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For the detection of six groups of anaerobic bacteria in human feces, we designed seven new 16S rRNA-based
oligonucleotide probes. This set of probes extends the current set of probes and gives more data on the
composition of the human gut flora. Probes were designed for Phascolarctobacterium and relatives (Phasco741),
Veillonella (Veil223), Eubacterium hallii and relatives (Ehall1469), Lachnospira and relatives (Lach571), and
Eubacterium cylindroides and relatives (Ecyl387), and two probes were designed for Ruminococcus and relatives
(Rbro730 and Rfla729). The hybridization conditions for the new probes were optimized for fluorescent in situ
hybridization, and the probes were validated against a set of reference organisms. The probes were applied to
fecal samples of 11 volunteers to enumerate their target bacterial groups. The Phasco741 and Veil223 probes
both detected average numbers below 1% of the total number of bacteria as determined with the bacterial
kingdom-specific Bact338 probe. The Ecyl387 probe detected about 1.4%, the Lach571 and Ehal1469 probes
detected 3.8 and 3.6%, respectively, and a combination of the Rbro730 and Rfla729 probes detected 10.3%. A
set of 15 probes consisting of probes previously described and those presented here were evaluated in
hybridization with the fecal samples of the same volunteers. Together, the group-specific probes detected 90%

of the total bacterial cells.

The human gut flora is a complex ecosystem involved in
human nutrition and health (6). Encouraged by medicine and
the food industry, research is currently being undertaken to
stimulate that fraction of the microbiota that is beneficial for
human health (9-11). For evaluation of such studies, accurate
analysis of the intestinal microbiota is required. This micro-
biota consists mostly of anaerobic bacteria that are not easy to
enumerate by conventional culturing techniques (12, 23).
Therefore, for the last few years, interest in molecular analysis
of human gut microbiota has been rapidly growing. Techniques
such as sequence analysis of clone libraries from amplified
fecal ribosomal DNA (rDNA) and denaturing or temperature-
gradient gel electrophoresis (DGGE/TGGE) analysis of the
amplified rDNA and rRNA have demonstrated the enormous
diversity of species that thrive in the human gut (32, 36, 38).
For quantitative analysis of human gut and fecal flora, 16S
rRNA-based oligonucleotides were designed that were applied
as either primers in PCR (27) or as probes in fluorescent in situ
hybridization (FISH) (8, 13, 15). For this purpose, a large set
of probes that covers around 80% of the total microbiota has
already been described (8). However, detection of the remain-
ing 20% is still a challenge. Analysis of clone libraries of 16S
rDNA amplified from total fecal DNA showed the presence of
sequences related to Phascolarctobacterium, Ruminococcus fla-
vefaciens, and Eubacterium cylindroides (32). However, no
group-specific probes for in situ hybridization existed to detect
the bacteria corresponding to these sequences, and quantita-
tive data about the numbers of these bacteria in feces are
scarce. Veillonella can be cultured from feces of newborn chil-
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dren (14, 18, 19) and therefore might be present in feces from
adults as well. Furthermore, the specific probe Erec482 for the
Eubacterium rectale-Clostridium coccoides group detects about
one-third of the total microbiota (8). This group might be too
large to detect subtle variations in microbiota and therefore
needs to be divided into smaller subgroups. Some probes that
divide the Erec482 group have already been described, but this
development needs to be continued (29). In this paper, we
describe seven new group-specific probes to investigate the
composition of the human gut microbiota. Together with the
previously described probes with which other major groups of
human gut bacteria can be detected, they form an extensive
probe set for analysis of human gut microbiota (8, 13, 15). This
probe set consisting of 15 probes was used to describe the
composition of the fecal microbiota of 11 healthy human vol-
unteers.

