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Abstract

Capsular polysaccharides (CPSs) protect bacteria from host and environmental factors. Many bacteria can express different 
CPSs and these CPSs are phase variable. For example, Bacteroides thetaiotaomicron (B. theta) is a prominent member of the 
human gut microbiome and expresses eight different capsular polysaccharides. Bacteria, including B. theta, have been shown 
to change their CPSs to adapt to various niches such as immune, bacteriophage, and antibiotic perturbations. However, there 
are limited tools to study CPSs and fundamental questions regarding phase variance, including if gut bacteria can express more 
than one capsule at the same time, remain unanswered. To better understand the roles of different CPSs, we generated a B. 
theta CPS1- specific antibody and a flow cytometry assay to detect CPS expression in individual bacteria in the gut microbiota. 
Using these novel tools, we report for the first time that bacteria can simultaneously express multiple CPSs. We also observed 
that nutrients such as glucose and salts had no effect on CPS expression. The ability to express multiple CPSs at the same time 
may provide bacteria with an adaptive advantage to thrive amid changing host and environmental conditions, especially in the 
intestine.

INTRODUCTION
Many bacteria express capsular polysaccharides (CPSs), 
which protect bacteria from host and environmental factors. 
CPSs have been found in a variety of Gram- negative and 
Gram- positive bacteria as well as fungi and are critical for 
vaccine development and serological classification [1–4]. One 
interesting feature of CPSs is that they are phase variable, 
enabling bacteria to switch between different CPSs. This phase 
variance arises because CPS expression can be regulated by 
DNA inversions near the CPS biosynthesis loci with a revers-
ible on- off phenotype [5–7], trans locus inhibitors [8, 9], 
slipped- strand mispairing [10], tandem sequence duplication 
[11], and NusG- like transcriptional antitermination factors 
[12]. This phase variance is thought to allow an individual 
cell to express one CPS locus, while enabling other cells in 
the population to explore expression of different capsules [8]. 
Such a strategy could improve bacterial fitness by enabling 
bacteria to express the most advantageous CPS in different 
environments [13–19].

Bacteroides thetaiotaomicron (B. theta) is a Gram- negative 
anaerobe that is highly abundant in the human gut microbiota 

and degrades a variety of glycans from the diet, host mucous, 
and other microbes [20]. In addition, when TGF-β and IL-10 
signalling is disrupted in mice, B. theta has been shown to 
cause colitis [21]. B. theta devotes a large portion of its genome 
to CPS production (182 genes in eight distinct genomic loci) 
and expresses eight CPSs (CPS1–CPS8), which can be several 
hundred nanometers thick [22]. B. theta is often used as a 
model gut symbiont to study CPSs because it is currently the 
only bacteria in which the roles of a complete set of capsules in 
a single species can be interrogated by individually expressing 
all eight capsules [23]. Previous work has shown that B. theta 
CPSs provide adaptive advantages by promoting increased 
competitive fitness [23], modulating immune responses 
to dominant antigens [24], and modifying bacteriophage 
susceptibility [25, 26].

Given the importance of CPSs in bacterial fitness, a long-
standing fundamental question is whether bacteria can 
express multiple CPSs at the same time. Current tools to 
analyse CPS expression in the gut microbiota such as qPCR 
and ELISA are limited because they can only determine 
CPS expression in the entire bacterial population; they are 
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unable to examine CPS expression in individual bacteria. 
CPS- specific antibodies are highly specific tools to detect 
CPS expression, but very few CPS- specific antibodies exist. 
For example, although B. theta has eight CPSs, only two B. 
theta CPS- specific antibodies against CPS3 [6] and CPS4 [27] 
currently exist. To deepen our understanding of the functions 
of CPSs, we generated a B. theta CPS1- specific antibody and 
developed a flow cytometry assay to detect CPS expression 
at the level of a single gut symbiont. Using these tools, we 
demonstrated for the first time that bacteria can simultane-
ously express multiple capsules, which is not affected by 
nutrients such as glucose and salt.

METHODS
Generation of CPS-specific antibodies
The CPS1- specific antibody C73 was generated by immu-
nizing C57BL/6 mice with killed CPS1 and boosted. Splenic B 
cells were then fused with P3Ag8.6.5.3 myeloma cells to create 
hybridomas [28]. The CPS3- specific antibody, 3H2, used in 
this study was previously generated and characterized [6]. 
The monoclonal antibodies C73 and 3H2 were fluorescently 
labelled with Alexa 647 and Alexa 750, respectively.

