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Molecular Studies Neglect Apparently Gram-Negative Populations in
the Human Gut Microbiota

Perrine Hugon,? Jean-Christophe Lagier,? Catherine Robert,? Catherine Lepolard,® Laurent Papazian,®® Didier Musso,*

Bernard Vialettes,® Didier Raoult?

Aix-Marseille Université URMITE, UM63, CNRS 7278, IRD 198, INSERM 1095, Marseille, France?; Service de Réanimation-Détresses Respiratoires et Infections Séveres, Hopital
Nord, Marseille, France®; Institut Louis Malarde, Papeete, Tahiti, French Polynesia; Service de Nutrition, Maladies Métaboliques et Endocrinologie, UMR-INRA U1260, CHU
de la Timone, Marseille, France®

Studying the relationships between gut microbiota, human health, and diseases is a major challenge that generates contradictory
results. Most studies draw conclusions about the gut repertoire using a single biased metagenomics approach. We analyzed 16
different stool samples collected from healthy subjects who were from different areas, had metabolic disorders, were immuno-
compromised, or were treated with antibiotics at the time of the stool collection. The analyses performed included Gram stain-
ing, flow cytometry, transmission electron microscopy (TEM), quantitative real-time PCR (qPCR) of the Bacteroidetes and Fir-
micutes phyla, and pyrosequencing of the 16S rRNA gene amplicons targeting the V6 region. We quantified 10'° prokaryotes per
gram of feces, which is less than was previously described. The Mann-Whitney test revealed that Gram-negative proportions of
the prokaryotes obtained by Gram staining, TEM, and pyrosequencing differed according to the analysis used, with Gram-nega-
tive prokaryotes yielding median percentages of 70.6%, 31.0%, and 16.4%, respectively. A comparison of TEM and pyrosequenc-
ing analyses highlighted a difference of 14.6% in the identification of Gram-negative prokaryotes, and a Spearman test showed a

tendency toward correlation, albeit not significant, in the Gram-negative/ Gram-positive prokaryote ratio (p = 0.3282, P =
0.2146). In contrast, when comparing the qPCR and pyrosequencing results, a significant correlation was found for the Bacte-
roidetes/ Firmicutes ratio (p = 0.6057, P = 0.0130). Our study showed that the entire diversity of the human gut microbiota re-
mains unknown because different techniques generate extremely different results. We found that to assess the overall composi-
tion of bacterial communities, multiple techniques must be combined. The biases that exist for each technique may be useful in

exploring the major discrepancies in molecular studies.

nraveling the relationships between gut microbiota, human
health, and disease is a major challenge for scientists (1-3).
The gut composition varies with physiological conditions, such as
age (4, 5) or geographical origin (6, 7), and external factors, such
as dietary habits (8) and the use of antibiotics (9-11) or probiotics
(12). Moreover, a causative relationship between gut composition
and diseases, such as obesity (13—15), has recently been suggested.
Several methods have been used to study the diversity of the gut
microbiota. Microscopy, culture, and deep-sequencing method-
ologies have yielded contradictory results. Because many species
of bacteria cannot be easily cultured, most notably anaerobic bac-
teria (16, 17), a discrepancy known as “the great plate count
anomaly” exists (18). Gram staining may lead to bacterial mis-
identification due to the Gram stain variability of some bacteria
(19). The improved resolution of electron microscopy has allowed
for an expansion of knowledge about viruses (20) and bacteria
(21). This technique plays a role in the clinical diagnosis of viral
infections but has limited applications in bacterial diagnosis. It is
also used in cellular research to study the structure and function of
cells (22) and in environmental research to study the soil micro-
flora (23, 24). Based on environmental microbiology models (25),
a renewed interest in culture methods has recently occurred (26,
27). A study performed in our laboratory used 212 different cul-
ture conditions (microbial culturomics) on 3 different samples
and compared the results with those from pyrosequencing (27).
We found that 85% of the culture sequence was not recovered by
deep sequencing. Finally, the results of metagenomic studies are
often contradictory (28).
Indeed, there are many biases inherent to each technique. Mo-
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lecular techniques targeting the 16S rRNA gene have revolution-
ized our knowledge of microbial diversity (29). However, several
biases occurring during DNA extraction and purification (30) and
during PCR amplification, due to various primer efficiencies (31—
33), have been reported, leading to the incorrect representation of
the actual abundance of microbial communities. New high-
throughput sequencing methods, such as pyrosequencing, are
currently the most common methods used to describe microbial
ecosystems. However, many factors can influence the ability of
this technique to efficiently detect different taxa (34). For exam-
ple, universal primers are known to be biased against Actinobac-
teria (35), and the proportion of phyla detected depends on the
hypervariable regions targeted in the 16S rRNA gene (36). Fur-
thermore, there is a depth bias, and bacterial populations at con-
centrations of <10° CFU/ml are not detected by pyrosequencing
(27).

