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SEMEN MICROBIOTA: CLUSTER ANALYSIS OF REAL-TIME PCR DATA
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To this day semen microbiota is still poorly understood, and clinical significance of detecting specific microorganism groups has not been clearly determined. The
aim of this work was to conduct cluster analysis of semen microbiota detected using real-time PCR. 634 semen samples of reproductive age men were analyzed
using the Androflor kit. Microbial DNA in the quantity of no less than 10° GE/ml was detected in 460 samples (72.5%). From 1 to 14 microorganism groups were
detected in 350 samples (55.2%) in the quantities that exceeded the threshold values (the detection rate of specific groups: 3.3-21.0%). In these 350 samples
4 stable microbiota clusters were determined. Each of the clusters was characterized by the prevalence of a specific microorganism group: obligate anaerobes
(cluster 1; n = 172; detection rate — 49.1%), Lactobacillus spp. (cluster 2; n = 78; detection rate — 22.3%), gram-positive facultative anaerobes (cluster 3; n = 62;
detection rate — 17.7%), Enterobacteriaceae / Enterococcus (cluster 4; n = 62; detection rate — 10.9%). Cluster 1 was less stable and was characterized by the
larger species diversity compared to other clusters.
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MukpoburoTa asKynsaTa 40 CUX NMOP HEAOCTAaTOYHO U3yYeHa, a KNMHMYecKas 3HaYMMOCTb BbISIBNIEHNST OTAENbHbBIX MPYMNMN MUKPOOPraHU3MOB OKOHYATENbHO He
ycTaHoBneHa. Lienbto paboTbl 6b1110 MPOBECTN KNACTEPHbIA aHaNM3 MUKPOBWOTbI 95KyNATa, BbisBNeHHOM meTogom INLP-PB. C nomoLupto TecTa «AHgpodnop»
(«dHK-TexHonoruns») nccnepgoBany 634 obpasua askynsaTa My>K4uMH penpoayKTUBHOro BodpacTa. MukpobHyto [HK B konudectBe He meHee 10° 'O/mn
obHapyxunm B 460 (72,5%) obpasuos. B 350 (55,2%) npobax Bbisiunm oT 1 A0 14 rpynn MUKPOOPraHM3MOoB B HAAMOPOroBbIX 3HAYEHMSX (HacToTa BbISBNEHNS
oTaenbHbix rpynn coctaBuna 3,3-21,0%). Cpegy 350 06pasLoB BbIAENNIN YETLIPE YCTONHMBBIX KinacTepa MUKPOOMOTbI, B K&XXOOM 13 KOTOPbIX Npeobnagana
onpeneneHHaa rpynna MMKPOOpraHnaMoB: obnmraTHbix aHaspoboB (knactep 1, n = 172; yactoTa BbiaBneHns — 49,1%), Lactobacillus spp. (knactep 2,
n = 78; 4acTtoTa BbisiBAeHns — 22,3%) rpaMmnofioxX1TENbHbIX (DaKysTaTVBHBIX aHa3POO0B (KnacTep 3, n = 62; 4acToTa BbigsneHus — 17,7%), Enterobacteriaceae/
Enterococcus (knactep 4, n = 38; YacTtoTta BbisiBneHust — 10,9%). Knactep 1 xapakTepn3oBaniCa MeHbLUEel YCTOMYNBOCTHIO 1 OOMLLLIMM BUAOBLIM pa3Hoobpasviem
B CPaBHeHWUN C APYrMIK KnacTepamu.
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Male genital tract microbiota and semen microbiota in particular
are still poorly understood compared to the microbiota of other
human body biotopes [1]. For a long time, semen in healthy
men was considered to be sterile, and any microorganisms
(MO) detected there were associated with pathologies.
Nevertheless, recent studies indicate that microbiota can
be present in the semen of healthy or asymptomatic men
with normal semen parameters [1-7]. It has been shown that
polymicrobial communities of various bacteria genera and even
phyla constitute semen microbiota (1, 2, 5, 7]. Some authors
even cautiously conclude that certain MO groups could be
associated with norm and pathology [1, 2, 5]. There are also
researchers who believe that it is the presence of certain
microbial associations, not species, that is associated with
genital tract inflammatory diseases [4].

