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Abstract

investigated with pyrosequencing.

structural difference.

of NFCM made by the Mongolians in Russia.

Background: Traditional fermented dairy products are major components of the typical Mongolian diet since
ancient times. However, almost all the previous studies on the microbial composition of traditional Mongolian
fermented dairy products analyzed food samples from the Chinese Mongolian region and Mongolia but not the
Russian Mongolian region. In this study, the bacterial and fungal community diversity of nineteen naturally
fermented cow’s milk (NFCM) samples from local Mongolian families residing in Kalmykia and Chita of Russia was

Results: Firmicutes and Ascomycota were the predominant phyla respectively for bacteria and fungi. The
abundance of the bacterial phylum Acidobacteria was considerably different between the samples from the two
regions. At genus level, Lactobacillus and Pichia were the predominating bacterial and fungal genera, respectively,
while six bacterial genera significantly differed between the Kalmykia (enrichment of Aeromonas, Bacillus,
Clostridium, Streptococcus, Vogesella) and Chita (enrichment of Lactococcus) samples. The results of principal
coordinate analysis (PCoA) based on the bacterial or fungal composition of the Kalmykia and Chita samples
revealed a different microbiota structure between the samples collected in these two locations. The redundancy
analysis (RDA) identified 60 bacterial and 21 fungal OTUs as the key variables responsible for such microbiota

Conclusions: Our results suggest that structural differences existed in the microbiota of NFCM between Kalmykia
and Chita. The difference in geographic environment may be an important factor influencing the microbial diversity

Keywords: Pyrosequencing, Naturally fermented cow’s milk, Russia, Kalmykia, Chita, Mongolia

Background

Many traditional fermented dairy products, such as airag
and tarag [1], are regarded as nutraceutics and have been
the major components in a typical diet for the Mongol
ethnic residing in Mongolia, Kazakhstan, Kyrgyzstan,
and some Central Asian regions of Russia since ancient
times. These traditional fermented foods remain popular
until now. In this study, naturally fermented cow’s milk
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(NFCM) samples were collected from Mongol-ethnic
families of Kalmyk in the Republic of Kalmykia and
Buryats in Chita that retain the Mongolian traditional
life style and dietary habit. NFCM in these families is a
common home-made dairy product, which is a white to
yellowish-white liquid fermented from milk with or
without specific cultures. NFCM are traditionally made
by adding old fermented milk containing the natural
starter cultures, thus these products are free from com-
mercial starter cultures and own unique and stable mi-
crobial communities. Apart from their role as the
NFCM-associated microbial community as a whole,
some specific strains isolated from NFCM may have
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added value as producers of antimicrobial compounds
[2] or as probiotics [3]. Although the nutritional value of
NFCM is well-known, their microbiota composition has
not been fully described. Therefore, it is of interest to
further characterize the microbial diversity of NFCM.

The microbial biodiversity of fermented dairy products
has been assessed by culture-dependent methods to
identify the indigenous bacterial composition. A wide
variety of Firmicutes genera, such as Lactobacillus, Lac-
tococcus, Streptococcus, Leuconoctoc, which are known
to influence the flavor and maturation of fermented food
[4,5], have been identified. Some of them have also been
isolated from different naturally fermented dairy prod-
ucts [6], including cheese [7], tarag [8], kurut [9], and
kefir [10]. Relatively low levels of Bifidobacteriaceae,
Moraxellaceae (mostly Enhydrobacter), Corynebacterium,
Halomonas, Pediococcus, Micrococcus and Staphylococcus
have been reported as compared with the total bacterial
population in fermented dairy products [11].

In order to assess the microbial diversity of fermented
dairy products, various culture-independent molecular
biology-based techniques have been widely applied, such
as denaturing gradient gel electrophoresis (DGGE)
[11,12], temporal temperature gel electrophoresis (TTGE)
[12], quantitative real-time PCR (qPCR) [13] and Sanger
sequencing of 16S rRNA gene clone library [9]. These
culture-independent techniques are valuable tools to
monitor the microbial structure and dynamics in naturally
fermented dairy products. They are not only able to reveal
the dominant members present in the samples, but also
uncover the rarer bacterial species [14].