Here, as a large part of a gut microbiota study (3, 10, 27), we
report an analysis of 16 different stool samples obtained from
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healthy or ill individuals from different locales to avoid sample
biases and to study different profiles. The samples were collected
from patients suffering from metabolic disorders or infectious
diseases or from patients treated with broad-spectrum antibiotics.
We compared the bacterial compositions using a large variety of
techniques, including Gram staining, flow cytometry, transmis-
sion electron microscopy (TEM), quantitative real-time PCR
(qPCR), and the 454 FLX Titanium pyrosequencing of 16S rRNA
gene amplicons; the use of some of these methodologies in other
studies is unknown.

MATERIALS AND METHODS

Stool sample collection. Sixteen stool specimens were collected from 16
different subjects (see Table S1 in the supplemental material). Twelve
samples were collected from patients from Marseille, France, and four
were collected from patients in French Polynesia. Six patients were af-
fected by metabolic disorders: one woman had anorexia nervosa and a
body mass index (BMI) of 10.4 kg/m? (sample SRA062687), two patients
were overweight (men with BMIs of 24.0 kg/m? [sample SRS387498] and
27.4kg/m? [sample SRS385004]), two patients were obese (37) (men with
BMIs of 31.0 kg/m® [sample SRS387497] and 33.0 kg/m® [sample
SRS387496]), and one young woman was morbidly obese and had a BMI
of 48.2 kg/m? (sample SRA049748). Two patients were hospitalized in the
intensive care unit (ICU) and were treated with antibiotics (samples
SRA058885 and SRA058885). The stool sample collected from the first
patient (sample 4) was collected at the end of an ICU stay during which he
received cocktails of antibiotics, and the other stool sample was collected
from a second patient after receiving a 10-day course of imipenem (sam-
ple 5). Eight patients were HIV positive: six patients had HIV-1 (samples
SRA062846, SRS387488, SRS387490, SRS387491, SRS385014, and
SRS387493), one patient had HIV-2 (sample SRS387489), and one
woman was an elite controller (38) (sample SRS387495). We collected 10
control stool samples to compare 2 different counting methods. Each fecal
sample was aliquoted into 1-g samples at the time of the collection and
frozen at —80°C upon receipt. No clinical manifestations of diarrhea were
observed in any patient. Patient consents were obtained. The study was
approved by the local ethics committee of the Institut Fédératif de Recher-
che 48 (IFR48) under agreement no. 09-022, Marseille, France.

Gram staining. Approximately 1 g of each stool was suspended in 9 ml
of phosphate-buffered saline (PBS), and 10-fold serial dilutions were
made in PBS with vigorous shaking between dilutions. Samples at 3 dif-
ferent dilutions (dilutions ranged from 10~ *to 10~ °) were analyzed using
the following protocol: smears of 10 wl of the dilution were spread on a
slide, and after rapid heat fixation of the smears, the slides were Gram
stained with a slide stainer/cytocentrifuge (Aerospray; Wescor, Inc., Lo-
gan, UT). The repartition and morphology of the cells were examined by
counting 10 microscopic fields with an X100 objective in oil immersion
on a microscope (model DM1000; Leica, Wetzlar, Germany) immediately
after Gram staining. The results expressed in our study are those obtained
with the 10~ * dilution, as was recommended by the initial studies analyz-
ing the fecal flora (16, 17).

