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THE HUMAN MICROBIOME
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The symbiotic relationship with the microbial flora inhabiting our bodies plays an immense role in maintaining our vitality. The
microbiota protects us from pathogens, hardwires our immunity, and engages in the production of essential micronutrient
components. The human microbiota encompasses several thousands of fungi, eubacteria, archaea and viruses, with
eubacterial cells alone totaling over 10 trillion and outnumbering our body cells 100 to 1. Next generation sequencing has
allowed researchers to comprehensively assess the diversity of microbial species in the human microbiota and to estimate
their proportions with stunning accuracy. This has led to a breakthrough in our understanding of associations between human
health and the microbiota. This review focuses on the current state of research on key microbial communities inhabiting the
human body: those of the gastrointestinal and genitourinary systems. Less studied microbial communities colonizing the nose,
nasopharynx, auditory canal, eye, and skin, as well as some others, are not included in the review.

Keywords: microbial community, gut flora, genitourinary, periodontal, metagenome, next generation sequencing
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3alUMLLIaET OT NaTOreHOB, NMOAAEPXKMBAET MMMYHUTET, 06eCneHVBasT NPON3BOACTBO BAXKHbLIX KOMMOHEHTOB NMiuTaHust. Minkpo-
BroTa YenoBeKa BKIIKOHaET, MO BCEl BUAMMOCTU, HECKOJTbKO ThICSHY BUAOB rprboB, sybakTepuii, apxeli 1 Bupycos. CyMMapHoe
KOMMYECTBO KIIETOK TOSIbKO 9yBakTepuii B COCTaBe MVKPOBUOTLI MPEBbILLAET AeCATb TPUIMOHOB, YTO B CTO pas 6osiblue
4ncna cCobCTBEHHbIX KNETOK opraHmamMa YesioBeka. C nosiBfieHneM MeTO0B BbICOKOMPOW3BOANTENIbHOrO CEKBEHNPOBAHMIS C-
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ThICSHHbIX AONE NpoLeHTa (Mo codepXaHnio MYKPo6a). STO MO3BOMMIO BbINTY HA HOBbIN YPOBEHb MOHUMaHNS B3aVMOCBSI3)
300POBbS HenoBeKa 1 COCTOSHISA ero MKpobriomMa. B aaHHOM 0630pe NpeacTaBieHo COBpeMeHHOe COCTOsHIE 1ccneaoBa-
HUI KIIOYEBbIX MYKPOBHBIX GMOLIEHO30B YeloBeKa — MULLEBaPUTESNTHOMO U YPOreHUTaIbHOrO TPakToB. MeHee nayyeHHble
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The gut microbiome

The human gut microbiota is one of the most actively studied
microbial communities. It is incredibly complex in composition
and interacts extensively with the human host. The role of the
gut microbiota in pathology has been increasingly hypothesized,
and the evidence to support those theories is still growing.
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The human gut microbiota goes through a number of
development stages until it is finally shaped. First, the fetus
is colonized in utero by the bacteria coming from maternal
sources, including the intestines, oral cavity and vagina [1].
Second, when going through the birth canal, the baby picks
up another lot of its mother’s microbes [1]. Besides, breast milk
is not sterile and contains substantial amounts of bacteria,
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such as Streptococcus, Staphylococcus, Propionibacterium,
and Bifidobacterium [2]. The early postnatal gut microbiota is
abundant with Bifidobacterium species [3] that thrive on human
milk oligosaccharides. By the age of two, Bifidobacterium
species become less abundant and the gut microbiota of the
child starts to resemble that of an adult [3]. In infants born by
caesarian section the composition of the gut microbiota in the
first few months after birth is different from that of vaginally born
children, which may be explained by the lack of contact with
the vaginal microbiota of the mother, her exposure to antibiotics
or the delayed onset of breastfeeding [3, 4].

The gut microbiota of adults encompasses over 600
microbial genera [5]. The Firmicutes and Bacteroidetes phyla
together make up about 90 % of the microbial community,
in which they are mainly represented by poorly culturable
obligate anaerobes. In the European population Firmicutes are
normally represented by Faecalibacterium prausnitzii, Blautia,
Dorea, Roseburia, and Coprococcus. Intestinal Bacteroidetes
are usually represented by Bacteroides, Parabacteroides,
Prevotella, Odoribacter, Barnesiella, and Alistipes [5, 6]. A few
percent of the gut microbiota of adult humans are made up
of Actinobacteria and Proteobacteria [5, 7], the proportion of
Fusobacteria, Verrucombicrobia, and methanogenic archaea
Euryarchaeota is even smaller [5, 8].

