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Pearl millet slurries, mixed with groundnuts or not, were chosen as a model to investigate the feasibility of
obtaining a rapid overview of community structure and population dynamics of fermented foods using pyro-
sequencing of tagged 16S rRNA gene amplicons. From 14 fermented samples collected either in a traditional
small-scale processing unit in Burkina Faso or at laboratory scale, 137,469 sequences of bacterial 16S rRNA
gene amplicons were characterized. Except for a few Proteobacteria, almost all the bacterial sequences were
attributed to cultivable bacteria. This approach enabled 80.7% of the sequences to be attributed to a family and
70% to a genus but did not enable identification to the species level. The bacterial sequences were assigned to
four phyla, with Firmicutes representing the highest diversity, followed by Proteobacteria, Actinobacteria, and
Bacteroidetes, which were found only in the slurries prepared in traditional production units. Most of the
Firmicutes were lactic acid bacteria, mainly represented by members of the Lactobacillus, Pediococcus, Leu-
conostoc, and Weissella genera, whose ratio varied from the onset to the end of the fermentation. The other
bacteria present at the beginning of fermentation were generally no longer detected at the end, which is
consistent with already-known patterns in the microbial ecology of fermented foods. In conclusion, this method
seems very promising for rapid and preliminary microbial characterization in many samples of an unknown
food sample, by determining numerous nucleic sequences simultaneously without the need for cloning and
cultivation-dependent methods.

Ben-saalga is a traditional gruel made in Burkina Faso by
cooking a diluted lactic acid-fermented slurry of pearl millet
(Pennisetum glaucum) (24). In Ouagadougou, the capital of
Burkina Faso, this gruel is consumed by adults and by about
37% of children under 5 years old as a food complementary to
breast feeding (J. P. Guyot, C. Mouquet-Rivier, E. H. Tou, E.
Counil, A. S. Traoré, and S. Trèche, presented at the 2nd
International Workshop “Food-Based Approaches for a
Healthy Nutrition in West Africa,” Ouagadougou, Burkina
Faso, November 2003). As the characteristics of ben-saalga do
not meet the nutritional requirements of young children, its
traditional processing has been studied to find ways to improve
both its nutritional and sanitary qualities (21, 24). To improve
the nutritional value of ben-saalga, millet and groundnut were
fermented together using a modified processing method. This
method included a precooking step in the traditional prepara-
tion of the slurry, followed by addition of malt and inoculation
by back slopping (25, 26) (Fig. 1).

The study of ben-saalga provided an opportunity to investi-
gate the microbiota responsible for the fermentation of the
pearl millet slurry. Lactic acid bacteria (LAB) were shown to
predominate throughout fermentation (25). Some of the LAB
were responsible for one or more enzymatic activities of func-
tional interest in nutrition such as those of �-amylases, phy-
tases, or �-galactosidases (21).

Nevertheless, these studies were conducted using classical
microbiological methods, and although molecular approaches
can also introduce their own forms of bias mainly linked to the
PCR method, they are currently the most powerful tools avail-
able for the characterization of microbial communities. In the
field of food microbial ecology, pozol, a traditional fermented
maize dough, was the first fermented food to which a culture-
independent approach was used for community analysis based
on PCR-denaturing gradient gel electrophoresis (DGGE) (1).
Also, culture-independent approaches were extensively ap-
plied to analyze the microbiota of other cereal fermentations
such as wheat and rye sourdough (16, 19). The PCR-DGGE
method based on 16S rRNA gene amplification used in those
studies is still one of the most popular for community analysis
(7). PCR amplification, cloning, and sequencing of the 16S
rRNA gene content of microbial samples are also of interest
but are expensive and time-consuming (17). Recently devel-
oped methods based on microarray technology hold promise
for large-scale studies, but they do not capture novel se-
quences (3).

Similarly to other groups working in different fields of mi-
crobial ecology of nonfood niches, we have developed a method
based on 454-pyrosequencing to monitor microbial communi-
ties in fermented foods. Massive parallel pyrosequencing
means that the compositions of more than 300,000 sequences
can be determined simultaneously, and it does not require
cloning of the samples, thus eliminating many of the problems
associated with this step of metagenomic methods (6). A highly
variable region of the 16S rRNA gene is amplified using prim-
ers that target adjacent conserved regions, followed by direct
sequencing of individual PCR products (10, 18). This method
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has been used to describe deep-mine microbial ecology and
deep-sea environments (5, 20).

