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he microbial communities found in

the mammalian large intestine and
rumen efficiently degrade many recalci-
trant substrates that are resistant to the
host’s digestive enzymes. These commu-
nities are known from molecular profil-
ing to be highly diverse at the species
and strain level, but it may be that only
certain specialized organisms (“key-
stone species”) have the ability to initi-
ate degradation of such substrates, thus
releasing energy on which the rest of the
community depends. We have recently
reported that Ruminococcus bromii has a
superior ability to degrade certain forms
of particulate resistant starch (RS) when
compared with other highly abundant
species of amylolytic bacteria found in
the human colon and have presented
evidence that this bacterium provides an
example of a keystone species within the
microbial community with respect to RS
fermentation. The concept of keystone
species can be equally relevant to other
activities, e.g., those involved in stabiliz-
ing the community.

Introduction

“Some are more equal than others™—this
famous quotation from George Orwell’s
Animal Farm referred to the extra ben-
efits claimed by the leaders of his suppos-
edly egalitarian (farmyard) societies. It
could also be taken, however, to refer to a
greater contribution of certain community
members compared with others in gener-
ating resources on which the whole com-
munity depends. The current tendency
toward wholly sequence-based descrip-
tions of microbial communities provides
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little definitive information on the func-
tional roles of the multitude of different
phylotypes that make up the community.
This can result in a somewhat neutral
description of the community in which
importance is equated, by default, to
relative abundance. On the other hand
where functional information is avail-
able, typically from cultured representa-
tives, it emerges that some key metabolic
or enzymatic capabilities may be limited
to a small number of organisms, whose
impact on the community may therefore
be disproportionately large in relation
to their numerical abundance. In some
situations such organisms may be said
to have a “keystone” role, meaning that
their absence would, for example, greatly
decrease the degradation and utilization of
an important substrate, thus affecting the
remainder of the microbial community.

Ruminococcus bromii
as a Keystone Species
in the Fermentation of Dietary
Resistant Starches

A good example of such a keystone spe-
cies within the human colonic microbiota
was reported recently by Ze et al. (2012).!
Dietary resistant starch is often the single
largest source of energy contributing to
bacterial growth in the human colon,
depending of course on diet composi-
tion. Ze et al. (2012)' demonstrated an
exceptional ability of the human colonic
Firmicutes species Ruminococcus bromii
to degrade particulate resistant starches
(RS). They showed that the amylases of
R. bromii strain L2-63 caused extensive
degradation of RS even when this strain
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Figure 1. Co-culture of Ruminococcus bromii (Rb) L2-63 with the non-amylolytic bacterium
Anaerostipes hadrus SS2/1 (Ah). (A) shows total sugar utilization and reducing sugar accumulation
(as glucose equivalents) within cultures after 48 h incubation at 37°C (compared with zero time
controls). (B) shows bacterial growth estimated by gPCR and expressed as doublings in 48 h (log,
where n is the estimated number of rRNA gene copies). Data are means of triplicate cul-
tures. Incubation was in anaerobic medium containing 0.2% boiled RS3. The medium is the same
as the modified YCFA medium described in Ze et al., (2012)" except that it contains 1% (instead

of 0.25%) casitone and 0.25% (instead of 0.1%) yeast extract, additional filter-sterilized vitamins'
and a trace element solution.? The primers used for qPCR detection here and in Figure 2 were

