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Abstract: A large number of children in the autism spectrum disorder suffer from gastrointes-

tinal (GI) conditions, such as constipation and diarrhea. Clostridium bolteae is a part of a set 

of pathogens being regularly detected in the stool samples of hosts affected by GI and autism 

symptoms. Accompanying studies have pointed out the possibility that such microbes affect 

behaviour through the production of neurotoxic metabolites in a so-called, gut-brain connec-
tion. As an extension of our Clostridium difficile polysaccharide (PS)-based vaccine research, 

we engaged in the discovery of C. bolteae surface carbohydrates. So far, studies revealed that 

C. bolteae produces a specific immunogenic PS capsule comprised of disaccharide repeating 

blocks of mannose (Manp) and rhamnose (Rhap) units: α-D-Manp-(1→[-4)-β-D-Rhap-

(1→3)-α-D-Manp-(1→]n. For vaccinology and further immunogenic experiments, a method 

to produce C. bolteae PS conjugates has been developed, along with the chemical syntheses 

of the PS non-reducing end linkage, with D-Rha or L-Rha, α-D-Manp-(1→4)-α-D-Rhap-

(1→O(CH2)5NH2 and α-D-Manp-(1→4)-α-L-Rhap-(1→O(CH2)5NH2, equipped with an 

aminopentyl linker at the reducing end for conjugation purposes. The discovery of C. bolteae 

PS immunogen opens the door to the creation of non-evasive diagnostic tools to evaluate the 

frequency and role of this microbe in autistic subjects and to a vaccine to reduce colonization 

levels in the GI tract, thus impeding the concentration of neurotoxins. 

Keywords: Clostridium bolteae, polysaccharide, synthesis, conjugate, TEMPO, autism, diagnostic, vaccine, gastro-

intestinal disorders, gut-brain axis. 

1. INTRODUCTION 

Autism is a neurological disorder clinically defined 

by social and communication impairments with repeti-

tive and restricted patterns of interests and behaviours 

[1]. It is estimated that the occurrence of autism spec-

trum disorders (ASD) ranges from 0.72 - 1.57% in 

child populations [1] with the cost for each person, 

over a lifetime, believed to be around $3.2 million [2]. 

Associated with ASDs is a high incidence of medical 

conditions that include epilepsy, sleep deprivation and 

gastrointestinal (GI) problems [1]. Indeed, data points 

to the fact that approximately 90 % of ASD patients 

suffer from GI problems [3]. A number of GI compli-

cations are observed in ASD patients, such as diarrhea, 

excess wind, abdominal pain, constipation and abnor- 
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mal feces [3]. Parents and care-givers of ASD patients 

regularly claim that the GI problems and behavioral 

symptoms are exhibited in parallel [3].  

It has been speculated that there is a connection be-

tween the administration of antibiotics and the onset of 

GI disorders. On average, children who pre-

sent/develop ASD suffered from a higher instance of 

ear infections, than developmentally normal children, 

and therefore were administered significantly more an-

tibiotics [2]. It has been shown that the use of antibiot-

ics has the ability to disrupt the GI commensal flora 

and create an ecological imbalance [4]. This shift in 

microbial equilibrium then allows for the overgrowth 

of bacterial species that have the potential of being 

pathogenic [4]. 

Several chronic diseases have been associated with 

a GI tract limited in microorganism diversity [5], but it 

is difficult to determine whether the decreased biotic 
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diversity is due to the disease or vice-versa. Along 

these lines, it has been observed that ASD patients also 

have abnormal GI bacterial flora compared to devel-

opmentally normal children [6]. It has been demon-

strated that switching the gut microbiota of a timid 

mouse line with a more aggressive mouse line resulted 

in a concurrent switch of the behavioral profiles of the 

mice [5, 7]. 

In 2005, Parracho et al. reported that approximately 

90% of ASD patients suffered from GI disorders, in-

cluding constipation and diarrhea [3]. Adding to this 

data, in 2006, Valicenti-McDermott et al. evaluated 

patients with ASD and with a history of the family 

auto-immune disease, and found that 70% of children 

with ASD also had GI disorders, compared to 42% of 

children with other developmental disorders [8, 9]. A 

2002 study showed that children with ASD had a 

higher abundance of Clostridia species in their GI flora 

than control children [8, 10]. One Clostridia pathogen 

that is now regularly affiliated in this relationship, is 

Clostridium bolteae [11]. 

