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Roseburia inulinivorans is a recently identifiedmotile representative
of the Firmicutes that contributes to butyrate formation from a va-
riety of dietary polysaccharide substrates in the human large intes-
tine. Microarray analysis was used here to investigate substrate-
driven gene-expression changes in R. inulinivoransA2-194. A cluster
of fructo-oligosaccharide/inulin utilization genes induced during
growth on inulin included one encoding a β-fructofuranosidase
protein that was prominent in the proteome of inulin-grown cells.
This cluster also included a 6-phosphofructokinase and an ABC
transport system, whereas a distinct inulin-induced 1-phosphofruc-
tokinase was linked to a fructose-specific phosphoenolpyruvate-
dependent sugar phosphotransferase system (PTS II transport en-
zyme). Real-time PCR analysis showed that the β-fructofuranosidase
and adjacent ABC transport protein showed greatest induction
during growth on inulin, whereas the 1-phosphofructokinase en-
zyme and linked sugar phosphotransferase transport system were
most strongly up-regulated during growth on fructose, indicating
that these two clusters play distinct roles in the use of inulin. The
R. inulinivorans β-fructofuranosidase was overexpressed in Escher-
ichia coli and shown to hydrolyze fructans ranging from inulin down
to sucrose, with greatest activity on fructo-oligosaccharides. Genes
induced on starch included the major extracellular α-amylase and
two distinct α-glucanotransferases together with a gene encoding
a flagellin protein. The latter response may be concerned with im-
proving bacterial access to insoluble starch particles.
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Plant cell wall polysaccharides, storage polysaccharides such as
resistant starch and inulin, and many oligosaccharides of

plant origin remain undigested in the upper gastrointestinal tract
and become important substrates for the growth of colonic
bacteria. Prebiotics are defined as dietary substrates that reach
the colon where they selectively stimulate the growth of benefi-
cial gut bacteria (1), with the most widely used prebiotics being
the fructans inulin and fructo-oligosaccharides (FOS). Inulin is
a linear polymer [degree of polymerization (DP) = 3–60] of
β-2,1-linked fructose monomers with a terminal glucose residue,
whereas FOS have the same backbone but a maximal chain
length of 8 monomeric units. The increasing use of prebiotics to
enhance gut health is driving research into their mode of action.
Many studies have shown that both inulin and FOS selectively
stimulate the growth of potentially beneficial gut bacteria such as
bifidobacteria and lactobacilli (reviewed in ref. 2). However, only
a few studies have considered the potential for stimulation of
other bacterial groups that may also be beneficial (3–6).
The bifidogenic dose of inulin has been defined as 5–8 g/d (7),

yet the effect of such supplementation on other beneficial groups
of gut bacteria and the differences relating to different compo-
sitions of inulin have received little attention. For example, the
stimulation of the Bifidobacterium genus by inulin and FOS
prebiotics does not explain why levels of butyrate are enhanced

by inulin and FOS (4). This may be caused by bacterial cross-
feeding (5, 8), the direct stimulation of butyrate-producing bac-
teria by the prebiotics (3, 4) or the butyrogenic effect of reduced
pH (9). Rossi et al. (4) established that only 8 of 55 bifido-
bacterial strains tested were able to grow on inulin in pure cul-
ture, although virtually all of the 55 strains used FOS for growth.
They concluded that the elevated butyrate production observed
in mixed fecal cultures indicated that other bacterial groups were
able to degrade inulin and that the bifidobacteria were able to
use the mono- and oligosaccharide (FOS) products released by
the primary inulin degraders (4). Kleessen et al. (10) used fluo-
rescent in situ hybridization (FISH) to investigate changes in
specific bacterial groups in human flora-associated rats fed diets
containing various mixtures of short- and long-chain fructans. A
mix of oligofructose with long-chain inulin or inulin alone en-
hanced the numbers of the Clostridium coccoides/Eubacterium
rectale group. This bacterial group includes Roseburia inulini-
vorans and other butyrate-producing bacteria (11) and was un-
affected by FOS supplementation. In contrast, numbers of
bifidobacteria were only stimulated by FOS (10). In a human
study, numbers of the butyrate-producing species Faecalibacte-
rium prausnitzii were significantly increased after inulin–oligo-
fructose consumption (12). The chain length of the fructan
molecule seems to be critical in defining the stimulatory effect.
Longer chain molecules have a greater and longer-lasting effect
on bacterial fermentation in in vitro models (13).
The simple linear structure of FOS and inulin means that only