was inoculated into an RS-containing
medium that did not support its growth.
In contrast strains of three other amy-
lolytic bacteria from the human colon,
Eubacterium rectale, Bacteroides thetaio-
taomicron or Bifidobacterium adolescentis,
although able to grow on the medium
with other added carbon sources, showed a
limited ability to utilize boiled RS3 starch.
In all three cases, however, co-inoculation
with R. bromii 1.2-63 on this medium
led to greatly increased starch utilization.
In Ze et al., (2012),' good growth of R.
bromii was only obtained in medium con-
taining 30% rumen fluid, but we have
subsequently used a modified medium
that allows it to grow in the absence of
rumen fluid (Fig. 1). Co-culture of the
non-starch degrading species Anaerostipes
hadrus® with R. bromii can be seen to
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result in the removal of reducing sugar
that accumulated in the R. bromii mono-
culture (Fig. 1). This increased the uti-
lization of total sugar by the co-culture
(p < 0.001) and resulted in stimulation of
A. hadrus growth, monitored by qPCR.>*
We have also examined consortia com-
prising either four (including R. bromii) or
three (without R. bromii) amylolytic bacte-
ria, plus Anaerostipes hadrus (Fig. 2). It can
be seen that utilization of the boiled RS3
starch was stimulated almost 3 fold when
R. bromii was present in the consortium
(p < 0.001). gPCR analysis demonstrated
that although R. bromii grew within this
defined community, its growth was more
limited than in the monoculture (Fig. 1).
Other species therefore benefitted from the
amylolytic action of this primary degrader
by competing for the soluble breakdown
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products, and this competition is assumed
to explain the more limited growth of
R. bromii and reduced overall starch utili-
zation by comparison with the co-culture
shown in Figure 1. Butyrate, which is pro-
duced by E. rectale and A. hadrus but not
by R. bromii, increased in the presence of
R. bromii, as did the net consumption of
acetate which is linked to butyrate produc-
tion by these species’ The mechanisms
that allow R. bromii to degrade particulate
RS with such high efficiency are under
investigation. The organization of amy-
lases in Gram-positive bacteria®’ clearly
differs from the sus paradigm developed
for starch utilization by Gram-negative
Bacteroides species® which appears more
suited to the sequestration of soluble
molecules.”!?

Remarkably, the study of Ze et al,
(2012)" appears to be the first report
of cultural work on R. bromii since
Herbeck and Bryant examined growth
requirements in 1974." R. bromii is one of
the most abundant species in the healthy
human colon, and three recent studies'>
showed that its representation in the
faecal microbiota was increased in most
volunteers when given diets containing
RS2 or RS3 resistant starches. In their
carefully controlled dietary study, Walker
et al., (2011)" detected “R-ruminococci”
in fecal samples from 12 out of 14 obese
male volunteers examined. Remarkably,
the two exceptions were also the only two
people to have residual unfermented starch
in their fecal samples. Using a follow-up
sample from one of these volunteers, Ze
et al., (2012)! were able to show that
addition of R. bromii restored RS3
degradation in vitro, whereas E. rectale,
B. adolescentis and B. thetaiotaomicron had
little effect.

Functional Redundancy vs. Niche
Specialization: Consequences
of Inter-Individual Variation

At first sight, the concept of keystone
species appears to contradict a develop-
ing view that functional redundancy is
the dominant feature of gut microbial
communities. High throughput sequence
analyses indicate there is a greater degree
of variability within the gut microbial
community at the phylogenetic level than
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Figure 2. Stimulation of RS3 degradation in a five-membered bacterial consortium by R. bromii L2-63 (Rb). Two consortia comprising: five strains

(B. thetaiotaomicron 5482 (Bt), B. adolescentis L2-32 (Ba), E. rectale A1-86 (Er), A. hadrus SS2/1 (Ah) and R. bromii L2-63) (“with Rb”); or four strains (the
same mix without R. bromii) (“no Rb”) were inoculated into anaerobic medium containing 0.2% boiled RS3 and incubated for 48 h at 37°C. (A) Total
sugar utilization and reducing sugar accumulation (as glucose equivalents) within cultures (compared with zero time controls). (B) Bacterial 16S rRNA
gene copies, estimated by qPCR using specific primer combinations, expressed as doublings (see Figure 1 legend). (C) Acidic fermentation products

