GUT MICROBES
2019, VOL. 10, NO. 2, 204-209
https://doi.org/10.1080/19490976.2018.1491266

Taylor & Francis
Taylor &Francis Group

ADDENDUM

W) Check for updates

The role of trehalose in the global spread of epidemic Clostridium difficile
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ABSTRACT

In a recent study, we reported on two distantly related, epidemic lineages of Clostridium difficile
that have acquired independent mechanisms to metabolize low concentrations of trehalose. Here
we provide further comment and evidence that a third epidemic lineage common in Asia and

Europe, ribotype 017, has evolved this ability.

Introduction

Clostridium difficile infection (CDI) is the leading
cause of hospital associated infection in the devel-
oped world. Symptoms range from mild diarrhea to
life threatening pseudomembranous colitis. The
Clostridium difficile species is composed of hundreds
of genetic lineages (also known as ribotypes), though
only a small number are responsible for the majority
of infections." We have recently shown that two
epidemic ribotypes, RT027 and RT078, have evolved
novel methods to metabolise low levels of trehalose.”
A disaccharide of glucose, trehalose was introduced
to the food chain en masse during the early 2000s
following a precipitous drop in manufacturing costs
and “generally regarded as safe” (GRAS) status in the
USA and Europe. In this addendum we expand on
the ideas put forth in our prior publication and
provide new data on a third epidemic ribotype,
RTO017, that is frequently found in Asia and Europe.

Colonization resistance, nutrient niches, and
CDI infection

Treatment with antibiotics is the predominant risk
factor associated with CDI; as antibiotics signifi-
cantly alter the composition and diversity of the
intestinal microbiota.>* It has been demonstrated
that the microbial community present in native
microbiota provide resistance against intestinal
pathogens, including C. difficile, and antibiotic
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treatment lowers this resistance.”® Colonization
resistance is mediated in part by microbial competi-
tion for available resources and nutrient limitation,”
a hypothesis first put forth by Rolf Freter.® Freter’s
‘nutrient niche’ hypothesis states that for a species to
be successful in the intestine, it must grow better
than other competitors on one or on a small number
of growth-limiting nutrients. This hypothesis has
been extensively tested and is supported by a robust
collection of evidence, including our recent study of
C. difficile utilization of trehalose.> The ability of
RT027 and RT078 strains to metabolize very low
concentrations of trehalose, not detected by other
ribotypes, provides a competitive advantage to
these strains, potentially helping drive their preva-
lence clinically.

Dietary trehalose consumption has
significantly increased

Prior to 1995 in Japan and 2000/2001 in the United
States and Europe, almost all trehalose consumed
came via natural sources. Mushrooms, yeast,
honey, and shellfish all contain trehalose but their
combined dietary contribution is low in comparison
to added sugars in processed foods. Data from the
USDA lists the per capita consumption of fresh
mushrooms and honey in the USA in 2000 as
1.18 kg (with ~ 60% being the common white mush-
room, agaricus bisporus) and 0.5 kg respectively.
One-hundred grams of fresh white mushrooms
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contains 0.16 g of trehalose with other common
edible mushroom species containing between 0.22-
8.01 g trehalose per 100 g fresh weight.'"” Honey
primarily consists of glucose and sucrose with treha-
lose accounting for a tiny fraction of the sugar con-
tent at 4.6 mg g “'' Taken together, a reasonable
estimate of trehalose consumption from these pro-
ducts stands at ~ 21 g per person per year. Allowing a
liberal 5 fold increase from other dietary sources,
realistic trehalose consumption from natural sources
could be estimated at < 0.3 g per person per
day (USA).

The mid-1990s saw development of an innova-
tive enzymatic process for industrial scale produc-
tion of trehalose from starch.'? This process led to
a precipitous drop in price to less than a hun-
dredth of its initial cost and paved the way for
trehalose’ use in the food industry. Regulatory
approval in the 2000s led to widespread adoption
of trehalose in the USA and Europe. Foods where
trehalose addition has been proposed to be bene-
ficial include: baked goods, breakfast cereals, rice
and pasta, processed vegetables, fruit (dried and
juiced), milk products, meat and fish products,
sweets, chewing gum, and ice cream. Owing to
its many uses, the FDA GRAS report for trehalose
considers a potential mean consumption level of
3443 g day - many times that consumed via
natural sources."

