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SCIENTIFIC REPLIRTS

Evidence for a LOS and a capsular
polysaccharide in Capnocytophaga
canimorsus
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Accepted: 14 November 2016 Melanie Dol*, Hwain Shin?, Manuela Mally?, Chantal Fiechter?, Ursula Sauder*,
Published: 15 December 2016 . Mohamed Chami* & Guy R. Cornelis®

Capnocytophaga canimorsus is a dog’s and cat’s oral commensal which can cause fatal human infections
upon bites or scratches. Infections mainly start with flu-like symptoms but can rapidly evolve in fatal
septicaemia with a mortality as high as 40%. Here we present the discovery of a polysaccharide capsule
(CPS) at the surface of C. canimorsus 5 (Cc5), a strain isolated from a fulminant septicaemia. We provide
genetic and chemical data showing that this capsule is related to the lipooligosaccharide (LOS) and
probably composed of the same polysaccharide units. A CPS was also found in nine out of nine other
strains of C. canimorsus. In addition, the genomes of three of these strains, sequenced previously,
contain genes similar to those encoding CPS biosynthesis in Cc5. Thus, the presence of a CPS is likely
to be a common property of C. canimorsus. The CPS and not the LOS confers protection against the
bactericidal effect of human serum and phagocytosis by macrophages. An antiserum raised against
the capsule increased the killing of C. canimorsus by human serum thus showing that anti-capsule
antibodies have a protective role. These findings provide a new major element in the understanding of
the pathogenesis of C. canimorsus.

Capnocytophaga canimorsus (formerly Centers for Disease Control group DF-2) are capnophilic Gram-negative
bacteria that belong to the family of Flavobacteriaceae in the phylum Bacteroidetes. C. canimorsus is found in the
normal oral flora of dogs and cats. Since its discovery in 1976, it is regularly isolated from severe human infections
following contact with a dog or a cat!=>. The incidence of the infection has been estimated to 0.5 and 0.63 case/
million inhabitants per year in Denmark and the Netherlands respectively*®. However, a recent study carried out
in Helsinki concluded that the incidence was of 4.1 cases/million inhabitants per year® thus showing that the dis-
ease is more frequent than previously thought and that it is underestimated probably because of under-diagnosis
mainly due to the fastidious growth of these bacteria in culture. C. canimorsus infections generally begin with
flu symptoms and evolve in a few days into fulminant septicaemia and peripheral gangrene with mortality as
high as 40%"*7-°. Splenectomy, alcohol abuse and immunosuppression have been associated with a number of
cases, but more than 40% of the patients have no obvious risk factor!®!!. Recent observations help understand-
ing the infectiveness of C. canimorsus for humans. C. canimorsus manifest some resistance to phagocytosis by
human polymorphonuclear leukocytes and detection by macrophages'>!®, which results in a lack of release of
pro-inflammatory cytokines'. Like many Gram-negative pathogens, C. canimorsus resist the bactericidal activity
of 10% human or rabbit serum'®!® but they are nevertheless killed by undiluted fresh serum or blood'®'”. In addi-
tion to the passive evasion from innate immunity, some strains are able to block the killing of E. coli phagocytosed
by macrophages'>!'® and to block the onset of pro-inflammatory signaling induced by an E. coli LPS stimulus'*.
C. canimorsus also have the unusual property to deglycosylate mammalian proteins, including IgG, IgM and
surface glycoproteins from phagocytes!-22.

Gram-negative bacteria have a complex set of surface polysaccharides, which contribute to pathogenicity
as well as commensalism?*-32. These include the lipopolysaccharide (LPS) as well as capsular polysaccharides
(CPS) or exopolysaccharides (EPS)*%. The LPS, a major component of the outer membrane and one of the most
pro-inflammatory bacterial compounds, consists of three regions: lipid A, which is generally responsible for
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triggering inflammation®**, the core oligosaccharide, and the O-antigen. The C. canimorsus LPS is 100 fold less
endotoxic than the highly immunogenic E. coli LPS'*%. Surprisingly, the lipid A alone, which is penta-acylated,
lacking the 4’ phosphate and harboring a 1 phosphoethanolamine (P-Etn) at 2-amino-2-deoxy-D-glucose (GlcN)
is almost not pro-inflammatory at all and thus the low endotoxic activity observed is conferred by the core oli-
gosaccharide®. The LPS O-antigen of Gram-negative bacteria greatly varies between and within species, provid-
ing the main basis for serotyping. It can be a virulence factor contributing to serum resistance?”-*30-3237-42 and
O-antigen deficient strains of different bacteria have generally reduced virulence®®*!. The O-antigen is synthe-
sized independently of the lipid A-core®® and generally consists of several repeats of an identical oligosaccharide
called the O-unit. Three pathways have been described for LPS biosynthesis and translocation, which essentially
differ by their export mechanism. According to the main proteins involved, they are called Wzy-dependent,
ABC-transporter dependent and synthase dependent®. Outside the LPS, many Gram-negative bacteria, includ-
ing E. coli, have a capsular structure that increases their resistance towards the innate immune system (for review
see**). These structures have various compositions and are assembled by diverse pathways. In E. coli, on the basis
of genetics and biochemical criteria, capsules have been divided in four main groups. The biosynthesis and assem-
bly mechanisms of capsules are closely related to those of the LPS and so group I and IV capsules are assembled
by the Wzy-dependent pathway while group II and III capsules are assembled by ABC transporter-dependent
pathways (for review see®). In the Wzy-dependent pathway the LPS O-chain is composed of repeating O-units
that are polymerized by the activity of the Wzy polymerase®. The large structural diversity between O-antigens
is the result of variations in the composition, sequence, and linkage of the O-units. The O-antigen repeating
units are first assembled in the cytoplasm, linked to the lipid carrier undecaprenol phosphate (und-PP) and
then transported across the inner membrane to the periplasm by the Wzx flippase. The und-PP-linked O-units
are then polymerized on the periplasmic leaflet of the inner membrane by the Wzy polymerase that allows the
formation of the complete O-chain. The O-chain is finally ligated to the core oligosaccharide by the WaalL ligase
forming a complete LPS that is then translocated to the bacterial surface by the Lpt-system**. In group I and IV
capsules, the O-units, assembled by the Wzx/Wzy-dependent pathway, are translocated to the bacterial surface by
the coordinated action of the Wza, Wzb and Wzc proteins*. The Wza proteins form a channel in the outer mem-
brane allowing capsule export and the translocation is controlled by the coordinated activity of the Wzc tyrosine
autokinase and its cognate phosphatase Wzb*”45,

The C. canimorsus lipid A and core oligosaccharide chemical structures were recently established***°. To date,
no data are available on the composition and structure of the C. canimorsus LPS O-antigen.

Here we show that C. canimorsus 5 possesses a lipooligosaccharide (LOS) rather than a LPS and a capsular
polysaccharide (CPS) likely made of the same O-antigen repeating units. The CPS and not the LOS increases
resistance to human serum, polymyxin B and phagocytosis by macrophages. Finally, antibodies raised against the
LOS O-antigen and CPS have a protective role.

Results

C. canimorsus 5 has a high molecular weight polysaccharide related to the O-antigen. Inour
previous work we isolated a C. canimorsus 5 (Cc5) transposon mutant, named Y1C12, which was hypersensitive
to killing by human complement and phagocytosis'®. The mutation inactivated a putative glycosyltransferase
gene suggesting that the Y1C12 mutant was affected at the level of a polysaccharide structure, likely the LPS
O-antigen'®*. Analysis of bacterial polysaccharide structures by digesting whole bacteria with proteinase K and
detection by western blot using both a crude anti-Cc5 serum and a Y1C12-adsorbed anti-Cc5 serum showed that
C. canimorsus 5 has several polysaccharide structures (Fig. 1a,b and ref. 13). Two of them, a low molecular weight
structure (band C in Fig. 1 and ref. 13) and a high molecular weight one (band E in Fig. 1) appeared to be affected
in the Y1C12 mutant. While the low molecular weight band was shifted in size (band C* in Fig. 1a and ref. 13),
the high molecular weight structure was completely missing in the Y1C12 mutant strain (Fig. 1a and b). Since the
low molecular weight structure (band C), and its smaller version (band C*), could be isolated by LPS purification
procedures with phenol-chloroform-petroleum ether® (Fig. 1a) and labeled by tritiated palmitate (Fig. 1c and
ref. 13), we conclude that it represents the LPS. However, the absence of a ladder-like pattern suggested that it is
composed of a limited number of O-antigen repeat units and thus represents a lipooligosaccharide (LOS)* rather
than a LPS. Another structure, band D in Fig. 1a, could also be isolated by LPS purification procedures® (Fig. 1a)
and was labeled by tritiated palmitate (Fig. 1¢) but was not affected in the Y1C12 mutant suggesting that it could
represent an additional LOS/LPS form different from band C. In contrast, the high molecular weight structure,
present in the wt strain but missing in the Y1C12 mutant (band E), could not be isolated by LPS purification
methods (Fig. 1a) and was not labeled by tritiated palmitate (Fig. 1c and ref. 13) suggesting that it could represent
a capsular polysaccharide (CPS) not linked to the lipid A-core. The absence of this putative capsule in the Y1C12
strain together with the presence of an altered LOS, suggested that the biosynthetic pathways of the CPS and the
O-antigen could be partially common. This view is reinforced by the fact that both the putative CPS (band E)
and the wt LOS (band C) were recognized by the Y1C12-adsorbed antiserum (Fig. 1b). Assuming the epitope
recognized by the Y1C12-adsorbed antiserum is the O-antigen repeating unit (or parts thereof), one could infer
that band C corresponds to LOS and that the chemical structure of the repeating unit (or parts thereof) of the
CPS and LOS O-antigen could be similar if not identical. The gene inactivated in mutant Y1C12 turned out to be
Ccan_23370%, now annotated as wbuB, an N-acetylfucosamine (FucNAc) transferase, suggesting that FucNAc
could be part of both the LOS O-antigen and the CPS.

