-step process that includes nonspecific permeases (dashed arrow) and a glucokinase (Glk) for phosphorylation. The
glucose-6-phosphate is then isomerized by a phosphoglucomutase (Pgm) into glucose-1-phosphate, which in turn is transformed in UDP-glucose by a
glucose-1-phosphate uridylyltransferase (GalU). The UDP-glucose is used either directly by a glycosyltransferase with synthase activity (Gsm; glycan synthase of
mollicutes) to build and export a �-(1¡2)-glucopyranose or a �-(1¡6)-glucopyranose polymer [common name, �-(1¡2)-glucan or �-(1¡6)-glucan,
respectively] or further transformed into UDP-galactofuranose by the successive action of an UDP-glucose 4-epimerase (GalE) and an UDP-galactofuranose
mutase (Glf). The last-named UDP-sugar monomer is then used by another specific synthase and polymerized into galactan, the common name for the
�-(1¡6)-galactofuranose polymer. Each enzyme is also designated by its EC number.
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stricted to glucopyranose polymers. This is consistent with the 7
TMDs in its putative membrane-associated glycosyltransferase,
proposed as the synthase and here named “gsmA” (for “glycan
synthase of mollicutes in M. agalactiae”).

M. agalactiae secretes a cell-attached �-(1¡6)-glucopyra-
nose polymer. To further investigate the in vitro production of
polysaccharides by M. agalactiae, capsular polysaccharides (CPS)
and exopolysaccharides (EPS) were purified and quantified as de-
scribed in Materials and Methods. As shown in Table 3, CPS pro-
duction in strain 14628 was 6-fold higher than in PG2T and 5632,
attaining up to 9 �g per ml of culture. The polysaccharides se-
creted in strain 14628 were preferentially attached to the cell, since
the production of CPS was 8-fold higher than that of EPS. Inter-
estingly, no marked difference was observed between the amounts
of EPS produced by the different M. agalactiae strains, which were
close to the limit of quantification.

Antibodies raised against the �-(1¡2)-glucopyranose and
�-(1¡6)-galactofuranose polysaccharides produced by Bertin et
al. (12) failed to react with purified CPS, suggesting a different
structure for the polysaccharide secreted by M. agalactiae 14628
(data not shown). The chemical composition and structure of the
CPS in M. agalactiae were therefore elucidated by HPAEC analysis
and NMR spectra, as described in Materials and Methods. Both
analyses revealed that the CPS produced by strain 14628 was com-
posed solely of glucose. Indeed, the correlations in the 2D NMR
COSY (Fig. 3A) and TOCSY spectra made it possible to attribute
various chemical shifts to protons of the glucosyl residues (4.481
[H-1], 3.308 [H-2], 3.473 [H-3], 3.418 [H-4], 3.589 [H-5], 3.825

[H-6], and 4.168 [H-6=] ppm). These results were further con-
firmed by the 2D NMR HSQC spectrum (Fig. 3B), in which the
observed connectivities between H-1 and C-1 (102.63 ppm), H-2
and C-2 (72.92 ppm), H-3 and C-3 (75.57 ppm), H-4 and C-4
(69.65 ppm), H-5 and C-5 (74.79 ppm), and H-6 or H-6= and C-6
(68.52 ppm) were characteristic of a glucose polymer. The H-1
signal at 4.48 ppm (1,2J � 7.83 Hz) and C-1 at 102.63 ppm are
typical of D-glucose residues with a �-pyranoside configuration.
The H-6= chemical values indicate the presence of a linkage on the
C-6 in glucose residues (38, 39). This linkage was confirmed by the
presence of connectivities between the H-1 of glucose (� 4.481
ppm) and the signal at � 4.168 ppm, which corresponded to the
H-6= of glucose in the NOESY spectrum. Similar connectivities
were also observed in the 1H/13C HMBC spectrum.

These results demonstrate unambiguously that the CPS in M.
agalactiae is a �-(1¡6)-glucopyranose polymer, commonly
known as �-(1¡6)-glucan. This polysaccharide is unusual in pro-
karyotes but a common component of fungal cell walls (39).