a few enzymes are required for their degradation. The β-
fructosidase superfamily includes all enzymes involved in the
hydrolysis of nonreducing β-D,fructosidic bonds to release fruc-
tose (14). Despite the diversity in nomenclature of this group
of enzymes (β-fructosidases, β-fructofuranosidases, sucrose-6-
phosphate hydrolases, endo-inulinases, exo-inulinases, invertases,
and saccharases), they all contain highly conserved residues and
motifs and are members of glycosyl hydrolase (GH) families 32 or
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68. This superfamily also includes fungal enzymes (15, 16). Exo-
acting β-fructofuranosidases cleave the terminal β,2–1 bonds
linking the fructose monomers, but most enzymes also have some
invertase activity against the β,2–6 bonds between the terminal
glucose–fructose units (17). Thus, activities of specific enzymes
against sucrose, FOS, and inulin vary (18). β-fructofuranosidases
have been identified in the genome sequences of Bifidobacterium
longum (19), Bi. breve (20), Bi. lactis (21, 22), and Lactobacillus
plantarum WCFS1 (23). The enzyme in Bi. breve had greatest
activity against β,2–1 glucose–fructose links and no activity against
β,2–1 fructose–fructose links (20). Few published enzymes have
considerable activity against long-chain inulin molecules.
R. inulinivorans, a butyrate producing low G+C Firmicute

bacterium (3, 24), is a Clostridium cluster XIVa bacterium that
can comprise up to 2% of the gut microbiota (25) and is able to
grow on some sugars (24) and the complex substrates inulin and
starch in pure culture (3, 26). Inulin also enhanced the survival of
R. inulinivorans A2-194 against a background of total fecal
bacteria after introduction into a fermentor system designed to
simulate the colon (3). In the present study, we identified specific
genes involved in inulin and starch utilization by R. inulinivorans
A2-194 using microarray analysis and were able to show the in-
duction of certain genes and proteins during growth on different
dietary polysaccharide substrates. Expression and purification of

a highly regulated β-fructofuranosidase confirmed its role in
using both mixed-chain length FOS and long-chain inulin.

Results
Microarray Detection of Genes Differentially Expressed During
Growth on Inulin Compared with Starch. A shotgun genomic
microarray of random R. inulinivorans A2-194 DNA fragments
(27) was used to assess changes in gene expression during growth
on inulin compared with starch. Bacterial mRNA was purified
from exponentially growing cells [optical density (OD)650 = 0.4]
and hybridized as described previously (27). Spots that were up-
regulated on either substrate were ranked based on the log2
normalized data (Materials and Methods). Only eight clones were
induced more than 5-fold on inulin compared with starch (and 12
induced >3-fold), whereas 22 clones were up-regulated more
than 5-fold on starch compared with inulin. These 30 clones were
sequenced, and the gene functions based on the closest database
matches are shown in Table 1 with full descriptions in Table S1.
An additional microarray analysis was done to compare genes

expressedduringgrowthon fructose, short-chainFOS(scFOS;P95),
and inulin to distinguish those required for degradation of long- and
short-chain fructan substrates. In this case, a three-way comparison
of hybridization intensities was done. In general, the strongest in-
duction was observed during growth on inulin compared with either

Table 1. Summary of the ORFs and main contigs identified through microarray analysis

Contig or clone

Strain A2-194 protein

ORF Predicted function

Clones induced >5-fold on inulin compared with starch
Contig I1 β-fructosidase cluster (7,858 nt) 5 (318) 6-phosphofructokinase (6-pfk)

6 (505) β-fructofuranosidase
7 (556) ABC sugar-binding protein
8 (298 ABC sugar-transport system
9 (312) ABC sugar-transport system
10 (341) Repressor protein

Clone I2 ferredoxin (428nt) 1 (143 tr) Oxidoreductase
Contig I3 (2,211nt) 1 (539) PTS I
Contig I4 (3,077 nt) 1 (309) 1-phosphofructokinase (1-pfk)

2 (638) PTS II
Contig I5 (1,364 nt) 1 Transcription regulator

Clones induced >5-fold on starch compared with inulin
Contig S1 (3,075 nt) 1 (510) 4-α-glucanotransferase

2 (429) ABC transport-binding protein
Contig S2 (3,607 nt) 1 (98) Regulator

3 (142) Regulator
4 (94) Regulator
5 (392) Flagellin (FlaA)
7 (180tr) Regulator

Contig S3 Amylopullulanase (AM055811)
Contig S4 (1,538 nt) 1 (437tr) 4-α-glucanotransferase

Single clones
10.e6 1 (108tr) Membrane proteins

2 (312 tr)
6.o9 (4,496 nt) 1 (354 tr) Arginosuccinate lyase

2 (736) Glycogen phosphorylase
3 (260) AraC transcriptional regulator

12.g10 (371 tr) α-amylase
7.b10 (189 tr) tRNA synthetase
2.j15 (275tr) Transposase
8.c12 (306tr) Membrane protein
10.f5 (232 tr) DNA topoisomerase

Identification and assembly into functional clusters of those clones induced >5-fold during growth on inulin
or starch. The function of each ORF within a contig is based on the closest database match. ORF length in amino
acids is indicated in parentheses. Tr, truncated ORF.
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of the other two substrates, with the expression of only three clones
changed >5-fold on scFOS compared with fructose (Fig. S1). Sev-
eral clonesmatched those identified in the starch:inulin comparison,
and any additional clones that were up- or down-regulated more
than 7-fold on at least two substrates were sequenced; these data are
also included in Table S1.