A capsule is present at the bacterial surface. In order to visualize the C. canimorsus CPS at the bac-
terial surface we analyzed thin sections of resin embedded wt and Y1C12 mutant C. canimorsus bacteria by
transmission electron microscopy. As shown in Fig. 1d, a thick layer was present at the bacterial surface adjacent
to the outer membrane of wt cells while it was missing in the Y1C12 strain. This layer was also visualized by
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Figure 1. Y1C12 mutant shows an altered LPS and lacks a putative CPS. (a) Inmunoblot analysis of
proteinase K-treated wt Cc5 and Y1C12 mutant bacterial lysates and of LPS isolated from wt Cc5 and Y1C12
mutant using anti-Cc5 serum. (b) Immunoblot analysis as described in (a) using Y1C12-adsorbed anti-Cc5
serum. (c) Proteinase K-resistant structures of wt Cc5 and Y1C12 mutant that had been labeled in vivo using
[9,10-*H] palmitic acid. Electron micrographs of thin sections (d) and frozen-hydrated (e) wt and Y1C12
bacteria. The double arrow indicates the capsule (CPS). The scale bar is 100 nm.

cryo-electron microscopy on frozen-hydrated wt bacteria (Fig. 1e). This technique, preserving the structures
integrity, allowed estimating the layer thickness to around 50 nm. This layer thus represents the Cc5 CPS and
resembles the capsular polysaccharides described in Bacteroides fragilis™.

Overall, these data indicate that C. canimorsus 5 possesses a high molecular weight polysaccharidic structure related
to the LOS O-antigen. This structure could thus be a group I or IV capsule made out of O-antigen repeating units*.

Identification of the genes encoding the capsule and the O-antigen of C. canimorsus 5. In order to
see whether CPS and O-antigen would share the same biosynthetic pathways, we first identified the genes involved in
the biosynthesis of the capsule and the LOS O-antigen monosaccharides. To this aim we took advantage of the trans-
poson Tn4351 library that previously allowed us to identify the Y1C12 mutant'®. We isolated two other mutants (Y1D1
and Y3A2) whose survival rate in 10% human serum was severely decreased compared to that of the wt C. canimorsus
5 (Supplementary Fig. S1). Analysis of bacterial polysaccharide structures of Y1D1 and Y3A2 by western blot using
both a crude anti-Cc5 serum and a Y1C12-adsorbed anti-Cc5 serum showed that both mutants, like Y1C12, lacked
the capsular polysaccharide as well as the wt LOS band (band C and E in Fig. 2a and b). The integration sites of the
transposon in Y1D1 and Y3A2 were mapped on the C. canimorsus 5 genome sequence® and were found to be located
in different genes clustered with wbuB (Y1C12)" in one locus (Fig. 2¢). This locus encodes 28 genes, whereof 23 are
predicted to be involved in sugar synthesis, transfer or export. In Y1D1 the transposon inserted in gene wbtA (wbtA
in E tularensis or wbpM in P. aeruginosa), a gene required for N-acetylquinovosamine (QuiNAc) biosynthesis®->
(Fig. 2c and d). For Y3A2, the transposon was found in gene uge, whose product converts D-glucuronate (GlcA) into
D-galacturonate (GalA) (Fig. 2c and d). These data thus suggest that FucNAc, QuiNAc and GalA or derivatives thereof
are part of the C. canimorsus 5 CPS and LOS-O-antigen.

The capsule assembly is Wzx/Wzy dependent. To further clarify the relation between the capsule and
LOS, we investigated their transport and assembly pathway. In the gene cluster previously identified (Fig. 2¢)
Ccan_23200 shows sequence similarity to Wzx, the O-antigen flippase involved in the transport of O-antigen
units to the periplasm across the inner membrane*** while Ccan_23280 has sequence similarity to the O-antigen
polymerase Wzy involved in the polymerization of the O-antigen repeating units, thus suggesting that the C. can-
imorsus 5 O-antigen and/or the CPS are synthesized by a Wzx/Wzy dependent pathway*’. In order to verify this,
we generated a Ccan_23200 (putative wzx) mutant strain and analyzed its LOS and CPS by western blot. Mutation
of wzx turned out to be polar but could be complemented by wzx plus Ccan_23210 (Supplementary Data S1
and Supplementary Fig. S2). Even when properly complemented, the wzx mutant was still unable to produce
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Figure 2. Identification of the Cc5 O-antigen cluster. (a) Immunoblot analysis of proteinase K-treated wt
Cc5 and Tn4351 mutated Cc5 using anti-Cc5 serum. (b) Immunoblot analysis as described for panel (a) using
Y1C12-adsorbed anti-Cc5 serum. (c) Genetic organization of the O-antigen cluster of Cc5. Extents, orientation
and names of the genes are indicated. Flags indicate position and orientation of Transposon 4531 insertions.
(d) Representation of the sugar biosynthetic pathways affected in the transposon mutants. Adapted from®.

the LOS and the CPS suggesting that Ccan_23200 could indeed encode for the Wzx O-chain transporter
(Supplementary Data 1 and Supplementary Fig. S2).

Deletion of the putative polymerase wzy gene (Ccan_23280) determined the disappearance of the CPS,
significantly reduced normal LOS biosynthesis and led to the formation of low molecular weight LOS bands
(Supplementary Fig. S2). However, the wzy mutation turned out to be polar on Ccan_23290 encoding a gly-
cosyltransferase (Supplementary Data S2 and Supplementary Fig. S2). Expression of Ccan_23290 in the wzy
mutant restored the wt LOS profile but not the CPS (Supplementary Fig. S2), suggesting that Ccan_23280 indeed
encodes the Wzy O-antigen polymerase that is responsible for the assembly of the CPS but not of the LOS
O-chain. This also indicates that LOS band C represents the lipid A-core plus only one O-antigen unit. Notably,
a second LOS band (band C*), with a higher molecular weight than band C, can be observed in the wt strain
(Supplementary Fig. S2). This band was absent in the wzy (Ccan_23290") strain thus indicating that it could rep-
resent a LOS with more than one O-antigen unit. Co-expression of wzy and Ccan_23290 in the wzy mutant strain
not only restored the CPS and LOS (band C and C*) profiles but also determined the formation of an LPS-like lad-
der pattern (Supplementary Fig. S2) suggesting that over-expression of wzy determines the formation of O-chains
of different length. This pattern allows to deduce that band C* consists of five repeated units. All together these
data indicate that Cc5 possesses: a low molecular weight LOS (band C) composed of one O-antigen unit, a higher
molecular weight LOS (band C) likely composed of five O-antigen repeats and a capsular polysaccharide made
of O-antigen units polymerized by Wzy.

The capsular polysaccharide and the O-antigen repeating units share a structural similarity. In
order to further corroborate that Cc5 CPS and the LOS O-antigen share common elements, we attempted to iso-
late both Cc5 LOS O-antigen and CPS and to determine their chemical composition. To this aim, Cc5 bacteria
were subjected to hot phenol extraction®’. Preliminary experiments identified carbohydrate molecules in both
aqueous and phenol phases, therefore phenol extracts were further processed without phase separation. Both
crude extracts were treated with hot dilute AcOH and fractionated on a Sepharose S-300 gel filtration chromatog-
raphy column. Two major carbohydrate fractions, a high molecular weight (HMW) and a low molecular weight
(LMW), were collected, in agreement with the electrophoretic profiles observed by western blot analysis. The
HMW fraction eluted close to the void volume of the column (MW~200-300kDa), and was more abundant in
the aqueous phase preparation. Western blot analysis of the phenol extract showed a profile identical to that of
the proteinase K digested bacteria, the aqueous phase being enriched with the HMW band E, the CPS. GC-MS
analysis of this fraction showed that it contained QuiN, FucN, glucose (Glc), galactose (Gal) and galactosamine
(GalN) (Fig. 3a). In addition, a colorimetric assay*® showed the presence of uronic acid.

The LMW fraction, presumably corresponding to the carbohydrate part of LOS bands C, C* and D, was fur-
ther fractionated on a BioGel P2 column, showing a heterogeneous profile. The major carbohydrate-positive
fraction contained QuiN, FucN, Glc, Gal and GalN (Fig. 3b). These monosaccharides could be attributed to
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Figure 3. Cc5 O-antigen and capsule monosaccharide composition. GC-MS monosaccharide profiles of the
CPS (a) and LOS O-antigen (b) preparations of wt Cc5. *non-sugar impurities.

the O-antigen repeating unit. In addition, the fraction contained rhamnose (Rha), glucosamine (GlcN) and
ribose (Rib) (Fig. 3b). Presence of GlcN and Rib could result from contaminations with lipid A and nucleic acids.
Rhamnose was shown to be part of the LOS core oligosaccharide of C. canimorsus 5%.