Pyrosequencing is an automated high-throughput se-
quencing technique introduced by Margulies et al [15].
This method is based on the synthesis of single-stranded
deoxyribonucleic acid and the detection of the light
generated by pyrophosphate released during nucleotide
incorporation. This technique is able to analyze the mi-
crobial structure, gene content, and hence reveal the
microbial-based metabolic potential in an ecosystem
through the rapid and accurate sequencing of nucleotide
sequences. Pyrosequencing has successfully been used to
detect the diversity and dynamics of the bacterial popu-
lations in various fermented foods, such as cheese
[16,17], kefir [6,18], fermented seafood [19] and fermen-
ted soybean [20].

In this study, the microbial populations in NFCM were
investigated. Nineteen NFCM samples from The Russian
Republics of Kalmykia and Chita were evaluated by ribo-
somal gene targeted 454-pyrosequencing. However, al-
most all the previous papers focused on the microbial
composition of the Mongolian traditional fermented
dairy products analyzed samples prepared by the no-
mads of the Mongolian region of China and Mongolia
[1,21,22] but not those made in the Mongolian region of
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Russia. Results of this study do not only provide accurate
and detailed information on the microbiota diversity of
NECM, but also fill the gap of the study of the trad-
itional Mongolian fermented dairy products.

Results

Bacterial and fungal sequence abundance and diversity

A total of 268,549 of bacterial V1-V3 16S rRNA raw se-
quence reads were generated from the nineteen NFCM
samples, with an average of 26,845 sequences read for
each sample. Meanwhile, 113,513 of 18S rRNA raw se-
quence reads were generated for the fungal community.
Through PyNAST alignment and 100% sequence identity
clustering, the unique representative sequence reads
were delimited for further analysis, which corresponded
to 15,181 bacterial and 4,490 fungal sequences. The num-
ber of unique and classifiable representative OTU se-
quences for bacteria and fungi were, respectively, 573
(average =147 OTUs per sample, range =28-211, SD =
49.36) and 138 (average = 31.7 OTUs per sample, range =
14-56, SD = 13.9) (with high threshold identity at 97% se-
quence similarity level). Based on homologous sequence
alignment method and clustering with information ex-
tracted from the RDP and BLAST databases, the lowest
level of taxonomy of the identified OTUs was determined.
1.9% of bacterial and 39% of fungal sequences could not
be assigned to the genus level.

The Shannon diversity curves but not rarefaction
curves for all samples reached the saturation phase
(Additional file 1: Figure S1), suggesting that although
additional new phylotypes would possibly be identified
by increasing the sequencing depth, the majority of bac-
terial and fungal phylotypes for the samples had already
been captured in the current analysis.

The Shannon index, Simpson diversity index, Chaol
and observed species of each sample were used to evalu-
ate the species richness and diversity (Table 1). Mann-
Whitney test was applied to assess the richness and di-
versity of bacteria and fungi between Kalmykia and
Chita samples. Since significant differences (p < 0.05)
were observed in all indicators of the bacterial commu-
nity in the two sampling sites, it can be concluded that a
large distinction of species richness and diversity of the
bacterial community existed between the two groups of
samples. On the contrary, there were no statistically sig-
nificant difference for any of the fungal indicators be-
tween samples from the two sampling sites (p > 0.05),
indicating that a high similarity of fungal diversity was
shared between the two sample groups.