Genes Induced During Growth on Starch Relative to Inulin. Three
overlapping clones with identity to α-amylases were induced 3- to
5-fold during growth on starch. These represent the major ex-
tracellular multidomain α-amylase/amylopullulanase described
previously (accession number AM055811) (26) that is postulated
to be anchored to the cell wall. An ABC transport protein lo-
cated adjacent to this gene presumably functions in transporting
the small monomeric/oligomeric breakdown products into the
cell. Another starch-induced clone contained the catalytic do-
main of a different α-amylase, with only 22% amino acid se-
quence identity to the first clone.
Six of the clones induced on starch overlapped to form a 3-kb

sequence (Table 1, contig S1) encoding a 4-α-glucanotransferase
and an extracellular solute binding protein component of an ABC
transport system with a signal peptide. One function of 4-α-glu-
canotransferases (EC 2.4.1.25) is to transfer single or multiple
glucose residues from long chains of glucosemolecules to acceptor
sugars such as maltose (28). A second 4-α-glucanotransferase was
also detected (Table 1, contig S4) that showed ∼4-fold induction
on starch compared with inulin and was also strongly induced on
inulin compared with FOS (94- or 62-fold) and fructose (16- and
20-fold). This suggests that this enzymemight have broad substrate
specificity. These two GH family 77 4-α-glucanotransferase en-
zymes (encoded in S1 and S4) had only 44% amino acid identity.
Both had strongly hydrophobic sequences at the C termini, with
that on S1 also having a terminal basic region, but neither pos-
sessed an obvious N-terminal signal peptide.
Interestingly, the remaining group of four overlapping clones

significantly up-regulated (8- to 9-fold) on starch compared with
inulin (Table 1, contig S2) encoded the flagellin protein FlaA
and several ORFs with identity (>40%) to transcriptional regu-
lators. These clones were not induced during growth on any of
the fructan substrates.

Genes Induced During Growth on Inulin or FOS. Four of six clones
most strongly induced on inulin overlapped, and the sequence of
this contig was extended to 7.8 kb by genome walking to reveal
a β-fructofuranosidase, a 6-phosphofructokinase, anABC transport
system, and a LacI family regulatory gene belonging to the type 1
periplasmicbinding-protein superfamily. These genes together form
a fructan utilization cluster, illustrated diagrammatically in Fig. 1.
The regulatory protein is separated from the divergently tran-

scribed structural genes by a noncoding gap of 257 nucleotides,
within which are two classic promoter sequences, one on each

strand, and an operator region capable of forming a strong sec-
ondary structure (ΔG= −28.2). The β-fructofuranosidase enzyme
and the three components of the ABC transport system share 48–
71% identity (Table S1) with similar proteins encoded in an iden-
tical cluster structure by C. beijerinckii NCIMB 8052 (genome se-
quenceaccessionnumberCP000721).These β-fructofuranosidases
contain the three crucial active-site residues, D/D/E(C) within the
conserved domains D1, N3, and N5 (16). No characteristic signal
peptide (SignalP predict program) or membrane-anchoring do-
main could be identified on the R. inulinivorans enzyme.
The secondary structure of each protein component of the

R. inulinivorans A2-194 ABC transport system is consistent with
their proposed functions. The putative extracellular solute
binding protein (ORF 7) is predicted to extrude into the extra-
cellular matrix where it can selectively bind the specific substrate,
in this case inulin or FOS, and deliver it to the gated trans-
location pathway formed by the transmembrane components
encoded by ORFs 8 and 9. These ORFs showed the classic hy-
drophobicity plots of membrane-bound proteins. In addition,
ORF8 contains a motif that specifically acts as the interface
between the transmembrane gates and the ATPase, which pro-
vides the energy for the transport system.
Two different phosphoenolpyruvate-dependent sugar phos-

photransferase system (PTS) transport enzymes were also in-
duced on inulin (Table 1). One is a PTS enzyme I, with 64%
identity to the homolog from Bi. longum (contig I3). The other is
a PTS enzyme IIbc transport protein encoded by a gene adjacent
to a 1-phosphofructokinase sequence (contig I4). The two phos-
phofructokinase (pfk) enzymes detected in the R. inulinivorans
A2-194 genome are unrelated with different catalytic specificities
(6-pfk and 1-pfk; 19% amino acid identity).
In the three-way comparison (growth on inulin, FOS, or fruc-

tose), PTS transporters were strongly induced (>40-fold) on fruc-
tose comparedwith scFOS (Fig. S1). The β-fructofuranosidase was
up-regulated 71-fold during growth on inulin and 7-fold on FOS
compared with fructose. It was also up-regulated 10-fold on inulin
compared with scFOS, suggesting that it is an essential enzyme
required to degrade the long fructose chains in inulin (Table S1).
Two overlapping clones induced on inulin compared with

starch encoded a partial protein with considerable identity (76%)
to iron-sulfur oxidoreductases of the aldo/keto reductase family
from Clostridia spp. (Table 1, contig I2). Bacterial iron-sulfur
ferredoxins perform essential roles in anaerobic electron trans-
port chains, mediating the transfer of electrons between mole-
cules in metabolic reactions. The same gene was also identified
in the three-way comparison, induced on inulin compared with
both scFOS (6-fold) and fructose (10-fold) (Fig. S1).