at the level of gene categories identified
from metagenome sequencing.”'® This
leads to the proposition that the phylo-
genetic diversity can be treated mainly
as “noise”, with core functions being per-
formed by a large number of alternative
phylotypes. To take one possible example,
many Firmicute species within the human
gut microbiota utilize the same pathway
for butyrate formation. Several ecologi-
cally and nutritionally distinct groups of
butyrate producers can be identified® but
different species within these functional
groups, although known to vary between
individuals, might be considered essen-
tially interchangeable as agents in the
delivery of butyrate to the gut epithelium.
On the other hand, we know that these
species are not precisely equivalent; varia-
tions in substrate utilization and meta-
bolic capabilities that are known to occur
between strains and species of Roseburia,”
for example, may indeed have conse-
quences for the community and the host.
In other words, common sets of genes will
often occur in organisms that are ecologi-
cally quite distinct. Returning to starch
utilization, above, putative
amylases belonging to glycoside hydrolase
family 13 are abundant in the metage-

discussed

nome and can be found in the great major-
ity of sequenced genomes from human
intestinal bacteria. Many of these enzymes
are likely to be concerned with utilizing
soluble starches and oligosaccharides,
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however, and the characteristics that allow
an organism to degrade particulate resis-
tant starch apparently occur only in rather
few “keystone” species.

The question of functional redundancy
is particularly important in relation to
inter-individual variation. Given a high
degree of functional redundancy, much
of the remarkable variation in the gut
microbiota that is seen between individu-
als at the phylotype level would have little
functional significance. By definition,
however, variation between individuals in
the occurrence of keystone species could
have major consequences for their health
and for responses to dietary components,
as illustrated by the limited fermentation
of RS3 starch seen in two individuals lack-
ing R. bromii by Walker et al., (2011)."> A
healthy, balanced gut microbiota would
therefore be defined to a large degree by
the possession of a set of important key-
stone species.

Keystone Species in General

Classic work on the rumen, where the major
source of energy for microbial growth
typically comes from lignocellulosic plant
cell walls, revealed only a small number
of microbial species with the ability to
degrade cellulose.”® Interestingly these
include two species of ruminococci, R. fla-
vefaciens and R. albus, along with the fibro-
lytic Gram-negative species Fibrobacter
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and certain anaerobic eukaryotes (fungi
and protozoa). Although rumen cellulose
breakdown is therefore not attributable to
any single species, it has been shown that
the bulk of the community depends criti-
cally on these primary cellulolytic organ-
isms for the release of soluble growth
substrates.” Interestingly the only human
colonic bacterium so far shown to be able
to degrade crystalline cellulose is another
species of Ruminococcus, R. champanel-
lensis. It has been proposed that subjects
whose colonic microbiota are capable of
degrading this type of cellulose are charac-
terized by possession of this species.*' It
is intriguing, but probably not coinciden-
tal, that the same family of Gram-positive
bacteria  (Ruminococcaceae)
potential primary degraders of two very
different substrates, lignocellulose and

includes

resistant starch. Ruminococcus spp were
found to represent a 4-fold higher pro-
portion of bacterial 16S rRNA sequences
associated with particulate material from
human fecal samples than in the liquid
phase?” suggesting that their niche involves
tight adherence to particles. Specialized
cell surface structures and enzyme com-
plexes involved in adhesion and degrada-
tion are the key to microbial degradation
of such particulate substrates, as has been
established for the cellulolytic rumino-
cocci found in the rumen.”?* In the case
of another recalcitrant substrate, mucin,
however, the candidate keystone species
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Akkermansia muciniphila, comes from a
different phylum (Verrucomicrobia).” In
each of these cases newly available genome
sequence data will facilitate discovery of
the mechanisms used by these intriguing
and specialized bacteria to exploit their
particular niches.

The concept of keystone species can
be readily applied to the release of energy
from recalcitrant substrates; however it is
likely to prove relevant also to other types
of microbial interaction that occur within
complex gut communities. Returning to
the rumen, bacteria that utilize lactate
for example play a key role in stabilizing
the community by preventing the drop
in pH that results from lactate accumula-
tion. There is evidence that such micro-
bially-mediated buffering applies also to
the human colonic microbiota?® where
only certain species have the ability to
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