In this study, we investigated for the first time the feasibility
of the method to analyze the structure of the microbiomes of
fermented foods, using as a case study different pearl millet
slurries mixed with groundnuts or not. 454-pyrosequencing was
applied to decipher bacterial 16S rRNA genes amplified from
the total DNA or cDNA extracted from slurries prepared in a
traditional processing unit following the traditional process
(24) and from slurries prepared according to the modified
process described above in a traditional production unit and in
the laboratory. A third alternative consisted in extracting the
metagenome of slurries prepared at lab scale and inoculated
with a mix of pure strains of LAB.

MATERIALS AND METHODS

Samples of fermented slurries. The traditional way of preparing ben-saalga
has already been described in detail (24). It comprises the following main steps:
washing and soaking the pearl millet grains and milling them in wet conditions;
kneading and sieving the dough, leaving the diluted slurry to ferment naturally
(fermentation step); and finally cooking the fermented slurry to obtain the
ben-saalga gruel. We worked on fermented slurries made using the traditional or
modified processes as described in Fig. 1. For all experiments, pearl millet grains
were purchased at a local market in Ouagadougou (Burkina Faso).

The traditional fermented slurries were coded BT followed by numeral 1, 2, or

3, corresponding to each of the three traditional small-scale production units in
Ouagadougou where the sampling was done. This number was followed by a
subscript corresponding to the sampling time: “0” for samples at the beginning
of the fermentation and “24” for samples taken after 24 h of fermentation. BT10

and BT124 were sampled in the same production unit in the same batch of pearl
millet fermentation, and BT224 and BT324 were sampled in two other production
units for purposes of comparison.

The slurries prepared following the modified processes were coded BI fol-
lowed by numeral 1, 2, or 3 according to the fabrication process and followed by
the duration of the fermentation (0 or 24 h). Samples BI10 and BI124 were
collected in a traditional production unit that used the modified process involving
cofermentation of pearl millet and groundnuts, precooking of the sieved slurry,
and inoculation by back slopping (26). Samples BI2 and BI3 were produced in
the laboratory by using a combination of precooking and inoculation either by
back slopping (BI20 and BI224) or with a starter culture composed of a mix of
bacteria (BI30 and BI324). This mix of bacteria was designed especially for this
study to mimic fermentation due to back slopping and contained the LAB species
usually found in cereal fermentations: Lactobacillus plantarum ATCC 14917T,
Lactobacillus fermentum ATCC 14931, Leuconostoc mesenteroides ATCC 10880,
P. pentosaceus ATCC 43200, and W. confusa ATCC 10881T (23). The LAB were
grown in deMan, Rogosa, and Sharpe broth (Difco, Le Pont de Claix, France).
Three percent of overnight cultures of each LAB were inoculated into the slurry.
All the samples were kept at �20°C until DNA extraction and at �80°C until
RNA extraction.

Nucleic acid extraction. As the slurries were very sticky, they were diluted 10
times in 9‰ NaCl and centrifuged for 10 min at 1,000 � g twice to eliminate the
starch and then for 10 min at 10,000 � g to pellet the bacteria.

DNA was extracted from the pellet using the Wizard genomic DNA purifica-

FIG. 1. Description of the processing methods used to produce the fermented pearl millet slurries.
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tion kit (Promega, Charbonnières, France) with an additional lysis step using an
amalgamator with zirconium beads (VWR, Fontenay-sous-Bois, France).

RNA was extracted from the samples obtained in the laboratory (BI20, BI224,
BI30, and BI324) by using Trizol reagent (Fischer, Illkirch, France) following the
manufacturer’s instructions with an additional lysis step using an amalgamator
with zirconium beads. The RNA was then converted into cDNA by using the
avian myeloblastosis virus reverse transcriptase system with random primers
(Promega) before the PCR. The results were named BI20 cDNA, BI224 cDNA,
BI30 cDNA, and BI324 cDNA (Table 1).