GsmA is involved in �-(1¡6)-glucan synthesis. To confirm
the role of GsmA in the production of �-(1¡6)-glucans in M.
agalactiae, strain 5632 was transformed with plasmid pO/T1260
carrying the gsmA gene from strain 14628 (MAGb_1260) under
the control of the constitutive P40 promoter (Fig. 4). Strain 5632
was selected for transformation because of the nonreversible dis-
ruption of its endogenous gsmA gene by an insertion sequence
(Fig. 2). Transformation of strain 5632 with pO/T1260 restored
CPS production to a level equivalent to that of strain 14628 com-
pared to the negative control using pO/T (Table 3). The nature of

FIG 2 Schematic representation of the genome locus containing the gsmA gene in M. agalactiae strains 14628, PG2T, and 5632. The coding sequences (CDSs) are
indicated by arrows. Identical motifs indicate similar predicted functions. CDS numbers refer to the locus tag, and CDS-encoded products are indicated by the
following abbreviations: HP, hypothetical protein; NADPH flavin OxR, NADPH flavin oxidoreductase; Lip, lipase/esterase; ArgS, arginyl-tRNA synthetase;
N-ter, N-terminal part of the protein; C-ter, C-terminal part of the protein; IS, insertion sequence ISmag1. gsmA sequences with a focus on the poly(G) stretch
region for PG2T and 14628 are detailed in boxes. The number of nucleotides inside the poly(G) region is indicated upstream of the poly(G) sequence. The TAG
stop codon in the PG2T sequence is shown in bold.
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the CPS produced by 5632pO/T1260 was confirmed by colony
immunostaining using a specific anti-�-(1¡6)-glucan polyclonal
serum produced in rabbits (see Materials and Methods for details)
(Fig. 4). Interestingly, colony immunostaining of 5632pO/T1260
with anti-�-(1¡6)-glucan antibodies revealed positive, negative,
and sectored colonies (Fig. 4), a pattern characteristic of high-
frequency phase variation in expression. Indeed, phase variation
in �-(1¡6)-glucan expression could be mediated by the poly(G)
tract detected in the gsmA coding sequence, since this homopoly-
meric stretch was shown to be the cause of the frameshift respon-
sible for gsmA truncation in PG2T (Fig. 2). This was investigated
by using plasmid pO/T1260mod, in which the poly(G) tract was
replaced by a synonymous, nonhomopolymeric nucleotide se-
quence (Fig. 4). Strain 5632 transformed with plasmid pO/
T1260mod produced a quantity of CPS similar to the quantities
produced by strains 14628 and 5632pO/T1260 (Table 3). As ex-
pected, colony immunostaining of 5632pO/T1260mod failed to
reveal negative or sectored colonies, thereby confirming the con-
stitutive expression of �-(1¡6)-glucan in this transformant (Fig.
4). The nature of the CPS produced by 5632 transformants was
corroborated by the NMR proton spectra (Fig. 5). These results
confirmed that gsmA is essential for �-(1¡6)-glucan production
in M. agalactiae and that the poly(G) tract found in the 5= region of
gsmA is responsible for phase variations in �-(1¡6)-glucan secre-
tion. Based on the colony immunostaining data, the switch in
expression was estimated to occur at a frequency of 10�3 in
5632pO/T1260. This very high frequency is usual in other types of

phase variation spontaneously occurring in mycoplasmas, with
10�2 to 10�5 events/cell/generation classically reported in vitro
(40).