These results became possible due to the implementation
of molecular-based techniques since many of the microbes
detected in semen are difficult to culture or non-culturable
(including obligate anaerobic bacteria which are rarely found
in a routine culture-based test) [4, 7, 8]. However, clinical
significance of the detection of these MO in semen samples
has not been clearly established.

Most of the research dedicated to analyzing semen
microbiota are based on 16S rRNA gene specific Next
generation sequencing [1-5, 7]. While it is highly informative,
this approach has a number of disadvantages such as:
complicated sample preparation, difficult sample intake control,
complicated result interpretation, long analysis process, high
cost of equipment and reagents. These disadvantages make
using NGS-sequencing in routine medical practice virtually
impossible. Quantitative real-time PCR (gPCR) is far more
suitable for this. In several previous studies, the potential
of the Androflor commercial kit (QPCR kit for the detection
of 24 MO groups) for semen microbiota analysis was shown
[9-11]. Among other things, Androflor kit is more informative
compared to culture-based tests [10]. While analyzing semen
microbiota using gPCR has many benefits compared to other
microbiological techniques, practical interpretation of the results
remains difficult, which prevents this method from becoming
part of the routine practice.

Semen culture colony count of 10° CFU/1 ml or higher is
considered to be the above the threshold value for detecting
opportunistic microbiota in culture-based testing [12]. The high
sensitivity of molecular-based techniques and their capability
to detect non-culturable and non-viable MO makes it difficult
to use threshold values similar to those used in culture-based
techniques when interpreting gPCR results. It is necessary
to establish whether the presence of non-culturable MOs in
quantities exceeding the threshold value is typical for normal
and pathological conditions. We also need to determine the
persistent types of microbial groups associated with infertility in
men when identifying certain MO groups.

To answer these questions, semen analysis results (clinical
and molecular-based), both from patients with infertility and
healthy males, need to be comprehensively studied. Aim of
the study: to conduct cluster analysis of semen microbiota
detected by means of real-time PCR (Androflor kit)

METHODS
Patient groups
From January 2019 to March 2020, semen samples from 634

men were examined (Mmean age 34 + 6.7 years). During this
period, the patients came to the “Garmonia” Medical Center
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(Yekaterinburg, n = 429) and to the urological clinic of the lvanovo
State Medical Academy of the Ministry of Health of Russian
Federation (lvanovo, n = 205) either seeking preconception
care or for infertility treatment. All patients gave their consent to
participate in the study.

Inclusion criteria: reproductive-age men; infertility or
undergoing preconception care; all examined patients during
the last four weeks did not receive medications that could affect
the semen microbiota, such as hormonal, antibacterial drugs;
consumption of substances with alcohol content over 30 ml in
terms of pure ethanol was excluded.

Exclusion criteria: hypogonadotropic and hypergonadotropic
hypogonadism, type 1 and 2 diabetes, hypo- and
hyperthyroidism; sexually transmitted infections (Chlamydia
trachomatis, Neisseria gonorrhoeae, Mycoplasma genitalium,
Trichomonas vaginalis); clinical manifestations of prostatitis
such as pain and dysuria; karyotype abnormalities, mutations
in the CFTR gene, microdeletions in the AZF locus of the Y
chromosome.

Semen sampling

Preparation for semen sampling: sexual abstinence for a period
of 2-5 days. Prior to semen collection, patients urinated. Semen
was collected through masturbation into a sterile container.
Patients were instructed to avoid contact with the walls and the
lid of the container.

DNA extraction

PREP-NA-PLUS kit (DNA-Technology; Russia) was used for
DNA-extraction. Semen samples were prepared using the
following technique: 1.0 ml of semen was put into an Eppendorf
tube with 1.0 ml of transport medium (“Transport media with
mucolytic agent”, InterLabService Ltd.; Russia) which was then
shaken in the vortex until the substances mixed completely.
The tube was centrifuged at 13,000 rpm for 10 minutes (Mini-
Spin centrifuge, Eppendorf; Germany). After removing the
supernatant, 50 pl of the precipitate was used for extraction
of the DNA.

Semen microbiota evaluation

The study was conducted using the Androflor reagent kit
(DNA-Technology; Russia) and the DTprime detection thermal
cycler (DNA-Technology; Russia) following the manufacturer’s
instructions. Once the amplification is over, the special
software (DNA-Technology; Russia) automatically calculates the
quantities (expressed in genome equivalents per 1 ml (GE/m)) of the
total bacterial load (TBL), lactobacilli and each of the detected
opportunistic microorganisms (OM) in a given sample.