Trehalose metabolism

Trehalose is not transported as a disaccharide into
the bloodstream upon ingestion. Instead, a brush
border trehalase enzymatically hydrolyzes treha-
lose to two D-glucose molecules which are subse-
quently absorbed and metabolized. Trehalase
activity is greatest in the proximal and mid-small
intestine, decreasing towards the distal ileum."*

A number of studies have compared blood glu-
cose levels (and other responses) of fasted subjects
following consumption of either glucose or treha-
lose. A consistent finding of these studies was that
trehalose ingestion results in a significantly lower
blood glucose peak when compared to ingestion of
glucose. Crucially, not only were the initial spikes
lower but the incremental area under the curve
was also significantly reduced.'>'® Trehalose can
inhibit glucose transport through solute carrier 2A
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(SLC2A) transporters with a half-maximal inhibi-
tory concentration (ICsp) of 17.3-73.1 mM
(SLC2A1-4)." This could partially account for
the observed reduction in blood glucose levels.
Paradoxically, if trehalose were efficiently con-
verted to glucose by the brush border trehalase,
these glucose molecules would be available to
uninhibited SLC2A transporters further along the
small intestine. It is likely therefore that not all of
the trehalose is hydrolyzed to glucose and
absorbed but rather an undetermined amount
remains in the lumen where it is available for
microbial fermentation. Indeed, this hypothesis is
supported by data demonstrating microbial detec-
tion of trehalose in the ceca of mice fed trehalose
(but not those given water) and in the ileostomy
effluent of patients consuming their normal
diet.>'®

Able to act as both an energy source and
stress protectant, trehalose and its associated
metabolic pathways are widely distributed
among prokaryotes.'” Although Clostridium dif-
ficile is unable to generate its own trehalose, all
strains sequenced to date possess a two gene
operon (treRA) enabling its catabolism. In the
absence of trehalose, a repressor (TreR) binds
upstream of treA preventing its transcription
(Figure 1A). When present, trehalose is trans-
ported into the cell and phosphorylated to tre-
halose-6-phosphate (T6P) via an as yet
unknown transporter. Buildup of sufficient
T6P within the cell enables binding of T6P to
TreR, derepression of treA, and its subsequent
transcription. Despite all ribotypes possessing
the ability to metabolise trehalose, only a
small number are able to utilize low concentra-
tions, namely RTO027/RT244/RT176 (closely
related ribotypes in clade 2) and RTO078/
RT033/RT045/RT066/RT126, found in clade 5.
To do this they have evolved independent
mechanisms (see Figure 1). The RT027 group
possess a conserved L172I substitution in the
repressor (TreR, see Figure 2D) that results in
exquisite sensitivity to trehalose (Figure 1B).
The RTO078 group possess a canonical treRA
operon as well as an extra 4 gene insert encod-
ing a second trehalase (treA2), repressor
(treR2), transporter (ptsT), and trehalose asso-
ciated protein (treX) (Figure 1C). In this case it
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Figure 1. Trehalose metabolism in Clostridium difficile. (A) Canonical metabolism. Under low trehalose conditions the repressor
(TreR) remains bound upstream of treA preventing transcription. Under high trehalose concentrations, trehalose-6-phosphate binds
to TreR enabling transcription of treA, its subsequent translation and metabolism of trehalose-6-phosphate to glucose and glucose-6-
phosphate. (B) In RT027 group strains a conserved mutation in treR, encoding an L1721 amino acid substitution near the the effector
site, results in increased sensitivity to trehalose-6-phosphate and derepression of treA under low trehalose conditions. (C) RT078
group strains possess an extra 4 gene cassette as well as the canonical treRA operon. The additional trehalose transporter, PtsT,
enables efficient transport and metabolism under low trehalose conditions.
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Figure 2. A ribotype 017 strain can utilize low concentrations of trehalose. (A) Biolog 96-well Phenotype MicroArray carbon
source plate PM1 was used to examine the metabolic profiles of strains CD2048 (RT053), M68 (RT017) and CD2015 (RT027). Among
the carbohydrates tested, strains M68 (RT017) and CD2015 (RT027) displayed a ~ 3 fold increase in growth in the presence of
trehalose over no carbohydrate media. CD2048 (RT053) was unable to utilize trehalose. (n = 2) (B) M68 reaches a similar maximum
optical density in defined minimal media supplemented with 10 mM trehalose as epidemic ribotype 027. No growth difference is
observed in 20 mM glucose. (n = 3). (C) Both M68 (RT017) and CD2015 (RT027) strongly induce treA in the presence of 10 mM
trehalose and at a significantly higher level than CD2048 (RT053) . No treA induction is observed in 20 mM glucose.(n = 3). treA
expression was normalised to the 16S ribosomal subunit. (D) Multiple sequence alignment of the TreR protein. The consensus
sequence for C. difficile near the predicted TreR operator is displayed in large letters while the individual sequences are aligned
below. * RT053 sequence is the consensus sequence for all other ribotypes. Figs A-C: All replicates are biological, bars = mean,
error = sd.



is the trehalose transporter that provides the
ability to metabolize low trehalose levels by
efficiently importing trehalose into the cell.