Synthesis of �-(1¡6)-glucan is not restricted to M. agalac-
tiae and is shared by phylogenetically distant mycoplasma spe-
cies. Although gsmA (MAGb_1260) had been predicted for hori-
zontal gene transfer (HGT) between members of the M. mycoides
cluster and M. agalactiae (19), no �-(1¡6)-glucan had been
found in the CPS or EPS detected for several strains in this cluster
(12). However, the best BLAST hit analyses identified the
MMC_0120 and MMC_6560 products in M. mycoides subsp. ca-
pri strain PG3T as orthologs of GsmA. The putative synthase
activity of these two proteins was further supported by their
predicted secondary structure, which was very similar to that
predicted for GsmA (see Fig. S1 in the supplemental material).
The existence of a complete pathway for the secretion of glucan-
type polysaccharides in M. mycoides subsp. capri strain PG3T was
also corroborated by the presence of genes encoding Pgm and
GalU, which are involved in UDP-glucose synthesis (12) (Table
2). Finally, both EPS and CPS were detected in cultures of M.
mycoides subsp. capri strain PG3T (Table 3) and gave a positive
reaction in dot blot experiments with anti-�-(1¡6)-glucan (data
not shown). NMR analysis showed that the CPS of M. mycoides
subsp. capri PG3T and M. agalactiae 14628 were identical (Fig. 5).
Detailed examination of the CPS structure in M. mycoides subsp.
capri further confirmed a �-(1¡6)-glucopyranose homopolymer
(data not shown) identical to that of M. agalactiae 14628. Like-

FIG 3 2D 1H/1H COSY NMR spectrum (A) and 2D 1H/13C HSQC NMR spectrum (B) of CPS purified from M. agalactiae strain 14628. The H-1 signal at 4.48
ppm and that of C-1 at 102.63 ppm are typical of D-glucose residues with a �-pyranoside configuration (black arrow). The H-6/C-6= chemical values indicate the
presence of a linkage on the C-6 glucose residue (white arrow).
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wise, colony immunostaining of M. mycoides subsp. capri strain
PG3T with anti-�-(1¡6)-glucan antibodies resulted in a positive
signal (Fig. 5). However, the contrast and quality of the immuno-
staining were very different from those of 5632pO/T1260mod or
14628. This could have resulted from differences in the levels of

�-(1¡6)-glucan production (Table 3) and/or a difference be-
tween M. mycoides subsp. capri and M. agalactiae in cell mem-
brane anchorage.

Interestingly, recent studies have identified an antigenic struc-
ture shared by M. agalactiae strain 14628 and M. mycoides subsp.

FIG 4 Colony immunostaining with anti-�-(1¡6)-glucan serum of different M. agalactiae 5632 transformants. Different OriC/Tetr-encoding plasmids,
containing (i) no gene (pO/T), (ii) the native MAGb_1260 gene (pO/T1260), or (iii) a modified MAGb_1260 gene with no poly(G) tract (pO/T1260mod) under
the control of the P40 promoter, were used for transformation. The population consisted of colonies that were positive (P; dark blue), negative (N; pink), or
sectored (S; red arrow).

FIG 5 (A) NMR proton spectra of CPS purified from M. agalactiae strain 14628, transformant 5632pO/T1260mod, and M. mycoides subsp. capri strain PG3T.
(B) Corresponding colony immunostaining using the anti-�-(1¡6)-glucan serum (P, positive staining; S, sectored colony).

�-(1¡6)-Glucan Production in Mycoplasma agalactiae

June 2016 Volume 82 Number 11 aem.asm.org 3377Applied and Environmental Microbiology

http://aem.asm.org


capri strain PG3T that is recognized by a polyclonal antiserum
raised against PG3T, the so-called mmc4 antibody (19). A panel of
strains, with various expression statuses, was subjected to colony
immunostaining to see if the antigenic target of the mmc4 anti-
body was �-(1¡6)-glucan (see Fig. S2 in the supplemental mate-
rial). As expected, strain 14628 displayed a majority of positive
colonies whereas the results for strain 5632 remained negative
unless it was transformed with plasmid constructs expressing
GsmA. Sectored colonies, consistent with the phase-variable
expression of �-(1¡6)-glucan, were observed with strains
14628 and 5632pO/T1260. To further confirm the recognition of
�-(1¡6)-glucan by mmc4 antibodies, double-colony immuno-
staining of 5632pO/T1260 and strain 14628 was carried out with
mmc4 and anti-�-(1¡6)-glucan serum (Fig. 6). The results
showed that (i) individual colonies which gave a positive reaction
with anti-�-(1¡6)-glucan serum were also detected with the
mmc4 serum and (ii) mmc4 and anti-�-(1¡6)-glucan sera
generated identical patterns on single-sectored colonies of
strain 14628 (Fig. 6). Furthermore, 17 and 16 single 14628 colo-
nies, respectively, that gave positive and negative results with
mmc4 were picked and analyzed to determine the length of the
gsmA poly(G) sequence. All positive colonies had a poly(G) tract
of 9 nucleotides (nt), preserving the gsmA coding frame. The 16
negative colonies had two poly(G) configurations composed of 8
or 10 G’s, leading both to a frameshift and to inactivation of the
gsmA gene. These results clearly demonstrate that the mmc4 de-
tection pattern is consistent with �-(1¡6)-glucan production
and that the structure of �-(1¡6)-glucan is a common antigenic
structure shared by M. agalactiae strain 14628 and M. mycoides
subsp. capri strain PG3T.