MATERIALS AND METHODS

Organisms and culture conditions. All reference strains used in this study are
listed in Table 1. The strains were obtained from different sources as indicated in
the table: DSM is Deutsche Sammlung von Mikroorganismen und Zellkulturen
(Braunschweig, Germany), ATCC is the American Type Culture Collection
(Rockville, Md.), NIZO is The Netherlands Institute for Dairy Research (Ede,
The Netherlands), and MMB is the Laboratory for Medical Microbiology (Gro-
ningen, The Netherlands). DSM or ATCC strains were cultivated on the media
described in the respective catalogues. All other strains were cultivated in anoxic
peptone-yeast extract-glucose (PYG) medium (15) under anaerobic conditions
at 37°C or, in the case of facultative anaerobes, on brain heart infusion agar
(Oxoid, Basingstoke, United Kingdom). All MMB strains are clinical or human
fecal isolates from local and regional public health laboratories and have been
identified by routine procedures.

Design and testing of oligonucleotide probes. Oligonucleotide probes were
designed with the ARB software package (24), and rRNA sequences were ob-
tained in an aligned form from the Ribosomal Database Project (RDP) (25)
supplemented with newly deposited rRNA sequences from GenBank. Fluores-
cein-labeled oligonucleotides against selected group-specific target sequences
were synthesized commercially (Eurogentec, Seraing, Belgium) and tested for
specificity against a set of reference organisms listed in Table 1. For this purpose,
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TABLE 1. Organisms used in the FISH specificity studies and the results of the FISH specificity tests
Probe result
Strain Code
Phasco741 Veil223 Ehal1469 Lach571 Ecyl387 Rbro730 Rfla729
Succiniclasticum ruminis DSM 9236 + — — — — _ _
Acidaminococcus fermentans MMB + - - - - — _
Veillonella atypica subsp. rodentium DSM 20737 - + - - - - _
Veillonella parvula MMB - + - - - _ _
Clostridium polysaccharolyticum DSM 1801 - - + - - - _
Lachnospira multipara DSM 3073 - - — + — — _
Eubacterium eligens MMB - - - + - - —
Eubacterium cylindroides DSM 20477 - - - — + — _
Clostridium innocuum MMB — — — - + _ _
Clostridium leptum DSM 753 - - — — — + _
Clostridium sporosphaeroides DSM 1294 — — — — — + _
Ruminococcus bromii ATCC 27255 - — — — — + _
Ruminococcus albus ATCC 27210 — — — — — + +
Ruminococcus flavefaciens ATCC 19208 - - - - - - +
Ruminococcus callidus ATCC 27760 - - — — — — +
Eubacterium siraeum DSM 3996 - — — — — _ +
Atopobium parvulum MMB — — - - — _ _
Bacteroides fragilis DSM2151 — — — — —_ _ _
Bacteroides ovatus MMB — — — — _ _ _
Bacteroides splanchnicus MMB - - - - - — _
Bacteroides thetaiotaomicron MMB — — — — — — _
Bacteroides uniformis MMB - - - - - — _
Bifidobacterium adolescentis MMB - — — — — — _
Bifidobacterium dentium NIZO B679 - - — — — — _
Bifidobacterium infantis MMB - - - - - — _
Bifidobacterium longum MMB - - - - - - _
Bifidobacterium pseudolongum MMB - - - - - — _
Clostridium aminovalericum MMB - - — — — _ _
Clostridium beijerinckii MMB - - - - - — _
Clostridium butyricum MMB - — - — — _ _
Clostridium carnis MMB — — — — _ _ _
Clostridium difficile DSM 1296 — — — — —_ _ _
Clostridium histolyticum MMB - - - - - — _
Clostridium perfringens MMB — - - - - — _
Clostridium putrificum DSM 1734 — — — _ _ _ _
Clostridium sporogenes MMB — - - - - — _
Clostridium tyrobutyricum MMB - - - - - — _
Collinsella aerofaciens DSM 13713 — - - — — — _
Eubacterium moniliforme MMB - - - - - — _
Eubacterium plautii DSM 4000 - - - — — — _
Eubacterium tenue DSM 20695 — — _ —_ _ _ _
Eubacterium ventriosum DSM 3988 - - — — — — _
Lactobacillus brevis DSM 20468 — — — _ _ _ _
Peptostreptococcus prevotii DSM 20548 — — — — —_ _ _
Prevotella intermedia ATCC 49046 - — — — — _ _
Sporomusa paucivorans DSM 3697 — — — — — _ _