Altogether these data provide an additional evidence that Cc5 CPS and LOS O-antigen share common struc-
tural elements and epitopes. Furthermore, the finding of FucN, QuiN and an uronic acid is in perfect agreement
with the annotation of the genes hit in the transposon mutants Y1C12, Y1D1 and Y3A2 (Fig. 2c and d).

Generation of a non-capsulated C. canimorsus strain.  As previously mentioned, the Y1C12 strain'?
as well as all the transposon mutants affected in O-antigen and capsule synthesis were found to be more sensitive
to the bactericidal effect of 10% human serum. Furthermore, the Y1C12 mutant was found to be also more sensi-
tive to phagocytosis by polymorphonuclear leukocytes'®. We thus asked whether these phenotypes would be the
result of altered LOS O-antigen or absence of the CPS. To discriminate the contribution of these two structural
elements, we needed to generate a strain lacking only the CPS and another strain lacking only the LOS-O-antigen
(rough LOS, but encapsulated).

In general, once the O-antigen units have been assembled by the Wzy polymerase, they are ligated to the lipid
A-core by the WaalL ligase (formerly RfaL) to form a complete LPS*. Since our previous results suggested that Cc5
CPS is not linked to lipid A, we thought to generate a rough LOS strain, lacking the O-antigen but still harboring
the CPS, by deleting the O-antigen ligase WaaL. We thus first searched for a WaaL homolog in Cc5 and found
that the protein encoded by locus Ccan_15430 has sequence similarity to known WaaL sequences. As anticipated,
deletion of Ccan_15430 determined the loss of wt LOS and the formation of a low molecular weight band likely
representing the lipid A-core or rough LOS (Fig. 4a and b) thus suggesting that the mutated gene encodes for the
O-antigen ligase WaaL of C. canimorsus. As expected, a normal capsular polysaccharide could be detected in the
waaL mutant indicating that the absence of the O-antigen ligase affects only the LOS synthesis without interfer-
ing with the CPS assembly (Fig. 4a and b) and so reinforcing the evidence that Cc5 CPS is not linked to the lipid
A-core. How the Cc5 CPS is linked to the bacterial surface was not investigated in detail and thus the presence of
another lipid moiety anchoring the CPS to the bacterial surface could not be excluded. By deleting WaaL we thus
obtained an encapsulated C. canimorsus harboring a rough LOS, lacking the O-chain.

We then aimed at generating a non-capsulated C. canimorsus strain, still endowed with its normal LOS (band
C and C?). So far, our data indicated that Cc5 capsular polysaccharide is a group I (Wzy-dependent) CPS. The
characteristic of the group I CPS assembled by a Wzy-dependent pathway is that single repeating units are syn-
thesized and exported to the periplasm where the Wzy polymerase assembles them forming the CPS. The CPS
assembly is controlled by the activities of the Wzc and Wzb proteins and the transport of the CPS to the bac-
terial surface occurs thanks to a lipoprotein named Wza that forms a multimeric translocation channel in the
outer membrane®. Since deletion of Wza generally abolishes capsule translocation at the bacterial surface®, we
searched in Cc5 genome for a homolog of wza. The protein encoded by gene Ccan_15550 has 22% identity with
the E. coli Wza protein. Deletion of Ccan_15550 turned out to be polar on the downstream Ccan_15540, a wzz
homolog, which regulates the length of the LPS O-chain®*%. We thus investigated the role of Wzz (Ccan_15540)
and found that, unlike what happens in E. coli, in C canimorsus, it would control the length of the CPS rather than
the LOS (Supplementary Data S3 and Supplementary Fig. S3).

Thus, since deletion of wza had a polar effect on wzz, in order to generate a non-capsulated C. canimorsus strain
endowed with normal LOS, we expressed in trans the cloned wzz gene in the wza mutant and analyzed the LOS and
CPS profiles. As shown in Fig. 4c, expression of wzz in the wza deletion strain restored the normal LOS profile but
not the CPS indicating that C. canimorsus CPS is transported by the Wza protein. Finally, the wza mutant express-
ing wzz in trans turned out to be the required non-capsulated C. canimorsus strain that harbors normal LOS.
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Figure 4. Generation of rough LOS and non-capsulated Cc5. (a) Immunoblot analysis of proteinase
K-treated Cc5 wt and waaL mutant using anti-Cc5 serum. (b) Immunoblot analysis using Y1C12-adsorbed
anti-Cc5 serum of proteinase K-treated Cc5 waal mutant complemented or not with waaL. (¢) Immunoblot
analysis using Y1C12-adsorbed anti-Cc5 serum of proteinase K-treated Cc5 wza mutant complemented or not
with wzz, wza or wza and wzz. (d) Genetic organization of the wza-wzz gene cluster.

The capsular polysaccharide contributes to survival in human serum, resistance to antimicro-
bial peptides and phagocytosis. In order to clarify the contribution of the LOS and the CPS in conferring
resistance to the bactericidal activity of human serum, we compared the survival of wt and mutant bacteria
lacking either the LOS O-antigen (AwaalL), the CPS (Awza, wzz") or both structures (Y1C12) in 10% human
serum. As shown in Fig. 5a, the lack of the CPS only (Awza, wzz") or of both CPS and LOS (Y1C12) determined
areduction of around 2.5 logs of the bacterial number thus suggesting a main role of the CPS in protecting against
the bactericidal effect of human serum. Furthermore, encapsulated bacteria having a rough LOS (AwaaL) were
found to be as resistant as the wt strain thus indicating that the capsule alone is sufficient to confer resistance to
human serum.

In order to determine the role of LOS O-antigen and CPS in resistance to phagocytosis, we then compared
the same strains for phagocytosis by murine J774A.1 macrophages as determined by flow cytometry. With this
method we assessed the mean fluorescence intensity (MFI) of macrophages incubated with fluorescently labeled
bacteria. As shown in Fig. 5b, the lack of CPS (Awza, wzz") or of both CPS and LOS resulted in an increase of
about 2 fold of the MFI suggesting a main role of this structure in protecting against phagocytosis. In contrast,
encapsulated bacteria lacking the LOS O-antigen (AwaaL) were phagocytozed to the same extent as the wt strain
thus excluding a main contribution of the LOS O-chain in preventing phagocytosis by macrophages (Fig. 5b).

Furthermore, we found that in the presence of Cytochalasin D, which inhibits phagocytosis®, the amount
of bacteria associated to the macrophages was not identical for all strains tested. In particular, we observed
an increase of 3 to 4 fold of the mean fluorescent intensity (MFI) of macrophages that were incubated with
non-capsulated bacteria (Awza, wzzt) as compared to that of macrophages that were incubated with wt and
waaL mutant bacteria (Fig. 5b). Since phagocytosis was inhibited, an increased MFI means a higher number of
bacteria associated to the macrophage surface. It thus seems that bacteria lacking the CPS adhere more to the
macrophages, which then might lead to an increased phagocytosis.

Overall these data indicate that C. canimorsus CPS could confer protection from phagocytosis by reducing
bacterial adhesion to the macrophages.

Capsular polysaccharides have also been shown to play a role in protecting bacteria against antimicrobial pep-
tides and proteins that are part of the innate immune response against bacteria®2. Recently we showed that Cc5
bacteria are highly resistant to polymyxin B (MIC >1024 mg/L) (Fig. 5c and ref. 63). A main contribution to this
property could be attributed to a specific feature of the lipid A moiety, which did neither affect the LOS O-antigen
nor CPS expression®. In addition to the role of Cc5 lipid A modification we wondered whether the capsular
polysaccharide and the LOS O-chain would contribute to protect bacteria against cationic antimicrobial peptides
(CAMPs). We thus determined the resistance to polymyxin B of non-capsulated and rough LOS mutants. As
shown in Fig. 5¢, bacteria lacking the CPS only (Awza, wzz") or both CPS and LOS (Y1C12) had a reduced MIC
(>512mg/L) as compared to the wt (>1024 mg/L). In contrast, encapsulated bacteria lacking the LOS O-antigen
(AwaaL) were found to be as resistant as the wt strain. These data thus indicate that the CPS structure is contrib-
uting to the protection against the bactericidal effect of polymyxin B and hence, likely of CAMPs.
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Figure 5. The capsule protects Cc5 against serum and polymyxin B killing and phagocytosis. (a) Total
bacterial CFU present after incubation with 10% heat inactivated human serum (HIHS) or 10% normal human
serum (NHS) for 1 hour at 37 °C. Mean values from 3 different experiments and standard deviations are
represented (***p <0.001 compared to wt). (b) Phagocytosis of Cc5 bacteria by J774A.1 macrophages. J774A.1
macrophages were incubated with eFluor®-stained bacteria and subsequently analyzed by FACS. Cytochalasin
D (CytD) pretreatment of macrophages was performed to inhibit phagocytosis. Mean values from 3 different
experiments and standard deviations are represented (***p <0.001, **p <0.01 compared to wt). ni=non-
infected macrophages. (c) Role of capsular polysaccharide on polymyxin B resistance. MIC of Polymyxin B for
Cc5 wt, Y1C12, waalL (rough LOS), and Awza (wzz") (non-capsulated) bacteria. Data were combined from

3 independent experiments where measured MIC were identical. (d) Effect of opsonization on serum killing.
Total bacterial CFU of wt Cc5 present after incubation with HIHS or NHS and NHS in the presence of heat
inactivated normal rabbit serum (NHS + NRS) or heat inactivated anti-Cc5 Y1C12-adsorbed rabbit serum
(NHS + Y-ads). Mean values from 3 different experiments and standard deviations are represented (**p <0.01
compared to NHS).