PCR. In our setup, a 196-nucleotide sequence of the V3 region of the 16S
rRNA gene (Escherichia coli positions 338 to 534) was amplified by PCR (14).
For each sample (n � 14), the 16S rRNA gene was amplified from the extracted
DNA and cDNA by using the composite forward primer 5�-GCCTCCCTCGC
GCCATCAGNNACTCCTACGGGAGGCAGCAG-3�, where the underlined se-
quence is that of 454 Life Science primer A and the sequence in italics is the
broad-range bacterial primer 338f. The reverse primer was 5�-GCCTTGCCAG
CCCGCTCAGNNATTACCGCGGCTGCTGG-3�, where the underlined se-
quence is that of 454 Life Science primer B and the sequence in italics is the
broad-range universal primer 518r. NN designates the unique two-base bar code
used to tag each PCR product. For each sample, a 50-�l PCR mix was prepared
containing 1� PCR buffer, 200 �M deoxynucleoside triphosphate mix (Pro-
mega), 0.5 �M of each primer (Eurogentec, Angers, France), and 1.25 U of
GoTaq Hot Start polymerase (Promega). To each reaction mixture, 1 �l of the
extracted template DNA was added. The PCR conditions used were 95°C for 4
min and 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed
by one cycle at 72°C for 7 min.

Gel purification and pyrosequencing. PCR products with an approximate
length of 200 to 250 nucleotides were excised from the agarose gel and purified.
The concentration and quality of the DNA were assessed on a Bioanalyser 2100
(Agilent, Massy, France) using the DNA 1000 lab chip (Agilent). Equal amounts
of the samples with different sample-specific bar code sequences were pooled
and used for pyrosequencing on an eight-lane Picotiter plate. The first pool
contained the samples BT10, BT124, BI10, BI20, BI224, BI30, and BI324, and the
second contained the remainder of the samples (Fig. 1). Pyrosequencing was
performed at the 454 GS FLX Nextgenplatform (Cogenics, Grenoble, France).

Taxonomic assignment of sequence reads. In order to reduce BLAST analysis
time, for each sample, strictly identical sequences were counted and only one
copy was conserved. The sequences were then compared with the Ribosomal
Database Project (RDP) 16S database using BLASTN.

Analysis of BLAST output files was performed using MEGAN software ver-
sion 2beta14 (8). This software reads the results of a BLAST comparison as input
and attempts to place each read on a node in the NCBI taxonomy. RNA
sequences that have no BLAST matches are assigned to the special node “no
hits,” and those unassigned due to algorithmic reasons (e.g., below an applied

threshold) are assigned to the special node “unassigned.” The result of the
analysis is displayed as a tree representation of the NCBI taxonomy (as of
September 2008). The results were manually inspected; in particular, the BLAST
hit lists with poor taxonomic resolution (mainly the taxonomic levels “cellular
organism” and “domain” and several prokaryotic “phyla”) were analyzed in
detail. For example, a single Lactobacillus reference sequence wrongly assigned
to another bacterial phylum would result in a drastic underrepresentation of
Lactobacillus, because the algorithm of the MEGAN software would group the
Lactobacillus 16S rRNA amplicons at the Bacteria domain level. In the analysis
of a natural community, this would introduce a strong artificial community shift,
biasing against Lactobacillus. Suspicious reference sequences were compared by
BLAST against the NCBI nonredundant nucleotide database and removed from
the hit lists. With the application of this iterative procedure, about 100 bacterial
sequences with incorrect affiliations in the NCBI taxonomy were removed from
the analysis. We used 10% of the BLASTN top hits as a relative cutoff.

RESULTS

Characteristics of the pyrosequencing data. The average
sequence length was 178 bases (range, 44 to 429). Among the
137,469 reads, 46,057 (34%) did not have a recognizable iden-
tifier, so that they could not be related to a specific sample.
Table 1 summarizes the number of reads per sample. For each
one, strictly identical sequences were counted and only one
copy was conserved in order to reduce BLAST analysis time.
Some of them were considered nonvalid because they did not
match 5� or 3� primers (nonvalid sequences). All the unique
sequences were then compared with the RDP 16S database by
using BLASTN. Surprisingly, the number of total sequences
varied from 16,410 to 466, depending on the sample.

Diversity of the microbiomes of the fermented pearl millet
slurry. Among the 20,482 unique sequences, the domain Bac-
teria was by far the most abundant with 83.2% of the unique
sequences. Archaea had less than 1% of the unique sequences,
and these were similar only to uncultured Crenarchaeota se-
quences. About 9% of the sequences were related to Eukarya
and were of plant origin as they resembled maize or sorghum
sequences.