paraformaldehyde (PFA)-fixed cells of the reference strains were applied to
slides and hybridized overnight at 50°C in hybridization buffer (0.9 M NaCl, 20
mM Tris-HCI [pH 7.2], 0.1% sodium dodecyl sulfate [wt/vol]) containing 5 ng of
labeled probe pl~! as described previously (8). If more stringent conditions were
needed, formamide was added to the hybridization buffer in concentrations
ranging from 0 to 60% (vol/vol). For hybridization with the Rbro730 and Rfla729
probes, cells were incubated prior to hybridization with 10 pl of 1 mg of lysozyme
ml~! in 100 mM Tris-HCI (pH 8.5) for 10 min at room temperature. Phyloge-
netic trees illustrating the target groups of the extensive probe set (Fig. 1) were
generated with the ARB software package by applying the neighbor-joining
method to a relevant selection of sequences from the database of the RDP
comprising around 20,000 sequences.

Enumeration of bacteria in fecal samples by FISH. Eleven healthy volunteers
ranging from 20 to 55 years provided fresh fecal stools. Portions (0.5 g) of each
stool were fixed with PFA as described previously (8). Dry weights were deter-
mined by lyophilizing a weighed portion of each homogenized fecal sample.

Fecal samples were applied to glass slides by the protocol described previously
(16), except that the dilution of the PFA-fixed fecal samples was made in phos-
phate-buffered saline and not in 5% Tween solution. The slides were hybridized

with the (newly designed) probes or stained with diamidino-2-phenylindole
(DAPI) as described previously (8, 16). The fluorescent cells in the samples were
counted automatically (16) with a Leica DMRXA epifluorescence microscope
(Leica, Wetzlar, Germany), except when the number of cells was lower than 4 X
10% cells g ! (wet weight): in that situation, the cells were counted visually with
an Olympus BH2 epifluorescence microscope.

RESULTS

Design and specificity of oligonucleotide probes. Seven spe-
cific probes were designed to extend the existing set of probes
for fecal bacteria. These probes are listed together with their
target organisms in Table 2. A schematic representation of
the probes and their target groups is shown in Fig. 1 as a
phylogenetic tree. The probe Phasco741 was for the Phasco-
larctobacterium group, which includes the species Phascolarc-
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TABLE 2. Seven new probes, their target species, probe sequences, and optimal hybridization conditions
for the detection of human fecal bacteria
Hybridization conditions
Probe Target species Probe sequence % of formamide Lysozyme.
treatment (min)

Phasco741 Phascolarctobacterium faecium, Acidaminococcus 5S'TCAGCGTCAGACACAGTC 0 NT*
fermentans, and Succiniclasticum ruminis

Veil223 Veillonella dispar, Veillonella parvula, and 5'"AGACGCAATCCCCTCCTT 0 NT
Veillonella atypica

Ehal1469 Eubacterium hallii, Clostridium herbivorans, and 5'CCAGTTACCGGCTCCACC 20
Clostridium polysaccharolyticum

Lach571 Lachnospira multipara, Eubacterium eligens, and 5'GCCACCTACACTCCCTTT 40 (400 mM NaCl) NT
Lachnospira pectinoschiza

Ecyl387 Eubacterium cylindroides, Clostridium innocuum, 5'CGCGGCATTGCTCGTTCA 20 NT
Eubacterium biforme, Eubacterium tortuosum,
Eubacterium dolichum and Streptococcus
pleomorphus

Rfla729 Ruminococcus albus and Ruminococcus 5S’AAAGCCCAGTAAGCCGCC 20 15
flavefaciens

Rbro730 Clostridium sporosphaeroides, Ruminococcus 5S'TAAAGCCCAGYAGGCCGC 20 15

bromii, and Clostridium leptum

“NT, no treatment.