In conclusion, our data indicate that the capsular polysaccharide of Cc5 likely contributes to the pathogenesis
by providing protection against the bactericidal effect of human serum, antimicrobial peptides and phagocytosis
by innate immune cells.

Opsonization with anti-LOS O-antigen and capsule antibodies enhances killing in human
serum. Opsonization plays a major role for effective killing of bacterial pathogens by human serum. We thus
tested whether opsonization with the anti-LOS O-chain and capsule specific antibodies from the Y1C12-adsorbed
antiserum would increase the bactericidal effect of human serum on C. canimorsus. As shown in Fig. 5d, in the
presence of Y1C12-adsorbed antiserum the bactericidal effect of human serum on wt C. canimorsus was signifi-
cantly increased (around 10 times) if compared to bacteria incubated in the human serum only. Taken together
these data suggest that opsonization with LOS O-chain and capsule specific antibodies reduces the survival of
C. canimorsus in human serum and thus indicate that these antibodies could have a potential protective role for
the human host by increasing the ability of the innate immune system to clear the bacterial infection at its onset.

A capsular polysaccharide is likely a commonality in C. canimorsus.  The finding of a capsular poly-
saccharide in Cc5 and its likely role in resistance to the innate immunity raises the question whether other strains
of C. canimorsus would be endowed with a similar structure at their surface.

We first investigated the three C. canimorsus draft genomes available to date, namely C. canimorsus 2 (Cc2),
C. canimorsus 11 (Ccl1) and the C. canimorsus type strain ATCC35979 (Cc12)%. The three genomes contain
wza and wzz orthologs organized in a two gene operon (Fig. 6a) suggesting the presence of a capsule in all
these strains. As shown in Fig. 6a, we could also identify in all three genomes clusters of genes likely involved in
LOS/CPS biosynthesis. However, while Cc2 and Cc11 encode orthologs for most of the Cc5 genes (Fig. 6a and
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Figure 6. A capsular polysaccharide is present in several C. canimorsus isolates. (a) Comparison of the LOS/
CPS-biosynthesis and transport loci of the four sequenced C. canimorsus strains. The boxes indicate different
genomic loci. Orthologs of the Cc5 genes are indicated in grey. Genes indicated in white are strain specific

genes likely involved in LOS/CPS biosynthesis. The hatched pattern indicates genes likely unrelated to LOS/CPS
biosynthesis and transport. Fragmented genes are marked with (f). Note that the genomes of Cc2, Cc11 and
Ccl12 are draft genomes. For the sake of simplicity genes are not represented to scale. (b) Immunoblot analysis of
proteinase K-treated Cc5, Cc2, Ccl1 and Cc12 using Y1C12-adsorbed anti-Cc5 serum. (c) Alcian blue staining
before (left) and after silver staining (right) of proteinase K-resistant structures of several C. canimorsus strains
showing the presence of a capsular polysaccharide (CPS).

Supplementary Table S3), albeit organized in several clusters distributed throughout the genomes, Cc12 showed
a unique gene cluster but highly divergent from the Cc5 one in terms of composition (Fig. 6a). Then, we tested
Cc2, Ccl1 and Cc12 with the Cc5 LOS/CPS specific antiserum, As shown in Fig. 6b, the CPS and LOS from Cc2
were recognized suggesting that the O-antigen and capsule of Cc2 and Cc5 could have common epitopes. In
contrast, the CPS and LOS from Cc11 and Cc12 were not recognized and hence could be substantially differ-
ent from the Cc5 one, which was somehow expected for Cc12 given the low conservation of the LOS/CPS loci
(Fig. 6a) but more surprising for Cc11. However, the Cc11 genome does not encode the ortholog of Ccan_23210
(Fig. 6a and Supplementary Table S3), a glycosyltransferase, shown to be crucial for Cc5 LOS and CPS biosyn-
thesis (Supplementary Data S1 and Supplementary Fig. S2). Finally, in order to see if the presence of a CPS is a
common feature of the C. canimorsus species, we analysed the polysaccharides of nine strains, including Cc2,
Ccl1 and Ccl12, by SDS-PAGE followed by alcian blue and silver staining. As shown in Fig. 6c, all tested strains
exhibited a capsular-like polysaccharide. In conclusion, the CPS is very likely a common feature of C. canimorsus
but its composition and/or structure could vary between strains.

Discussion

Here we present the first evidence of a capsular polysaccharide at the surface of the emerging human pathogen
C. canimorsus. Although most of the work was done with strain Cc5, we show that the presence of a capsule is
most likely a commonality in C. canimorsus. We provide genetic and analytical data showing that the CPS and
LOS O-antigen repeating units share similar monosaccharides and epitopes. In the genome of strain Cc5, the
genes encoding the O-chain and CPS repeating units biosynthesis, assembly and transport are grouped in a 27 kb
cluster. This cluster includes the genes coding for the synthesis of UDP-GalA (ugd and uge), FucNAc (fnlA, fniB,
fnlC) and QuiNAc (wbtA and wbtB). In agreement with the genetic annotation we identified by GC-MS analysis
as constituents of the Cc5 CPS and O-antigen units: QuiN, FucN, Glc, Gal, GalN and uronic acid. In addition,
homologs of genes found in the O-antigen clusters of several E. coli serotypes as wfdP, wfdQ and wfdR® are
also present in the Cc5 O-antigen cluster. The cluster includes also genes involved in the synthesis of rhamnose
(rmlA, rmIC and rmiD) that was previously shown to be part of the Cc5 core oligosaccharide®. Several putative
glycosyltransferase genes are also present in the locus, including wbuB encoding a FucNAc transferase as well
as Ccan_23210 and Ccan_23290 found to be crucial for the O-chain and CPS synthesis. Deletion of the genes
involved in the synthesis or transfer of QuiNAc, FucNAc and GalA led to LOS O-chain modification and lack
of CPS thus confirming that both O-antigen and CPS contain these monosaccharides or derivatives thereof and
therefore likely share identical residues. Regarding O-units transport and assembly, the cluster encodes the Wzx
flippase and the Wzy polymerase. By deleting the Wzx and Wzy homologs we could show that Cc5 harbors a LOS
and that the CPS only is assembled by the Wzy polymerase.
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Capsular polysaccharides play a role in the pathogenicity of several bacteria. In particular, in the phylum
Bacteroidetes the presence of a capsule has been linked to the virulence of the human pathogens Bacteroides
fragilis and Porphyromonas gingivalis. In B. fragilis several capsular polysaccharides have been identified and char-
acterized®® and their role in pathogenicity has been linked to the ability of capsulated bacteria to induce abscess
formation in animals®” and the capsule has been shown to mediate resistance to complement-mediated killing
and to phagocytosis®. Interestingly, while in the genome of Bacteroides fragilis NCTC 9343 ten loci have been pre-
dicted to be implicated in polysaccharide biosynthesis, each including putative Wzx and Wzy homologs®, in the
genome of four strains of C. canimorsus®*** we could, so far, identify only one locus encoding the genes involved
in both O-chain and CPS biosynthesis. Furthermore, B. fragilis are endowed with a so called micro-capsule (MC)
(around 35 nm in size) whose variable expression is controlled by genes that are switched on and off by the
site-specific inversion of promoter sequences’’-72. Such sequences could not be found in the genome of Cc5°!
either, suggesting that CPS expression is regulated differently in the two species. In addition, B. fragilis harbor
antigenically distinct and within-strain variable large capsules (LCs) and small capsules (SCs)**”*. In contrast in
C. canimorsus, electron microscopy observation revealed the presence of a 50 nm in size CPS that was completely
absent in the O-unit biosynthesis mutant thus suggesting that C. canimorsus harbors only one CPS type, related
to the LOS O-antigen.

In P. gingivalis the capsule has been shown to be a major virulence factor in a mouse abscess model and to
play a role in decreasing the host inflammatory response and phagocytosis’™. In our previous work we showed
that Cc5 is resistant to the bactericidal effect of 10% human serum and is able to escape phagocytosis'®. Here we
show that the presence of the CPS increases Cc5 survival in human serum, resistance to CAMPs and reduces the
uptake by macrophages. We found this latter effect to be a consequence of increased adhesion of bacteria lacking
the CPS to macrophages thus suggesting that the CPS reduces the ability of C. canimorsus to adhere to host cells.
Unfortunately, to date, no reliable animal model exists for C. canimorsus infections and thus the role of the CPS
in vivo could not be determined. Nevertheless our in vitro results clearly suggest that the CPS could play a major
role in C. canimorsus infections probably at their onset conferring protection against the bactericidal effect of
serum and phagocytosis. Furthermore, we could show that antibodies targeting the O-chain and the CPS increase
the killing of Cc5 in human serum thus suggesting a potential protective role for the host against these tremen-
dous bacterial infections.