Quantification using a Kova slide. Each sample was analyzed in trip-
licate. We used a calibrated chamber of 1 ul (Kova slide) to quantify the
total bacteria in the samples. A dilute crystal violet solution (dilution,
107?) was added to the 10™* dilution of the stool samples (vol/vol). We
counted the bacteria in one square at X40 and multiplied the results by
100 to obtain the bacterial concentration in 1 p.l. The results are expressed
as the number of bacteria per gram of stool weight. A dilution range from
10~ *to 10~ ® was performed for 10 control samples, and we quantified the
bacteria observed in each dilution using the Kova slide.

Quantification by flow cytometry. The absolute number of bacterial
cells (measured in cells/pl) in each sample was calculated using the fol-
lowing equation: (number of cells counted/number of CytoCount beads
counted) X CytoCount concentration (1,100 beads/.l) X dilution factor
(39). The parameters were adjusted using diluted samples with or without
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beads to the following settings: forward scatter (FSC) 250 nm, SSC (1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate) 174 nm, FSC photomul-
tiplier tube (PMT) 500 nm, Pacific Blue 313 nm (to visualize the 4',6-
diamidino-2-phenylindole [DAPI] stain), fluorescein isothiocyanate
(FITC) 426 nm, and allophycocyanin (APC) 500 nm. Flow cytometry (40)
was performed in triplicate with 3 different dilutions (from 10™* to 107°)
for the 10 control samples and in triplicate with the 10™* dilution for the
16 patient samples. To 500 pl of each dilution, 500 pl of Triton 0.1% in
PBS was added to permeabilize the bacterial cell walls. The cells were
pelleted at 13,000 X g for 5 min in a microcentrifuge tube and resus-
pended in a 1-ml volume of PBS. Each sample was stained with 1 pl of
DAPI dye (1 pg/pl concentration) (Invitrogen, Life Technologies, Saint
Aubin, France). The samples were incubated for a minimum of 30 min at
room temperature in the dark, and 25 pl of CytoCount beads was added
before processing the samples on the cytometer in triplicate. The total
number of recorded events was 10,000 for cell counting using a BD LSR-
Fortessa cell analyzer.

The data were analyzed using the BD FACSDiva 6.2 software. We
created a one-dimensional gate in the histogram for cells stained with
DAPI and another one for liquid-containing fluorescent beads. The num-
ber of events using each gate was calculated, and we calculated the number
of bacteria in 1 ml of sample by following the equation detailed above.

Transmission electron microscopy. Before examining the samples
using transmission electron microscopy, each stool sample was fixed twice
(first fixation with glutaraldehyde for bacterial proteins, second fixation
with OsO, for bacterial lipids) to prevent the loss of cellular material
during dehydration or while cutting the resin block.

For each sample, we selected a minimum of 500 bacterial pictures (one
picture corresponded to one bacterium), and we examined the bacterial
surface layer organization. Next, we quantified how many bacteria had a
Gram-positive-type prokaryote cell wall, which was characterized by a
thick cell wall and no outer membrane (see Fig. SIB in the supplemental
material), or a Gram-negative-type prokaryote cell wall, which was char-
acterized by the presence of an outer membrane structure at the external
surface and a relatively thin peptidoglycan layer (see Fig. S1A in the sup-
plemental material). Some prokaryotes, such as Mycobacteria or Archaea
(41), have cell envelopes that are different from those of both Gram-
positive and Gram-negative structures (see Fig. S1C in the supplemental
material), and a few bacteria could not be categorized into either group
because their cell wall structures were unique and difficult to characterize
(23) (see Fig. S1D in the supplemental material).