Members of the gut microbiota have complex symbiotic
and antagonistic relationship influencing the abundance of
each group. Therefore, some of the compositional patterns
- discrete and stable clusters called enterotypes — will occur
more frequently in the population than their gradient forms.
Researchers distinguish between three major enterotypes
depending on whether the latter are rich in Bacteriodes,
Prevotella, or Ruminococcaceae, respectively [5, 9.
Unfortunately, this classification cannot describe the real
diversity of qualitative and quantitative characteristics of
intestinal microbial communities. Gut microbiota composition
is affected by dietary and smoking habits, age, body mass
index, levels of hemoglobin and red blood cells in the blood,
and exposure to antibiotics [5]. Diet has also been speculated
to be a source of marked interpopulation differences in the
microbiota composition [7, 8]. Although the term “dysbiosis” is
readily used to describe the state of the microbial community
that contributes to pathology, the “normality” of the gut
microbiota composition is a matter of controversy.

The gut microbiome profusely synthesizes substances
capable of entering the bloodstream and affecting distal
organs and systems. Some researchers even called the gut
microbiome a “virtual endocrine organ” [10, 11]. Members of
the gut microbiota can secrete into the blood stream such
agents as serotonin, gamma-aminobutyric acid, histamine,
acetylcholine, dopamine, and noradrenaline [11]. They also
produce a number of ligands that bind to the receptors of the
innate and adaptive immune systems, such as flagellin, formyl
methionine-containing peptides, lipopolysaccharides, and
capsular polysaccharides (polysaccharide A of Bacteroides
fragilis) [12].

There has been considerable focus on short-chain fatty
acids, the end-products of carbohydrate fermentation carried
out by microbial communities under anaerobic conditions of
the intestines. These are usually acetic, propionic and butyric
acids produced at a molar ratio of 3 : 1 : 1 [11, 13]. They are
rapidly and efficiently absorbed in the intestines, with only 5 to
10 % excreted in feces [13].

Short-chain fatty acids exert their functions through a variety
of mechanisms. First, they can be used by our body cells to
harvest energy produced during oxidative phosphorylation.

Butyric acid alone can cover 60 to 70 % of colonocytes’
energy needs [13]. Second, short-chain fatty acids inhibit
histone deacetylase and thus down-regulate inflammation:
they modulate transcriptional activity of NF-kB factors,
reduce production of TNF-a and induce maturation of
FoxP3* T _-cells [12]. Third, short-chain fatty acids can
specifically bind to a few G-protein-coupled receptors, namely
GPR41, GPR43 and GPR109A [12, 13]. These receptors are
involved in regulating the growth and activities of microglia,
dendritic cells and Tregs [12].

The range of short-chain fatty acids’ activities is not limited
to their effect on the immune system. They also induce
proliferation of intestinal goblet cells and stimulate mucin
production [12]. Being a substrate for gluconeogenesis and
lipogenesis, they participate in the regulation of carbohydrate
and lipid metabolism in the liver [13]. They also have been
shown to suppress appetite by stimulating secretion of leptin
in adipocytes and inducing production of YY peptide
and glucagon-like peptide-1 in the L-cells of the gastro-
enteropancreatic endocrine system [13]. Indeed, one of the
most important functions of the gut microbiome is to produce
short-chain fatty acids essential for human health

The gut microbiota is also responsible for protecting the
intestine from pathogen dissemination which can be controlled
through competition for nutrients [14]. Another mechanism of
colonization resistance is mediated by special antimicrobial
proteins and peptides, the so-called bacteriocins, produced by
the gut microbiota [15]. Antimicrobial activity is also conferred
on secondary bile acids, products of dehydroxylation of primary
bile acids by members of the gut microbial community, such as
Clostridium scindens [186].

Among all human diseases Clostridium difficile-associated
disease is most obviously linked to shifts in the gut microbiota
composition. Its clinical signs may vary from mild diarrhea
to lethal systemic inflammatory response syndrome [17].
Clostridium difficile is often present in the microbiota of healthy
individuals; however, intake of broad-spectrum antibiotics
that disrupt colonization resistance mechanisms prompts
this species to proliferate uncontrollably producing toxins
that glycosylate Rho GTPhase [16, 17]. There is evidence
that oral intake of live probiotic cultures can be effective in
preventing Clostridium difficile-associated disease in both
children and adults [18]. One of the most effective treatments
for this condition is fecal microbial transplantation. A microbial
suspension prepared from the gut microbiota of a healthy
donor is infused into the patient’s intestines by enema,
colonoscopy, nasogastric or nasoduodenal tubes [19]. There
are plans to create donor banks of the intestinal microbiota
that could be used for autologous fecal transplantation should
it be necessary (Fig. 1). Unlike probiotic-based therapies, this
technique makes it possible to transplant the entire microbial
community including its poorly cultured members.