Growth of B. theta
The single CPS- expressing B. theta strains used in this study 
have been generated and characterized previously [23, 24]. 
B. theta strains were grown at 37 °C under anaerobic condi-
tions in a BD GasPak EZ Small Incubation Chamber with 
BD GasPak EZ Anaerobe Container System Sachets with 
Indicator. B. theta strains were grown to mid- log phase in 
tryptone- yeast- extract- glucose (TYG) medium or modified 
TYG medium (mTYG). TYG medium (10 g l−1 tryptone, 5 g 
l−1 yeast extract, 4 g l−1 d- glucose, 100 mM KH2PO4, 8.5 mM 
[NH2]4SO4, 15 mM NaCl, 10 mM vitamin K3, 2.63 mM 
FeSO4·7H2O, 0.1 mM MgCl2, 1.9 mM hematin, 0.2 mM 
l- histidine, 3.69 nM vitamin B12, 413 mM l- cysteine, and 
7.2 mM CaCl2·2H2O) and mTYG medium (20 g l−1 tryptone, 
10 g l−1 yeast extract, 5 g l−1 d- glucose, 8.25 mM l- cysteine, 
78 mM MgSO4·7H2O, 294 mM KH2PO4, 230 mM K2HPO4, 
1.4 mM NaCl, 7.9 mM hemin [hematin], 4 mM resazurin, 
24 mM NaHCO3, 68 mM CaCl2·2H2O) were prepared as 
described previously [29]. Cultures were washed once and 
resuspended in PBS prior to staining.

B. theta ELISA
B. theta cultures were grown to log phase. Immulon two plates 
were coated with poly l- lysine followed by fixed bacterial 
dilutions overnight at 4 °C. Plates were washed, blocked, and 
incubated. The ELISA was developed with biotin- goat anti- 
mouse IgG, streptavidin peroxidase, and then 1- Step Ultra 
TMB- ELISA.

Sample preparation and flow cytometry
B. theta strains were stained with the Invitrogen LIVE/
DEAD BacLight Bacterial Viability kit, C73 conjugated to 
Alexa 647, and 3H2 conjugated to Alexa 750 at 1 : 200 at room 

temperature protected from light for 20 min. Flow cytometry 
was performed with a BD FACS Canto.

Data analysis
FlowJo Software v10.7.1 (FlowJo, LLC, Ashland, OR) was used 
to analyse all flow cytometry experiments. Statistical analyses 
were performed in Prism Software v9 (GraphPad Software, La 
Jolla, CA). P- values were determined using Student’s t- test.

RESULTS

Generation of a CPS1-specific antibody and a flow 
cytometry assay that detects CPS expression in 
individual cells
Recent evidence suggests that CPS1 has interesting immu-
noinhibitory properties because it evades activation of the 
innate and adaptive immune system [24]. To gain further 
insight into CPS1’s functions, we generated the only CPS1- 
specific antibody called C73 (Fig. 1a). Since a previous study 
demonstrated that flow cytometry can be used to identify 
the expression of individual CPSs in Neisseria meningitidis 
[30], we examined if we could use flow cytometry to detect 
CPS expression in individual bacteria in the gut microbiota. 
We directly conjugated C73 to Alexa 647 and found that C73 
could detect CPS1 expression by flow cytometry in pure B. 
theta cultures (Fig. 1b). We then used flow cytometry to screen 
C73 against a complete set of eight single CPS–expressing 
B. theta strains, wild- type (WT), and acapsular (Acap) B. 
theta, which lacks all B. theta CPSs. Thus, we used our novel 
CPS1 antibody and flow cytometry assay to demonstrate that 
C73 also bound to WT, indicating that WT expresses CPS1 
(Fig. 1c). CPS2-8 and Acap do not express CPS1 and did not 
bind to C73, illustrating that C73 can specifically detect CPS1 
expression in B. theta by flow cytometry (Fig. 1c). Our lab has 
previously generated an antibody that is specific for CPS3 
called 3H2 [6]. We showed that 3H2 could also be used to 
identify CPS3 expression by flow cytometry (Fig. 1d). These 
results demonstrate that this flow cytometry assay can be used 
to specifically detect CPS expression in single cells in the gut 
microbiota. Of note, C73 and 3H2 slightly bound to CPS8 by 
flow cytometry (~4 %), though fewer events were captured. 
This suggests that CPS1, CPS3, and CPS8 may share common 
sugars or polysaccharides with similar epitopes or CPS8 could 
bind to IgG with low affinity. Thus, we generated the only 
CPS1- specific antibody, C73, and developed a flow cytometry 
assay to characterize the CPSs expressed by individual gut 
bacteria, which may enhance our understanding of the roles 
of CPSs.