Phase-variable secretion of �-(1¡6)-glucan occurs in most
M. agalactiae field isolates. To find out whether �-(1¡6)-glucan
production by strain 14628 was representative of M. agalactiae
strains circulating in the field, 12 clinical isolates collected from
different animal hosts, countries, and tissues were tested for their

capacity to react with mmc4 serum in colony immunostaining
experiments (Table 4; see also Fig. S2 in the supplemental mate-
rial). The mmc4 serum was preferred to anti-�-(1¡6)-glucan se-
rum for this experiment, because of its better sensitivity and the
better contrasting images that it generates (Fig. 6). Strains PG2T,
5632, and 14628 were used as controls. For most of the isolates,
both mmc4-positive and mmc4-negative colonies were identified
on a single agar plate, together with a variable number of sectored
colonies (see Fig. S2). This strongly suggested that most of the
clinical strains were able to produce �-(1¡6)-glucan, whatever
their clinical history, and that secretion of this polysaccharide was
controlled by phase variation. The only exception was isolate
4867, for which no positive or sectored colonies were detected
among the 2,000 examined.

The gsmA locus of 12 clinical isolates was PCR amplified and
the corresponding poly(G) tract profile defined by sequencing
(Table 4). Seven isolates were found with a 9-nt-long poly(G) tract
identical to that of strain 14628 and were shown to produce
�-(1¡6)-glucan. The remaining 5 isolates had a poly(G) tract
composed of 5, 7, or 10 nt (Table 4). Careful examination of the
nucleotide sequence located immediately downstream revealed
compensatory deletions or modifications that preserved the gsmA
coding frame but that most likely introduced the deletion and/or
change of one amino acid compared to all the other strains (Table
4). Overall, these findings were coherent with the detection of
�-(1¡6)-glucan production in all isolates except isolate 4867, in
which the gsmA coding frame is disrupted by a single base deletion
upstream of the poly(G) (data not shown). All isolates except 4867
were also shown to undergo phase variation in their �-(1¡6)-
glucan production, as evidenced by colony immunostaining (see
Fig. S2 in the supplemental material).

Phase variation in �-(1¡6)-glucan secretion protects M.
agalactiae from serum-killing activity. Recent studies with M.
mycoides subsp. mycoides have shown that galactan-CPS can pro-
tect this mycoplasma species from the killing activity of serum