One of the most dangerous diseases typically seen
in premature infants is necrotizing enterocolitis, the acute
inflaonmatory condition of the bowel complicated by necrosis
of the intestinal wall, perforation and diffuse peritonitis.
According to the most recent studies, necrotizing enterocolitis
is associated with hyperresponsiveness of the innate immunity
to microbial colonization of the bowel [21]. The inadequate
immune response can be caused by the interaction between
overexpressed Toll-like receptors 4 and lipopolysaccharides
found in the cell wall of gram-negative bacteria [21]. Numerous
studies have described compositional changes in the gut
microbiota of infants observed prior to the onset of necrotizing
enterocolitis: increased abundance of Proteobacteria and low

BULLETIN OF RSMU | 2, 2017 | VESTNIKRGMU.RU



levels of Firmicutes and Bacteroidetes [22]. At the moment
there are reasons to believe that some probiotics can reduce
incidence of severe necrotizing enterocolitis and improve
survival 21, 23].

A few residents of the gut microbiota are involved in the
development of colorectal cancer and are frequently detected
in tumor tissues [24]. For example, Fusobacterium nucleatum
can promote tumor growth through direct or inflammation-
mediated mechanisms. In particular, interaction between
the FadA adhesin produced by this species and the surface
protein E-cadherin triggers a cascade of 3-catenin-dependent
oncogenic and proinflammatory signaling pathways [24].
Some strains of Escherichia coli are also potentially oncogenic
since they produce genotoxic pathogenic factors, such as low
molecular weight colibactin and protein toxin CDT [24, 25].

There has been growing evidence that the gut microbiota
is involved in the pathogenesis of many other diseases, such
as type 1 diabetes [26], obesity [27] and autism [28], which
encourages us to believe that our knowledge about the
intestinal microbiome and its role in human health will continue
to expand.

The microbiome of the oral cavity and periodontium

The oral cavity of humans teems with eubacteria, archaea,
fungi and viruses — over 1000 different species in total.
Residents of the oral microbiota have been linked to a wide
range of conditions, including diseases of the oral cavity (caries
and periodontal diseases), diabetes mellitus, cardio-vascular
diseases, cancer, etc. It has been established that it is not
the presence of a particular microbe that triggers disease
progression but a combination of microorganisms inhabiting
the oral cavity.

To study microbial communities of the oral cavity, the
following types of samples are normally collected: saliva, soft
deposits, sub- or supra gingival calculus, and periodontal
pocket contents. In terms of composition, these communities,
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except that of the periodontal pocket, are highly unstable and
largely depend on dental care intensity and type. For example,
one of the studies in which next-generation sequencing
techniques were used allowed the researchers to estimate
relative abundance of microbial residents of the subgingival
plagues: 1.0-13.5 % for Actinobacteria, 21.4-63.5 % for
Bacteroidetes, 14.6-30.8 % for Firmicutes, 4.7-12.1 % for
Fusobacteria, 2.6-22.9 % for Proteobacteria, 0.04-12.9 % for
Spirochaetes, and 0.0004-0.84 % for Synergistetes [29].

One of the most stable ecological niches of the oral cavity
is the periodontal pocket. It is isolated from the external
environment and is hardly affected by regular dental care
(Fig. 2).

There has been a lot of research indicating the connection
between the composition of the periodontal pocket microbiota
and caries or periodontitis [30, 31]. A few authors have
demonstrated the connection between periodontal microbiota
composition and conditions of the lower digestive tract [32,
33]. An association between the periodontal pocket microbiota
and patient’s sex has been established. For example,
hypercolonization of periodontal tissues by Porphyromonas
gingivalis correlates with the severity of chronic periodontitis
in women, but not in men. In contrast, Tannerella forsythensis
alone or together with Treponema denticola is the only
periodontal pathogen whose predominance is statistically
associated with chronic periodontitis in men [34].

In their work Zorina et al. [35] analyzed the abundance of
bacterial species and genera in the periodontal microbiota of
patients with aggressive periodontitis and healthy individuals.
[t was discovered that of all studied genera 6 were potentially
capable of protecting the periodontium and 8 were potentially
pathogenic and associated with the risk of aggressive (but
not chronic) periodontitis. The researchers demonstrated
significantly  increased abundance of Porphyromonas,
Treponema, Synergistes, Tannerella, Filifactor, Ruminococcus,
Parvimonas, and Mycoplasma, of which three (Porphyromonas,
Treponema and Tannerella) are conventionally considered
periodontal pathogens. Interestingly, Veillonella was found
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Fig. 1. Autologous stool banking for microbiota transplants (Olle, [20])
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to dominate other microbiota residents in the control group,
therefore it may be used as a criterion of periodontal health.
The researchers also proposed to include Streptococcus,
Bergeyella, Granulicatella, Kingella and Corynebacterium in the
list of potential periodontal protectors [35].