Real-time quantitative PCR assays. DNA was extracted from the
stools using a NucleoSpin tissue minikit (Macherey-Nagel, Hoerdt,
France), as described in Dridi et al. (42). The design of the probes and
primers for the Bacteroidetes and Firmicutes divisions were previously de-
scribed by Armougom and Raoult (43) (see Table S2 in the supplemental
material), and the Methanobrevibacter smithii probe and primers were
designed using the Primer3 v0.4.0 software (44). Chimeric fragments were
used for the quantification of Bacteroidetes, Firmicutes, and M. smithii
(45). Real-time PCR was performed with a Stratagene Mx3000 system
(Agilent, Santa Clara, CA) using QuantiTect PCR mix (Qiagen, Courta-
boeuf, France) (45). The extracted DNA was analyzed as undiluted and
also diluted at 1:10 and 1:100 to minimize the presence of inhibitors.
The samples were analyzed in triplicate. For each cycle threshold, a
range calibration was performed to determine the quantity of bacteria
in the samples.

16S rRNA pyrosequencing. Fecal DNA was extracted from stool sam-
ples using a NucleoSpin tissue minikit (Macherey-Nagel, Hoerdt, France)
following a previously described protocol (42). An approximately 400-
nucleotide (nt) region of the 16S rRNA gene was amplified by PCR using
the primers 917F (5'-GAATTGACGGGGRCCC) and 1391R (5'-GACGG
GCGGTGWGTRCA). These primers were selected because they can am-
plify the hypervariable region V6 (950 to 1,080 bp), which displays high
variability (36, 46), and they can produce an amplicon length equivalent
to the average length of the reads produced by the GS FLX Titanium. This
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high-throughput sequencing was performed on the 16 stool samples ei-
ther by bidirectional sequencing (samples 2, 3, and 4) or unidirectional
sequencing (samples 1, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and 16).

The taxonomic read classification to the phylum level was performed
using a BLASTn algorithm analysis, with a sequence identity and coverage
threshold of 90%.

Pyrosequencing data analysis. The 16S pyrosequencing data were
processed using the mothur package 1.5 (47, 48). No ambiguous bases
(“N”) and only one mismatch were allowed in the read and primer se-
quences, respectively. The quality-read trimming used a moving window
of 50 bp and required that the average quality score over the region did not
drop to <35. The trimmed reads were dereplicated and aligned using the
Silva bacteria reference alignment provided through the mothur website
(http://www.mothur.org/). The multiple sequence alignment was filtered
using a minimum read length of 200 bp. In addition, a preclustering step
(49) was performed before chimera detection with the chimera.uchime
tool in mothur. A distance matrix was built based on the multiple align-
ment strategy, and operational taxonomic unit (OTU) clustering was per-
formed at 97% sequence identity. We used the RDP classifier tool and the
RDP training set 9 database (http://www.mothur.org/) to assemble the
taxonomic classification from the phylum to the genus levels for each
representative OTU sequence. We did not analyze the stool sample com-
position at the species level. The relative abundance of reads per phylum
was deduced from this classification, and we calculated the proportion of
bacteria belonging to each of the following phyla: Bacteroidetes, Proteobac-
teria, Deinococcus-Thermus, Fusobacteria, Cyanobacteria, Tenericutes,
candidate division TM7, Synergistetes, Lentisphaerae, and Verrucomicro-
bia, all which contain Gram-negative bacteria, and Firmicutes and Actino-
bacteria, which contain Gram-positive bacteria. M. smithii could not be
targeted using this method because the V6 hypervariable region is not
detected in Archaea. We corrected the number of reads from the major
phyla (Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verru-
comicrobia) obtained by pyrosequencing using the mean number of 16S
rRNA gene copies for these phyla.

Statistical analysis. To validate our counting method, we correlated 2
different counting methods using a Kova slide and flow cytometry (using
Spearman’s p and two-tailed P values; a significant correlation was defined
as one with a P value of <0.05) and analyzed the differences in prokaryote
concentrations with both methods using a Mann-Whitney test (the con-
centrations obtained with both methods were considered significantly
different when the P value was <0.05). Next, we compared and correlated
the techniques in pairs (Gram staining versus TEM and TEM versus py-
rosequencing) using a correlation test between the concentrations ob-
tained for the Gram-negative and Gram-positive prokaryotes. Then, we
analyzed differences in the percentage of Gram-positive and Gram-nega-
tive bacteria observed by Gram staining, TEM, and pyrosequencing using
a Mann-Whitney test (the percentages obtained were considered signifi-
cantly different when the P value was <0.05). The quantitative PCR and
pyrosequencing techniques were correlated using a Spearman test to an-
alyze the concentrations of the Firmicutes and Bacteroidetes phyla. The
statistical tests and graphics were generated using GraphPad Prism 4.