The Androflor kit allows detecting the following MO
groups: Gram-positive facultative anaerobes (Streptococcus spp.
Staphylococcus spp., Corynebacterium spp.); Gram-negative
facultative anaerobes (Haemophilus spp., Pseudomonas
aeruginosa / Ralstonia spp. [/ Burkholderia spp.);
Enterobacteriaceae / Enterococcus spp. group; obligate
anaerobes (Gardnerella vaginalis, Eubacterium spp., Sneathia
spp. / Leptotrichia spp. / Fusobacterium spp., Megasphaera
spp. / Veillonella spp. / Dialister spp., Bacteroides spp. /
Porphyromonas spp. / Prevotella spp., Anaerococcus spp.,
Peptostreptococcus spp., Atopobium cluster), mycoplasmas
(Mycoplasma hominis, Ureaplasma urealyticum, Ureaplasma
parvum), transient microbiota (Lactobacillus spp.), yeast-like
fungi (Candida spp.).
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Table 1. Detection rate for individual MO groups present in quantities exceeding the threshold value (n = 634)*

MO Group n %
Corynebacterium spp. 133 21.0
Bacteroides spp. / Porphyromonas spp. / Prevotella spp. 131 20.7
Lactobacillus spp. 125 19.7
Eubacterium spp. 108 17.0
Peptostreptococcus spp. / Parvimonas spp. 107 16.9
Megasphaera spp. / Veillonella spp. / Dialister spp. 94 14.8
Streptococcus spp. 81 12.8
Enterobacteriaceae spp. / Enterococcus spp. 74 1.7
Anaerococcus spp. 68 10.7
Gardnerella vaginalis 67 10.6
Ureaplasma parvum 63 9.9
Atopobium cluster 57 9.0
Staphylococcus spp. 52 8.2
Sneathia spp. / Leptotrichia spp. / Fusobacterium spp. 41 6.5
Haemophilus spp. 36 5.7
Mycoplasma hominis 25 3.9
Ureaplasma urealyticum 24 3.8
Pseudomonas aeruginosa / Ralstonia spp. / Burkholderia spp. 21 3.3

Note: * — for Ureaplasma urealyticum, Ureaplasma parvum, Mycoplasma hominis threshold is > 0, for the other MO groups threshold is > 10° GE/ml.

Sterile deionized water was used as the negative control
sample. Positive signals were detected in the negative control
sample for some MO groups no earlier than in the 35"
amplification cycle. In these cases, the bacterial load was less
than 10° GE/ml. Thus, the quantity of MOs needed to be at
least 10° GE/ml for it to be considered above threshold, which
meant that a positive signal was received in gPCR before the
35" cycle. The exceptions were U. urealyticum, U. parvum,
M. hominis since there was no positive signal for these MOs in
the negative control sample. If the signal was detected at any
amplification cycle for these MO groups, gPCR result for them
was regarded as positive. Yeast-like fungi of the Candida spp.
were not included in this study.

Statistical methods

The analysis of the structural characteristics of semen
microbiota was carried out using the MSSC clustering model,
which minimizes the sum over all clusters of intra-cluster sums
of squared distances from cluster elements to their centroids
[13]. The clustering problem was solved using the k-means++
algorithm [14], implemented in the scikit-learn machine learning
library. The optimal clustering was selected on the basis of
internal assessments of the clustering quality: the Silhouette
index [15] and the Davies—Bouldin index (DBI) [16]. For optimal
clustering, the stability of clusters to changes in the sample size
was analyzed.

RESULTS
Detection rate for specific MO groups

TBL was detected in quantities exceeding the threshold value (at
least 10° GE/ml) in 460 (72.5%) out of 634; samples the quantities
of specific MO groups were below the threshold value in 110
(17.4%) of these 460 samples. Bacterial DNA was present in the
quantities lower than 10° GE/ml in 174 (27.5%) samples.

From 1 to 14 MO groups were detected in quantities,
exceeding the threshold value, simultaneously in 350 (55.2%)
samples. Detection rate for specific MO groups is given in Table 1.