The bacterial sequences were assigned to four phyla,
namely, Actinobacteria, Proteobacteria, Firmicutes, and Bacte-
roidetes, with a higher representation of the Firmicutes and
Proteobacteria. A few sequences were assigned to uncultured
Proteobacteria. A total of 70.0% of the sequences could be
attributed to a genus and 80.7% to a family. For the remaining
sequences, we were unable to identify more than the domain,
phylum, class, or order.

Microbiomes of traditional fermented pearl millet slurry.
We compared the microbiomes of traditional fermented pearl
millet slurries collected in the same traditional small-scale pro-
duction unit at the beginning (BT10) and at the end (BT124) of
fermentation (Fig. 1). Figure 2 presents a MEGAN tree with
the taxonomic affiliation of 16S rRNA gene amplicons identi-
fied by BLASTN. The fermentation of pearl millet resulted in
simplification of the bacterial microbiota. Indeed, from the 11
families present at the beginning of the fermentation only two,
Lactobacillaceae and Leuconostocaceae, including the genera
Weissella, Pediococcus, and Lactobacillus, were found after 24 h
of fermentation. At the beginning of fermentation, Bacteria
and Archaea accounted for 67.2% and 4.8%, respectively, of
the unique sequences. Maximum diversity was represented by
Firmicutes, but a few sequences attributed to Proteobacteria,
Bacteroidetes, and Actinobacteria were also found, although

TABLE 1. Number of reads, unique sequences, and nonvalid
sequences per sample of slurry

Process and production Sample
No. of sequences

Total Unique Nonvalid

Traditional (traditional BT10 3,895 1,227 694
production unit) BT124 1,830 499 287

BT224 12,636 3,244 1,753
BT324 3,753 1,174 594

Modified
Traditional production BI10 13,380 2,429 1,934

unit (back slopping) BI124 641 241 109

Laboratory scale
Back slopping BI20 7,847 2,023 1,142

BI224 5,617 1,056 949
BI20 cDNA 466 189 80
BI224 cDNA 4,512 801 660

Mix of LAB BI30 8,498 1,889 1,156
BI324 16,410 3,156 1,937
BI30 cDNA 8,009 1,617 1,309
BI324 cDNA 3,918 939 717
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they were no longer detected at the end of fermentation. Fir-
micutes included only Lactobacillales and Lactobacillaceae,
representing around 70% of the unique sequences, the Lacto-
bacillus genus being the most common. The Weissella and Pe-
diococcus genera represented around 20% of the unique se-
quences, while Streptococcus and Lactococcus represented less
than 3%.

In addition, we compared three samples collected in differ-
ent traditional small-scale production units at the end of fer-
mentation (Fig. 1, samples BT124, BT224, and BT324). The
results showed that the microbiota differed considerably de-
pending on the sample (Fig. 3). Indeed, we found three to
seven LAB genera with different distributions. For example,
sample BT224 was the only one that contained the seven LAB
genera, and sample BT124 was the least complex, with only the
Lactobacillus, Pediococcus, and Weissella genera. Furthermore,
Proteobacteria were present only in samples BT224 and BT324.

Microbial diversity of improved fermented pearl millet
slurry prepared in a traditional small-scale production unit.
Analysis of the sequences obtained from cofermentation of
pearl millet and groundnuts including precooking and back
slopping (samples BI10 and BI124, Fig. 1) revealed that Bacte-
ria represented up to 88% of the sequences. Archaea were
found only at the beginning of fermentation and represented
1.7% of the sequences. All the Bacteria belonged to the Fir-
micutes phylum and were divided into four families, three
belonging to the LAB group (Fig. 4) and one being Clostridi-
aceae. Enterococcaceae were represented by the Enterococcus
genus and were found only at the end of fermentation, repre-
senting 0.2% of the unique sequences. In contrast, Streptococ-
caceae, Lactobacillaceae, and Leuconostocaceae were present
from the beginning to the end of fermentation. While Strepto-
coccaceae diversity remained constant, the diversity of the Lac-
tobacillaceae family increased dramatically, whereas that of

FIG. 2. In-depth taxonomic community profiling of traditional fermented pearl millet slurries sampled at the beginning (BT10) and at the end
(BT124) of fermentation. Each circle of the MEGAN tree represents a taxon in the NCBI taxonomy and is labeled by its name and the number
of reads that were assigned to the taxon and not to a subtaxon. The size of the circle is scaled logarithmically to represent the number of reads.
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Leuconostocaceae decreased. Streptococcaceae diversity was
mainly due to Streptococcus, as Lactococcus accounted only for
1.9 to 0.1% at the beginning and at the end of fermentation,
respectively. The diversity of Lactobacillaceae was distributed
between Lactobacillus and Pediococcus at the beginning of
fermentation and was due to only Lactobacillus at the end of
fermentation. All the Leuconostocaceae family was repre-
sented by the Weissella genus.