RESULTS

Prokaryote counting. The number of prokaryotes per gram of
feces ranged from 6.30 X 10° (sample 15) to 9.60 X 10'° (sample
8) using the Kova slide and from 2.61 X 10° (sample 4) to 1.49 X
10'" (sample 1) using flow cytometry (see Table S3A in the sup-
plemental material). The concentration of prokaryotes per gram
of feces obtained by examining the 10~ * dilution of the 10 control
stool samples ranged from 3.15 X 10'° (sample E) to 8.55 X 10'°
(sample F) using the Kova slide and from 5.62 X 10° (sample C) to
9.11 X 10'° (sample F) using flow cytometry (see Table S3B in the
supplemental material). We concluded that the average number
of prokaryotes per gram of feces is approximately 10'°.
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Gram-positive and Gram-negative prokaryotes counted us-
ing Gram staining and TEM. Gram-positive prokaryotes pre-
dominated in only three samples as assessed by Gram staining
(Fig. 1A), accounting for 48.82% (1.64 X 10°) in sample 4, 75.27%
(3.46 X 10'°) in sample 6, and 77.0% (5.66 X 10°) in sample 15 of
the prokaryotes present. In 13 samples, Gram-negative pro-
karyotes represented the majority of the organisms observed (Fig.
1B; see also Table S6B in the supplemental material), ranging from
68.35% (4.18 X 10°) in sample 5 to 58.82% (8.78 X 10'°) in
sample 1 of the prokaryotes present. The ratio of Gram-negative
to Gram-positive prokaryotes ranged from 0.30 in sample 15 to
5.08 in sample 13 (Fig. 2), with a median Gram-negative-to-
Gram-positive prokaryote ratio of 2.31 * 1.59. Using TEM, we
observed that sample 2 was the only sample with a predominance
of Gram-negative prokaryotes (Fig. 1B), accounting for 56.0%
(1.80 X 10'°) of the prokaryotes present. For the other 15 samples,
Gram-positive prokaryotes predominated, ranging from 52.0%
(1.72 X 10%) in sample 4 to 51.0% (7.61 X 10'°) in sample 1. The
ratio of Gram-negative to Gram-positive prokaryotes ranged
from 0.21 in sample 14 to 1.27 in sample 2 (Fig. 2), with a median
Gram-negative-to-Gram-positive prokaryotes ratio of 0.51 *
2.28. In conclusion, the number of Gram-negative prokaryotes
was overestimated by Gram staining compared to TEM in several
samples.

Correction by 16S rRNA gene copy number of major species
composing the gut microbiota. On the basis of previous studies
(50, 51) we assessed 16S rRNA gene copy numbers of major spe-
cies composing the gut microbiota. The 16S rRNA gene copy
number obtained for the 10 Firmicutes species varied from 4 (for
Enterococcus faecalis, Veillonella parvula, and Ruminococcus albus)
to 10 (for Clostridium difficile), and the mean 16S rRNA gene copy
number for the Firmicutes species was 5.7. The 16S rRNA gene
copy number for the 8 Bacteroidetes species varied from 2 (for
Alistipes finegoldii) to 7 (for Bacteroides vulgatus and Parabacte-
roides distasonis), and the mean 16S rRNA gene copy number for
the Bacteroidetes species was 4.9. The 16S rRNA gene copy number
for the 10 Actinobacteria species varied from 1.0 (for Atopobium
parvulum) to 5.0 (for Bifidobacterium adolescentis), and the mean
16S rRNA gene copy number for the Actinobacteria species was
2.8. The 16S rRNA gene copy number for the 10 Proteobacteria
species varied from 2 (for Helicobacter pylori) to 10 (for Aeromonas
veronii), and the mean 16S rRNA gene copy number for the Pro-
teobacteria species was 6.7 (see Table S4A in the supplemental
material). The 16S rRNA gene copy number for M. smithii was 2.