The microbiome of the reproductive system

[t has been long known that the microbiota of the female
reproductive system is very diverse. Traditionally the focus
was on the vaginal microbiota, but over the past few decades
sufficient evidence was obtained to prove that other parts of
the female reproductive tract, including the uterine cavity, are
not sterile as well [36]. It is becoming clear that the microbiota
extends up and over the endometrial cavity. According to some
researchers, bacteria can also be found in the fallopian tubes
of healthy women.

Studies of associations between the microbiota of
the reproductive tract and successful fertilization/normal
pregnancy are starting only now. So far, the association has
been established between clinically manifested infection,
inflamsnmation and defective reproductive function. Inflammation
triggers secretion of proinflammatory cytokines and growth
factors produced by immune cells that are activated in response
to pathogen invasion. Even small changes in the microbiome
can entail changes in the surrounding tissue that are normally
less evident but can be clinically significant [37].

The normal vaginal microbiota is dominated by lactobacilli
[38] that have probiotic properties and inhibit growth of other
bacteria. Lactobacilli produce large amounts of H,0, and are
believed to be highly beneficial. This leads us to understand
that direct interaction between microbes and the surrounding
tissues is possible but does not have to be the rule, and that
perhaps the primary function of certain microbiome components
is to inhibit expansion of other microbiota residents.

The microbiota of the reproductive system is not a mere
aggregation of free-floating bacteria. In many cases these
bacteria produce complex 3D biofilm structures, sometimes
multilayered, consisting of polysaccharides, nucleic acids
and proteins, serving as a protective coat. Sometimes these
biofilms prevent the immune system from detecting a pathogen
and diminish positive effects of antimicrobial treatment [39].

Biofilms usually occur in the vagina but can extend into
the endometrial cavity [39] or even further upwards into
the fallopian tubes. Although no definite conclusions have

Fig. 2. Collecting a periodontal pocket sample [Photo courtesy of Nelly
Aimadinova of Central Research Institute of Dental and Maxillofacial Surgery,
Moscow, Russia]

been made so far about the role of such biofilms in the
pathology of the reproductive system, one should have a clear
understanding that the connection between the microbiome
and the reproductive system may not be determined solely by
the abundance or the lack of certain bacterial species.

The microbiome can affect gametogenesis. It was found
that some bacteria can undermine follicular development and
suppress follicular response to gonadotropin [36]. Similarly,
some bacteria produce a negative effect on the reproductive
system of men. Even slight changes in the microbiome can
impact semen quality. The microbiome of the male reproductive
system turns out to be more complex than it was thought
before. As our knowledge about the microbiomes of female and
male reproductive systems is expanding, we are discovering
new therapeutic targets.

The vaginal microbiome

Studies of healthy vaginal microbiota were carried out under
the Human Microbiome Project [38]. Samples of 113 healthy
female volunteers were used to characterize three microbial
communities of the vagina: those inhabiting the vaginal
introitus, the midpoint, and the posterior fornix. The samples
were analyzed using 16S rRNA pyrosequencing. Alpha and
beta diversities (i. e., in one individual and between different
individuals, respectively) of vaginal microbial communities were
described. Interestingly, the study yielded unexpected results. It
was established that in comparison with other body parts, such
as mouth or skin, the reproductive system harbors a microbiota
with the lowest alpha and a very low beta diversities in terms
of bacterial phyla [38]. Besides, the samples obtained from
different regions of the vagina did not vary much in bacteria
species and were dominated by Lactobacillus. Samples of
the same donor collected at different time points varied less
than samples of different individuals, indicating that the vaginal
microbiota is stable over time. Vaginal microbial communities of
healthy women are relatively simple in composition compared
to communities inhabiting other body parts, which means that
health and pathology may be associated with certain shifts in
the microbiota [39].