FIG 6 Double-colony immunostaining of M. agalactiae clone 5632pO/T1260 and strain 14628 using anti-�-(1¡6)-glucan serum (1st column) and mmc4
serum (2nd column). The population consists of colonies that are positive (P; dark blue) or sectored (S).
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complement (15). This prompted us to examine the role of
�-(1¡6)-glucan CPS in preventing complement-mediated kill-
ing of M. agalactiae. Mycoplasma survival assays were carried by
using fresh guinea pig serum (GPS) as a source of complement
and heat-inactivated GPS as a control (Fig. 7A). Survival of
5632pO/T1260mod, which constitutively produces �-(1¡6)-
glucan as CPS, was drastically reduced upon incubation with fresh
GPS, whereas 5632pO/T, which does not produce �-(1¡6)-glu-
can, was more resistant to complement-killing activity. This result
was corroborated by taking several clinical isolates and selecting
mmc4-positive and mmc4-negative clones. Despite considerable
differences in the survival rates of mmc4-negative clones (6% to
75%), �-(1¡6)-glucan-producing clones (mmc4	) displayed
higher sensitivity to complement-killing activity and a survival
rate of less than 1%. These results suggest that �-(1¡6)-glucan
CPS not only failed to protect M. agalactiae from complement-
killing activity but in fact increased its susceptibility. To further
test this hypothesis, strains 14628, 15341, and 13387 were incu-
bated for 1 h with fresh or inactivated GPS, plated, grown for 4
days at 37°C, and subjected to immunostaining with mmc4. Re-
sults showed that the proportions of negative-mmc4 colonies
were higher after incubation with native GPS (50%, 32%, and
90%, respectively) than after incubation with inactivated GPS
(2.0%, 0.4%, and 0.4%, respectively) (Fig. 7B). Hence, mycoplas-
mas that do not produce �-(1¡6)-glucans are clearly favored in
the presence of GPS complement. Besides this innate complement
pathway, the classical pathway triggered by antibody-antigen
complexes might also play a role in goats, as anti-�-(1¡6)-glucan
antibodies are commonly found in their bloodstream due to its
frequent colonization by fungi (41). We showed that sera from
goats with no prior contact with mycoplasmas and known to have
been free of mycoplasma for years (28) indeed reacted with puri-
fied �-(1¡6)-glucans (Fig. 7C). Survival assays further confirmed
that incubation with these sera (designated “Pre-immune” in Fig.
7C) resulted in a loss of viable cells only in the �-(1¡6)-glucan-
producing 5632pO/T1260mod clone and not in 5632 pO/T. In
contrast, sera collected at 23 days postinfection with strain 5632

(28) displayed an adaptive specific immune response that affected
the two clones equally (Fig. 7C).

DISCUSSION

The present report shows that M. agalactiae secretes a �-(1¡6)-
glucopyranose homopolymer as a CPS. This particular polysac-
charide is commonly known as �-(1¡6)-glucan and has never
before been described in mycoplasmas. Remarkably, we also de-
tected its secretion in two other ruminant (sub)species: M. my-
coides subsp. capri (strain PG3T), where it is present as both CPS
and EPS; and M. bovis (data not shown). Interestingly, this carbo-
hydrate polymer is usually present in the cell walls of many, if not
all, fungal species but is very rare in prokaryotes (39). So far it has
been reported only in the Actinobacillus genus and, more specifi-
cally, in the swine pathogen Actinobacillus suis serotype O1/K1,
where it forms part of the lipopolysaccharide-O chain in the cell
wall and capsule (39). Whether �-(1¡6)-glucan secretion is re-
stricted to ruminant mycoplasma species or is widespread among
mycoplasmas has still to be explored.

In M. agalactiae, the secretion of �-(1¡6)-glucans is governed
by the GsmA synthase. In silico analysis of ruminant mycoplasma
genomes revealed two categories of putative synthases based on
the number of predicted TMDs and the nature of the carbohy-
drates secreted (see Table S1 in the supplemental material). In-
deed, all glucan-producing (sub)species, including M. agalactiae,
M. capricolum subsp. capricolum, M. capricolum subsp. capripneu-
moniae, and M. leachii, harbor synthases with 7 TMDs, while ga-
lactan-producing (sub)species, including M. mycoides subsp. my-
coides, harbor synthases with 4 TMDs (see Table S1 and Fig. S1).
This is also true at the serovar level as shown by glucan-producing
M. mycoides subsp. capri serovar capri (7 TMDs) and galactan-
producing M. mycoides subsp. capri serovar LC (4 TMDs). Or-
thologous synthases have been identified in several other species
of mycoplasmas isolated from a wide variety of animal hosts,
seven of which are detailed in Table S1 in the supplemental mate-
rial. Most of them exhibit features indicative of a synthase func-
tion such as multiple TMDs and a large cytoplasmic loop bearing