Bacteroidetes, Firmicutes, and M. smithii quantification us-
ing real-time quantitative PCR. For all samples, the Bacteroidetes
16S rRNA gene copy numbers ranged from 7.02 X 107/g of feces in
sample 9 to 1.80 X 10'/g of feces in sample 6. The Firmicutes 16S
rRNA gene copy numbers ranged from 1.11 X 10%g of feces in
sample 5 to 2.26 X 10'%/g of feces in sample 2 (see Tables S6A and
S6B in the supplemental material). The ratio of Bacteroidetes to
Firmicutes ranged from 0.001 (in samples 2 and 13) to 1.559 in
sample 1 (Fig. 3). The M. smithii 16S rRNA gene copy numbers
ranged from 1.05 X 10°/g of feces in sample 1 to 2.28 X 10°/g of
feces in sample 14 (see Table S4B in the supplemental material).
Only 2 samples (1 and 5) had a predominance of Bacteroidetes
compared to Firmicutes. Conversely, the 14 other specimens had a
higher concentration of Firmicutes than Bacteroidetes.

Pyrosequencing. Pyrosequencing of the 16 samples generated
a number of reads, ranging from 11,531 (sample 16) to 225,965
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pyrosequencing.

(sample 7) (see Table S5 in the supplemental material). After cor-
rection with the 16S rRNA gene copy number, the Gram-positive
bacterial concentration ranged from 7.95 X 107/g (sample 5) to
5.24 X 10°/g (sample 2), and the Gram-negative bacterial concen-
tration ranged from 4.01 X 107/g (sample 2) to 2.61 X 10'%/g
(sample 1). The ratio of Gram-negative to Gram-positive bacteria
ranged from 0.01 (sample 2) to 34.32 (sample 1). However, with-
out correction by the 16S rRNA gene copy number, Firmicutes
quantification ranged from 4.52 X 10® in sample 5 to 2.92 X 10'°
in sample 2, and the Bacteroidetes quantification ranged from
6.41 X 10° in sample 2 to 7.85 X10'° in sample 1. The ratio of
Bacteroidetes to Firmicutes ranged from 0.0001 (sample 2) to
31.711 (sample 1). In addition, in all samples except for sample 1,
a portion of the total reads ranging from 0.01% (sample 9) to
16.58% (sample 14) of the total reads could not be assigned at the

gram-negative/gram-positive ratio
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FIG 2 Ratio of the Gram-negative to Gram-positive prokaryotes by Gram
staining and transmission electron microscopy (TEM) (Spearman’s p =
—0.7265, P value [two-tailed] = 0.0014).
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phylum level and are therefore noted as “others” (see Table S5 in
the supplemental material).

Comparison of techniques. A comparison of the prokaryote
concentrations obtained using flow cytometry and Kova slide
counting on the 10 control stools at 3 different dilutions indicated
a significant correlation between the methods (Spearman’s p =
0.5295, P = 0.0026) (Fig. 4), and the Mann-Whitney test indicated
that the bacterial concentrations were not significantly different
between the techniques (P = 0.8505). When comparing the pro-
karyote concentrations obtained using morphological tools, a sig-
nificant correlation existed between Gram staining and TEM
(Spearman’s p = 0.8035, P = 0.0002 for Gram-positive pro-
karyotes, and Spearman’s p = 0.8176, P = 0.0001 for Gram-neg-
ative prokaryotes) (see Fig. S2B in the supplemental material), and
this was confirmed by an analysis of the Gram-negative-to-Gram-
positive prokaryote ratio (Spearman’s p = —0.7265; P = 0.0014)
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FIG 3 Ratio of Bacteroidetes to Firmicutes (Spearman’s p = 0.6057, P value
[two-tailed] = 0.0130).
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FIG 4 Correlation analysis performed on prokaryote concentrations obtained
using the Kova slide and flow cytometry methods in 10 control stool samples.
Each sample was quantified using 3 different dilutions (Spearman’s p =
0.5295, P value [two-tailed] = 0.0026).