Comparison of Gene Induction on Different Substrates Using Reverse
Transcription–Quantitative PCR. The expression of genes shown by
microarrayanalysis tobeup-regulatedduringgrowthon inulin,FOS,
or starch was confirmed using quantitative PCR (Q-PCR) analysis.
Specific PCR primer pairs were designed targeting genes encoding
the β-fructofuranosidase, the solute binding protein, and the 6-pfk in
the fructan cluster (contig I1) (Fig. 1), the second phosphofructo-
kinase enzyme (1-pfk) and PTSII in contig I4, and the PTSI enzyme
on contig I3. These primers were used in reverse transcription–Q-
PCR (RT-Q-PCR) to amplify RNA purified from exponentially
growing R. inulinivorans cells cultured on inulin, sucrose, scFOS,
fructose, and glucose. The results illustrated the differential in-
duction of the genes relative to the glucose control (Fig. 2).
The largest changes in expression were for the β-fructofur-

anosidase (Fig. 2). Expression of the gene encoding this enzyme
was elevated 25-fold on two long-chain inulin substrates com-
pared with 6-fold on scFOS and only 3-fold on sucrose. Ex-
pression on fructose was virtually the same as on glucose. The 6-
pfk located on the fructan cluster was not induced as strongly as
the 1-pfk enzyme, which was significantly induced on fructose

Fig. 1. Diagram showing the organization of the ORFs in the fructan utili-
zation cluster in R. inulinivorans A2-194. The number of amino acids (aa)
encodedbyeach completeORF is given. Thepromoter region in the257-ntgap
between the genes encoding the repressor and the ABC transport proteins is
shown (P). The solid arrows indicate the positions of the primer pairs used for
the RT-Q-PCR. The hashed arrows indicate the positions of the primers used to
clone the active β-fructofuranosidase gene (∼1,500 nt) into the pET vector.
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compared with FOS (Fig. 2). The gene encoding the fructofur-
anosidase-linked ABC transport protein was induced strongly
during growth on longer-chain inulin substrates, whereas the
PTSI had maximum induction on fructose, reflecting the differ-
ent transport capabilities of these two systems (29).
Specific up-regulation of the flagellin gene was also confirmed

by RT-Q-PCR, illustrating that the gene was induced 24-fold on
starch compared with inulin, in a direct comparison. In contrast,
expression of this gene on maltose and inulin was virtually the
same as the glucose control (2- and 3.8-fold up-regulation, re-
spectively) (Fig. S2).

Activity of R. inulinivorans β-Fructofuranosidase Expressed in
Escherichia coli. The β-fructofuranosidase coding region (Fig. 1)
was cloned into the pET-30 expression vector incorporating
a 6HIS-tag at both the N and C termini. The activity of the pu-
rified protein was confirmed in a colorimetric microtitre plate
assay with several fructose-based substrates of varying chain
length. After the optimal assay conditions were established
(Materials and Methods), the specific activity of the enzyme was
tested against a range of substrates, including the short-chain
oligofructose substrates kestose (GF2), nystose (GF3), and fruc-
tofuranosylnystose (GF4), the fructo-oligosaccharides P95 scFOS
and Synergy1, and inulin. The end products of the reaction were
visualized by TLC after 2 and 24 h, and a range of degradation
products was visible for all substrates (Fig. S3).
Glucose and fructose monomers were not distinguishable by

TLC, but the release of fructose was calculated using an enzy-
matic assay. Similar amounts of fructose were released from each
of the defined fructo-oligosaccharides (GF2, GF3, and GF4)
(Fig. 3), with less from both sucrose and the complex long-chain
inulin substrates. The enzyme was most active (in terms of re-
lease of fructose) against intermediate chain-length FOS sub-
strates such as P95 and Synergy1. The Vmax values (nmol/min) of
the purified recombinant enzyme were calculated for four sub-
strates and were greatest for P95, whereas the Km values ranged
from 2mM for GF4 to 6.8 mM for P95. These results indicate
that this enzyme can release fructose residues from the non-
reducing ends of fructan chains of variable length.

Proteomic Analysis of R. inulinivorans A2-194. To compare the gene-
expression profiles with protein expression under the same growth
conditions, the R. inulinivorans proteome was resolved using 2D
gel electrophoresis. Pair-wise comparisons of the proteomes of

bacteria grown on either inulin or starch revealed few differences
in protein-expression patterns, with about 86% of spots conserved
and the densities of only about 14% (80 of 560 spots identified)
differing by a factor greater than 2. More proteins were overex-
pressed during growth on starch, with the densities of 10 spots
increased at least 5-fold (one 12-fold), whereas of four spots ele-
vated 5-fold on inulin, two were >10-fold (Fig. 4).
Four of the most distinct differentially expressed protein spots

were excised from the gels and peptide sequences derived from
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
fragmentation spectra compared with the sequence data obtained
after microarray analysis. Two of four spots corresponded to
proteins encoded by clones identified on the microarray (Table
S2). The protein most strongly expressed during growth on inulin
and absent on starch corresponded to the β-fructofuranosidase.
One of the proteins up-regulated on starch corresponded to the
glycogen phosphorylase (Table 1, clone 6.o9).