Different MO groups were found in a variety of associations
with each other. Thus, we have decided to carry out cluster
analysis in order to identify the microbial communities typical of
semen microbiota.

Cluster analysis of semen microbiota

For cluster analysis, 350 samples were selected in accordance
with the following criteria: TBL in the quantity of at least 10°
GE / ml, at least one group of MO in the quantity of at least
10°GE / ml.

To run the k-means++ clustering algorithm, each examined
sample was represented as a vector (p, s) € R®, consisting
of a vector of primary characteristics p € R, (taken from the
data on the semen microbiota analyses by means of gPCR)
and secondary characteristics vector s € R%', calculated on the
basis of primary characteristics.

The absolute values of the parameters determined by the
Androflor kit (TBL and 18 MO groups) were regarded as primary
characteristics.

The following secondary characteristics were calculated on
the basis of the primary ones: corrected TBL (CTBL), equal to
the total mass of the 18 MO groups detected by the kit; mass
percentages of the MOs in relation to the CTBL; masses of the
MO groups consolidated in accordance with the Androflor kit's
configuration: lactobacilli, gram-positive facultative anaerobes
(GPFA), obligate anaerobes (OA), gram-negative facultative
anaerobes (GNFA), Enterobacteriaceae / Enterococcus (EE),
and mycoplasmas; mass percentages of the consolidated MO
groups in relation to the CTBL.

The optimal number of clusters in the examined dataset
was determined on the basis of the values of the Silhouette
and Davies-Bouldin indices (Table 2). The best clustering quality
corresponds to the highest Silhouette Index and the lowest
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Davies-Bouldin Index. In accordance with the obtained values
of the indices, it was optimal to select 4 main clusters of the
semen microbiota.

One consolidated MO group was predominant in each of
the obtained clusters. The diagrams in Fig. 1 show the range of
characteristics of the objects in their respective clusters.

Cluster 1 — the OA-dominated variant. The absolute
quantity of all OA was comparable to the TBL and amounted
to 10*% GE / mlin the centroid (Fig. 1A). The proportion of OA
in the centroid reached 82.8% in relation to the CTBL. This
microbiota variant was identified in 172 (49.1%) out of 350
samples.

Cluster 2 — the lactobacilli-dominated variant. The
absolute quantity of all lactobacilli was comparable to the
CTBL and amounted to 10*° GE / ml in the centroid (Fig. 1B).
The proportion of lactobacilli in the centroid reached 80.9% in
relation to the CTBL. This microbiota variant was identified in 78
(22.3%) out of 350 samples.

Cluster 3, characterized by the predominance of GPFA,
was identified in 62 (17.7%) out of 350 samples. The absolute
quantity of all GPFA was comparable to the CTBL and amounted
to 106 GE / mlin the centroid (Fig. 1C). The proportion of GPFA in
the centroid reached 89.4% in relation to the CTBL.

Cluster 4 — the EE-dominated variant. The absolute
quantity of all EE was less than the CTBL and amounted to
10°5GE / mlin the centroid (Fig. 1D). The proportion of EE in the
centroid reached 64.5% in relation to the CTBL. This microbiota
variant was identified in 38 (10.9%) out of 350 samples.

Analysis of the microbial clusters’ stability

To analyze the stability of the identified clusters, subsamples
of samples of f = 1,100 volume of the original sample were
generated (1000 random subsamples without return for each
value of the volume). The generated subsamples were divided
into 4 clusters. For each (m = 1,1000) generated subsample
of volume f samples (let us denote this subsample by X 1)
stability index of the k cluster was calculated using the following
formula:

Stability Index(X}”, k) =

Ty By Aruey ([ACeD) A )ERIA[AL A (). A (x))€L])
E:lzl E?:l 1(trus]([A(xi)-‘q-(xj)Ek])'l[h'ue.f:ﬂse}([zu A;,l(x,),A;,l(x])El]

)5(1)

where n is the number of samples in the subsample X £, ;
1 {m):{true, flase} — {0,1}; is the indicator function of the logical
argument; x € X 7 is the sample from the subsample X4,
A (x); A'm (x) is the label of the cluster where the sample is
contained as a result of clustering of the original sample set and
the subsample X 4, respectively; k = {1, 2,3, 4}, I={1, 2, 3, 4},
are the cluster labels.