(Fig. 2). A comparison of the TEM and pyrosequencing tech-
niques for analyzing prokaryote concentrations showed a ten-
dency toward a correlation; the results were not significant for
Gram-negative prokaryote concentrations (Spearman’s p =
0.3143, P = 0.2539), but there was a significant correlation for the
Gram-positive prokaryote concentration (Spearman’s p =
0.8551, P < 0.0001). Similarly, the comparison of the Gram-neg-
ative/Gram-positive prokaryote ratio yielded a Spearman’s p of
0.3282 (P = 0.2146), which indicates a tendency toward correla-
tion that was not significant. The comparison of the molecular
techniques (qQPCR and pyrosequencing) for determining the Fir-
micutes concentrations showed a tendency toward correlation,
but this result was also not significant (Spearman’s p = 0.4912,
P = 0.0534), and no significant correlation was observed for the
Bacteroidetes concentration (Spearman’s p = 0.05887, P =
0.8286) (see Fig. S2A in the supplemental material). Moreover, a
significant correlation existed between the Bacteroidetes/Firmic-
utes ratios generated by the two tests, yielding a Spearman’s p of
0.6052 (P = 0.0130) (Fig. 3).

Deficit in apparently Gram-negative-type prokaryotes.
Comparing the percentages of the Gram-negative-type pro-
karyotes obtained by Gram staining, TEM, and pyrosequencing,
Fig. 5 shows that the techniques identified 3 distinct populations
that were confirmed by the Mann-Whitney test. The percentages
of Gram-negative-type prokaryotes identified using Gram stain-
ing ranged from 23.0% (sample 15) to 86.5% (sample 16), with an
average percentage of 64.6%. Using TEM, the percentages ranged
from 21.0% (samples 12 and 13) to 56.0% (sample 2), with an
average percentage of 33.3%. Using pyrosequencing, the percent-
ages of Gram-negative-type prokaryotes ranged from 0.69% in
sample 2 to 97.2% in sample 1, with an average percentage of
27.9%. Moreover, the medians calculated for the Gram-negative-
type prokaryote percentages were 70.6% using Gram staining
(Fig. 6A), 31.0% using TEM, and 16.4% using pyrosequencing
(Fig. 6B). The Gram stain is known to overestimate Gram-nega-
tive bacteria due to the decolorization of some Gram-positive spe-
cies (52) that causes them to appear as Gram variable or Gram
negative, and electron microscopy is the methodology commonly
used to assess cell wall types (22). We compared the percentages
obtained for Gram-negative-type prokaryotes by TEM and pyro-
sequencing and observed a difference of 14.6% in the median
percentages of the Gram-negative-type prokaryotes that were
identified using pyrosequencing (Fig. 6B).
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FIG 5 Mann-Whitney test performed on percentages of Gram-negative-type
prokaryotes. The median values are represented by dark horizontal lines.

DISCUSSION

We are confident in our results because flow cytometry is a rapid
and reliable method to quantify bacteria in fecal samples (39, 40,
53), and Gram staining is a technique that is commonly used in
clinical bacteriology to differentiate Gram-positive and Gram-
negative bacteria (52); it was also the first method used in initial
studies of the gut microbiota (16, 17). Transmission electron mi-
croscopy has been used for bacterial applications since the late
1960s (22). The protocol used for real-time quantitative PCR was
previously described in studies from our laboratory (43, 45). Fi-
nally, we used the pyrosequencing of 16S rRNA gene amplicons
targeting the hypervariable region V6 that has been widely used to
study the gut microbiota (36). All of these techniques were per-
formed under stringent conditions based on the manufacturer’s
recommendations, and triplicates of each sample were analyzed
by flow cytometry and quantitative PCR. To the best of our knowl-
edge, this is the first study to compare the results of 5 different
methods performed on 16 different stool samples. To consolidate
our analysis and to be free from sample biases, we collected sam-
ples from different geographic origins and patients with different
diseases.