Clostridia species, when fed a diet of sugar and re-

fined carbohydrates, produce short-chain fatty acids 

(SCFAs), such as propionic acid (PPA) [12, 13]. Due to 

its existence in both ionized and non-ionized form at 

physiological pH, PPA is able to readily cross the gut-

blood barrier [14]. PPA is able to travel even further in 

the body through its ability to cross the blood-brain 

barrier and ultimately enter the central nervous system 

(CNS) [14]. When SCFAs are able to reach the CNS 

they are often taken up by the glia and, less frequently, 

by the neurons [14]. The SCFAs have an effect on an 

array of physiological processes and excessive concen-

tration of PPA may lead to negative effects on health 

and behaviour. There are a number of conditions, either 

inherited or acquired, that are developed at varying 

stages of life due to PPA [14], and are often associated 

with symptoms such as developmental delay or regres-

sion, seizures, metabolic acidosis and GI problems 

[14]. Symptoms associated with elevated levels of PPA 

are somewhat reminiscent of those associated with 

ASDs, and recent studies have begun to explore the 

possibility of PPA playing a role in behavioral and 

health symptoms associated with ASDs. The brain and 

behavioural abnormalities instigated by PPA are simi-

lar to the symptoms observed in humans with ASD 

[15]. This connection strongly points out a direct influ-

ence of a bacterial metabolite on human behaviour [8]. 

In 1998, Ms. Bolte approached Dr. Finegold in a 

quest to find answers about persistent GI ailments in 

ASD patients [16]; their initial research ultimately 

pointing to Clostridium species being a possible culprit, 

specifically C. tetani [16]. The involvement of C. tetani 
was particularly interesting due to the fact that this an-

aerobic bacillus produces a potent neurotoxin. Indeed, 

the Clostridia microbe family is thought to be involved 

in the initiation of many illnesses [16]. As aforemen-

tioned, colonization of the GI ecosystem by opportunis-

tic bacteria, such as Clostridia species (e.g. Clostridium 
difficile), is made easier by the repeated use of general 

antibiotics. It has also been noted that prior to a child 

regressing into late-onset autism, they have been sub-

jected to multiple doses of broad-spectrum antibiotics 

[16]. The new hypothesis formulated by Bolte and 

Finegold led to an increased interest in the GI micro-

bial content found in ASD patients, and indeed, subse-

quent in-depth studies have revealed possible roles of 

microorganisms in the onset of ASD symptoms  

[17-19].  

Nowadays, stool samples from ASD patients are the 

target of analyses looking for abnormalities in flora 

diversity, including differences in bacterial colony 

counts. In a 2004 study, it was noticed that another 

Clostridia specie, C. clostridioforme, was present in 

ASD patients (with late-onset autism) but was not ob-

served in stool samples from the control group [17, 20]. 

Additional examinations of C. clostridioforme uncov-

ered that it was comprised of 3 principle species; C. 
clostridioforme, C. hatheway and C. bolteae [20]. Of 

these, C. bolteae was present in the stool of the major-

ity of children involved in the study [17, 20], and with 

the concentration of C. bolteae being significantly 

higher in ASD children than the control group [20].  

Clostridia are usually eliminated through the use of 

broad-spectrum antibiotics, such as vancomycin. Given 

that Clostridia species, such as C. bolteae, may be as-

sociated with ASDs, a vancomycin treatment was at-

tempted in a small sampling of children presenting re-

gressive late-onset autism [21]. During the 8 week 

study, the children were observed for changes in be-

havior and communication [21]. The majority of the 

children showed an improvement in these psychologi-

cal markers over the 8 weeks, but parents reported that 

regression to their baseline began about 2 weeks after 

the vancomycin treatment was ceased [21]. Two to 

eight months after the treatment ended, all children, 

except one, were reported to have deteriorated back to 

baseline behavior or worse [21]. Vancomycin is a ‘last-

resort’ antibiotic that is utilized to treat Gram-positive 

bacterial infections. While it is an effective treatment to 

fight C. difficile infections, its use causes a delay in the 

recovery of the native fecal microflora [22], causing 
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reoccurrences of Gram-positive pathogens. In addition 

to the reoccurrence of infection, the chance of develop-

ing antibiotic resistance also increases with repetitive 

use of this strong antibiotic. Indeed, Enterococci, such 

as staphylococci, have begun to show vancomycin re-

sistance, a major problem now in the US and Europe 

[23, 24]. The increasing threat of antibiotic resistance 

means that prolonged use of vancomycin is not a good 

option for ASD treatment. Increasing our knowledge 

base about microbes putatively involved in GI ill-

nesses, and associated behavioural traits, perhaps anti-

biotic-free treatment options can be advanced. 