Materials and Methods

Bacterial strains and growth conditions. Bacterial strains used in this study are listed in
Supplementary Table S1. C. canimorsus were routinely grown on heart infusion agar (Difco) supplemented with 5%
sheep blood (Oxoid) plates (SB plates) for 2 days at 37 °C in the presence of 5% CO,. E. coli strains were routinely
grown in lysogeny broth (LB) at 37 °C. As selective agents, antibiotics were added at the following concentrations:
100 pg/ml ampicillin (Amp), 50 pg/ml kanamycin (Km) for E. coli and 10 pg/ml erythromycin (Em), 10 pg/ml
cefoxitin (Cfx), 20 pg/ml gentamicin (Gm), 10 pg/ml tetracycline (Tc) for C. canimorsus.

C. canimorsus 5 andY1C12-adsorbed antisera. Polyclonal serum against C. canimorsus 5 was generated
from a rabbit by immunization with paraformaldehyde fixed C. canimorsus 5 (Animal facility of the University
of Namur). The Y1C12-absorbed serum was prepared by incubating three times an excess amount of paraform-
aldehyde fixed Y1C12 mutant bacteria harvested from SB plates and washed in phosphate-buffered saline (PBS)
with anti-C. canimorsus 5 serum at 4 °C for minimum 4 hours. Bacteria were removed by repeated centrifugation.

Immunoblotting of proteinase K-resistant structures. Bacteria grown for 2 days at 37°C with 5% CO,
were harvested from SB plates, washed once in 1 ml of PBS and adjusted to an ODg, of 1 in PBS. 750 ul bacterial
suspension was pelleted and resuspended in 125l ddH,O loading buffer (1% sodium dodecyl sulfate [SDS], 10%
glycerol, 50 mM dithiothreitol, 0.02% bromophenol blue, 45 mM Tris (pH 6.8)). Samples were heated at 99 °C for
10 minutes. Proteinase K (50 pg/ml final concentration) was added and samples were incubated at 37 °C over-
night. After incubation samples were heated again for 10 minutes at 99 °C and a second volume of proteinase K
(equal to the first) was added. Samples were incubated at 55 °C for 3 hours, heated again for 5 minutes at 99 °C and
loaded on a 15% SDS-PAGE. Samples were analyzed by western blotting.

In vivo radiolabeling with [3H] palmitate and fluorography. Bacteria grown for 2 days on SB plates were
collected and resuspended in PBS to an ODg, of 0.1. Six pl of bacterial suspension (approx. 3 x 10° bacteria) were
seeded in 3 ml of DMEM (41965-039; Gibco) containing 10% heat-inactivated human serum (HIHS) in 12-well
plates (665 180; Greiner Bio-one). After 18 h of incubation at 37 °C with 5% CO,, [9,10-*H] palmitic acid (32 Ci/
mmol; NET043; Perkin-Elmer Life Sciences) was added to a final concentration of 50 nCi/ml and incubation was
continued for 6 h. Bacteria were then collected by centrifugation, washed 2 times with 1 ml PBS and pellets were
stored at —20°C until further use. Pellets were treated with proteinase K as described above. Samples were loaded
on 12% SDS PAGE gels and after electrophoresis, gels were fixed in 25:65:10 isopropanol:water:acetic acid solution
overnight and subsequently soaked for 30 min in Amplify (NAMP100; Amersham) solution. Gels were vacuum
dried and exposed to SuperRX autoradiography film (Fuji) for 12-18 hours until desired signal strength was reached.

Gene annotation and LOS/CPS loci analysis. BlastP”® and Delta Blast searches were carried out against
the C. canimorsus 5 genome®'. Query sequences were obtained from the NCBI database. All available search
sequences for a corresponding gene of interest were used. The highest scoring subjects over all the searches have
been annotated as corresponding enzymes. Analysis of synteny of the LOS/CPS C. canimorsus loci was obtained
from the MicroScope Microbial Genome Annotation and Analysis Platform (https://www.genoscope.cns.fr/agc/
microscope/home/index.php)’®. Putative orthologous relations between two genomes are defined as gene cou-
ples satisfying the bi-directional best hit (BBH) criterion or a BlastP alignment threshold, a minimum of 35%
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sequence identity on 80% of the length of the smallest protein. These relations are subsequently used to search
for conserved gene clusters, synteny groups (syntons), among several bacterial genomes. All possible kinds of
chromosomal rearrangements are allowed (inversion, insertion/deletion).

Mutagenesis and allelic exchange. Genetic manipulations of C. canimorsus 5 wt have been previously
described””. Briefly, replacement cassettes with flanking regions spanning approximately 500 bp homologous to
direct target gene framing regions were constructed with a three-fragment overlapping-PCR strategy. First, two
PCR were performed on 100 ng of Cc5 genomic DNA with primers A and B (Supplementary Table S2) for the
upstream flanking regions and with primers E and F for the downstream regions. Primers B and E contained an
additional 5’ 20-nucleotide extension homologous to the ermF or tetQ insertion cassettes. The ermF and fetQ
resistance cassettes were amplified from plasmids pMM13 and pMM104.A”” DNA respectively with primers C
and D. All three PCR products were cleaned and then mixed in equal amounts for PCR using Phusion polymer-
ase (Finnzymes). The initial denaturation was at 98 °C for 2 min, followed by 12 cycles without primers to allow
annealing and elongation of the overlapping fragments (98 °C for 305, 50 °C for 405, and 72 °C for 2 min). After
the addition of external primers (A and F), the program was continued with 20 cycles (98 °C for 305, 50 °C for
405, and 72°C for 2 min 305s) and finally 10 min at 72 °C. Final PCR products were then digested with PstI and
Spel for cloning into the appropriate sites of the C. canimorsus suicide vector pMM2577. Resulting plasmids were
transferred by RP4-mediated conjugative DNA transfer from E. coli S17-1 to C. canimorsus 5 to allow integration
of the insertion cassette. Transconjugants were then selected for the presence of the ermF or tetQ resistance cas-
settes on erythromycin and tetracycline plates respectively and checked for sensitivity to cefoxitin. Deletion of the
appropriate regions was verified by PCR.

Construction of plasmids for trans-complementation.  Fulllength C. canimorsus 5 genes: Ccan_23200
(wzx), Ccan_23280 (wzy), Ccan_15430 (waal), Ccan_23190 (uge), Ccan_23400 (wbtA), Ccan_15540 (wzz),
Ccan_15550 (wza), Ccan_23210 and Ccan_23290, were amplified from C. canimorsus 5 genomic DNA using
primers listed in Supplementary Table S2 and cloned into plasmid pPM57® into Ncol and Xhol restriction sites
leading to plasmids listed in Supplementary Table S1. Gene couples Ccan_15540-15550, Ccan_23200-23210 and
Ccan_23280-23290 were co-amplified from C. canimorsus 5 genomic DNA and cloned into plasmid pPM57® into
Ncol and Xhol restriction sites.

Human serum sensitivity assay. Bacteria were harvested by gently scraping colonies off the agar surface.
They were washed and resuspended in PBS to an ODy, of 1. Normal human serum (NHS) from healthy volun-
teers was pooled, aliquoted, and stored at —80°C. Serum was heat inactivated (HIHS) at 55°C for 30 min when
indicated. A total of around 1 x 107 bacteria were incubated for 1 or 3hours in 20011 10% NHS or HIHS in PBS
(around 5 x 107 bacteria/ml) at 37 °C with 5% CO,. Serial dilutions were plated onto SB plates, and viable colonies
were counted after 48 hours of incubation. To test the impact of anti-LOS and capsule antibodies on the survival
of C. canimorsus 5, wt bacteria were treated as described above (1 hour incubation) with the exception that heat
inactivated Y1C12-adsorbed anti Cc5 serum (1/200 dilution) or heat inactivated normal rabbit serum (1/200
dilution) were added to the bacterial suspensions before incubation.

Polymyxin B sensitivity assay. Polymyxin B sulphate was obtained from Sigma-Aldrich. The agar dilution
method was performed based on the CLSI/NCCLS recommendations”. Briefly, 10* bacteria diluted in PBS were
spotted in 2l on SB plates containing Polymyxin B ranging from 0.5 mg/L to 1024 mg/L (2-fold increase per
condition). Plates were examined for growth of colonies after 48 hours and 72 hours.

Phagocytosis assay by flow cytometry. Murine J774A.1 (ATCC TIB-67) macrophages were cultivated
in RPMI 1640 (Gibco) medium supplemented with 2 mM glutamine (Gibco) and 10% fetal bovine serum (Gibco).
For phagocytosis assay macrophages were seeded overnight in 24 well plates (1 x 10° cells/well) at 37 °C and 5%
CO,. To inhibit phagocytosis macrophages were treated prior to infection for 30 min with 10 uM cytochalasin D
(Sigma Aldrich). Bacteria (ODj, of 1) were stained with eFLuor® 670 (eBioscience) at a concentration of 5pM
for 15min at 37°C in PBS then washed 3 times in PBS. Macrophages were infected at a MOI of 10 with labeled
bacteria, spun (400 x g, 5min) and incubated for 1 h at 37°C and 5% CO, Macrophages were then washed with
PBS, scraped and washed again 2 more times with PBS before being fixed for 15min in 4% PFA (Sigma Aldrich).
Macrophages were then analyzed by FACS on a FACSCalibur using Cell quest Pro (BD Bioscience).

Statistical analysis. Statistical analyses were realized using the software GraphPad Prism by one-way
ANOVA test followed by a Bonferroni test.

LOS isolation. C. canimorsus were harvested from 600 SB plates in PBS and washed with ddH,O, ethanol
(300ml) and acetone (300 ml), followed each time by centrifugation at 18000 x g for 30 min. LOS used for western
blot analysis was isolated from C. canimorsus 5wt and Y1C12 mutant as described in ref. 36.