The Human Microbiome project recruited healthy women
to explore “healthy” microbiomes. There were other projects
in which the association between the vaginal microbiota and
infertility in women was studied. In one of such studies, a
bacterial culture method was applied to prospectively analyze
152 patients who had undergone In Vitro Fertilization (IVF)
treatment [40]. Samples of 133 (87.5 %) women were positive
for one or more microorganisms; 19 (12.5 %) samples were
negative for any microbial contamination. The most common
bacteria detected in the samples were Lactobacillus spp.,
Staphylococcus spp. and Enterobacteriaceae, including E. coli,
Klebsiella and Proteus. Successful fertilization was observed in
12.4 % of patients positive for one or more bacterial species and
in 14 % of women tested negative for any bacteria (p <0. 001).
Besides, patients who tested positive for Enterobacteriaceae
and Staphylococcus were found to have lower pregnancy
rates than those tested negative. Though this study provides
some insight into the microbiota composition during IVF
treatment, it also points out limitations of culture methods in
microbiota assessment. The fact that 12.5 % of patients tested
absolutely negative for bacterial contamination indicates that
methods based on culture isolation seriously underestimate the
abundance and diversity of microbiota residents during IVF.

Using 16S RNA sequencing, the researchers described the
vaginal microbiota of the infertile patient who had undergone
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IVF treatment [40]. Poor bacterial diversity was shown to be
associated with higher probability of live birth. To date, there
are effective molecular and biological techniques that facilitate
studies of the vaginal microbiome [41]. Robust data have been
obtained on the quality of vaginal microbiota in pathology
[42, 43], but research of the microbiome still goes on.

The microbiome of the uterus

Until recently it was believed that microbial colonization of
the upper genital tract occurring by the ascending pathway
from the vagina through the cervix could be related only to a
pathological condition. Cervical mucus contains high levels of
proinflammatory cytokines, immunoglobulins and antimicrobial
peptides and acts as a protective barrier, which is why the
uterine cavity of healthy women was long considered sterile
[44-48]. However, upward transport is quite possible in a
healthy reproductive tract. For example, 2 minutes after 1-2 m
radiolabeled sperm-sized macroaggregates of human serum
albumin were placed into the posterior vaginal fornix, they were
observed in the uterus [49].

Early studies of the uterine microbiota were carried out
using culture methods, which have certain limitations described
above (See The vaginal microbiome). In a recent study, samples
of 58 women undergoing hysterectomy were tested for 12
bacterial species using quantitative PCR assays [50]. Vaginal
swabs were collected before hysterectomy, while uterine swabs
were collected after the surgery. Colonization of the upper
genital tract by at least one bacterial species was confirmed
in 95 % of cases. The most frequently observed species were
Lactobacillus and Prevotella. Of note, the average number of
bacteria in the upper genital tract was lower than in the vagina,
by 2-4 log,, RNA gene copies per swab. This means that
either the cervix acts as a filter for ascending microorganisms
or the immune system suppresses their upward transport; a
combination of both mechanisms is also possible.

The microbiome of ovarian follicles

Human follicular fluids are readily culturable and are inhabited
by microbes in many patients, as shown by a number of
studies. In those studies, some of the samples were collected
from the follicular aspirate during transvaginal oocyte retrieval,
others were obtained through laparoscopy [51-54]. It is unclear
whether the bacteria cultured from the collected samples were
in the follicles prior to oocyte retrieval or the follicular fluid
was contaminated during follicular aspiration [52, 54]. Some
authors believe that microbes can be classified as colonizing
or contaminating based on the comparison of microbiota
composition of the sample with the bacteria detected on the
surface of the puncture needle [54, 55]; if the follicle contains
unique species, they should be considered colonizing. This
approach to classification, however, does not account for
the cases when a potential pathogen moves upwards from
the uterus to the upper genital tract colonizing this region.
The follicular fluid was found to contain microbes typical for
the healthy microbiota of the vagina (Lactobacillus spp.),
gastrointestinal tract (Bifidobacterium spp., Enterobacteriaceae,
Streptococcus agalactiae), skin (Staphylococcus spp.) and oral
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mucosa (Streptococcus spp.), which supports the hypothesis
that the follicular fluid does not always get contaminated during
oocyte retrieval and can be colonized before this procedure
[56]. So far, there has been no research to assess the vaginal,
cervical, endometrial, fallopian, follicular and peritoneal
microbiomes in parallel.

The microbiome of the reproductive system of men

Because of small sample sizes, there are only scanty data on
the composition of the healthy urethral microbiota of men.
For example, in a group of 33 men without urethritis, only the
presence of Staphylococcus epidermidis, Corynebacterium
spp., Lactobacilli, Haemophilus vaginalis, and alpha-hemolytic
streptococci was detected by a standard culture method
[57]. In another study 16S rRNA gene sequencing was used
to analyze 9 samples of first pass urine of men who had no
clinical signs of urethritis or sexually transmitted infections;
the most frequently detected bacteria were Corynebacterium,
Lactobacilli and Streptococci [58]. In the coronal sulcus of
uncircumcised men, whose sexual partners had no bacterial
vaginosis, non-culture methods revealed the presence of
Corynebacterium, Lactobacillus and Staphylococcus [59].
Thus, unlike women of reproductive age whose microbiota
is dominated by Lactobacillus [60], men’s microbiota of the
urethrais not dominated by any particular species, and bacterial
communities are usually complex [58].