Microbial diversity of fermented pearl millet slurry pre-
pared in the laboratory. When we considered the sequences
obtained from the slurries prepared in the laboratory with
precooking and inoculation by back slopping, at the beginning
of fermentation (samples BI20 and BI224, Fig. 1), only 53% of
the sequences were attributed to Bacteria, while at the end
92.61% were attributed to this domain. A few Archaea (1.7%)
were present only at the beginning of fermentation. The Bac-
teria were mostly Firmicutes, representing 84.9% to 93.3% of
the unique sequences at the beginning and at the end of fer-
mentation, respectively; the other Bacteria were Proteobacteria.

The number of phyla decreased during the course of fermen-
tation, especially the non-LAB. Indeed, Proteobacteria were
represented only by Acetobacteraceae at the end of fermenta-
tion, while they were divided between Acetobacteraceae, Entero-
bacteriaceae, and Pseudomonadaceae at the beginning. As in
the sequences obtained with the traditional process, Firmicutes
were divided into four families (Fig. 5). Enterococcaceae re-
mained constant throughout fermentation, accounting for
around 14% of diversity. Enterococcaceae were represented
only by the Enterococcus genus. Streptococcaceae and Lactoba-
cillaceae diversity increased simultaneously from 22.7% to
42.4% and from 0.8% to 16.5% of the unique sequences, re-
spectively. At the same time, the proportion of unique se-
quences attributed to Leuconostocaceae was halved. Strepto-
coccaceae were represented only by the Lactococcus genus.
The proportion of unique sequences attributed to Lactobacil-
laceae increased dramatically during the course of fermenta-
tion, and the increase was due to Lactobacillus, as the propor-
tion of Pediococcus remained constant. Leuconostocaceae were

FIG. 3. In-depth taxonomic community profiling of traditional fermented pearl millet slurries collected in traditional small-scale production
units at the end of fermentation (BT124, BT224, and BT324). MEGAN tree with the taxonomic affiliation of ribo-tags identified by BLASTN of all
16S rRNA sequences according to NCBI taxonomy. The numbers and sizes of the circles at the tree nodes refer to the affiliation with the respective
taxon.
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mainly represented by the Weissella genus, but the Leuconostoc
genus was also present.

For the positive control, we made a slurry that was pre-
cooked and then inoculated with a mix of pure LAB species
instead of using back slopping. The LAB mixture was com-
posed of species frequently found in cereal fermentations: L.
plantarum ATCC 14917T, L. fermentum ATCC 14931, Leu-

conostoc mesenteroides ATCC 10880, P. pentosaceus ATCC
43200, and W. confusa ATCC 10881T. The analysis of sequences
from these slurries showed that Bacteria represented 52.7% to
93.6% of the unique sequences at the beginning and end of
fermentation, respectively. The Bacteria were exclusively rep-
resented by Firmicutes, except at the beginning of fermenta-
tion, when 0.2% of the sequences were Proteobacteria repre-
sented by Acetobacteraceae. Among the Firmicutes,
Lactobacillaceae and Leuconostocaceae accounted for almost
all the diversity (Fig. 6). At the beginning of fermentation,
0.2% of the sequences were assigned to Streptococcaceae, rep-
resented by the genus Streptococcus, whereas no Streptococ-
caceae were detected at the end of fermentation. Lactobacil-
laceae were almost equally distributed between Lactobacillus
and Pediococcus. Leuconostocaceae were divided into Weissella
and Leuconostoc, with higher diversity in Weissella.

As these slurries were made in the laboratory, we were
able to collect samples under good conditions allowing RNA
extraction and reverse transcription. All in all, the data
obtained with cDNA followed the same dynamics as those
obtained with DNA analysis, but the proportion of unique
sequences was different (Table 1). For example, in sample
BI20, 84.9% of the unique sequences were attributed to
Firmicutes with DNA amplicons, while only 67% of cDNA
sequences were assigned to the same phylum. In contrast,
59.0% of the unique sequences were attributed to Entero-
coccaceae with cDNA analysis and only 14.8% with DNA
analysis (data not shown).