Alcian blue and silver staining of proteinase K-resistant structures. Bacteria treated with protein-
ase K as described above were loaded on 15% Tris-glycine SDS polyacrylamide gels. Following electrophoresis,
the gels were stained first with Alcian blue (Sigma) (0.125% Alcian blue in 40% ethanol-5% acetic acid) and then
with silver as described in ref. 80.

Preparation of the CPS and O-antigen for composition analysis. C. canimorsus were harvested from
25 SB plates in PBS with 1% phenol and washed twice with ddH,O. The isolation of LOS was achieved after
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phenol-water extraction®” with or without phase separation. The lyophilized extracts were analyzed by western
blot using full and Y1C12-adsorbed anti-Cc5 serum before performing chemical modifications and carbohy-
drate analysis. Crude extracts were hydrolyzed with 5% AcOH (100 °C, 2 hours), cooled, lyophilized, resuspended
in 2ml of water, centrifuged and fractionated on a Sephadex S-300 column. LMW fractions were pooled and
re-fractionated on a Biogel P2 column.

General and analytical methods. Gel filtration chromatography was performed on a Sephacryl S-300
column (Pharmacia, 1 x 80 cm) and a Bio-Gel P2 column (1.6 x 80 cm) eluted with 0.1% acetic acid. Aliquots
of each fraction were assayed for neutral sugars®!. Monosaccharides were identified by GC-MS with a Trace GC
ULTRA system (Thermo Scientific) equipped with an NMTR-5MS capillary column (30 m x 0.25mm) with a
temperature gradient of 170 °C (3 min) to 250°C at 5°Cmin ' and with a DSQ IT MS detector. Prior to analysis,
carbohydrate samples were hydrolyzed with 4 M trifluoroacetic acid (110°C, 3h) and converted to alditol acetates
by conventional methods. For the identification of QuiNAc and FucNAc, authentic standards of P. aeruginosa
PA14 and PAO1 O-antigens were used.

Transmission electron microscopy (TEM).  Thin sectioning. Bacteria were harvested from SB plates and
resuspended in PBS to an ODg, of 1 (corresponding to 5 x 108 bacteria/ml). Around 3 x 10° bacteria were seeded
in 1 ml of DMEM (41965-039; Gibco) containing 10% heat-inactivated human serum (HIHS) in 12-well plates
(665 180; Greiner Bio-one) and incubated 23 hours at 37 °C with 5% CO,. 7 ml of Cc5wt and Y1C12 cultures were
centrifuged 5min at 5000 g and washed with 10 ml PBS. Bacteria were then centrifuged and resuspended in 5ml
PBS containing 2% glutaraldehyde. Bacteria were then fixed in Karnofski solution (3% paraformaldehyde, 0.5%
glutaraldehyde in 10mM PBS, pH 7.4) for 1 hour, washed once in PBS and post-fixed first in 1% reduced osmium
tetroxide (containing 1.5% potassium ferricyanide) for 40 minutes and subsequently in 1% osmium tetroxide for
another 40 minutes. After washing in water, fixed samples were dehydrated, embedded in Epon resin, and pro-
cessed for TEM as described®?. EM micrographs were recorded on CCD camera using a Morgani transmission
electron microscope (FEI, The Netherlands) operating at an acceleration voltage of 80kV.

Cryo-transmission electron microscopy (Cryo-TEM) analysis. 4l of bacteria resuspended in a PBS 2% glut-
araldehyde solution were adsorbed onto glow-discharged holey carbon-coated grid (quantifoil, Germany)
plunge-frozen into liquid ethane at —178 °C using a Leica EM GP machine (Leica Microsystems, Austria). Frozen
grids were transferred onto a Philips CM200-FEG electron microscope using a Gatan 626 cryo-holder. Electron
micrographs were recorded at an accelerating voltage of 200kV and a nominal magnification of 50,000, using a
low-dose system (10 e-/A?) and keeping the sample at —175°C. Defocus values were —3 pm. Micrographs were
recorded at 4K x 4K CMOS camera (TVIPS, Germany).

Ethics statement.  This study was approved by the Comité déthique médicale from the CHU Mont-Godinne/
Université de Louvain (no: B039201316262) and experiments carried out according to the declaration of Helsinki
and the Belgian law on experiments in humans from March 7th, 2004. Human blood was collected from healthy
volunteers who were informed about the aim of the study and the risks of blood withdrawal and had signed a
written informed consent. The animal handling and procedures used in this study were approved by the Animal
Welfare Committee of the University of Namur (no: FUNDP LE 08/106).

References

1. Bobo, R. A. & Newton, E. J. A previously undescribed gram-negative bacillus causing septicemia and meningitis. American journal
of clinical pathology 65, 564-569 (1976).

2. Brenner, D. ., Hollis, D. G., Fanning, G. R. & Weaver, R. E. Capnocytophaga canimorsus sp. nov. (formerly CDC group DF-2), a

cause of septicemia following dog bite, and C. cynodegmi sp. nov., a cause of localized wound infection following dog bite. Journal

of clinical microbiology 27, 231-235 (1989).

. Butler, T. et al. Unidentified gram-negative rod infection. A new disease of man. Annals of internal medicine 86, 1-5 (1977).

4. Pers, C., Gahrn-Hansen, B. & Frederiksen, W. Capnocytophaga canimorsus septicemia in Denmark, 1982-1995: review of 39 cases.
Clinical infectious diseases: an official publication of the Infectious Diseases Society of America 23, 71-75 (1996).

5. van Dam, A. P. & Jansz, A. Capnocytophaga canimorsus infections in The Netherlands: a nationwide survey. Clinical microbiology
and infection: the official publication of the European Society of Clinical Microbiology and Infectious Diseases 17, 312-315, doi:
10.1111/j.1469-0691.2010.03195.x (2011).

6. Hastbacka, J., Hynninen, M. & Kolho, E. Capnocytophaga canimorsus bacteremia: clinical features and outcomes from a Helsinki
ICU cohort. Acta anaesthesiologica Scandinavica, doi: 10.1111/aas.12752 (2016).

7. Bailie, W. E., Stowe, E. C. & Schmitt, A. M. Aerobic bacterial flora of oral and nasal fluids of canines with reference to bacteria
associated with bites. Journal of clinical microbiology 7, 223-231 (1978).

8. Le Moal, G., Landron, C., Grollier, G., Robert, R. & Burucoa, C. Meningitis due to Capnocytophaga canimorsus after receipt of a dog
bite: case report and review of the literature. Clinical infectious diseases: an official publication of the Infectious Diseases Society of
America 36, e42-46, doi: 10.1086/345477 (2003).

9. Westwell, A. J., Kerr, K., Spencer, M. B. & Hutchinson, D. N. DF-2 infection. BM] 298, 116-117 (1989).

10. Lion, C.,, Escande, F. & Burdin, J. C. Capnocytophaga canimorsus infections in human: review of the literature and cases report.
European journal of epidemiology 12, 521-533 (1996).

11. Butler, T. Capnocytophaga canimorsus: an emerging cause of sepsis, meningitis, and post-splenectomy infection after dog bites.
European journal of clinical microbiology & infectious diseases: official publication of the European Society of Clinical Microbiology 34,
1271-1280, doi: 10.1007/s10096-015-2360-7 (2015).

12. Meyer, S., Shin, H. & Cornelis, G. R. Capnocytophaga canimorsus resists phagocytosis by macrophages and blocks the ability of
macrophages to kill other bacteria. Immunobiology 213, 805-814, doi: 10.1016/j.imbi0.2008.07.019 (2008).

13. Shin, H. et al. Resistance of Capnocytophaga canimorsus to killing by human complement and polymorphonuclear leukocytes.
Infection and immunity 77, 2262-2271, doi: 10.1128/IA1.01324-08 (2009).

14. Shin, H., Mally, M., Kuhn, M., Paroz, C. & Cornelis, G. R. Escape from immune surveillance by Capnocytophaga canimorsus. The
Journal of infectious diseases 195, 375-386, doi: 10.1086/510243 (2007).

w

SCIENTIFICREPORTS | 6:38914 | DOI: 10.1038/srep38914 11



www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Butler, T., Johnston, K. H., Gutierrez, Y., Aikawa, M. & Cardaman, R. Enhancement of experimental bacteremia and endocarditis
caused by dysgonic fermenter (DF-2) bacterium after treatment with methylprednisolone and after splenectomy. Infection and
immunity 47, 294-300 (1985).

Hicklin, H., Verghese, A. & Alvarez, S. Dysgonic fermenter 2 septicemia. Reviews of infectious diseases 9, 884-890 (1987).
Zangenah, S. & Bergman, P. Rapid killing of Capnocytophaga canimorsus and Capnocytophaga cynodegmi by human whole blood
and serum is mediated via the complement system. SpringerPlus 4, 517, doi: 10.1186/s40064-015-1308-9 (2015).

Mally, M. et al. Prevalence of Capnocytophaga canimorsus in dogs and occurrence of potential virulence factors. Microbes and
infection/Institut Pasteur 11, 509-514, doi: 10.1016/j.micinf.2009.02.005 (2009).

Mally, M., Shin, H., Paroz, C., Landmann, R. & Cornelis, G. R. Capnocytophaga canimorsus: a human pathogen feeding at the
surface of epithelial cells and phagocytes. PLoS pathogens 4, 1000164, doi: 10.1371/journal.ppat.1000164 (2008).