Comparative analysis of bacterial composition in the
NFCM of Kalmykia and Chita

Seven bacterial phyla were identified in the NFCM
sampled in this study (Figure 1A), namely Firmicutes,



Table 1 Sample information, sequence abundance and microbial diversity in the naturally fermented cow’s milks

Sample Sampling location Number of reads Number of OTU Shannon index Simpson index Chao1 index Observed species
Bacteria Fungi Bacteria Fungi Bacteria  Fungi Bacteria  Fungi Bacteria Fungi Bacteria Fungi

E12 Kalmykia 14533 8631 68 21 038 1.0 02 03 93.1 238 63.0 210
F10 Kalmykia 12367 10087 211 18 39 05 09 0.1 3290 209 2106 180
F2 Kalmykia 15173 8265 168 50 25 23 0.6 0.7 2288 98.3 1678 49.8
F3 Kalmykia 12249 10296 126 31 24 0.7 0.6 0.2 193.0 384 1258 309
F4 Kalmykia 13465 5854 55 53 1.8 25 0.5 0.7 72.2 69.5 549 529
F6 Kalmykia 18820 8596 29 52 0.5 2.8 0.1 0.7 68.0 61.2 29.0 519
Fo Kalmykia 14361 3639 104 56 25 29 0.7 08 141.0 76.1 1039 558
F11 Kalmykia 12640 N.F. 131 N.F. 2.7 N.F. 0.7 N.F. 181.9 N.F. 1309 N.F.
Ral7 Kalmykia 12215 5545 51 21 1.8 04 0.5 0.1 66.0 252 51.0 21.0
Mean (Kalmykia samples) 13980.3+21235 6768.1+£33624 1048+60.1 336+£199 21+10% 15+12 05+£03* 04+03 1526+896* 4594319 1047+600* 335+199
D8 Chita 13743 5956 67 17 0.7 04 02 0.1 844 192 66.9 170
D9 Chita 13379 6426 87 19 16 0.7 0.5 0.2 1121 54.5 86.9 19.0
D12 Chita 13449 N.F. 38 N.F. 0.2 N.F. 0.0 N.F. 509 N.F. 380 N.F.

E Chita 14114 3886 44 14 03 0.7 0.1 0.2 96.5 280 44.0 139
E2 Chita 12510 6020 28 25 0.2 0.8 0.0 0.2 63.5 324 280 250
E3 Chita 9929 8736 57 33 18 14 05 05 80.9 84.8 57.0 330
E4 Chita 17494 9768 64 36 1.7 15 05 05 77. 408 639 36.0
E5 Chita 17059 1240 54 37 2.1 34 0.7 09 84.2 48.0 539 36.8
ELS10 Chita 16157 9999 56 34 1.2 20 04 06 68.2 724 56.0 339
ELS20 Chita 7721 556 41 22 13 2.5 04 08 619 364 410 212
Mean (Chita samples) 13555.5+3041.0 5258.7 +3728.7 536+169 237£118 1.1+£07% 13+10 03+02* 04+03 780+ 179% 417+248 536+169% 236+118

‘N.F." denotes for ‘not found'. *;p < 0.05 (by Mann-Whitney test) was considered significantly different between the two sample groups.
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Proteobacteria, Actinobacteria, Bacteroidetes, Acido-
bacteria, Chloroflexi and Deinococcus-Thermus. The
predominant phylum was Firmicutes, accounting for
89.62% of the total bacterial sequences. This phylum
contributed to 95.07% and 84.71% of the bacterial se-
quence reads of the Kalmykia and Chita samples, re-
spectively. Proteobacteria was the subdominant phylum,
which contributed to 10.33% of the total bacterial
sequences. Minor phyla, including Actinobacteria, Bac-
teroidetes, Acidobacteria, Chloroflexi and Deinococcus-
Thermus, together contributed to 0.04% of the total
bacterial sequences. Only the phylum Acidobacteria, but
not the other six phyla, showed a significant difference
between the Kalmykia and Chita samples (Table 2).