tobacterium faecium, Acidaminococcus fermentans, and Suc-
ciniclasticum ruminis, members of the Clostridium cluster 1X,
as described before (3). The probe Veil223 was used for mem-
bers of the genus Veillonella (e.g., V. dispar, V. parvula, and V.
atypica). The remaining two members of the genus, V. ratti and
V. criceti, have one G-T mismatch on position 9 from the 5’ end
of the probe and will probably hybridize with the probe under
the hybridization conditions in Table 2. The probe Ehal1469 is
for the Eubacterium hallii group, including E. hallii, Clostridium
herbivorans, and Clostridium polysaccharolyticum, which are
members of the Clostridium cluster XIVa (3). The probe
Lach571 is specific for other members of cluster XIVa: the
Lachnospira group, which includes the species Lachnospira
multipara, Eubacterium eligens, and Lachnospira pectinoschiza.
The probe Ecyl387 is specific for members of Clostridium clus-
ter XVI, referred to here as the Eubacterium cylindroides
group. The Rfla729 and the Rbro730 probes are specific for
members of Clostridium cluster 1V, Clostridium leptum, Clos-
tridium sporosphaeroides, and ruminococci related to these bac-
teria, including Ruminococcus flavefaciens, Ruminococcus al-
bus, and Ruminococcus bromii. Ruminococcus callidus and
Eubacterium siraeum, both members of cluster IV, have only
one mismatch to the Rfla729 probe. Probe design was based on
16S rRNA sequences of known bacteria and on sequences
from human fecal clone libraries (32). In order to test the
specificity of the newly designed probes, a selection of target
and nontarget bacterial strains was hybridized in situ with the
probes. This included strains with one or two mismatches in
the target sequence of the 16S rRNA. The strains were hybrid-

ized and washed at 50°C. The specificity was optimized with a
range of formamide concentrations in the hybridization buffer.
After hybridization, the strains were screened for fluorescent
signals and compared with those obtained after hybridization
with bacterial probe Bact338 as a positive control and its com-
plement non-Bact338 as the negative control. Table 1 shows
the results of these hybridizations under the optimized condi-
tions described in Table 2. All probes were specific for their
target organisms, except for the Rbro730 probe and the
Rfla729 probe. The Rbro730 probe also hybridized to R. albus,
which has one U-G mismatch on position 13 from the 5" end of
the probe. If Rbro730 is used in conjunction with the Rfla729
probe, this will not cause any problems, because the target
groups overlap. The Rfla729 probe cross-reacted with R. cal-
lidus and E. siraeum, which both have one G-T mismatch on
position 10 from the 5" end of the probe. Because of their close
relationship with the target organisms, this cross-reaction is
favorable. It would be possible to include these two species in
the target group by introducing a wobble base on the mis-
matching position. However, this creates new single mis-
matches with unwanted species, and therefore this idea was
rejected. The Lach571 probe has only one mismatch with many
Bacteroides species. However at 60% formamide, the probe did
not show fluorescence with these Bacteroides species. In addi-
tion, it was found that lowering the salt concentration from 0.9
to 0.4 M NaCl in combination with 40% formamide effected
brighter signals with the target species without giving rise to
fluorescence with the Bacteroides species. This was chosen as
the optimal hybridization condition.

FIG. 1. Phylogenetic tree based on 16S rRNA sequences illustrating the target groups of the newly described probes and the other probes of
the extensive gut microbiota probe set. The tree shows the relationship between the major genera, groups, and organisms known to be present in
the human gut. The species or clone sequences with their corresponding accession numbers are the target organisms that have a full match with
the newly described oligonucleotide probes depicted behind the vertical bars on the right. Boxes and group names in boldface indicate that the
target groups of the probes have been described previously. The sizes of the boxes reflect the number of sequences used in the tree construction,
and their shape reflects the phylogenetic depth of the corresponding groups. The size bar at the bottom represents 10% sequence divergence.
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TABLE 3. Numbers and percentages of fecal microorganisms from 11 volunteers as determined by DAPI staining (total cells) and by
hybridization with bacterial probe Bact338 (total bacteria) or newly designed probes

No. of cells/g (dry wt) in volunteer no.”:

Population Stain or probe

1 2 3 4
Total cells DAPI 1.4 X 10" 2.9 x 10" 32 x 10" 1.5 x 10
Total bacteria Bact 338 7.9 X 10'° 1.7 X 10" 2.2 % 10" 1.3 x 10"
Ruminococcus group Rbro729/Rfla730 2.0 X 107 (2.5) 3.1 X 10" (18.4) 1.7 X 10'° (8.1) 8.0 X 10% (0.6)
E. cylindroides group Ecyl387 2.6 X 10%(0.3) 2.0 X 10%(0.1) 1.9 % 10% (0.09) 9.3 X 10° (7.4)
Phascolarctobacterium group Phasco 741 3.9 X 10%(0.5) 1.5 X 10% (0.1) 2.8 X 10° (1.3) 2.1 X 108 (0.2)
Veillonella Veil223 6.0 X 107 (0.07) ND 6.1 X 10° (0.003) ND
E. hallii group Ehal1469 5.7 X 10° (7.1) 1.4 X 10 (8.2) 7.2 X 10° (3.4) 7.1 X 10° (5.7)
Lachnospira group Lach571 3.1 X 10°(3.9) 7.6 X 10° (4.6) 6.2 X 10° (2.9) 2.1 X 10° (1.7)
% Dry matter of the fecal sample 30 36 26 25

“ Values in parentheses represent the percentage relative to the total number of cells determined by hybridization with probe Bact338.

> ND, not detected.

Application of the probe in enumeration of the bacterial
group in human feces. The newly designed probes were used in
FISH experiments to enumerate the numbers of their target
groups in fecal samples from 11 healthy volunteers. The results
were listed in Table 3. The Ecyl387 probe detected 1.5 X 10°
cells per g (dry weight), representing 1.8% of the total
(Bact338) (range, 0.05 to 7.4%). The probes detected mostly
cylindrical small rods, presumably E. cylindroides (Fig. 2A),
and sometimes detected C. innocuum-like thin rods. A combi-
nation of the Rbro729 and the Rfla730 probes detected a mean
number of 1.4 X 10*° cells per g (dry weight) of feces. This was
10% of the total hybridizable cell count (Bact338), which
ranged from 0.6 to 28%. The probes detected brightly fluo-
rescing cocci—presumably ruminococci—and some weakly flu-
orescing rods, presumably clostridia of group IV (Fig. 2B). The
Veil223 probe detected 10° cells per g (dry weight). The only
morphology detected was represented by small Veillonella-like
cocci (Fig. 2C); on average, 0.08% of the total bacterial cells
were within the range not detectable to 0.5% detectable. The
Phasco741 probe detected 9.0 X 10° cells per g (dry weight),
representing 0.6% of the total (Bact338) and ranging from not
detectable to 2.6% detectable. The bacteria that were detected
by the Phasco741 probe were all rods about 4 to 6 pm long—
presumably Phascolarctobacterium or Succiniclasticum cells
(Fig. 2D). The Lach571 probe also detected 5.1 X 10? cells per
g (dry weight), representing 3.6% of the total (Bact338) and
ranging from 1.6 to 13.6%. The morphology detected by the
Lach571 probe was more diverse, ranging from large oval di-
viding rods (Fig. 2E) to thin rods (Fig. 2F). The Ehal1469
probe detected 5.1 X 10° cells per g (dry weight), representing
3.8% of the total (Bact338) and ranging from 0.9 to 8.2%.
Their main morphology was represented by pairs of rods about
2 pm in length (Fig. 2G), although in some cases, longer rods
were seen.

Evaluation of the coverage of the extensive probe set for
detecting specific bacterial groups in human feces. A set of 15
probes were used to evaluate how much of the total microbiota
was detected with these probes specific for the major bacterial
groups in human feces. Furthermore, differences in counts with
the various probes between individuals were analyzed. The
extensive set of probes consists of the probes presented in Fig.
1 and the Bact338 probe specific for virtually all bacteria (1).