FIG. 4. Structure of the LAB community of fermented slurries
obtained after cofermentation of pearl millet and groundnuts and
inoculation by back slopping.

FIG. 5. Structure of the LAB community of fermented slurries
obtained after fermentation of pearl millet and inoculation by back
slopping.

FIG. 6. Structure of the LAB community of fermented slurries
obtained after fermentation of pearl millet and inoculation with a mix
of bacteria.
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DISCUSSION

In this study we used for the first time pyrosequencing of
tagged 16S rRNA gene amplicons to decipher the microbiome
of a fermented food. This work provides a detailed picture of
the structures of the microbiomes of 10 samples of fermented
pearl millet slurries made with different processes either in a
traditional small-scale processing unit or at laboratory scale.

Nevertheless, two main difficulties were encountered. First,
as only 200 bp of the 16S rRNA gene was amplified, and the
bacterial species involved in the fermentation process are phy-
logenetically close, taxonomic assignment was possible only up
to the genus level. But this problem was also encountered in
other widely used methods such as PCR-DGGE followed by
the sequencing of the bands, as the same region of the gene is
amplified (1, 7). Furthermore, Liu et al. (10) showed that the
sequencing effort is best focused on gathering more short se-
quences than fewer longer ones, provided that the primers are
chosen wisely (10). Sundquist et al. showed that with a wide
diversity of bacteria there is no need for read lengths of much
more than 100 bp, even if the sample profile may be more
relevant with longer reads (22). These authors also suggested
that the errors of the RDP phylogeny limit the ability of the
method to unambiguously classify reads down to the lowest
levels of the phylogeny. A more accurate database classifica-
tion will help to identify the genera and species of the reads
(22, 27).

Second, we noticed that the ribo-tag used for sample allo-
cation, even though it allowed us to pool the samples and thus
greatly reduced the cost of analysis, could lead to dramatic
underrepresentation of the bacterial diversity of the sample.
For example, sample BI10 contained 641 sequences attributed
to three families while sample BI124 contained 13,380 se-
quences attributed to four families. In the first case, it can be
supposed that the rare sequences were lost. This bias could be
due to the emulsion-based clonal amplification step that en-
ables single molecule sequencing without cloning the target
sequences into bacteria. It could also be because quantification
of the PCR products was not precise enough and led to strong
deviation during pooling of the samples. This problem has not
been reported before, when many samples are pooled as we
did. For example, Andersson et al. (2) pooled three samples to
analyze the human gut microbiota, while we pooled seven. In
their study of the macaque gut microbiome, McKenna et al.
(11) showed that all bar codes were well populated, with an
average of 1,404 sequences per community tested, and only
0.01% of sequences were likely to be miscataloged due to
errors in parsing the bar codes. These authors used four base
sequences instead of two as in our case (11). Dowd et al. also
showed good representation of all samples of cattle feces with
1,732 to 3,224 sequences (4). However, indications are lacking
on how many samples were pooled in these two studies. It
appears from the literature and from the global approach al-
lowed by pyrosequencing that microbial diversity in fermented
foods is far lower than that of other niches such as soils,
sediments, human gut, or cattle feces, which in our case justi-
fied pooling a larger number of samples. Notwithstanding,
since it is the first time that this approach has been applied to
fermented foods, some further refinements will be required for
this type of ecological niche.