The major bacterial genera in NFCM mainly belonged
to the phyla, Firmicutes (Lactobacillus, Lactococcus,
Streptococcus, Macrococcus, Leuconostoc, Enterococcus of
47.69%, 29.91%, 9.75%, 0.82%, 0.14% and 0.13%, res-
pectively) and Proteobacteria (Acetobacter, Citrobacter,
Acinetobacter, Bacillus, Kluyvera, Enterobacter of 3.94%,
2.92%, 2.87%, 0.96%, 0.26%, 0.12%, respectively)

(Figure 1A). In addition, the percentages of sequence
reads of 12 genera were different between the two sam-
ple groups. Lactobacillus contributed to more than 70%
in most samples, except for F2, F11, ELS20, E1, D12,
F10, E5, E2, and F6. Lactococcus was dominant in the
samples, E2, D12, E1, ELS20, F2, and F11, contributing
to more than 50% of total bacterial sequences (Figure 1B).
However, considerable difference was noted between the
bacterial compositions of the two groups. Six bacterial
genera were found to be significantly differing between
the Kalmykia (enrichment of Aeromonas, Bacillus, Clos-
tridium, Streptococcus, Vogesella; p values ranged from
0.006 to 0.022) and Chita (enrichment of Lactococcus;
p = 0.043) samples (Table 2).

The most abundant genus, Lactobacillus, was com-
prised of 37 different types of OTUs (Figure 2). Based
on the phylogenetic tree, some of these Lactobacillus
OTUs could be further assigned to different Lacto-
bacillus species. For example, OTU666 and OTU275
clustered with L. helveticus and L. delbrueckii subsp.
bulgaricus respectively. OTU758 was closest to L.
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Table 2 Phylum and genera showing significant difference between the two sample groups

Relative contribution (%) Median, range (%) P-value
Kalmykia Chita Kalmykia Chita
Phylum
Acidobacteria 0.009 0.034 0.007, 0-0.042 0.02, 0-0.09 0.02
Genus
Aeromonas 0.139 0.000 0.008, 0 -1.197 0 0.022
Bacillus 2.036 0.000 0.059, 0-18 0 0.006
Clostridium 0.015 0.001 0.016, 0-0.042 0, 0-0.007 0.006
Streptococcus 20.284 0278 3.046, 0.065-99.044 0241, 0-0.785 0.022
Vogesella 0.007 0.000 0.008, 0-0.021 0 0.022
Lactococcus 15.520 42877 2627,0.021-67.581 20418, 1.783-99.552 0.043

kefiranofaciens and L. kefiranofaciens subsp. kefiranofa-
ciens. OTU322 were nearest to L. pentosus and L. plan-
tarum. OTU37 and OTU380 affiliated to L. buchneri,
meaning that they were likely to be the subspecies of L.
buchneri.

Multivariate analysis of the bacterial communities of
NFCM from Kalmykia and Chita

PCoA and MANOVA were performed to analyze the
bacterial communities and structure of the two sample
groups (Figure 3A and B). PCoA based on the weighted
(accounted for 59.9% and 21.8% of the total variance)
(Figure 3A) and the unweighted (accounted for 17.0%
and 11.5% of the total variance) (Figure 3B) UniFrac dis-
tances revealed the existence of bacterial structural dif-
ference, as symbols representing the two groups were
largely separated on the unweighted but not weighted
PCoA score plot. This result suggests that the difference
lied not on the abundant OTUs. Even though there was
overlapping of data points from the Kalmykia and Chita
samples on both score plots, the results of MANOVA
based on both the weighted (p <0.05) and unweighted
(p<0.05) UniFrac distance confirmed that significant
differences existed.

To further identify the bacterial populations that
accounted for the difference observed between the
Kalmykia and Chita NFCM samples, RDA was carried
out (Figure 4A). In this case, NFCM samples in
Kalmykia and Chita were the “nominal environmental
variables”, and the relative abundances of all OTUs (at
97% similarity) were the response variables. Monte Carlo
Permutation Test (MCPT) showed that the constrained
ordination model was statistically significant (p =0.006)
and the first canonical axis was able to explain 8.6% of
the variability of response variables (Figure 4A). More-
over, 60 OTUs were identified as the key variables,
which had good correlation with sample scores on the
RDA canonical axis (Figure 4A). Among them, 7 OTUs
(mainly, Lactobacillus, Leuconostoc, Macrococcus and

Lactococcus) were enriched in the samples from Chita,
while the other 53 OTUs (mainly, Streptococcus, Entero-
coccus, Clostridium, Saccharibacillus and Anoxybacillus)
were enriched in the Kalmykia samples.