Metagenomic studies are increasingly being used to describe
the human gut microbiota (1, 46, 50, 54), and they produce a very
large number of sequences. These studies tend to overestimate
bacterial concentrations because they are based on the number of
16S rRNA gene copies, and reports based on these studies calculate
bacterial concentrations of 10'* to 10"*. As of yet, very few studies
have compared the quantitative estimates obtained by high-
throughput sequencing data and qPCR results (55-58). More-
over, many studies performed over the past 70 years have reported
fecal bacterial concentrations on the order of 10'" bacteria per
gram of feces (16, 17, 59). In this study, we found that the concen-
trations of prokaryotes determined using flow cytometry and the
Kova slide methods were lower, on the order of 10'° prokaryotes
per gram of feces. We did not observe a decrease in fecal bacterial
concentrations in patients who were treated with antibiotics. Ac-
tually, it appears that the influence of antibiotics on the gut mi-
crobiota is unpredictable (60). Other studies did not report a sig-
nificant decrease in bacterial biomass after antibiotic intake (61),
while others revealed that the gut microbiota composition was
affected in only a subset of cases (62). The methods used to quan-
tify fecal samples are varied and might lead to an overestimation of
bacterial numbers; for example, the Petroff-Hausser counting
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FIG 6 Representation of median percentages using Gram staining versus TEM (A) and pyrosequencing versus TEM (B). The shaded areas in panel B highlight

the median difference between the pyrosequencing and TEM techniques.

chamber (16) does not distinguish between bacteria and debris.
We imagine that the lower prokaryote concentrations observed
during our study are the result of incorrect observations using the
microscope because the Kova slide did not allow for overlay bac-
terial examination, and the DAPI staining used for flow cytometry
is known to underestimate bacterial abundance in natural samples
(63).

We compared two morphological tools and found a significant
correlation between the prokaryote concentrations by use of both
methods. However, the bacterial percentages were significantly
different between the methods, and the median Gram-negative/
Gram-positive ratio was 2.31 using Gram staining and 0.51 using
TEM. Gram staining is a fundamental technique for the identifi-
cation of unknown pathogens, but it lacks robustness due to the
aberrant Gram staining of some bacteria (52) that leads to an
overestimation of the Gram-negative population. However, TEM
can distinguish between bi- or trilamellar cell walls (22) and is
more accurate than Gram staining for discriminating between
Gram-negative and Gram-positive bacteria. Although TEM can
be difficult to interpret in some cases (23), this technique is a
useful reference tool for characterizing bacteria.

A number of biases occur during DNA extraction (30) and
throughout the steps of the molecular biological approaches. For
example, differential PCR amplification depends on the primers
selected (31, 32), and variation occurs depending on the platform
sequencing technologies and software analysis pipelines used (64).
These methods appear to neglect a portion of the Gram-negative
bacteria that were described in the first culture studies as the major
constituents of the fecal microbiota (16). We show here that py-
rosequencing resulted in a gap in the detection of the Gram-neg-
ative-type prokaryotes, despite the fact that the reads obtained by
this technique were corrected by the 16S rRNA gene copy number.
While we know that the final number of reads depends on the
G+C content of the sample library (65), this discrepancy might be
explained by the biases that are associated with multitemplate
PCRs that lead to errors in the mean relative abundance of each
detected OTU (65).
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By comparing 5 different methods to describe the gut micro-
biota composition regarding Gram-positive and Gram-negative
bacteria, we found that some techniques gave extremely different
results, and we believe that molecular studies neglect a large part of
the unknown Gram-negative bacteria. The reductionist approach
(66), which uses only one experimental model in some studies (54,
67), might interfere with the actual determination of the gut mi-
crobiota diversity and thus introduce a bias (68). Indeed, results
based on pyrosequencing techniques suggesting that 3 robust
clusters (“enterotypes”) characterize the human gut microbiota
(7), that there are 2 enterotypes, obese and nonobese (54), or that
there are associations with diet (69) may be less clear than previ-
ously thought. Moreover, some scientists now contend that there
is a continuum or gradient of species that are characteristic of the
human gut microbiota (70). In conclusion, multidisciplinary ap-
proaches for characterizing the gut microbiota show a major dis-
crepancy between morphological and molecular studies, and it is
therefore important to perform multiple techniques to assess the
overall bacterial diversity in the gut.
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