Traditionally, research of semen microbiota was carried
out using the culture method. It was successfully applied to
discover associations between acute or chronic prostatitis
and some infections, including gonorrhea and chlamydia. But
recently metagenomics was introduced to describe semen
microbiomes and conduct the traditional semen analysis. Hou
et al. analyzed 77 samples collected from 58 infertile men and
19 healthy sperm donors [61]. Patients were divided into 6
groups based on the similarities of microbiota composition and
diversity of taxa. It was shown, however, that their semen had
very similar characteristics. Further analysis showed that only
Anaerococcus was significantly associated with compromised
sperm quality. Recently Weng et al. have conducted a similar
research using 96 samples [62], of which 60 had one or more
defects in semen parameters. The rest 36 samples were
normal and used as control. Pseudomonas, Lactobacillus and
Prevotella were prevailing microorganisms. The most interesting
association was established among these taxa and the quality
of corresponding sperm samples. In the samples dominated
by Lactobacillus the proportion of healthy sperm cells was very
high. It indicates that some Lactobacillus species inhabiting the
male reproductive tract can exert probiotic activities protecting
the host from pathogens, as is the case with the female
reproductive system.

The conducted studies raise questions rather than answer
them. They demonstrate the associations between the
clinical signs of the pathology and microbiota composition.
It is unknown what does harm to sperm cells: shifts in the
microbiome that shape the environment or differences in
semen properties that create favorable conditions for various
bacteria. However, these first results are very important and
urge us to collect more data. Some authors indicate that similar
studies are being carried out at the moment.
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IDENTIFICATION OF AMINOGLYCOSIDE PHOSPHOTRANSFERASES
OF CLINICAL BACTERIAL ISOLATES IN THE MICROBIOTA OF RUSSIANS
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Antibiotic resistance is one of the biggest threats to modern medicine. Response to antimicrobial treatment is seriously
disrupted by aminoglycoside phosphotransferases (Aph) — enzymes produced by bacteria. The aph genes were annotated
in many bacterial species, including commensals of the gut microbiota that can transfer these genes to clinically important
strains. For this study we prepared a catalog of 21 aph genes. The in silico analysis of 11 intestinal microbiomes of healthy
Russians revealed the presence of 3 cataloged aph genes in 7 microbiota samples, namely aph(3')-Ib, aph(3')-llla and
aph(2')-la. The most frequent was the aph(3’)-llla gene detected in 6 metagenomes. Of note, this gene was first discovered
in Enterococcus faecalis, but in this study we observed it in sequences typical for commensal Ruminococcus obeum and
opportunistic Enterococcus faecium, Roseburia hominis, Streptococcus pyogenes and Staphylococcus epidermidis. Similarly,
aph(2')-la originally present in E. faecalis was detected in a sequence typical for Clostridium difficile. Our findings are consistent
with the reports on the strong association between the geographical origin of the individual and frequency of aph genes. We
suggest that clinical examination should include antibiotic sensitivity tests run not only on the causative agent, but also on the
gut microbiota, for a better treatment outcome.

Keywords: antibiotic resistance, aminoglycoside phosphotransferase (Aph), clinical isolates of bacteria, human gut microbiota
Acknowledgements: authors thank Professor Sergey Sidorenko of North-West State Medial University for his comments on the article.

<] Correspondence should be addressed: Valery Danilenko
ul. Gubkina, d. 3, Moscow, Russia, 119991; valerid@vigg.ru

Received: 29.03.2017 Accepted: 07.04.2017

MWOEHTUOUKALUNA AMUHOTTIMKO3NAPOCDOOTPAHCPEPAS
KNMUMHNYECKUX LUTAMMOB BEAKTEPUN B MUKPOBWUOTE
XXUTENEW POCCUN

A. C. KoetyH"?, M. T. Anekceera', O. B. ABepuHa', B. H. JaHuneHko!'?2 =

" NabopaTopust reHeTUKN MUKPOOPraHW3MOB, OTAEN MEHETUHECKIMX OCHOB BUOTEXHOMOMN,
VIHCTUTYT 06Lein reHeTnkn nmenn H. 1. Basrunosa PAH, Mocksa

2 PakynsTeT 61MON0rMHECKON N MEAUMHCKON (OU3NKK,
MOCKOBCKMIA (DUBMKO-TEXHUHECKNIA MHCTUTYT (FOCYAaPCTBEHHbIN YHVBEPCUTET), [onronpyaHbii