Fungal composition of the NFCM

The major fungal phyla found in the NFCM were Asco-
mycota, Basidiomycota and Chytridiomycota, constitut-
ing 99.77%, 0.008% and 0.002% of the fungal population
(Figure 1C), respectively. No fungal sequence read was
detected in the samples, F11 and D12, which may due to
an intrinsic low abundance of fungi present in these
samples. At the genus level, 20 fungal genera were
identified, among which six genera were highly variable
between samples, namely, Pichia, Galactomyces, Vander-
waltozyma, Wickerhamomyces, Saccharomyces, and Cor-
dyceps (representing 52.66%, 20.45%, 17.38%, 0.37%,
0.93%, and 0.24% of the fungal population) (Figure 1D).
Among them, Pichia, Galactomyces and Vanderwalto-
zyma were the dominant fungal genera (at least 1.0% of
the total fungal gene pool) across all samples. Pichia
contributed to more than 50% in most samples, except
for the samples, ELS10, F2, E5, F9, F6, E1, F3, and E12,
while Galactomyces was prevalent in the samples, F3,
F6, and F9, contributing to more than 50% of total fun-
gal sequences. Moreover, in the sample E12, Vanderwal-
tozyma contributed to 99% of total fungal sequences.

Comparison of the fungal composition between the
Kalmykia and Chita samples

The weighted and unweighted UniFrac PCoA was per-
formed to evaluate if any structural difference existed in
the fungal community between the two sample groups
(Figure 3C and D). Although there was slight overlap-
ping between the samples from the two groups on the
score plots, data points were largely separated by both
weighted (accounted for 48.9% and 23.4% of the total
variance by the first two PCs) (Figure 3C) and un-
weighted (accounted for 29.3% and 15.6% of the total
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Figure 2 Phylogenetic tree constructed based on the Lactobacillus OTU sequences. Reference sequences from the species L. helveticus, L.
acidophilus, L. buchneri, L. kefiranofaciens, L. kefiranofaciens subsp. kefiranofaciens, L. delbrueckii subsp. delbrueckii, L. casei, L. paracasei subsp.
paracasei, L. rhamnosus, L. salivarius, L. capillatus, L. pentosus, L. plantarum were retrieved from the NCBI database.

variance by the first two PCs) (Figure 3D) UniFrac the Kalmykia and Chita NFCM samples (Figure 4B).
analysis. However, a further MANOVA test showed that ~MCPT showed that the constrained ordination model by
only the unweighted (p<0.05) but not weighted Kalmykia or Chita was significant (P =0.042). We identi-
(p>0.05) UniFrac distance showed significant difference  fied 21 OTUs that fitted well by the sample scores on the
between sample groups. These results suggest that the canonical axis as key variables; each had at least 1.8% of
structural difference in the fungal community was attrib-  the variability in its values explained by this axis. On the
uted to the less abundant fungal lineages. RDA ordination plot, 6 OTUs were enriched in Chita

RDA was applied to further identify the specific fungal NFCM samples, and they belonged to the genera Sac-
groups that accounted for the difference observed between  charomyces, Pichia, Vanderwaltozyma and unidentified
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Trichocomaceae. Meanwhile, 15 OTUs were enriched in
Kalmykia NFCM samples, which mainly belonged to the
genera Vanderwaltozyma and Galactomyces.

Discussion

Pyrosequencing analysis is able to provide a thorough
description of microbiota community in environmental
samples, which also helps to reveal their potential func-
tion. In the current study, the bacterial and fungal com-
munities of NFCM from Kalmykia and Chita were

studied. Firmicutes, Proteobacteria, Bacteroidetes and
Actinobacteria were the dominant bacteria at phylum
level, while the abundance of Acidobacteria was consid-
erably different between the two groups. Firmicutes was
the most abundant phylum, which was in line with re-
sults from some previous studies performed in naturally
fermented dairy products, such as kefir [10], fermented
seafood [19], kochujang [20], pearl millet slurries [23],
and artisanal cheeses [17]. The fungal community was
dominated with Ascomycota, and this phylum was
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prevalent in Korean alcoholic beverages [24] and Chinese
liquors [25]. As reflected by the Shannon index and rar-
efaction analysis, the bacterial diversity and richness were
higher than that of the fungi in the same environment,
which is consistent with a previous report on tarag [1].
The report found that the isolated number and density of
lactic acid bacteria were considerably higher than that of
yeasts in the studied traditional Mongolian fermented
dairy products.