Potential for Bacterial Cross-Feeding in Coculture. Bi. longum 20219
cannot use long-chain inulin for growth, although it can grow on
FOS (Fig. S4). Because R. inulinivorans A2-194 possesses an en-
zyme capable of degrading long-chain inulin, these two bacteria

Fig. 2. Results of RT-Q-PCR amplification of selected genes encoded on
three inulin contigs (Fig. 1), which were detected as up-regulated on the
inulin:starch microarray. Primer pairs were used to amplify mRNA extracted
from cells during exponential growth (OD650 = 0.4) on glucose, fructose,
sucrose, scFOS, and two types of long-chain inulin—Dahlia inulin (Sigma) and
HP Inulin-Beneo (Orafti). The fold induction of the data converted from
logarithmic to linear scale (x = 2−Ct) for each gene was calculated relative to
the glucose standard. Results are the means of triplicate results obtained
from two biological replicates. Significant differences between gene ex-
pression on different substrates (P < 0.05) are indicated by horizontal lines.

Fig. 3. Activity of the cloned enzyme with specific substrates (at 10 mM)
after 2-h incubation. The stated amount of fructose (μmol) released per
milligram of protein per minute is the average of four independent exper-
imental values. The specific enzyme activities (Vmax and Km), calculated from
four independent experiments, are shown for four substrates.

Fig. 4. Representative 2D PAGE gels of bacterial proteomes of R. inulini-
vorans A2-194 cells grown on either inulin or starch. The protein spot excised
and found to be the β-fructofuranosidase is marked 1 on the inulin gel, and
the complementary position of this missing spot is indicated on the starch
gel. The positions of the other three spots that were excised for sequencing
are numbered (2–4), and the corresponding “empty” regions are indicated.
Molecular weight size markers are given to the right of each gel (kDa), and
the pH gradient is shown along the bottom.
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were incubated together on either long-chain inulin or the mixed-
chain length Synergy1 (consisting of inulin and FOS in a 1:1 ratio)
to ascertain whether growth of Bi. longum improved in the pres-
ence of R. inulinivorans A2-194. Aliquots were removed from the
culture tubes at selected time points, and numbers of each bacte-
rial species were enumerated using FISH (9). After 10 h growth
on inulin, ∼99% of the bacterial cells present corresponded to
R. inulinivorans, with low numbers of Bi. longum cells detected
(Fig. S4). During growth on Synergy1, both bacteria competed
equally for the substrate in thefirst 4 h, but after 8 h, therewere two
times as many R. inulinivorans cells (Fig. 5). This was consistent
with the growth-curve data where Bi. longum seemed to stop
growing after 3–4 h, presumably when all of the short-chain FOS
was depleted, but R. inulinivorans continued to grow for up to 8 h
on the long-chain inulin component of the substrate (Fig. 5A).
Thus, R. inulinivoransA2-194 was better adapted than Bi. longum
20219 to use inulin for growth under these conditions.
R. inulinivorans A2-194 cultures grown overnight on long-

chain inulin were fractionated to investigate the distribution of
fructanosidase activity on a range of fructan substrates. No ac-
tivity was observed for the concentrated supernatant fractions on
inulin, Synergy1, P95, or sucrose, whereas both the cell pellet and
sonicated cells were active on all substrates (Fig. S5).

Discussion
Investigation of substrate-driven changes in gene expression in R.
inulinivorans A2-194 has provided insights into the mechanisms

that allow this bacterium to use polysaccharide substrates. The
identification of the GH family 32 β-fructofuranosidase as the
most strongly induced gene during growth on long-chain inulin
indicated that it has an important role in the use of fructan
substrates. Gene expression was greater on inulin than FOS
substrates, and the enzyme was also detected as a prominent up-
regulated protein in the bacterial proteome from cells grown on
inulin. Analysis of the purified enzyme after expression in E. coli
shows that it is capable of degrading fructan molecules of vari-
able chain length. The absence of a signal peptide suggests that
this β-fructofuranosidase is probably intracellular, acting on
fructans that enter the cell through the inulin-induced ABC
transport system that is encoded by the same gene cluster.
C. beijerinckii NCIMB 8052 encodes a distinct sucrose hydrolase
on a separate cluster linked to a fructokinase and a PTSII trans-
porter (30). This C. beijerinckii sucrose hydrolase has greatest
activity against sucrose (30) and is not closely related to the
β-fructofuranosidase identified in R. inulinivorans A2-194.
Growth of R. inulinivorans A2-194 on inulin and scFOS was