Manfredi, P. et al. The genome and surface proteome of Capnocytophaga canimorsus reveal a key role of glycan foraging systems in
host glycoproteins deglycosylation. Molecular microbiology 81, 1050-1060, doi: 10.1111/j.1365-2958.2011.07750.x (2011).

Renzi, E. et al. The N-glycan glycoprotein deglycosylation complex (Gpd) from Capnocytophaga canimorsus deglycosylates human
IgG. PLoS pathogens 7, 1002118, doi: 10.1371/journal.ppat.1002118 (2011).

Renzi, E, Dol, M., Raymackers, A., Manfredi, P. & Cornelis, G. R. Only a subset of C. canimorsus strains is dangerous for humans.
Emerging microbes & infections 4, e48, doi: 10.1038/emi.2015.48 (2015).

Bravo, D. et al. Growth-phase regulation of lipopolysaccharide O-antigen chain length influences serum resistance in serovars of
Salmonella. Journal of medical microbiology 57, 938-946, doi: 10.1099/jmm.0.47848-0 (2008).

Cardoso, P. G., Macedo, G. C., Azevedo, V. & Oliveira, S. C. Brucella spp noncanonical LPS: structure, biosynthesis, and interaction
with host immune system. Microbial cell factories 5, 13, doi: 10.1186/1475-2859-5-13 (2006).

Grossman, N. et al. Lipopolysaccharide size and distribution determine serum resistance in Salmonella montevideo. Journal of
bacteriology 169, 856-863 (1987).

Lerouge, I. & Vanderleyden, J. O-antigen structural variation: mechanisms and possible roles in animal/plant-microbe interactions.
FEMS microbiology reviews 26, 17-47 (2002).

Murray, G. L., Attridge, S. R. & Morona, R. Regulation of Salmonella typhimurium lipopolysaccharide O antigen chain length is
required for virulence; identification of FepE as a second Wzz. Molecular microbiology 47, 1395-1406 (2003).

Nesper, J. et al. Role of Vibrio cholerae 0139 surface polysaccharides in intestinal colonization. Infection and immunity 70,
5990-5996 (2002).

Porat, R., Mosseri, R., Kaplan, E., Johns, M. A. & Shibolet, S. Distribution of polysaccharide side chains of lipopolysaccharide
determine resistance of Escherichia coli to the bactericidal activity of serum. The Journal of infectious diseases 165, 953-956 (1992).
Raynaud, C. et al. Role of the wbt locus of Francisella tularensis in lipopolysaccharide O-antigen biogenesis and pathogenicity.
Infection and immunity 75, 536-541, doi: 10.1128/IA1.01429-06 (2007).

Ugalde, J. E., Czibener, C., Feldman, M. F. & Ugalde, R. A. Identification and characterization of the Brucella abortus
phosphoglucomutase gene: role of lipopolysaccharide in virulence and intracellular multiplication. Infection and immunity 68,
5716-5723 (2000).

Pluschke, G., Mayden, J., Achtman, M. & Levine, R. P. Role of the capsule and the O antigen in resistance of 018:K1 Escherichia coli
to complement-mediated killing. Infection and immunity 42, 907-913 (1983).

Whitfield, C. Biosynthesis and assembly of capsular polysaccharides in Escherichia coli. Annual review of biochemistry 75, 39-68,
doi: 10.1146/annurev.biochem.75.103004.142545 (2006).

Park, B. S. et al. The structural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature 458, 1191-1195, doi:
10.1038/nature07830 (2009).

Raetz, C. R. Biochemistry of endotoxins. Annual review of biochemistry 59, 129-170, doi: 10.1146/annurev.bi.59.070190.001021 (1990).
Ittig, S. et al. The lipopolysaccharide from Capnocytophaga canimorsus reveals an unexpected role of the core-oligosaccharide in
MD-2 binding. PLoS pathogens 8, 1002667, doi: 10.1371/journal.ppat.1002667 (2012).

Murray, G. L., Attridge, S. R. & Morona, R. Inducible serum resistance in Salmonella typhimurium is dependent on wzz(fepE)-
regulated very long O antigen chains. Microbes and infection/Institut Pasteur 7, 1296-1304, doi: 10.1016/j.micinf.2005.04.015 (2005).
Murray, G. L., Attridge, S. R. & Morona, R. Altering the length of the lipopolysaccharide O antigen has an impact on the interaction
of Salmonella enterica serovar Typhimurium with macrophages and complement. Journal of bacteriology 188, 2735-2739, doi:
10.1128/]B.188.7.2735-2739.2006 (2006).

Nesper, J. et al. Characterization of Vibrio cholerae O1 El tor galU and galE mutants: influence on lipopolysaccharide structure,
colonization, and biofilm formation. Infection and immunity 69, 435-445, doi: 10.1128/IAL69.1.435-445.2001 (2001).

Pluschke, G., Mercer, A., Kusecek, B., Pohl, A. & Achtman, M. Induction of bacteremia in newborn rats by Escherichia coli K1 is
correlated with only certain O (lipopolysaccharide) antigen types. Infection and immunity 39, 599-608 (1983).

Slaney, J. M., Gallagher, A., Aduse-Opoku, J., Pell, K. & Curtis, M. A. Mechanisms of resistance of Porphyromonas gingivalis to
killing by serum complement. Infection and immunity 74, 5352-5361, doi: 10.1128/IA1.00304-06 (2006).

West, N. P. et al. Optimization of virulence functions through glucosylation of Shigella LPS. Science 307, 1313-1317, doi: 10.1126/
science.1108472 (2005).

Raetz, C. R. & Whitfield, C. Lipopolysaccharide endotoxins. Annual review of biochemistry 71, 635-700, doi: 10.1146/annurev.
biochem.71.110601.135414 (2002).

Miajlovic, H. & Smith, S. G. Bacterial self-defence: how Escherichia coli evades serum killing. FEMS microbiology letters 354, 1-9,
doi: 10.1111/1574-6968.12419 (2014).

Putker, F, Bos, M. P. & Tommassen, J. Transport of lipopolysaccharide to the Gram-negative bacterial cell surface. FEMS
microbiology reviews 39, 985-1002, doi: 10.1093/femsre/fuv026 (2015).

Drummelsmith, J. & Whitfield, C. Translocation of group 1 capsular polysaccharide to the surface of Escherichia coli requires a
multimeric complex in the outer membrane. The EMBO journal 19, 57-66, doi: 10.1093/emboj/19.1.57 (2000).

Wugeditsch, T. et al. Phosphorylation of Wzc, a tyrosine autokinase, is essential for assembly of group 1 capsular polysaccharides in
Escherichia coli. The Journal of biological chemistry 276, 2361-2371, doi: 10.1074/jbc.M009092200 (2001).

Paiment, A., Hocking, J. & Whitfield, C. Impact of phosphorylation of specific residues in the tyrosine autokinase, Wzc, on its
activity in assembly of group 1 capsules in Escherichia coli. Journal of bacteriology 184, 6437-6447 (2002).

Zahringer, U. et al. NMR-based structural analysis of the complete rough-type lipopolysaccharide isolated from Capnocytophaga
canimorsus. The Journal of biological chemistry 289, 23963-23976, doi: 10.1074/jbc.M114.571489 (2014).

Preston, A., Mandrell, R. E., Gibson, B. W. & Apicella, M. A. The lipooligosaccharides of pathogenic gram-negative bacteria. Critical
reviews in microbiology 22, 139-180, doi: 10.3109/10408419609106458 (1996).

Manfredi, P,, Pagni, M. & Cornelis, G. R. Complete genome sequence of the dog commensal and human pathogen Capnocytophaga
canimorsus strain 5. Journal of bacteriology 193, 5558-5559, doi: 10.1128/JB.05853-11 (2011).

Patrick, S., Houston, S., Thacker, Z. & Blakely, G. W. Mutational analysis of genes implicated in LPS and capsular polysaccharide
biosynthesis in the opportunistic pathogen Bacteroides fragilis. Microbiology 155, 1039-1049, doi: 10.1099/mic.0.025361-0 (2009).
Liu, B. et al. Structure and genetics of Shigella O antigens. FEMS microbiology reviews 32, 627-653, doi: 10.1111/j.1574-6976.2008.00114.x
(2008).

Samuel, G. & Reeves, P. Biosynthesis of O-antigens: genes and pathways involved in nucleotide sugar precursor synthesis and
O-antigen assembly. Carbohydrate research 338, 2503-2519 (2003).

SCIENTIFICREPORTS | 6:38914 | DOI: 10.1038/srep38914 12



www.nature.com/scientificreports/

55. Kneidinger, B. et al. Three highly conserved proteins catalyze the conversion of UDP-N-acetyl-D-glucosamine to precursors for the
biosynthesis of O antigen in Pseudomonas aeruginosa O11 and capsule in Staphylococcus aureus type 5. Implications for the UDP-N-
acetyl-L-fucosamine biosynthetic pathway. The Journal of biological chemistry 278, 3615-3627, doi: 10.1074/jbc.M203867200 (2003).

56. Liu, D., Cole, R. A. & Reeves, P. R. An O-antigen processing function for Wzx (RfbX): a promising candidate for O-unit flippase.
Journal of bacteriology 178, 2102-2107 (1996).