8 Hay4Ho-1ccnenoBaTensCKuii LIeHTp 6roTtexHonorn aHtnénoTtrkos «BIOAH», Mocksa

YCTONYMBOCTb BaKTepU K aHTUOMOTVIKAM ABASIETCSA OOHON 13 CaMbIX CEPbE3HbIX MPOBNEM B COBPEMEHHON MeauLIMHE. Od-
HEKTUBHOCTb aHTUMUKPOOHOWM Tepanuu CHUXKAETCS BCNeACTBUE paboTbl BakTepuanibHbIX (epMEHTOB — aMUHOMNMKO3W-
dhocthoTpaHchepas (Aph). FeHbl aph aHHOTUPOBAHbI B FeHOMax MHOMX DaKTepWii, B TOM YUCNE KOMMEHCAIOB MUKPOOMOTHI
KULLIEYHMKA, N3 FEHOMOB KOTOPbIX OHWM MOIYT MonaaaTbe B FEHOMbI KIIMHUHYECKM 3HAYUMBbIX LUTAaMMOB. AHanua in silico 11 me-
TareHOMOB KULLEYHMKA 3A0PO0BbIX Ntoaern 13 Poccum nokasan Hannydve B 7 obpasuax MUKPOOuoThel 3 reHoB aph 13 21, BKtO-
YEHHOro B KaTasior, COCTaBNeHHbIN Ansa nccnenosaHus: aph(3')-1b, aph(3')-llla n aph(2')-la. Hanbonee pacnpocTpaHeHHbIM
okazancs reH aph(3')-llla, HanaerHbIN B 6 NCCNeaoBaHHbIX MeTareHoMax. BaxkHO, YTO 3TOT reH BriepBble Obln O6HaPY>KeH Y
Enterococcus faecalis, HO B gaHHOM paboTe OH OblN AEHTUMULIMPOBAH B FEHETUHECKOM OKPY>KEHUN, XapPaKTEPHOM A1 KOM-
MeHcanbHoM BakTepun Ruminococcus obeum v YCNOBHO-NMATOreHHbIX 6akTepuii Enterococcus faecium, Roseburia hominis,
Streptococcus pyogenes n Staphylococcus epidermidis. To »xe Habnogann ana reHa aph(2'')-la: oH 6bin 06Hapy»XeH 45
Clostridium difficile, a He pns E. faecalis. MNony4eHHble pe3ynsTaTbl COracyoTes C NUTepaTyPHbIMU aHHBIMY, YKa3bIBaOLLM-
MW Ha 3HaYMMOE BISHNE reorpatnyecKoro MPOMCXOXAEHNS IFOAEN Ha PAcCMpPOCTPaHEHHOCTb aph-reHOB. Takxe, y4nUTbIBas
[aHHble NCCNeAoBaHVs, NPeaCTaBNAeTCs 0O0CHOBAHHBLIM MPU KIIMHNYECKOM 06CNea0BaHNM NaUMEHTOB C MHDEKLIVIOHHBIMM
3ab0/1eBaHNSAMN 1 HASHAYEHWN aHTUOVOTVKOB OJ15 X NTEHEHMS aHATM3NPOBAaTb aHTUOMOTUKOPE3UCTEHTHOCTL HE TOSTbKO Hak-
TepUn-BO3OYANTENS, HO Y MUKPOBMOTbI MaLeHTa.

KntoyeBble cnoBa: yCTOMYMBOCTb K aHTUOMOTUKAM, aHTUOMOTUKOPE3UCTEHTHOCTb, aMUHOMMKo3uahocdoTpaHchepassi,
Aph, KIMHMYecKye WTamMmMbl 6aKTepuii, MUKPOBUOM, MYKPOBMOTA, KULLEYHMK YenoBeKa

BnaropgapHocTu: aBTopbl 6narofapst npoceccopa Cepres CupgopeHko 13 Cesepo-3anagHoro rocyaapCTBEHHOrO MEAULIVIHCKOMO YHUBEPCHTETA UMEHM
M. V. Me4HrkoBa 3a 06cy»xaeHve

>< Ans koppecnonpgeHumn: aHnnenko Banepwin Hikonaesmny
yn. Ny6kunHa, a. 3, . Mockea, 119991; valerid@vigg.ru
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At least 2 million people in the USA become infected with
antibiotic-resistant bacteria every year, and at least 23,000
people die of these bacterial infections [1]. The growing
antibiotic resistance of human pathogens is a serious threat to
global health and has a significant impact on the environment.
According to Antibiotic Resistance Genes Database (ARDB)
[2], 13,293 antibiotic resistance genes of microorganisms
have been discovered so far. Transfer of genetic elements
between bacteria through intricate routes in mixed microbial
communities promotes dissemination of resistance genes [3].