Microbes, such as bacteria, expose complex carbo-

hydrates, polysaccharides (PS), as the outer-most 

decoration on their cell wall. These specie-specific PSs 

can form the basis of microbial serotyping systems, and 

used as diagnostic and vaccine targets. As microbiolo-

gists begin to establish which bacterial species may be 

associated with GI disorders in ASD patients, their sur-

face carbohydrates can be explored for clinical pur-

poses. For example, a C. difficile PS-based vaccine has 

shown the potential to control colonization and disease 

burden [25]. Hence, it may be feasible to generate PS-

based products to help detect and control C. bolteae, 

thus preventing the accumulation of high levels of neu-

rotoxic metabolites. 

2. THE CLOSTRIDIUM BOLTEAE POLYSAC-

CHARIDE 

Structural analysis of bacterial PSs is the foundation 

for several fields of microbial-focus research, such as 

serotype designation, genetics, virulence, immuno-

chemistry and diagnostics. Knowledge of PS fine struc-

ture is also key in the development of anti-bacterial PS-

protein conjugate vaccines, in that only after the struc-

tural features are known can one devise effective and 

consistent chemical conjugation strategies. So far, our 

studies have revealed that C. bolteae expresses a spe-

cific capsular PS composed of disaccharide repeating 

units of 4-linked rhamnose [→4)-Rha-(1→] and 3-

linked mannose [→3)-Man-(1→] as shown in (Fig. 1) 

[26, 27]. The non-reducing end of the PS is terminated 

by a Man residue in a Man-(1→4)-Rha linkage: α-D-

Manp-(1→[-4)-β-D-Rhap-(1→3)-α-D-Manp-(1→]n. To 

assess C. bolteae PS immunogenicity, New Zealand 

rabbits were immunized with purified capsule PS. Se-

rum samples from the animals were collected and used 

in immunological studies that revealed that antibodies 

were raised against the C. bolteae PS, with a strong 

interaction between antibody and PS down to a 1:1000 

dilution [26, 27]. 
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Fig. (1). The structure of a proposed C. bolteae disaccharide 

repeating block: [→3)-α-D-Manp-(1→4)-β-D-Rhap-(1→]. 

3. CONJUGATION OF CLOSTRIDIUM BOLTEAE 

POLYSACCHARIDE TO PROTEIN 

In conjugate vaccine development, periodate-based 

oxidation (to generate aldehydes) of bacterial PSs has 

become a go-to approach for conjugation of carbohy-

drates to proteins [28]. However, this methodology 

poses difficulties when vicinal diols are widely distrib-

uted throughout the PS backbone, in that, even when 

stoichiometric amounts of periodate are used, it is dif-

ficult to achieve consistency in batch-to-batch oxida-

tion levels. In the case of C. bolteae capsule PS, the 

presence of 4-substituted Rha unit presented such a 

challenge and thus another process to activate the PS 

for conjugation was needed. In our laboratory, we have 

devised a scheme for direct conjugation of PSs to pro-

tein by selectively oxidizing primary hydroxyls (e.g. C-

6 in hexoses or C-7 in heptoses) using 2, 2, 6, 6-

tetramethylpiperidin-1-oxyl (TEMPO)-mediated oxida-

tion [29]. This PS activation method allows for full or 

stoichiometric oxidation of PS primary hydroxyls, to 

aldehydes or carboxylic acid moieties, without disrupt-

ing the structural integrity of the PS backbone [29]. 

C. bolteae capsule PS was thus activated via 

TEMPO-mediation oxidation (Fig. 2) [30]. 