Apart from the newly described seven probes, probes for other
fecal bacterial groups designed and validated elsewhere were
used to enumerate bacteria in the same fecal samples as de-
scribed above. These were (i) Bact338 to detect the total hy-
bridizable bacterial cells; (ii) the Erec482 probe for most mem-
bers of the Clostridium group XIVa (8); (iii) Bac303 for most
Bacteroides and Prevotella bacteria (26); (iv) Bif164 for the
genus Bifidobacterium (23); (v) Elgc01 for Fusobacterium
prausnitzii-related eubacteria (8, 36); (vi) Ato291 for the
Atopobium group, with Collinsella aerofaciens as the predomi-
nant fecal species (13); (vii) Ecolil531 for Escherichia coli and
related species (28); and (viii) Lab158 for enterococci and
lactobacilli (15). For this enumeration, the same 11 fecal sam-
ples described above were used. DAPI staining was used to
enumerate the total amount of cells in these samples. The
mean results for the 11 individuals with the 15 probes are
presented in Table 4. The mean counts are given in cells per
gram in both dry weight and wet weight to make the results
more comparable with data from the literature.

We determined the coefficient of variation due to the enu-
meration assay itself (CV ) by repeating the assay, including
sample preparation, 12 times on the same stool sample. The
fluorescent cells were enumerated automatically on the Leica
DMRXA epifluorescence microscope. The CV s with a
1,600X dilution of the fecal sample were 0.15 for DAPI stain-
ing and 0.09 for hybridization with Bact338. The CV s were
0.16 for Erec482 at a 400 times dilution, 0.28 for Bif164 at a 160
times dilution, and 0.12 for Lach571 at a 40 times dilution. For
the other probes, the average CV ,,, (0.16) of the four afore-
mentioned FISH probes was used. The CV between individu-
als (CVj,,) Was determined by correcting the total variation
(CV ora1) between the individuals for the CV ., (16). For all
probes combined, the CV,,,,., was more than two times higher
than the CV ,,, showing that the variation between samples
can be determined by this FISH method. A high CV,,,., indi-
cates a large variation between the samples of the volunteers.
In general, the CV,,., is high when the percentage of bacteria
detected with a specific probe is low, especially those of probes
that do not detect bacteria in all individual samples. The
CV,,ier (1.07) found with the Rbro729 and Rfla730 probes was
remarkably high, which indicates that there are large differ-
ences between volunteers with respect to the numbers of bac-
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TABLE 3—Continued
No. of cells/g (dry wt) in volunteer no.“:
5 6 7 8 9 10 11
1.4 x 10" 2.5 x 101 2.0 X 10" 3.7 x 10" 2.4 x 10" 1.6 X 10" 8.6 X 10
6.2 X 10'° 8.4 x 10'° 1.7 x 10" 2.2 % 10" 1.2 x 10" 6.0 X 10'° 8.3 x 10'°

1.7 X 10° (2.8)
33 % 10° (0.5)
NDb
6.1 X 10° (0.01)
2.4 % 10° (3.9)
1.3 % 10° (2.1)

37

1.4 X 10" (16.9)

3.4 % 10° (4.1)
ND

3.4 % 107 (0.04)

8.8 X 10° (1.0)

1.3 % 10° (1.6)

33

2.7 X 10° (1.6)
7.8 X 107 (0.05)
43 % 10° (2.6)
7.8 X 108 (0.5)
1.1 X 101 (6.7)
2.3 X 10" (13.6)

17

4.4 x 10'° (19.8)
1.3 X 10® (0.06)
1.0 X 107 (0.005)
3.7 X 107 (0.02)
4.6 X 10° (2.0)
5.8 X 10° (2.6)

24

3.5 X 10 (28.4)
8.0 X 108 (0.6)
4.7 X 10° (0.004)
1.3 X 107 (0.01)
1.3 X 10° (1.1)
2.8 X 10° (2.3)

35

6.6 X 10° (10.9)
8.5 X 10° (1.4)
7.4 % 10° (0.01)
6.0 X 107 (0.1)
5.6 X 10% (0.9)
1.1 X 10° (1.8)

33

3.1 % 10° (3.8)
5.2 % 10° (0.6)
2.1 X 10° (2.5)
1.4 X 10° (0.2)
1.4 % 10° (1.7)
2.3 % 10° (2.8)

22

teria of this group. Summation of the percentages of the cells
detected and identified with group-specific probes resulted in
56.2% for DAPI-stained cells or 90.5% for the total bacterial
cells enumerated with the Bact338 probe. The Ehall1469 and
Lach571 probes were excluded from this summation, since they
detect a group of bacteria already covered by the Erec482
probe.