TABLE 4 Length of the poly(G), 3= sequence tract in gsmA and �-(1¡6)-glucan secretion in M. agalactiae field isolates

Strain Origin Host
Clinical
sign Yr Poly(G) and 3= sequencea

Length of the poly(G)
sequence (nt)

gsmA in
frame

�-(1¡6)-Glucan
secretionb

15291 France Goat Arthritis 1987 GGG GGG GGG GAC TTA TTC 10 Yes Yes
14628 France Ibex Pneumonia 2006 GGG GGG GGG AAC TTA TTC 9 Yes Yes
15341 France Chamois Pneumonia 2009 GGG GGG GGG AAA CTA ATC 9 Yes Yes
13387 France Ibex Pneumonia 2003 GGG GGG GGG AAC TTA TTC 9 Yes Yes
15310 France Ibex Pneumonia 2009 GGG GGG GGG AAC TTA TTC 9 Yes Yes
7323 Greece Goat Mastitis 1993 GGG GGG GGG AAC TTA TTC 9 Yes Yes
7320 Greece Sheep Mastitis 1993 GGG GGG GGG AAC TTA TTC 9 Yes Yes
7337 Greece Goat Mastitis 1993 GGG GGG GGG AAC TTA TTC 9 Yes Yes
13378 France Goat None 2003 GGG GGG GGG AAC TTA TTC 9 Yes Yes
PG2T Spain Goat Unknown 1952 GGG GGG GG- AAC TTA TTC 8 No No
4908 France Goat Mastitis 1990 GGG GGG GAC --- TTA TTC 7 Yes Yes
6355 Spain Sheep Arthritis 1992 GGG GGG GAC --- TTA TTC 7 Yes Yes
5632 Spain Goat Arthritis �1991 GGG GGC --- AAC TTG TTC 5 Noc No
14668 France Goat Pneumonia 2006 GGG GGC --- AAC TTG TTC 5 Yes Yes
4867 Spain Goat Mastitis 1990 GGG GGC --- AAC TTG TTC 5 Noc No
a Sequence details of the gsmA locus containing the poly(G) stretch (indicated with underlined boldface characters). Nucleotides are grouped in codons according to the open
reading frame. Base deletions are indicated by hyphens.
b As estimated by the majority of colonies positively stained by mmc4 antiserum.
c gsmA is disrupted by an insertion sequence (ISmag1) or by a single base deletion upstream of the poly(G) sequence for strain 5632 or strain 4867, respectively.
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specific DXD and R/QXXRW-like motifs (see Table S1). Interest-
ingly, the number of predicted TMDs in putative mycoplasma
synthases seems to be limited to 4 or 7 domains, suggesting the
exclusive production of either galactan or glucan. Only one spe-
cies, namely, M. bovigenitalium, was shown to harbor both cate-
gories of synthases, suggesting the secretion of 2 different polysac-
charides. A phylogenetic tree was constructed using 18 sequences
of mycoplasma synthases (see Fig. S3). As expected, this phyloge-
netic construction split into two main clusters, one containing the
4-TMD synthases, including all known galactan-producing spe-
cies, and a second cluster containing the 7-TMD synthases and
encompassing the glucan-producing mycoplasma species. More
interestingly, the synthases involved in �-(1¡6)-glucan and
�-(1¡2)-glucan secretion are divided into two branches within
the second cluster.

It is tempting to speculate that most of the species listed in
Table S1 in the supplemental material are able to produce EPS or
CPS, since they have a synthase and most of the enzymes involved
in sugar activation. This conserved pathway for the production of
polysaccharides in minimal bacteria is highly suggestive of an im-
portant biological function. Among the systems described for

polysaccharide synthesis and secretion in bacteria, the synthase
pathway is the simplest, with a single enzyme catalyzing both po-
lymerization and translocation of the newly synthesized polysac-
charide across the cytoplasmic membrane (42). The presence of
this multifunctional enzyme corresponds well with the need of
mycoplasmas for optimization of their poor overall metabolic ca-
pacity. However, the synthase-dependent pathway might not be
the only polysaccharide secretion pathway in mycoplasmas, as M.
pulmonis was shown to produce two polysaccharides in the ab-
sence of predicted synthase genes (10).