Stoichiometric and selective oxidation of the PS could 

be affected at the sole primary hydroxyl group in the 

disaccharide repeating block, the C-6 of Man [30]. The 

TEMPO-mediation oxidation was shown to solely de-

rivatize the primary hydroxyl present at C-6 of the Man 

residues, with the 1D-1H NMR confirming that the 

original disaccharide structure was left intact after oxi-

dation [30]. Carbodiimide chemistry was then used to 

conjugate the activated PS to a carrier protein (CRM197) 

in a 2:1 ratio by weight, respectively [30]. The integrity 

of the conjugated PS was confirmed following conju-

gation by 1D-1H NMR, in which resonances character-

istic of CRM197 protein were also present [30]. 
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4. SYNTHESIS OF THE NON-REDUCING END 

LINKAGE OF CLOSTRIDIUM BOLTEAE POLY-

SACCHARIDE 

The chemical syntheses of bacterial capsule PS re-

peating oligosaccharides, or subunits thereof, afford 

well defined homogenous glycan structures that are 

useful in evaluating the immunochemistry of PS epi-

topes. To this end, the first exploratory synthesis of a 

C. bolteae PS substructure is also described here. Due 

to the fact that antibodies are readily generated against 

the non-reducing end of PSs, the first synthesis was 

that of a disaccharide containing the non-reducing end 

D-Man-(1→4)-D-Rha linkage of C. bolteae PS [30]. 

This PS substructure was incorporated in a α-D-Manp-

(1→4)-α-D-Rhap-(1→O(CH2)5NH2 format, 1 (Scheme 

1), with a aminopentyl linker at the reducing end for 

potential conjugation experiments. In our synthesis of 

Campylobacter jejuni capsule PS substructures [31] we 

have observed that the anomeric configuration of the 

unit carrying the aminopentyl linker at C-1 does not 

play a role in the immunodetection of the other glyco-

sidic linkages in the oligosaccharide (OS). Thus, in this 

first attempt, the Rha unit in disaccharide 1 is present 

in the α configuration. Ongoing synthetic strategies to 

produce lengthier C. bolteae PS capsule fragments (di- 

and tetra-disaccharide repeats) including Rha in the β 

configuration are ongoing. 
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Scheme 1. Generation of C. bolteae disaccharide 1 equipped 

with an aminopentyl linker at the reducing end [30]. 

The trichloroacetimidate activated mannosyl donor 

2 was prepared from D-Man [32], and the 4-hydroxyl 

rhamnosyl acceptor 3 was prepared from D-Rha [33]. 
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Fig. (2). Conjugation of the C. bolteae PS to CRM197 protein. First, TEMPO-mediated oxidation activates the primary hy-

droxyl on the Man residue and then carbodiimide-like chemistry is used to conjugate the activated PS to the carrier protein 

CRM197.  
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Glycosylation between donor 2 and acceptor 3 was car-

ried out using activator TMSOTf at -10 °C, resulting in 

a 69% yield of disaccharide 4 with a newly formed α 

linkage [34]. The β-Man anomer was not observed. 

Disaccharide 4 was treated with ammonium cerium 

(IV) nitrate (CAN) at 0 °C to remove the 4-

methoxyphenol protecting group [35]. After 30 min-

utes, disaccharide 5, with a free hydroxyl at the ano-

meric center of D-Rha, was obtained with a 50% yield 

(Scheme 2). 

O

O

OAc

OAc

AcO

AcO

2 + 3
a fO

H3C

O

O

OR

1

b

c

d

4   R = OMP

5   R = OH

6   R = OC(NH)CCl3

7   R = O(CH2)5NHCbz

e 8   R = O(CH2)5NH2  

Scheme 2. Reagents and conditions [30]: (a) TMSOTf, 

CH2Cl2, -10°C, 69% (b) CAN, CH3CN:H2O, 0°C, 50%, (c) 

K2CO3, CH2Cl2, CCl3CN, RT, 29%, (d) TMSOTf, 5-aminio-

N-benzyloxycarbonyl pentanol, CH2Cl2, RT, 46%, (e)  

NH3 (l), Na (s), THF, -78°C, 21%, (f) AcOH:H2O, 80°C, 81%. 

Disaccharide 5 was activated with 

trichloroacetonitrile, and after 48 hours of stirring the 

reaction mixture at room temperature, trichloro-

acetimidate disaccharide donor 6, was obtained with a 

yield of 29% (α product). Disaccharide 6 was subse-

quently activated with TMSOTf, at room temperature, 

and an aminopentyl linker was introduced to disaccha-

ride donor 6. After one hour at room temperature, di-

saccharide 7 with the α-oriented aminopentyl linker 

was afforded with a 46% yield (Scheme 2). Disaccha-

ride 7 was subjected to global deprotection to yield 

21% of product 8 (Scheme 2). The 2,3-O-

isoproprylidene was not removed with basic deprotec-

tion and 8 was treated with acetic acid to yield the final 

product 1 with an 81 % yield (Scheme 2) [30]. A vari-

ant of disaccharide 1 containing L-Rha (instead of D-

Rha) was also synthesized following the same reaction 

steps and with comparable yields (Pequegnat and Mon-

teiro, unpublished results). 