DISCUSSION

A set of seven new oligonucleotide probes is presented to
extend the set of probes for the predominant microbiota of the
human gastrointestinal tract and in particular for fecal bacte-
ria. Five of the seven probes each detected an average of more
than 1% of the total bacterial microbiota. Especially the
probes for the ruminococci and related Clostridium group IV
bacteria are valuable, since these probes detected 10% of the
fecal bacteria, and this group of bacteria is likely to have
interesting metabolic features, such as degradation of complex
carbohydrates. The numbers of the ruminococcus group are
within the range earlier estimated in human feces by culture
techniques (7), in which a mean of 1.6 X 10" g~ ' (dry weight)
was found. Also the numbers of the Eubacterium cylindroides
group are within the reported ranges. The numbers of C.
innocuum, E. cylindroides, and Eubacterium dolichum enumer-
ated previously showed a large variation between the subjects
with mean numbers of 4 X 10%, 4 X 10°, and 4 X 10%- g~ (dry
weight), respectively (7). FISH with three species-specific
probes for E. cylindroides, Eubacterium biforme, and E. doli-
chum detected 9 X 107, 2 X 108, and 0 cells g~ * (dry weight),
respectively (28). Out of 12 volunteers, 2 possessed E. cylin-
droides cells and 6 possessed E. biforme cells (29). Although the
Veil223 and the Phasco741 probes detected a minor percent-
age of the total bacteria, they are interesting as well. Veillonella
may play a role in microbiota development at an early age (14),
and the Phascolarctobacterium group is a fairly unknown group
of bacteria with interesting metabolic properties, such as suc-
cinate decarboxylation (17). The number of Veillonella cells
reported here is in the same order of magnitude as that re-
ported earlier in feces of adults in which 8 X 107 cells per g
were enumerated (7). The Ehal1469 and Lach571 probes spe-
cific for subgroups within the Erec482 group detect 3.8 and
3.6% of the total fecal bacteria, respectively. When comparing
fecal samples, significant changes in the target groups of these

probes would be difficult to detect with Erec482, which ac-
counts on average for 22.7% of the bacterial microbiota.

The newly designed probes described in this study are addi-
tional to the existing set of probes, complementing it to an
extensive set of 15 probes. Several other probes that can be
useful for gut microbiota studies exist. For instance, a new
group-specific probe was proposed for Fusobacterium prausnit-
zii and related species (33) that could be an alternative for the
Elgc01 probe. Also the group-specific probe of the Clostridium
leptum group (30) would be very useful, because it detects even
more target species than the Ruminococcus group probes de-
scribed here. However, this probe is used in dot blot hybrid-
ization and does not function well in FISH (results not shown).
Species-specific probes have been designed for members of the
genera Bacteroides (5), Bifidobacterium (37), Eubacterium (29,
31), and Ruminococcus (21, 22). Although all of these probes
are useful to specifically detect these species in the gut micro-
biota, for total microbiota analysis, the use of probes with
narrow specificity is too laborious.

With the extensive set of group-specific probes used in this
study, we can detect 90.5% of the total bacterial microbiota
detected with the Bact338 probe. However, of the total DAPI-
stained cells, only 56.2% are detected by this extensive probe
set and 60.9% are detected by the bacterial probe Bact338.
This might indicate that still 38% of cells remains undetected.
Several reasons why these cells are not detected come to mind.
They may belong to the Archaea or the Eucarya. They may
simply be dead cells. They may be not permeable or metabol-
ically active. Finally, the target site for the single Bact338 probe
used here (1) may be absent in some bacterial species (4). The
specific probes detect bacteria also detected by the Bact338
probe. However, some groups of bacteria need lysozyme per-
meabilization for effective hybridization, such as ruminococci
and lactobacilli. These bacteria are detected by the specific
probes, since we use lysozyme in the protocol, but not by the
Bact338 probe, in which no lysozyme treatment is used. De-
spite these considerations, the extensive probe set still does not
cover all bacterial cells. Therefore, the need for further probe
development remains.