In M. agalactiae, �-(1¡6)-glucan is essentially cell attached,
whereas it is secreted as both CPS and EPS in M. mycoides subsp.
capri PG3 (Table 3). This difference in polysaccharide production
could explain the appearance of M. mycoides subsp. capri PG3T

colonies after immunostaining with anti-�-(1¡6)-glucan, which
resulted in a substantial slime layer (Fig. 5), and is certainly due to
the different membrane anchoring systems and acceptor mole-
cules in the two species. The anchoring moiety is as yet unknown;
however, a gene encoding a lipoprotein (MMC_1040) was pre-
dicted to be part of the membrane anchoring system in M. my-
coides subsp. capri PG3T but is absent from M. agalactiae strains

FIG 7 Effect of guinea pig serum (GPS) complement (A and B) and goat sera (C) on the survival of M. agalactiae. (A) M. agalactiae transformants (5632pO/T
and 5632pOT/1260mod) or clones (14628, 15341, and 13387), selected for the presence (black bars; “	” for mmc4-positive clones) or absence (white bars, “�”
for mmc4-negative clones) of the capacity to produce �-(1¡6)-glucan, were incubated with native GPS used as a source of complement proteins. Data represent
averages of results of three biological repeats. Error bars indicate standard deviations. (B) Colony immunostaining with mmc4 serum of M. agalactiae strains
incubated with native or heated GPS. Positive colonies (P) are dark blue and negative ones (N) pink. (C) Survival of M. agalactiae transformants after incubation
with preimmune goat sera or sera recovered 23 days postinfection (DPI) with strain 5632. As shown in the small insert on the left, preimmune sera gave a positive
reaction to �-(1¡6)-glucan purified from M. agalactiae 14628 CPS and spotted (1 �g) on a nitrocellulose membrane.
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(12). Unlike M. agalactiae, the M. mycoides subsp. capri strain
PG3T genome harbors two synthase genes, namely, MMC_0120
and MMC_6560 (Table 2), located in different genetic environ-
ments. These two synthases share 65% identity and are located in
the same branch of the mycoplasma synthase phylogenetic tree
(see Fig. S3 in the supplemental material) corresponding to
�-(1¡6)-glucan production. Whether the different specificities
of the two synthases, and the subsequent secretion of either
�-(1¡6)-glucan EPS or CPS, could be due to gene duplication in
different loci and their sequence divergence has yet to be eluci-
dated. Although M. mycoides subsp. capri PG3T and M. agalactiae
produce the same carbohydrate, they use different pathways for
glucose uptake and phosphorylation. M. mycoides subsp. capri
PG3T encodes two enzymes involved in the formation of glucose-
6-phosphate, a glucose PTS permease involved in glucose trans-
port and phosphorylation and a glucokinase (Glk) that catalyzes
the phosphorylation of intracellular glucose (12). Remarkably,
both proteins are lacking in M. agalactiae. Because M. agalactiae
uses glucose as a carbon source, it might harbor unidentified glu-
cose transporters and kinases.

Unraveling the role of secreted polysaccharides in the virulence
and pathogenicity of mycoplasmas has only just started. Galactan
was shown to protect M. mycoides subsp. mycoides from serum
killing when cell attached (15) and to possess anti-inflammatory
properties when secreted as an exopolysaccharide (14). We have
demonstrated here that M. agalactiae strains producing �-(1¡6)-
glucan in contact with goat sera or the complement fraction of
guinea pig sera were rapidly killed, suggesting that they might be
rapidly eliminated from the bloodstream of infected animals,
prior to the acquisition of antimycoplasma immunity. Whether
this results from the capacity of complement proteins to bind
directly to �-(1¡6)-glucans (43) or from antibody-mediated
complement lysis has yet to be elucidated. Indeed, anti-�-(1¡6)-
glucan antibodies are commonly found in the bloodstream of
human and animal hosts as a consequence of their frequent colo-
nization by fungi (41, 44). Hence, bacteria producing �-(1¡6)-
glucans can be expected to be poorly virulent in a host previously
infected by fungi. This is the case for the bacterium A. suis serotype
O1/K1, which infects its swine host less efficiently than other se-
rotypes expressing non-�-(1¡6)-glucan polysaccharides (45).