accompanied by increased expression of a second gene cluster
encoding a 1-phosphofructokinase and a fructose-specific PTSII
transport system. The Bacillus subtilis genome encodes 15 PTS
proteins with different sugar specificities (31), one of which is
also adjacent to a 1-pfk enzyme. PTS transport systems are
linked with uptake of monomeric substrates, whereas ABC
transport systems are required for the transport of larger sub-
strates, as shown for L. acidophilus (29). Sucrose-use clusters,
including PTSII transporter systems that are up-regulated during
growth on sucrose or FOS, have been identified in C. beijerinckii
(30), C. acetobutylicum (32), and L. plantarum (23).
In the present study, expression of the ABC transport system in

R. inulinivorans was most strongly up-regulated in response to in-
ulin, whereas the PTS system was most strongly induced by the
monosaccharide fructose. Interestingly, phylogenetic analysis of
selected GH family 32 β-fructofuranosidase enzymes from a wide
range of bacteria indicated that those that are adjacent to ABC
transport systems cluster together, independent of the phyloge-
netic relationships of the bacteria carrying them, whereas those
associated with sugar permeases or PTS transport enzymes form
separate branches on the phylogenetic tree (Fig. 6). It seems likely
that other β-fructofuranosidases whose preference is for longer-
chain substrates, like that from R. inulinivorans, will be encoded by
genes adjacent toABCtransport systems,whereas enzymes specific
for shorter substrates such as sucrose may be encoded alongside
PTS transporters. Thus the type of transport molecule adjacent to
β-fructofuranosidases is indicative of the enzyme function.
Although we cannot exclude the possibility that R. inulinivorans

encodes an additional extracellular enzyme to specifically degrade
long inulin molecules, such an enzyme was not detected during
our analysis of inulin-inducible genes. The only protein with
identity to β-fructosidases within the newly available genome se-
quence of R. inulinivorans (accession number ACFY01000156)
was the β-fructofuranosidase identified here. Interestingly,
a strain of Bi. longum that uses fructose and scFOS was unable to
grow in coculture with R. inulinivorans A2-194, indicating that
there was no extracellular accumulation of monomeric units
during degradation of inulin by R. inulinivorans. This is in contrast
to coculture studies with B. thetaiotaomicron and various Bifido-
bacterium strains (33). In these cases, B. thetaiotaomicron does
release short-chain oligofructose molecules into the medium
following extracellular inulin degradation, which different bifi-
dobacterial species have varying abilities to use (33). Analysis of
the activity of fractionated R. inulinivorans cells to degrade fruc-
tans did not indicate significant extracellular activity, although the
cell pellets and sonicated material were active. These findings
strongly suggest that, within R. inulinivorans A2-194, the β-fruc-
tofuranosidase enzyme identified here is responsible for inulin
and FOS degradation. Because this enzyme seems to be in-

Fig. 5. Data from the coculture experiment after growth of R. inulinivorans
A2-194 and Bi. longum 20219 on Synergy1. (A) Growth curve showing the
increasing OD650 at hourly intervals of Bi. longum (■), R. inulinivorans (▲),
and coculture (○). (B) Number of bacterial cells at 4-h and 8-h time points
enumerated by FISH using the eubacterial probe (Eub338) and probes to
specifically detect R. inulinivorans (Erec482) and Bi. longum (Bif164).
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tracellular, the ABC transport system may be able to internalize
longer-chain inulin substrates to facilitate bacterial growth.
Advances in molecular-profiling methods have enabled the

composition of the gut microbiota to be reassessed, and it is now
clear that bifidobacteria comprise <5% of the total, with other
groups of obligate anaerobes being equally or more abundant
(25). The two major groups of butyrate-producing bacteria are
more abundant in healthy adults, with the Roseburia and E. rectale
group estimated at 7–10% of the total population (34) and F.
prausnitzii forming up to 15% of the total population (35). The
results presented here indicate that, within the Roseburia genus,
R. inulinivorans is able to use scFOS and inulin directly for growth.
Genome-sequence information is becoming available for an

increasing number of commensal gut bacteria, and the most re-
cent database searches with the R. inulinivorans β-fructofur-
anosidase sequence have identified hypothetical proteins in
many other commensal gut anaerobes that have significant
amino acid sequence homology to the R. inulinivorans β-fructo-
furanosidase (Table S3). Further work investigating the growth
of these bacteria on specific FOS and inulin substrates will be
required to ascertain the actual function of these enzymes in
vivo. One problem that has been encountered in determining the
FOS/inulin specificities of specific bacterial groups and enzymes
in vitro is that it is difficult to obtain pure long-chain substrate
preparations that do not include a small percentage of low mo-
lecular-weight FOS molecules that the bacteria can use for
growth, perhaps preferentially.
Inulin and scFOS are widely used as prebiotics to promote the