57. Westphal, O. & J., K. Extraction with phenol-water and further applications of the procedure. Methods in Carbohydrate Chemistry.
Whistler, R. L. & Wolfan, M. L. editors, Academic Press, New York 5, 83-91 (1965).

58. Blumenkrantz, N. & Asboe-Hansen, G. New method for quantitative determination of uronic acids. Analytical biochemistry 54,
484-489 (1973).

59. Schnaitman, C. A. & Klena, J. D. Genetics of lipopolysaccharide biosynthesis in enteric bacteria. Microbiological reviews 57, 655-682
(1993).

60. Morona, R., van den Bosch, L. & Manning, P. A. Molecular, genetic, and topological characterization of O-antigen chain length
regulation in Shigella flexneri. Journal of bacteriology 177, 1059-1068 (1995).

61. Aderem, A. & Underhill, D. M. Mechanisms of phagocytosis in macrophages. Annual review of immunology 17, 593-623, doi:
10.1146/annurev.immunol.17.1.593 (1999).

62. Campos, M. A. et al. Capsule polysaccharide mediates bacterial resistance to antimicrobial peptides. Infection and immunity 72,
7107-7114, doi: 10.1128/1A1.72.12.7107-7114.2004 (2004).

63. Renzi, E. et al. Modification of the 1-Phosphate Group during Biosynthesis of Capnocytophaga canimorsus Lipid A. Infection and
immunity 84, 550-561, doi: 10.1128/IAL.01006-15 (2015).

64. Manfredi, P, Renzi, E. & Cornelis, G. R. Draft Genome Sequences of Three Capnocytophaga canimorsus Strains Isolated from Septic
Patients. Genome announcements 3, doi: 10.1128/genomeA.00193-15 (2015).

65. Zdorovenko, E. L. et al. Structure and gene cluster of the O antigen of Escherichia coli L-19, a candidate for a new O-serogroup.
Microbiology 160, 21022107, doi: 10.1099/mic.0.080804-0 (2014).

66. Kalka-Moll, W. M. et al. Inmunochemical and biological characterization of three capsular polysaccharides from a single
Bacteroides fragilis strain. Infection and immunity 69, 2339-2344, doi: 10.1128/IA1.69.4.2339-2344.2001 (2001).

67. Tzianabos, A. O., Onderdonk, A. B., Rosner, B., Cisneros, R. L. & Kasper, D. L. Structural features of polysaccharides that induce
intra-abdominal abscesses. Science 262, 416-419 (1993).

68. Reid, J. H. & Patrick, S. Phagocytic and serum Killing of capsulate and non-capsulate Bacteroides fragilis. Journal of medical
microbiology 17, 247-257, doi: 10.1099/00222615-17-3-247 (1984).

69. Cerdeno-Tarraga, A. M. et al. Extensive DNA inversions in the B. fragilis genome control variable gene expression. Science 307,
1463-1465, doi: 10.1126/science.1107008 (2005).

70. Patrick, S. et al. Multiple inverted DNA repeats of Bacteroides fragilis that control polysaccharide antigenic variation are similar to
the hin region inverted repeats of Salmonella typhimurium. Microbiology 149, 915-924, doi: 10.1099/mic.0.26166-0 (2003).

71. Coyne, M. J., Weinacht, K. G., Krinos, C. M. & Comstock, L. E. Mpi recombinase globally modulates the surface architecture of a
human commensal bacterium. Proceedings of the National Academy of Sciences of the United States of America 100, 10446-10451,
doi: 10.1073/pnas.1832655100 (2003).

72. Liu, C. H,, Lee, S. M., Vanlare, J. M., Kasper, D. L. & Mazmanian, S. K. Regulation of surface architecture by symbiotic bacteria
mediates host colonization. Proceedings of the National Academy of Sciences of the United States of America 105, 3951-3956, doi:
10.1073/pnas.0709266105 (2008).

73. Patrick, S., Reid, J. H. & Coffey, A. Capsulation of in vitro and in vivo grown Bacteroides species. Journal of general microbiology 132,
1099-1109, doi: 10.1099/00221287-132-4-1099 (1986).

74. Singh, A. et al. The capsule of Porphyromonas gingivalis leads to a reduction in the host inflammatory response, evasion of
phagocytosis, and increase in virulence. Infection and immunity 79, 4533-4542, doi: 10.1128/IA1.05016-11 (2011).

75. Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res 25,
3389-3402, doi: gka562 [pii] (1997).

76. Vallenet, D. et al. MaGe: a microbial genome annotation system supported by synteny results. Nucleic acids research 34, 53-65, doi:
10.1093/nar/gkj406 (2006).

77. Mally, M. & Cornelis, G. R. Genetic tools for studying Capnocytophaga canimorsus. Applied and environmental microbiology 74,
6369-6377, doi: 10.1128/AEM.01218-08 (2008).

78. Manfredi, P. et al. New iron acquisition system in Bacteroidetes. Infection and immunity 83, 300-310, doi: 10.1128/IAL.02042-14 (2015).

79. Ferraro, M. J. Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically: approved standard. (NCCLS
National Committee for Clinical Laboratory Standards CLSI Clinical Laboratory and Standards Institute, 2003).

80. Tsai, C. M. & Frasch, C. E. A sensitive silver stain for detecting lipopolysaccharides in polyacrylamide gels. Analytical biochemistry
119, 115-119 (1982).

81. DuBois, M., G., K. A., Hamilton, J. K., Rebers, P. A. & Smith, F. Colorimetric Method for Determination of Sugars and Related
Substances. Analitical Chemistry 28, 350-356, doi: 10.1021/ac60111a017 (1956).

82. Fahrenkrog, B. et al. Domain-specific antibodies reveal multiple-site topology of Nup153 within the nuclear pore complex. Journal
of structural biology 140, 254-267 (2002).

Acknowledgements

We thank E. Maes and the PAGés platform (Plateforme d’Analyses des Glycoconjugués.UMR8576, Univ. Lillel,
CNRS, 59000 Lille) for their scientific and technical contributions, Prof. Henning Stahlberg (C-Cina, Biozentrum
of the University of Basel) for his support, Prof. Ulrich Zéhringer (Leibniz-Center for Medicine and Biosciences,
Borstel, Germany) for his comments and suggestions and P. Manfredi (Biozentrum of the University of Basel),
K. Hack and E. Lawarée (University of Namur) for stimulating discussions. This work was financed by advanced
grant 293605-CAPCAN from the European Research Council and grant SOC 1510582 from the Walloon Region
to G.R.C. ER. is a post-doctoral fellow “chargé de recherche” of the Belgian National Fund for Research (FNRS).

Author Contributions

ER,, S.J.I, and G.R.C. conceived the experiments. ER., S.J.I, LS., EH., EL, M.D,, H.S.,, M.M,, C.E, U.S. and M.C.
performed the experiments. ER., S.J.I, LS., E.H., M.C. and G.R.C. analyzed the data. ER,, S.J.I, LS. and G.R.C.
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFICREPORTS | 6:38914 | DOI: 10.1038/srep38914 13


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Renzi, F. et al. Evidence for a LOS and a capsular polysaccharide in Capnocytophaga
canimorsus. Sci. Rep. 6,38914; doi: 10.1038/srep38914 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38914 | DOI: 10.1038/srep38914 14


http://creativecommons.org/licenses/by/4.0/

	Evidence for a LOS and a capsular polysaccharide in Capnocytophaga canimorsus

	Results

	C. canimorsus 5 has a high molecular weight polysaccharide related to the O-antigen. 
	A capsule is present at the bacterial surface. 
	Identification of the genes encoding the capsule and the O-antigen of C. canimorsus 5. 
	The capsule assembly is Wzx/Wzy dependent. 
	The capsular polysaccharide and the O-antigen repeating units share a structural similarity. 
	Generation of a non-capsulated C. canimorsus strain. 
	The capsular polysaccharide contributes to survival in human serum, resistance to antimicrobial peptides and phagocytosis. 
	Opsonization with anti-LOS O-antigen and capsule antibodies enhances killing in human serum. 
	A capsular polysaccharide is likely a commonality in C. canimorsus. 

	Discussion

	Materials and Methods

	Bacterial strains and growth conditions. 
	C. canimorsus 5 and Y1C12-adsorbed antisera. 
	Immunoblotting of proteinase K-resistant structures. 
	In vivo radiolabeling with [3H] palmitate and fluorography. 
	Gene annotation and LOS/CPS loci analysis. 
	Mutagenesis and allelic exchange. 
	Construction of plasmids for trans-complementation. 
	Human serum sensitivity assay. 
	Polymyxin B sensitivity assay. 
	Phagocytosis assay by flow cytometry. 
	Statistical analysis. 
	LOS isolation. 
	Alcian blue and silver staining of proteinase K-resistant structures. 
	Preparation of the CPS and O-antigen for composition analysis. 
	General and analytical methods. 
	Transmission electron microscopy (TEM). 
	Thin sectioning. 
	Cryo-transmission electron microscopy (Cryo-TEM) analysis. 
	Ethics statement. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Y1C12 mutant shows an altered LPS and lacks a putative CPS.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Identification of the Cc5 O-antigen cluster.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Cc5 O-antigen and capsule monosaccharide composition.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Generation of rough LOS and non-capsulated Cc5.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The capsule protects Cc5 against serum and polymyxin B killing and phagocytosis.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ A capsular polysaccharide is present in several C.