Table 2. Clustering quality values
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In addition, the stability index of the k cluster, common for the
subsamples of the f volume, was calculated. The calculations
were carried out using the following formula:

Stability Index(k) =
B0 T BTy qrruey ([AGe). A(x) JER]A[FT A (x1),4m () )El])
noopyn E}Ll 1eruey ([ACx:)A(x; JER]) itrue farsey([3T A (). Ay, (x5 )E]) ©

2

Fig. 2 shows the graphs depicting cluster stability indices
calculated according to formulas (1) and (2). The obtained 4
clusters are stable: on sufficiently small volumes of subsamples,
the probability of assigning two arbitrary observations to the
same cluster with 4-clustering of the initial sample and an
arbitrary subsample tends to 1. As follows from the graphs in
Fig. 2, the most stable are the clusters with the predominance
of lactobacilli (cluster 2, Fig. 2B), the predominance of GPFA
(cluster 3, Fig. 2C) and with the predominance of EE (cluster
4, Fig. 2D). The least stable cluster is cluster 1 with the
predominance of OA (Fig. 2A).

DISCUSSION

The presence of bacterial DNA both in the environment and in
the reagents used for conducting the test (KITome) and high
sensitivity of the PCR method limit our capability for interpreting
results when analyzing the samples with low bacterial load
[17]. Since positive signals were received for most MO groups
after the 35" cycle in gPCR when analyzing negative control
samples (which corresponded to the bacterial load of less
than 10° GE/ml), the value of 10° GE/ml was regarded as
the threshold value. All the other results were regarded as
negative. The exceptions were U. urealyticum, U. parvum,
M. hominis since there was no positive signal for these MOs in
the negative control sample. If the signal was detected at any
amplification cycle for these MO groups, gPCR result for them
was regarded as positive.

The bacterial load in quantities exceeding the threshold
value was identified only in 460 (72.5%) samples. The quantities
of all the MO groups were below the threshold value in 110
of these 460 samples. Almost half of all the semen samples
(44.8%) had bacterial DNA in the quantities below the threshold
value (less than 10° GE/ml) which is regarded as a variant of the
norm [12].

From 1 to 14 MO groups were detected simultaneously
in quantities exceeding the threshold value in 350 (55.2%)
samples, which corresponds with the results obtained by other
researchers, who note that semen microbiota is heterogenous
[1, 2, 5, 7]. The following MO groups were detected more often
than others: Corynebacterium spp. (21,0%), Bacteroides spp. /
Porphyromonas spp. / Prevotella spp. (20,7%), Lactobacillus
spp. (19,7%), Eubacterium spp. (17,0%), Peptostreptococcus spp. /

Number of Clusters Silhouette Index Davies—Bouldin Index

2 0.21606 1.88844
3 0.29118 1.55122
4 0.32952 1.27021

5 0.29094 1.642083
6 0.30307 1.51617
7 0.29392 1.58818
8 0.29052 1.51856
9 0.28759 1.43542
10 0.29666 1.48578

BECTHUK PIMY | 5, 2020 | VESTNIKRGMU.RU




ORIGINAL RESEARCH | MICROBIOLOGY

(=

Gramegs itive fadultative anasnobes
il bt
Stapnhr 00U PP rpmprwu

.
"

e m oumactimen o oarm osomoe

Crameegative feultathe anaaroles [piegenion)
i Tac il tatihe

Maamaphiln ipp. (proportion)

n--muu. o fquunddy)

mwm-mnmw Iquartiy) |
Enterohacieriscess sppInbsoooccu spp. [propertion)
Enarshs SR ERTEr 00 US SPP. lapsastity )
rEgrsbacteratask SR ERbe DOOIIVE I8 (T

Emm Lo l'-lrorm oy :Mb\l

Bie

e
s e n
i e

woom s

v
R

"
PR

Brmrow
LR LR

I LI

40 60 30 100

Quantity x10, Ig (GE/ml)
Proportion (%)

it s
Gram-negative Feullative anasrobes (pregsstion)
Tacultathne

Hasmaphuha app (proparton
Nammophita app. (pantity]

PP,
mwm-a&:mw {rariity)

PP
Enmmmmmwiw Inpsantityh
Entershacioriscase Sp@ Frberin (00U S8 {PromrTan
Eﬂmmwfwwm 80y tMl:ﬂ