Bacteroides thetaiotaomicron simultaneously 
expresses two CPSs, CPS1 and CPS3, which is not 
affected by glucose or salt
Bacteria have been shown to switch expression of phase 
variable CPSs to adapt to different niches [23]. Yet it remains 
unknown if bacteria can concurrently express multiple 
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capsules. To interrogate if bacteria can express more than 
one capsule at the same time, we performed flow cytometry 
of WT B. theta with the C73 and 3H2 antibodies and found 
that B. theta can express both CPS1 and CPS3 in the same 
cell (Fig. 2a). These results demonstrate for the first time 

that bacteria can simultaneously express multiple capsules. 
This ability to express different capsules at the same time 
likely promotes bacterial fitness by enabling bacteria to 
rapidly acclimate to different conditions and thrive in a 
broader range of environments.

Fig. 1. C73 and 3H2 are CPS1 and CPS3- specific antibodies, respectively, and can detect CPS expression in single cells in the gut microbiota 
by flow cytometry. (a) The amount of C73 that bound to CPS1-8, wild- type (WT), and acapsular (Acap) Bacteroides thetaiotaomicron (B. 
theta) was quantified via ELISA. The data is presented as mean±SD (n=2). Statistical significance was determined by one- way ANOVA 
and post- hoc Tukey test. CPS2-8 are significantly different from CPS1 and WT (P <0.0001); other significant differences are indicated 
by asterisks (***P <0.001, ****P <0.0001). (b) Representative flow cytometry plots showing the gating schema. (c, d) Flow cytometry of 
bacterial cultures were used to determine the amount of (c) C73 or (d) 3H2 that bound to CPS1-8, WT, and Acap B. theta. Numbers indicate 
the percent of live cells in the indicated gates (n=2).
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The factors that drive CPS expression remain poorly 
understood, but previous studies have shown that there 
may be a link between dietary nutrients and CPS expres-
sion [9, 17, 31–36]. In addition, a study demonstrated that 
many Bacteroides fragilis CPSs can incorporate exogenous 
fucose through a complementary glycosyl transferase 
[37]. All of our CPS studies so far had been performed by 
growing B. theta in tryptone- yeast- glucose (TYG) media. 
Another media called modified TYG (mTYG) media has 
been shown to contain significant differences in glucose and 
salts compared to TYG media that affect protein expression 
and immunogenicity of B. theta [29]. We grew WT B. theta 
in TYG versus mTYG media and found that there were 
no differences in CPS1 and CPS3 expression in B. theta 
(Fig.  2b). WT B. theta grown in mTYG media without 
glucose or mTYG media with TYG salts also showed no 
differences in CPS1 and CPS3 expression (results not 
shown). Together, these data suggest that glucose and salt 
do not regulate expression of CPSs.

CPSs are diverse structures that promote bacterial survival 
by providing critical protection against environmental and 
host factors, but the roles of CPSs remain poorly under-
stood. One challenge in ascertaining CPS functions is the 
limited availability of tools to study CPS expression. Here, 
we generated two novel tools to study CPSs: a B. theta- 
specific CPS1 antibody and a flow cytometry assay to iden-
tify CPS expression in individual cells in the gut microbiota. 
Using these tools, we answered a fundamental question in 
the CPS field by demonstrating that individual bacteria 
can simultaneously express multiple CPSs. We also showed 
that glucose and salts do not affect CPS expression. These 
findings suggest that CPS diversity is not limited to single 
CPSs expressed by each cell; rather, the potential diversity 
of CPS coating in gut Bacteroides is exponentially expanded 
by combinatorial CPS expression. Future studies are needed 
to determine the mechanism by which multiple CPSs are 
co- expressed, such as a mixture of separate polysaccharide 
molecules on the cell surface or hybrid polysaccharide 
structures, as well as how CPSs are organized on the cell 

Fig. 2. B. theta simultaneously expresses CPS1 and CPS3, which is not affected by glucose or salt. (a) Representative flow cytometry plots 
of C73+ and/or 3H2+ cells in WT or Acap B. theta cultures. Numbers indicate the percent of cells in the indicated gates. (b) Percentage of 
WT B. theta cells that express CPS1, CPS3, or both CPS1 and CPS3 (n=3). (c) Representative flow cytometry plots of C73+ and/or 3H2+ 
cells in WT B. theta cultures grown in tryptone- yeast- extract- glucose (TYG) medium or modified TYG medium (mTYG) media. Numbers 
indicate the percent of cells in the indicated gates. (d) Percentage of WT B. theta cells grown in TYG or mTYG media that express CPS1, 
CPS3, or both CPS1 and CPS3 (n=3). Statistical significance was determined by Student’s t- test.
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surface. Furthermore, this CPS diversity greatly increases 
the possibilities of antigenic variation, especially if varying 
amounts of individual CPSs or more than two CPSs are 
involved, and novel CPS roles likely remain to be discovered. 
Whether the simultaneous expression of multiple capsules 
that we observe in B. theta is a general phenomenon in gut 
bacteria remains to be elucidated. Identifying other factors 
that drive CPS expression may also provide further insight 
into the functional roles of CPSs.
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