Lactobacillus and Lactococcus were the dominant gen-
era for samples from both Kalmykia and Chita. These
two genera are commonly associated with naturally fer-
mented dairy products [1,11,26]. Lactobacillus was the
predominant genus in our samples. The starter cultures
of the homemade NFCM in this study were passage
from the old NFCM. It was possible that the high pro-
portion of Lactobacillus was retained and even enriched
during NFCM fermentation. It has been reported that
the acid tolerance of lactobacilli is higher than Strepto-
coccus and Lactococcus [27]. Some species of Lactococcus
have low acid tolerance, however, they could be isolated
from raw milk and were found growing during the early
stage of fermentation [11,21]. These may explain the
lower abundance of Lactococcus than Lactobacillus as
seen in our results.

Some reports claim that 16S rRNA is a slowly diver-
ging molecule and it fails to reveal significant differences
between recently diverged species; thus protein-encoding
genes (such as recA gene for L. plantarum and L. casei
[28-30]) may be used as the phylogenetic markers to en-
sure an accurate assignment of OTUs to the species or
even subspecies level. Our results demonstrate a high
resolution of pyrosequencing of 16S rRNA gene in as-
signing Lactobacillus to the precision of species and

subspecies levels. Based on phylogenetic grouping of Lacto-
bacillus OTU representative sequences, L. helveticus and L.
delbrueckii subsp. bulgaricus were predominant in the
NFCM. A similar Lactobacillus composition was reported
in the traditional dairy products, airag and tarag [1,8].

Furthermore, the major genera (each comprised over
0.1% of total bacterial sequences), Streptococcus, Macro-
coccus, Leuconostoc, Enterococcus, Acetobacter, Citrobac-
ter, Acinetobacter, Bacillus, Kluyvera, Enterobacter, were
present in our NFCM samples. Among them, Streptococ-
cus, Macrococcus, Leuconostoc, and Enterococcus have
been reported as the subdominant genera in raw milk
[5] and cheese [4], which aligned with the results of our
study. Acinetobacter and Enterobacter were detected in
Mexican alcoholic beverages. It was speculated that
these genera were originated from the bacterial contam-
ination in raw milk; and they subsequently decreased
during the fermentation process [31].

Pichia, Galactomyces and Vanderwaltozyma were the
dominant fungal genera in NFCM. Pichia is commonly
associated with fermentative metabolic processes of nat-
urally fermented dairy products and cheese [1,32,33], as
this genus takes part in hydrolyzing milk protein and fat,
assimilating lactic acid, and producing ethanol [34].
Galactomyces has been reported as the dominant yeasts
in dairy products, which may involve in lactic acid
utilization, proteolysis, lipolysis and flavour development
[35]. However, a previously published study reported a
different makeup of fungal community in two types of
traditional Mongolian fermented products namely airag
and tarag. Airag was dominated with the species Kluy-
veromyces marxianus, while the prevalent species in
tarag were Saccharomyces cerevisiae, Issatchenkia orien-
talis, and Kazachstania unispora [1].
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Our data revealed clear differences in the microbiota
of NFCM collected in the two sampling locations. How-
ever, at this point, the exact reasons for the observed
variation in the microbiota have not been identified.
Similar to our study, previous reports have found that
the exposure of cheese to different external environ-
ments during the manufacturing process impacted the
microbiota composition of the final products [17,36].
The microbial communities of traditional fermented
products, such as fermented milk [37] and kochujiang
[20], varied with the sampling geographic or manufac-
turing region. Moreover, animals living at different alti-
tudes, e.g. yak in the Tibetan region, may have different
resistance to cold environment, leading to an unusual
microbiota makeup of yak milk and its fermented prod-
ucts [38-40]. Kalmykia and Chita are located 6,165 kilo-
meters apart in southern Russia. The NFCM collected
from both sites were produced with the same manufac-
turing process. However, the two places have dissimilar
altitude and climate characteristics. Kalmykia is located
at the East European Plain, with averages of about 170
meters in elevation [41]. It has a continental climate, with
very hot and dry summers (average July temperature
is +24°C) and cold winters (average January temperature
is —5°C) with little snow (average annual precipitation of
up to 400 millimeters). On the contrary, Chita is located
at the Central Siberian Plateau and the average elevation
is about 500-700 meters [41]. It is generally colder in
Chita than Kalmykia with the average summer and winter
temperatures ranged from +19°C and —-16°C, respectively.
Additionally, Chita is comparatively humid than Kalmykia
with an average annual precipitation of up to 500 millime-
ters. Thus, we speculate that the factor of geographic en-
vironment including altitudes and climate play a more
significant role over the manufacturing process in result-
ing in the different microbiota compositions of the ana-
lyzed products. Our unpublished results revealed a higher
microbial richness in the Mongolian style fermented prod-
ucts made by similar methods collected in Russia as com-
pared with those from Mongolia and Inner Mongolia of
China. This further confirms that the variation in the
microbiota structure of these fermented products may be
regional-based.