growth of beneficial gut bacteria. In the past, evidence to support
this has focused on the increase in numbers of bifidobacterial
species. The resident population of bifidobacteria varies mark-
edly between individuals, both in terms of abundance and the
species present (36, 37), and it is now clear that few bifido-
bacterial species can grow directly on long-chain inulin, although

many can use scFOS (4). The results presented here clearly show
that other specific members of the gut microbiota are capable of
using prebiotics as growth substrates. Some of these, including
R. inulinivorans itself, produce butyrate as fermentation products,
indicating that stimulation of this group of bacteria could, at least
in part, explain increases in fecal butyrate concentration after
prebiotic consumption (4, 38). Although the bifidogenic dose of
inulin has been determined to be 5–8 g/d (7), a lower concen-
tration equivalent to 1.5 g/d was sufficient to stimulate numbers of
R. inulinivorans in a model system (3). This illustrates the ability
of this bacterial species to compete for inulin against a back-
ground of total gut microbiota. Numbers of the butyrate-pro-
ducer F. prausnitzii have also been shown to be significantly
increased during supplementation with an inulin/oligofructose
mix (12). Very few studies to date have monitored the response of
all of these inulin-using groups of bacteria in vivo, and further
work will, therefore, be needed to define the competitive inter-
actions between them.
Two genes encoding amylase activity were among those in-

duced on starch. One of these was the major cell surface-an-
chored α-amylase/neopullulanase identified previously (26). The
second amylase catalytic domain identified had only 22% identity
to the characterized neopullulanase. A separate starch-induced
gene cluster encoded an α-glucanotransferase and the substrate
binding protein of an ABC transport system, suggesting that
there may be parallel systems for the processing of malto- and
fructo-oligosaccharides in R. inulinivorans.
The observation that flagellin synthesis was up-regulated during

growth on starch, but not on inulin, is intriguing. One possible
explanation is that most of the starch surviving into the large in-
testine is likely to exist in insoluble food particles. Chemotaxis and
motility may, therefore, be particularly important in colonizing
this substrate but may not be required to access the more soluble
inulin molecules. The considerable energy input required for
flagellin synthesis indicates that it must be of considerable benefit
to the bacterial cell to produce them when starch is available.
The human gut represents a challenging environment for bac-

terial survival, in part because of the sudden influxes of dietary
substrates followed by periods of relative starvation. In addition,
the composition of the available food varies considerably, both
daily and weekly. To cope with these factors, commensal gut
bacteria have evolved with the ability to degrade many different
substrates, but conserve energy by tightly regulating the expression
of genes required for specific metabolic pathways. In conclusion,
this analysis of the global transcriptional response to growth on
alternative dietary sources has provided valuable insights into
substrate use in an important group of human colonic anaerobes.
In particular, it indicates an important role for inducible fructo-
furanosidases linked toABC transport systems in the processing of
long-chain fructan molecules. More unexpectedly, the up-regula-
tion of flagellin genes in response to starch implies a motility re-
sponse to access certain growth substrates. Together with previous
data describing the ability of R. inulinivorans to use fucose as
a growth substrate (27), these results indicate that this colonic
bacterium has considerable ability to respond to the availability of
alternative dietary substrates, an attribute that undoubtedly
enhances its survival in the highly competitivemicrobial ecosystem
of the human large intestine.

Materials and Methods
Additional details on various methods, including gene-expression analyses,
proteomic studies, and TLC and FISH methodologies, are provided in SI
Materials and Methods.

Bacteria and Growth Conditions. Routine anaerobic culturing of R. inulini-
vorans A2-194 was in M2GSC medium (39). Growth on single carbon sources
used basal YCFA medium (YCFA - yeast extract-casein hydrolysate-fatty
acids) (3) supplemented with 0.5% wt/vol of the specific substrate (glucose,

Fig. 6. Phylogenetic tree showing the relationship between selected β-fructo-
furanosidase sequences in the database and indicating their linkage to ABC
transport systems (ABC), permeases (permease), andPTS transport systems (PTS II).
Bootstrapping values are given, and the scale bar indicates amino acid sub-
stitutions per position. The sequences extracted from the database have
the following accession numbers: Rinulo ABC, R. inulinivorans (this study;
GU591787); Rumgnav ABC (Ruminicoccus gnavus EDN78469); ClostL250 ABC
(Clostridium sp. EDO57496); Cbej ABC (C. beijerinckiiABR35991); RobeumABC (R.
obeum EDM87838); Lacidoph ABC (L. acidophilus AY172019); Ssuis ABC
(Streptococcus suis EAP40155); SpneuCDC ABC (S. pneumoniae EDT91128);
Lbplant PTSII (L. plantarum Q88ZV8); CbejsucH PTSII (C. beijerinckii AF059741);
Mmultiac permease (Mitsuokella multiacidus EEC92082); Bmegat permease (Ba-
cillus megaterium AAM19071); Biflactis permease (Bi. lactis AJ437479); Bibreve
permease (Bi. breve AY549965); Asporyzae fungus (Aspergillus oryzae A8D1N0).
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FOS, Dahlia inulin, fructose or amylopectin starch from Sigma). FOS P95 (DP
2–8), Synergy1 (DP 2–60), and Beneo HP (chicory inulin DP > 5) were pro-
vided by Beneo-Orafti. Defined fructo-oligosaccharides (GFn) were obtained
from Wako Chemicals (GmbH). Bacterial growth was determined spectro-
photometrically by following changes in OD at 650 nm (OD650). Bi. longum
was cultured in the same way on M2GSC or supplemented YCFA medium. In
the coculture experiment, equal cell numbers of overnight cultures in
M2GSC were subinoculated into basal YCFA containing 0.5% inulin or Syn-
ergy1 and growth monitored (OD650) for up to 10 h, withdrawing samples
for analysis by FISH at selected time points (SI Materials and Methods).