Interestingly, the production of �-(1¡6)-glucan was not a
constitutive phenotypic trait in M. agalactiae, as we demonstrated
phase variation in the expression of GsmA associated with changes
in length of a homopolymeric tract in its coding sequence. This
phenomenon was responsible for highly heterogeneous myco-
plasma populations containing both �-(1¡6)-glucan producers
and nonproducers. The high frequency of the ON/OFF switch is
consistent with the high-frequency phase variation usually ob-
served in other mycoplasmas (40). A similar mechanism of poly-
saccharide phase variation involving homopolymeric tracts has
been described for glycosyltransferases of Helicobacter pylori (46),
Neisseria gonorrhoeae (47), and Campylobacter jejuni (48). It pro-
vides a rapid and simple way for bacteria to generate clonal sub-
populations without using complex transcriptional-regulation
mechanisms. Interestingly, in the M. agalactiae model, variant se-
lection in vitro was shown to differ considerably between different
isolates even when they shared the same poly(G) tract structure
(see Fig. S2 in the supplemental material). Phenotypic switching,
as observed for �-(1¡6)-glucan phase variation, can be a real
asset when the environment imposes strong selection (49). Dur-

ing the course of infection, M. agalactiae is disseminated from the
primary site of infection (respiratory tract mucosa, small intes-
tine, or the mammary gland alveoli, depending on the routes of
transmission) to different vital organs by the bloodstream (50).
Switching off �-(1¡6)-glucan allows the generation of a M. aga-
lactiae subpopulation that is less susceptible to the bactericidal
activity of goat serum and to the lytic action of the complement
(Fig. 7). We therefore propose that the switching off of �-(1¡6)-
glucan would enhance M. agalactiae dissemination through the
blood to deep organs and secondary infection sites. A similar ad-
aptation pattern during different colonization steps was suggested
for M. mycoides subsp. mycoides through phase variation leading
to a switch from CPS to EPS galactan secretion (15). Once in the
deep organs, M. agalactiae �-(1¡6)-glucan would promote the
proliferation of immune cells in infected tissues, this proinflam-
matory effect being an important feature in development of my-
coplasmoses (51). Such a role has been suggested in diverse species
of pathogenic fungi. For instance, �-(1¡6)-glucans present in the
cell wall of Pneumocystis jirovecii were shown to promote the ac-
tivation of inflammatory cells in the lung (52) and those present in
Candida albicans induced neutrophil migration to the infected
host tissues (53). Although the exact part played by �-(1¡6)-
glucans in the interplay between mycoplasmas and their hosts has
yet to be elucidated, the conserved capacity to produce �-(1¡6)-
glucan in most M. agalactiae field isolates and in M. mycoides
subsp. capri strain PG3T is a strong argument in favor of a signif-
icant biological role.

Conclusion. Genomic and biochemical data led to the discov-
ery of �-(1¡6)-glucopyranose polymer production and secretion
by M. agalactiae and M. mycoides subsp. capri, two mycoplasma
species involved in contagious agalactia of small ruminants. Pre-
diction of the biosynthetic pathway combined with genetic exper-
iments revealed the essential role of membrane-embedded glyco-
syltransferases (named “Gsm” for glycan synthases of mollicutes).
These synthases are widespread in different mycoplasma species,
and their structure is correlated with the type of polysaccharide
secreted. M. agalactiae gsmA presents the unique feature of having
a poly(G) tract within its coding frame, for which spontaneous
variation in length can modulate expression of the gene and result
in ON/OFF antigenic phase variation. Cell-attached M. agalactiae
�-(1¡6)-glucopyranose increased serum-killing susceptibility,
suggesting that phase variation might play a crucial role in myco-
plasma host dissemination.
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