Some other crucial factors that may affect the fermen-
ted milk microbiota composition are the hygienic quality
of the milk and the manufacturing process, as well as
the back slopping technique. These factors may together
contribute to the selection of specific microbial groups
and affect the ecological succession of the microbial
communities during the fermentation process.

Conclusions
To sum up, the current study analyzed the bacterial and
fungal community diversity of NFCM in Kalmykia and
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Chita. Our results showed that clear structural differ-
ences existed in the microbiota of NFCM from Kalmykia
and Chita. The current study has provided interesting
insights into the relationship between the microbial
composition of NFCM and their geographic regions.
The results have also shown that pyrosequencing tech-
nique is useful for detecting a wide diversity of microor-
ganisms in NFCM. The results obtained here will be
valuable for screening for beneficial strains from trad-
itional fermented dairy products, which are made by the
Mongolians residing in Russia. Our study has also pro-
vided novel data for Mongolian traditional fermented
dairy products.

Methods

Sample collection

A total of nineteen NFCM samples were collected from
Russia, including nine samples (E12, F10, F2, F3, F4, F6,
F9, F11, Ral7) from the Republic of Kalmykia and ten
samples (D8, D9, D12, E1, E2, E3, E4, E5, ELS10, ELS20)
from Chita. The distance between Kalmykia and Chita is
about 6,165 kilometers (Additional file 2: Figure S2). All
the NFCM was made in a similar way by natural fermen-
tation of cow’s milk in a special traditional container.
Firstly, the raw cow’s milk was boiled and cooled,
followed by the step of skimming of lipids. An enrich-
ment starter was then inoculated in the milk by back-
slopping. The mixture was allowed to ferment overnight
at ambient temperature. Samples were collected aseptic-
ally and were kept in ice boxes during transportation.
The sample sequence information was listed in Table 1.

DNA extraction and PCR amplification

Genomic DNA was extracted from each sample using
Qiagen DNA Stool Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instruction. The quality of
extracted DNA was checked by 0.8% agarose gel electro-
phoresis and spectrophotometry (optical density at
260nm/280nm ratio). All extracted DNA samples were
stored at -20°C for further analysis.