RNA Purification and Microarray Hybridization. Microarray slides on which the
total genome of R. inulinivoranswas arrayed were prepared in house, and all
RNA purifications, hybridizations, and analyses were carried out as described
previously (27). Briefly, RNAwas purified frommidexponential phase (OD650 =
0.4) cultures on basal YCFA supplemented with a single substrate using the
RNeasy RNA purification kit (Qiagen), and the mRNA component was
enriched using the MICROBExpress system (Ambion). The purified RNA (1 μg)
was labeled by reverse transcription (Amersham) using random nonamer
extension incorporating either dCTP-Cy3 or dCTP-Cy5 dyes. To ensure re-
producibility and obtain statistically significant results, the dye labeling was
swapped for a second hybridization. RNA purified from a separate biological
replicate was labeled and hybridized two times in the same way. The fluo-
rescence of each spot was measured in two channels using a GeneTAC LS IV
(Genomic Solutions) with GTLS software. The microarray data were log2
transformed and normalized by Loess normalization to remove intensity
dependent dye effects. P values were calculated by applying a one-sample t
test to the log ratios from the replicate experiments. A threshold of at least
5-fold induction was used to select genes, because the P values were based
on only two biological replicates. The whole experiment conformed to the
MIAME criteria for the documentation of microarray experiments. Data have
been deposited in the GEO database with accession number GSE22245. The
DNA sequences reported in this paper have been deposited in the GenBank
database with accession numbers GU591772–GU591787.

RT-Q-PCR. Primers were designed and checked using Netprimer to specifically
amplify fragments of 80–200 bp from selected clones. The optimal annealing
temperature for each primer pair was determined in a standard PCR amplifi-
cation, using the appropriate clone DNA as a template. The same RNA puri-
fication (10 ng) used to hybridize to the array slides was reverse-transcribed
using the iScript cDNA synthesis kit (Bio-Rad). Aliquots of the resulting cDNA
(2 μL) were used in triplicate in real-time quantitative PCR amplifications,
as detailed in SI Materials and Methods. Gene expression on the different

substrates was calculated relative to a glucose control by comparing the
fluorescence threshold cycles (40). The log-transformed data were analyzed
statistically to determine significant differences in gene induction.

β-Fructosidase Assays. Primers were designed to amplify the full-length
β-fructofuranosidase gene, incorporating histidine tags at the N and C ter-
mini. The PCR amplicon was cloned into the pET-30Ek/LIC expression vector
(Novagen) following the manufacturer’s guidelines. The cloned enzyme was
overexpressed and purified using Sigma NiCamHc Resin N3158. Initial activity
tests on microtitre plates showed that the enzyme was active against inulin
and Beneo HP as well as sucrose. Optimal activity of the enzyme occurred at
pH 6 and 37 °C, and subsequent assays were done using these parameters. The
relative activity of the cloned enzyme against various substrates was estab-
lished using the fructose assay kit (Sigma) following the manufacturer’s
instructions. This assay determines the amount of free fructose released into
solution after incubation by specifically monitoring the conversion of any free
fructose to 6-phosphogluconate over 15 min in a reaction generating NADH.
Fructose residues preexisting in the reaction mixture are subtracted with the
background so that only enzymatically released fructose is measured.

Analysis of the Bacterial Proteome. This method is fully described in SI
Materials and Methods. Briefly, bacterial cell pellets harvested from expo-
nentially growing cells (OD650 = 0.4) were washed in buffer before soni-
cating to disrupt the bacterial cells. The protein concentration in the
sonicated extracts was measured (41), and 150 μg of total protein was an-
alyzed. The proteins were separated in two dimensions, first using isoelectric
focusing followed by polyacrylamide gel electrophoresis. After staining with
Coomassie blue (0.1%) (42), gels were scanned, and the digitized images
were analyzed using PDQuest version 7.0.1 software, incorporating total
spot normalization (43). In total, five biological replicates were run in trip-
licate for each growth condition, and the resolved proteomes were com-
pared. The four protein spots displaying the greatest increases in their
apparent intracellular abundance in the proteomes of R. inulinivorans A2-
194 cells grown in the presence of either inulin or starch were chosen for
subsequent LC-MS/MS analysis to generate peptide fingerprints.
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