The results obtained in this study with the probes described
earlier are in agreement with data we presented previously (8),
although the mean counts are now on average 1.5 times lower.
The CV,,., values presented here are in the same range as
those determined previously (8), indicating the reliability of
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FIG. 2. FISH experiments with the newly designed probes on fecal samples from different volunteers. (A) Epifluorescent images of a
hybridization with the Ecyl387 probe specific for the E. cylindroides group showing small fluorescent rods. (B) Hybridization with a combination
of the Rbro729 and the Rfla730 probes specific for bacteria of the Ruminococcus group; the image shows one rod and different cocci.
(C) Hybridization with the Veil223 probe specific for Veillonella showing small cocci. (D) Hybridization with the Phasco741 probe detecting rods
of the Phascolarctobacterium group. (E and F) Two images of different fecal samples hybridized with the Lach571 probe specific for the Lachnospira
group showing big oval dividing rods and one thin rod (E) or only thin rods (F). (G) Hybridization with the Ehal1469 probe showing rods of the
E. hallii group. Bar, 5 pm.
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TABLE 4. Mean numbers per gram of feces, CVs, and percentages of total microbiota from 11 volunteers”
Mean no. of cells/g of feces (SD)” % Microbiota by:
Population Stain or probe CVineer®

Dry wt Wet wt DAPI Bact338
Total cells DAPI 2.1 (0.8) x 10! 6.2 X 10" 0.38 100
Total bacteria Bact338 1.3 (0.6) x 10" 3.5 % 10" 0.46 60.9 100
Bacteroides/Prevotella Bac303 3.6(2.3) x 10 9.5 X 10° 0.62 18.4 27.7
E. rectale/C. coccoides group Erecd82 2.9 (1.9) x 10'° 7.9 x 10° 0.62 14.0 22.7
Eubacterium low G+C2 Elgc01 1.4 (1.2) x 10 3.6 X 10° 0.86 7.1 10.8
Atopobium group Ato291 1.4 (0.9) x 10'° 4.1 x 10° 0.67 6.9 11.9
Ruminococcus group Rbro729/Rfla730 1.4 (1.6) x 10 4.4 x 10° 1.07 55 10.3
Bifidobacterium Bif164 6.0 (4.0) x 10° 1.7 x 10° 0.61 2.7 4.8
E. cylindroides group Ecyl387 1.5 (2.8) x 10° 4.0 x 108 1.89 0.9 1.4
Phascolarctobacterium group Phasco741 9.0 (15) x 108 2.0 X 10® 1.62 0.5 0.6
Enterobacteriaceae Ecolil531 32(9.1) x 108 6.1 X 107 2.84 0.2 0.2
Veillonella Veil223 1.0 (2.3) x 10® 2.1 x 107 2.20 0.06 0.08
Lactobacillus/Enterococcus Lab158 1.2 (2.6) x 107 4.1 %X 10° 2.11 0.01 0.01
Sum of specific probes 56.2 90.5
E. hallii group Ehal1469 5.1 (4.4) x 10° 1.4 % 10° 0.85 25 3.8
Lachnospira group Lach571 5.1(6.2) x 10° 1.3 x 10° 1.21 2.5 3.6

“ Values represent microbiota from the same 11 volunteers in Table 3, as determined by DAPI staining and FISH with the extensive probe set for the predominant

fecal microflora.

® Mean numbers from 11 fecal samples were calculated assuming that the numbers below the detection limit were zero.
¢ CVinter» CV due to normal differences in microbiota composition between the 11 human volunteers corrected for assay error.

these values. High CV,,., values indicate large differences
between the volunteers. This makes these probes useful as
sensitive parameters in the analysis of variations in composi-
tion of microbiota in relation to health and disease or as a
result of modulation by pre- or probiotics. The probes de-
scribed earlier have already been successfully applied in mi-
crobiota analysis to study the relationship between microbiota
development and atopy in children (18), the relationship be-
tween microbiota and milk hypersensitivity (2), and to study
the effects of prebiotics (20, 34, 35). Currently, the new probes
are applied to study the gut microbiota composition in relation
to age, health, and disease. This extensive probe set will make
FISH a more valuable and sensitive tool to study the human
gut microbiota.
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