The V1-V3 region of bacterial 16S rRNA and V4 re-
gion of fungal 18S rRNA were amplified by PCR for bar-
coded pyrosequencing. The 16S rRNA gene V1-V3
region of bacteria was amplified using the universal for-
ward 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and
the reverse 533R (5- TTACCGCGGCTGCTGGCAC-3))
primers [42]. The 18S rRNA gene V4 region of fungi tar-
geted at the domain fungi was amplified with the for-
ward 3NDF (5-GGCAAGTCTGGTGCCAG-3) and the
reverse V4_euk R2 (5-ACGGTATCT(AG)ATC(AG)
TCTTCG-3’) primers [43]. These primers contained a
set of 6-nucleotide barcodes. PCR amplification of the
16S rRNA V1-V3 and 18S rRNA V4 regions were per-
formed, as described previously [23]. The PCR program
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was as follows: 95°C for 2 min; 30 cycles of 95°C for 30
s, 55°C for 30 s, and 72°C for 30 s with a final extension
of 72°C for 5min. The amplicon mixture was applied to
the Genome Sequencer FLX454 Titanium System (454
Life Sciences). The quality control for PCR amplification,
sequence preprocessing and raw datum processing were
performed, as described previously [17].

Pyrosequencing and bioinformatics processing

The extraction of high-quality sequences was firstly per-
formed with the QIIME package (Quantitative Insights
Into Microbial Ecology) (v1.2.1). Raw sequences were se-
lected based on sequence length, quality, primer and tag.
According to the following criteria [44,45], low-quality
sequences were removed: (i) raw reads were shorter than
110 nucleotides, (ii) sequences had imperfect matches to
the barcode, (iii) sequences displayed a fuzzy match to at
least one end of primers, (iv) sequences with only a
short variable region of less than 100 nucleotides, (v)
raw reads that had a quality score of <20 in more than
7% of the bases in the variable region. PyNAST [46] and
UCLUST [47] were then applied to align the extracted
high-quality sequences under 100% clustering of se-
quence identity in order to obtain representative se-
quences. The unique sequence set was classified into
operational taxonomic units (OTUs) under the threshold
of 97% identity using UCLUST after the selection of the
representative sequences. ChimeraSlayer was applied to
remove the potential chimeric sequences in the repre-
sentative set of OTUs [48]. The taxonomy of each OTU
representative sequence was performed using the Ribo-
somal Database Project (RDP) II database [49] that clas-
sified at a minimum bootstrap threshold of 80%. OTUs
occurred only once or twice were discarded. A de novo
taxonomic tree was constructed employing a representative
chimera-checked OTU set in FastTree for downstream
analysis [50], including the beta diversity calculation. The
Shannon-Wiener, Simpson’s diversity, the Chaol and rar-
efaction estimators were calculated in order to evaluate the
alpha diversity. UniFrac distance [51] was based on the
phylogenetic tree. Both weighted and unweighted calcula-
tions were performed for the principal coordinate analysis
(PCoA).

Statistical analyses

Statistical analyses were performed mainly under Matlab®
environment (The MathWorks, Natick, MA, USA) and
using the software Canoco for Windows 4.5 (Microcom-
puter Power, NY, USA). Rarefaction analysis, Shannon di-
versity index and Simpson’s diversity index were used to
estimate the richness and diversity of OTUs. Principal
coordinate analysis (PCoA) was used to assess the micro-
biota structure of different samples. Redundancy analysis
(RDA) was applied to identify microbial groups that
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significantly contributed to the structural difference. Dif-
ferences in the relative abundances of taxonomic groups
at phylum and genus levels between samples were evalu-
ated with Mann—Whitney test. P-values of less than 0.05
were considered significantly different between sample
pairs. The phylogenetic grouping of Lactobacillus repre-
sentative sequences was performed according to Felis and
Dellaglio [52] and was constructed using MAGE 5.0 [53].

Nucleotide sequence accession numbers

The sequence data reported in this study have been de-
posited in the MG-RAST database (accession No.
4570605.3—-4570640.3).

Additional files

Additional file 1: Figure S1. Rarefaction analysis and Shannon diversity
estimates of the pyrosequencing reads of bacteria (A, B) and fungi (C, D)
in NFCM. Red and blue lines represent samples from Kalmykia and Chita,
respectively.

Additional file 2: Figure S2. NFCM sampling sites. Sampling sites are
mapped using Esri® ArcMap™ 10.1. The sampling sites of Kalmykia and
Chita are shown in green and red, respectively. The distance between
the two places is 6,165 km.
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