Depending on the pearl millet sample that we analyzed, 53
to 94% of the sequences were attributed to the Bacteria do-
main. This is quite surprising, since one of the primers was
designed to amplify the bacterial 16S rRNA gene. The non-
bacterial sequences were attributed to Archaea (0 to 4.8%) or
Eukarya (0 to 43%), with Archaea sequences related to uncul-
tured Crenarchaeota and Eukarya sequences of plant origin.
This is in agreement with a previous study in which the authors
sequenced bands of PCR-DGGE profiles and found Zea mays
chloroplasts by using the same primers (1). Within the Bacteria
domain, we found four phyla, with Firmicutes having the high-
est diversity, followed by Proteobacteria, Actinobacteria, and
Bacteroidetes, which were found only in the traditional slurries.
Given the processing conditions in traditional units, i.e., fer-
mentation in the open air without any safety precautions, it is
not surprising to find bacteria known to belong to gut micro-
biota or to the processing unit environment (workers’ hands,
soil, water, etc.) (12). Proteobacteria were found in 6 out of 10
samples of slurries. This phylum was represented by Aceto-
bacteraceae, which are mainly environmental Bacteria; Entero-
bacteriaceae, which are present in the human gut and contain
many opportunistic pathogens; Pseudomonadaceae and Co-
mamonadaceae, which are widely distributed in nature and
contain many pathogens; and Moraxellaceae, which, together
with Acetobacteraceae, are occasionally the cause of human
infections (9). Proteobacteria may represent up to 15.13% of
the unique sequences, so they could be responsible for diseases
after consumption. Nevertheless, at the end of the fermenta-
tion step most were no longer detected, which is consistent
with the reported effect of lactic acid fermentation, which in-
hibits the growth and survival of food-borne pathogens (15).
Furthermore, cooking the slurries after fermentation to pro-
duce gruels is a further step that helps reduce the level of
contamination by potentially pathogenic bacteria.

As expected, sequences attributed to LAB were the most
frequent. Indeed, fermentation of ben-saalga is lactic acid fer-
mentation (13, 25). In addition, the results obtained from the
cDNA analysis revealed the same microbiome pattern, sug-
gesting that the assignments made from the DNA analysis
corresponded to living bacteria. Analysis of samples from fer-
mentations in a traditional small-scale producing unit and in
the laboratory showed that the use of DNA bar coding and
pyrosequencing not only allowed determination of the struc-
ture of the community, taking into account representative Bac-
teria phyla, but could also be a powerful tool to depict popu-
lation dynamics during fermentation. Whereas considerable
diversity was found at the beginning of fermentation, at the
end of fermentation only representatives of Lactobacillaceae
(Pediococcus and Lactobacillus), Leuconostocaceae, and En-
terococcaceae were found. In all samples of slurries fermented
either spontaneously or by inoculation by back slopping (sam-
ples BT, BI1, and BI2), a common pattern was observed for
Lactobacillaceae, which increased, whereas Leuconostocaceae
decreased. Surprisingly, a completely different pattern was ob-
served in the slurries fermented by the mix of pure LAB cul-
tures. This mix was composed only of Lactobacillaceae (L.
plantarum ATCC 14917T, L. fermentum ATCC 14931, and P.
pentosaceus ATCC 43200) and of Leuconostocaceae (Leu-
conostoc mesenteroides ATCC 10880 and W. confusa ATCC
10881T). Consistently, the pyrosequencing approach allowed

4360 HUMBLOT AND GUYOT APPL. ENVIRON. MICROBIOL.



detection of these families and of the corresponding genus at
the beginning and at the end of fermentation. However, in
contrast to the samples fermented by the natural LAB popu-
lations, at the end of fermentation the number of sequences
corresponding to Lactobacillaceae decreased whereas the num-
ber of those corresponding to Leuconostocaceae increased.
One possible explanation is that the bacterial strains chosen for
the control were purchased from a culture collection and were
not adapted to this food environment.

In the field of food fermentation, studies of population
structure and dynamics are rather difficult to perform by means
of culture-dependent methods due to the problems involved in
processing large numbers of samples. Culture-independent
methods enable processing of numerous samples. In the field
of cereal fermentations, the microbiota of wheat and rye sour-
doughs have been thoroughly investigated using such methods.
For instance, in a very interesting study, LAB community
structures in 39 samples of different traditional Belgium sour-
doughs were characterized by PCR-DGGE (19). Thereafter,
the use of transversal cluster analysis of the composite data set
from culture-dependent and -independent approaches enabled
analysis of the overall stability of LAB communities between
two sampling campaigns (19). Our work focused mainly on the
feasibility of using pyrosequencing for food microbiome anal-
ysis on samples prepared in different ways and collected at the
beginning and end of fermentation, which showed that several
samples (10 in this study) can be analyzed at the same time.
These results suggest that this method would allow analysis of
enough food samples taken at regular times, generating in the
same run an overall view of community structure and popula-
tion dynamics without the need for cultivation techniques.

In conclusion, this method seems very promising for rapid
preliminary microbial characterization of an unknown food
sample. For a more detailed view up to the species level, DNA
bar coding and pyrosequencing could allow further refinement
of the targeting of species with appropriate molecular primers
in combination with other techniques such as real-time PCR.
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