20

40 60 80 100
Quantity x10, Ig (GE/ml)
Proportion (%)

Fig. 1. Results of cluster analysis of semen microbiota analyzed by means of gPCR (n = 350). The ordinate shows the values of the features in the centroid. Diagrams of
the predominant groups of microorganisms are highlighted using red rectangles. Cluster 1 (n = 172; Fig. A) is characterized by the predominance of obligate anaerobes,

cluster 2 (n = 78; Fig. B) is characterized by the predominance of lactobacilli, cluster

3 (n = 62; Fig. C) is characterized by the predominance of gram-positive facultative

anaerobes, cluster 4 (n = 38; Fig. D) is characterized by the predominance of enterobacteria / enterococci

Parvimonas spp. (16,9%). Other MO groups were detected
less often, with the rate of 3.3-14.8%. Previous studies have
also shown that Lactobacillus spp. and obligate anaerobes
along with facultative anaerobes and are often detected in the
semen when using molecular-based methods [1, 2, 5, 7, 18].
Cluster analysis of semen microbiota in samples, containing
TBL and at least one of the MO groups in quantities exceeding
the threshold value, showed that division into 4 clusters was
optimal. Each cluster was characterized by the predominance of
one of the consolidated MO groups: cluster 1 — OA, cluster 2 —
lactobacilli, cluster 3 — GPFA, cluster 4 — EE. Similar data were
obtained in earlier studies using the NGS sequencing method

to evaluate the semen microbiota composition [1, 2]. Having
studied the seminal fluid of healthy men and men with infertility,
Hou D. et al. also identified several clusters of MOs, including
those with predominance of GPFA, OA, and Lactobacillus spp. 2.

Clusters 2 (with the predominance of lactobacill), 3 (with
the predominance of GPFA), and 4 (with the predominance of
EE) were characterized by high stability. Moreover, for clusters
2 and 3, the presence of other MO groups in the quantities
comparable to those of the ones forming the cluster was
atypical. At the same time, cluster 4 was characterized by the
presence of other groups of bacteria, along with EE: GPFA, OA,
and gram-negative facultative anaerobes.
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Fig. 1. Results of cluster analysis of semen microbiota analyzed by means of gPCR (n = 350). The ordinate shows the values of the features in the centroid. Diagrams of
the predominant groups of microorganisms are highlighted using red rectangles. Cluster 1 (n = 172; Fig. A) is characterized by the predominance of obligate anaerobes,
cluster 2 (n = 78; Fig. B) is characterized by the predominance of lactobacilli, cluster 3 (n = 62; Fig. C) is characterized by the predominance of gram-positive facultative
anaerobes, cluster 4 (n = 38; Fig. D) is characterized by the predominance of enterobacteria / enterococci

Cluster 1 (with the predominance of obligate anaerobes)
was less stable. This may be due to the greater species diversity
of the microbiota in these semen samples.

The results of this study confirm observations of other
authors on the heterogeneous composition of the semen
microbiota which can be grouped into a number of clusters. Our
approach has confirmed the stability of the 4 clusters selected
on randomly generated samples of different sizes.

Further research is necessary to determine the detection
rate of the described bacterial clusters in semen with
normospermia and various types of pathospermia. We need

BECTHUK PIMY | 5, 2020 | VESTNIKRGMU.RU

to establish the relationship between the characteristics of
the semen microbiota and infertility in men. This will allow
the development of new algorithms for treating patients with
reproductive disorders, depending on the composition of the
semen microbiota.

Conclusion
1. Bacterial DNA was detected in the quantity of at least 10° GE/ml

in 72.5% of the semen samples by means of gPCR; in 55.2%
semen samples, from 1 to 14 MO groups were detected in
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Fig. 2. Results of the cluster stability analysis 1 (A), 2 (B), 3 (C), 4 (D). The grey marker on the graphs shows cluster stability index on a random subsample, the red
marker shows the median of the stability indices, calculated for 1000 random subsamples of the f volume, the blue marker shows the cluster stability index on a set

of the f volume

quantities exceeding the threshold value. 2. We identified
4 stable clusters of semen microbiota. A certain consolidated
MO group was predominant in each of these clusters: obligate
anaerobes, lactobacilli, gram-positive facultative anaerobes,
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