5. REMARKS AND FUTURE DIRECTIONS 

Although still at early stages, investigations into the 

relationship between the human gut microbiome and 

health have revealed interesting findings, especially 

those that are related to a likely association between 

gut-flora compositions and neurological disorders, in a 

so-called ‘gut-brain’ axis [36]. One of the most 

intriguing findings has been the detection of a set of gut 

bacteria in autistic patients, which also suffer from GI 

disorders [5]. These gut pathogens, especially 

Clostridia pathogens, excrete metabolites, such as 

short-chain fatty-acids, that cross the brain barrier, and 

are believed to act as neurotoxins instigating autism-

like symptoms, especially during early stages of brain 

development [5]. C. bolteae is one of the pathogens 

that regularly show up in stool material of autistic 

subjects [3]. 

During the past decade, we have researched the sur-

face PSs displayed by a clinical important Clostridia 

pathogen, C. difficile [37-40]. C. difficile PSs (capsules 

PS-I and PS-II, and lipoteichoic acid PS-III) were 

found to be immunogenic and circulating antibodies 

specific for C. difficile PSs have also been detected in 

humans and horses [38, 41]. These native capsular PSs, 

and synthetic substructures have also been incorporated 

into anti-C. difficile conjugate vaccines, with pre-

clinical tests showing a marked reduction in disease 

burden and colonization levels [25, 40, 42]. Our expe-

rience with C. difficile encouraged us to investigate the 

cell-surface carbohydrates of C. bolteae. We discov-

ered that C. bolteae produces a specific capsule PS 

immunogen that so far seems to be shared by C. 
bolteae strains: α-D-Manp-(1→[-4)-β-D-Rhap-(1→3)-

α-D-Manp-(1→]n. This C. bolteae capsule PS differs 

from those expressed by other Clostridia species [37, 

43]. The conserved nature of the C. bolteae capsule PS 

follows the trend observed in C. difficile, in that diverse 

ribotypes also expose a regular cell-wall capsule PS 

[37].  

The uncommon D-Rha observed here is also a key 

component of Pseudomonas aeruginosa lipopolysac-

charide (A-band), in which it is biosynthesized from 

GDP-D-Man [44, 45]. Since D-Man is also a member 

of C. bolteae PS, perhaps a similar genetic mechanism 

may be responsible for furnishing D-Rha from GDP-D-

Man in C. bolteae. Conversely, L-Rha may be gener-

ated from UDP-D-Glc [46]. Preliminary genome analy-

sis of a C. bolteae strain 14578 has identified, albeit 

with low percentage homology, enzymes that may be 

capable of yielding L-Rha [47]. However, within the 

limits of detection, we have only been able to charac-

terize D-Rha in C. bolteae through the detection of the 

corresponding diastereomer (as the butyl-glycoside) by 

gas chromatography-mass spectrometry. To further 
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probe the presence of D-Rha and/or L-Rha in C. 
bolteae capsule PSs, we have also incorporated L-Rha 

in a α-D-Manp-(1→4)-α-L-Rhap-(1→O(CH2)5NH2 

format, and the syntheses of longer C. bolteae PS sub-

structures for molecular modelling and high-field NMR 

studies are ongoing by our collaborator, France-

Isabelle Auzanneau [48]. 

CONCLUSION 

The C. bolteae capsule PS immunogen described 

here represents a key tool that may be used in research 

strategies aimed at evaluating the significance of this 

microbe in ASD-related health. At the outset, this C. 
bolteae PS, and related synthetic fragments, may be 

used in experiments to assess the presence of natural 

anti-C. bolteae PS circulating antibodies or in stool 

material. The capsule PS can also be used to raise anti-

body preparations that could be used in the develop-

ment of a C. bolteae serotyping system, and in diagnos-

tic kits to detect and assess the incidence of this patho-

gen in a clinical setting. Ultimately, if C. bolteae is de-

termined to be a pathogen in part responsible for the 

onset or aggravation of certain ASD disorders, one 

could envisage the usage of this capsule PS as a vac-

cine to control colonization levels and disease burden. 
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