Global spread of C. difficile

First described in 1935 by Hall and O’Toole,* it
wasn’t until 1978 that C. difficile was identified as
the predominate bacterial cause of antibiotic-asso-
ciated diarrhea and pseudomembranous colitis.*'
For the ensuing two decades, C. difficile was
regarded as little more than an easily treatable,
general nuisance.”” Since the turn of the century,
however, a small number of epidemic strains
(including RT027 and RT078) have caused a resur-
gence in CDI with increased disease severity.

The spread of C. difficile ribotypes driving dis-
ease has not been uniform. While RT027 and
RT078 strains are common throughout North
America and Europe they are relatively rare in
Asia.”® Indeed, the overall prevalence of CDI in
Asia has, historically, been low in comparison to
North America.** This may be partially due to lack
of surveillance and reporting with recent studies
indicating increasing disease incidence. Despite
this, the scarcity of these ribotypes in Asia and
especially Japan, where consumption of trehalose
is high, is both interesting and puzzling. Trehalose
is one factor of many that have contributed to the
rise of RT027 and RT078 groups. One possibility is
another key factor, present in North America and
Europe but lacking in Japan, contributes to RT027
and RT078 outbreaks. Another hypothesis is that
ribotypes common in Asia have also acquired the
ability to utilize low trehalose levels.

A ribotype 017 strain can metabolise low
levels of trehalose

RTO017 (sequence type 37) strains are characterized
as toxin A-negative, toxin B-positive strains and
have been attributed to a large number of out-
breaks in Asia and Europe.”> One of these strains,
M68, was isolated in 2004 from an outbreak in
Dublin, Ireland.”® We examined this strain for
carbon utilization compared to other C. difficile
clinical isolates in Biolog 96-well Phenotype
MicroArray carbon source plates. Surprisingly,
M68 was able to utilize trehalose at a level
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comparable to RT027 strains (Figure 2A). To
further explore the threshold of trehalose utiliza-
tion in this strain we performed growth assays in
chemically defined minimal medium supplemen-
ted with 10 mM trehalose (Figure 2B). In a com-
plementary approach we measured expression of
treA, encoding the trehalase enzyme, in minimal
medium supplemented with 10 mM trehalose.
Expression of treA was induced 83.7 + 27.4 fold
in M68 and 62.4 + 24.2 fold in CD2015 over the
no trehalose control (Figure 2C). In contrast
CD2048 (RT053) showed no increase in treA
expression. Taken together, these results demon-
strate that like epidemic RT027 strains, RT017
strains, can grow on low trehalose concentrations
and that metabolism is via the TreA enzyme.
Comparative genomic analysis revealed a con-
served sequence variation in freR resulting in a
C171S amino acid substitution in all RT017 strains
sequenced to date. This amino acid substitution is
near the predicted effector binding pocket of TreR
and immediately adjacent to the L172I amino acid
substitution found in RT027 strains (Figure 2D).

Conclusion

The human gastrointestinal tract (GIT) is home to
hundreds of coexisting species; each competing
within a niche space limited by environmental
conditions, nutrient availability, competitors, and
predators. To survive bacteria have evolved to
become experts at sensing and taking advantage
of even small changes in nutrient availability.
High in fats and added sugars, the Western diet
has undergone profound changes in recent years.
Overall consumption of caloric sweeteners in the
USA remained relatively stable between 1970 and
2015 (96.1 + 7.48 g day). The composition of the
sugars we consume, however, has changed signifi-
cantly. Other than the addition of trehalose during
the 2000s, high fructose corn syrup (HFCS) went
from accounting for < 0.5% of all sweeteners con-
sumed in 1970 to over 42% by 2003.*” Dietary
changes can have multiple effects on the micro-
biome. Acute shifts in microbial composition have
been shown to take place rapidly following a change
in diet.”” Further, microbiota in the distal gut of mice
fed a Western diet have been shown to be signifi-
cantly enriched for KEGG pathways involved in the
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import and fermentation of simple sugars.*® This
suggests that the microbiota could not only detect
these simple sugars in the distal gut but were able to
compete with the host for their absorption and meta-
bolism. Any sustained increase or novel nutrient
availability (e.g.trehalose) in the environment pro-
vides selective pressures for evolution to work - not
only on enteric pathogens but the gut microbiota as a
whole. New or existing mutations that enhance
detection, import or metabolism of these nutrients
provide an advantage to their host and would likely
be selected for. The adaptation of the microbiota to
dietary sugars (and changes in diet as a whole) is
therefore likely an ongoing process.

In the case of trehalose consumption, our data
suggests that the increase in dietary trehalose dur-
ing the 21st century has resulted in this sugar
being available in the distal gut where it can be
metabolised by microbes. We have now provided
evidence that three epidemic strains of Clostridium
difficile have evolved independent mechanisms to
better metabolize this nutrient resource. Our work
does not suggest that people should be broadly
concerned about trehalose consumption. We do,
however, expect that the impact of dietary treha-
lose in the severity of CDI will be further investi-
gated in clinical settings.
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