The human gut is home to about 10' microbial cells
and approximately 1000 microorganisms [4]. It is a dynamic
reservoir of antibiotic resistance genes termed the resistome
[5]. Antibacterial treatment has a significant impact on the gut
resistome: it stimulates horizontal gene transfer and exerts
selective pressure on its members [6]. Studies of gut microbiota
residents resistant to antibiotics show that commensals of the
human gut can also be a source of resistance genes for other
bacteria, including pathogenic strains [7].

Studies of antibiotic resistance employ various cutting-
edge technologies and methods, such as next generation
sequencing, bioinformatic analysis, or analytical chemistry,
making it possible to identify up to 30 gene clusters associated
with antibiotic resistance [8]. Researchers of the Center for
Genome Sciences and Systems Biology, Washington University
School of Medicine, analyzed genes responsible for resistance
to 18 clinically relevant antibiotics across ecologies. The
bioinformatic analysis identified genes conferring resistance to
two antibiotics widely used in the clinical setting and agriculture:
B-lactams and tetracyclines [9].

Antimicrobial therapies can be seriously disrupted by
aminoglycoside phosphotransferases (Aph) [10]. Genes that
encode these enzymes were first discovered in plasmids
and mobile elements of clinical strains of gram-positive
and gram-negative bacteria [11]. As demonstrated by the
phylogenetic analysis of Aph of clinical strains and strains
producing aminoglycoside antibiotics [12], aminoglycoside
phosphotransferases can be organized in 7 groups depending
on the enzyme-modified position of the hydroxyl group of the
antibiotic: Aph(2'"), Aph(3'), Aph(3"), Aph(4), Aph(6), Aph(7")
and Aph(9).

Aph-encoding genes have been annotated in many
bacterial genomes, including non-pathogenic strains of the
gut microbiota from where they can transfer to clinical strains
[13]. Metagenomic DNA isolated from the human neonatal gut
was shown to carry multiple genes conferring resistance to
aminoglycosides and B-lactams [14].

A comparative study of 832 human gut metagenomes
obtained from the residents of 10 different countries (England,
Finland, France, Italy, Norway, Scotland, USA, Japan, China,
and Malawi) established that the diversity of resistance genes
was largely dependent on the geographical origin of the
participant [15].

The spread of aph genes was studied in many laboratories
worldwide. The aac(6')-le-aph(2')-la gene was found to be
the most prevalent gene of enterococcal aminoglycoside
resistance; it was detected in 26 out of 27 isolates obtained
from patients of an Iranian hospital [16]. The epidemiologic
study of 543 clinical strains isolated from Japanese patients
showed that of 12 studied genes of aminoglycoside-modifying
enzymes, one — the aph(2")-le gene- was isolated from
3 strains of Enterococcus faecium and another one —ant(9)-
la — was detected in E. faecalis, E. faecium and E. avium.
Nucleotide sequences of ant(9)-/a in these 3 enterococci were
identical to those of Staphylococcus aureus and were harbored
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on transposon Tn554 [17]. Because aminoglycosides are often
used to treat staphylococcal infections, a study was carried out
to estimate the prevalence of aminoglycoside resistance among
methicillin-resistant strains of S. aureus isolated from patients
of an Iranian hospital. Genes aac(6')-le-aph(2"), aph(3')-llla and
ant(4')-la were detected in 134 (77.0 %), 119 (68.4 %) and 122
(70.1 %) isolates, respectively [18].

In light of the above, identification of aminoglycoside
phosphotransferases in the gastrointestinal metagenomes of
Russian residents becomes a pressing issue.

METHODS
Sample preparation and DNA sequencing

We studied the gut microbiota of 11 healthy individuals of
different sex and age, all residents of Moscow and Tver, Russia.
Stool samples were collected using standard techniques [19].
Samples were frozen at —80 °C until further analysis.

DNA was extracted from weighted amounts of frozen stools
using the QlAamp Fast DNA Stool Mini kit (Qiagen, Germany)
according to the vendor’'s protocol with optimized lysis
conditions for microbial DNA extraction (Isolation of DNA from
Stool for Pathogen Detection, Qiagen, USA). The concentration
of the obtained DNA was measured using the Qubit Fluorometer
(Invitrogen, USA). The obtained genomic DNA was fragmented
using the Covaris M220 focused ultrasonicator (Covaris, USA)
to achieve fragment length between 100 and 700 b. p. (average
size was ~350 b. p.).

Libraries for further sequencing were prepared using the
NEBNext Ultra DNA Library Prep Kit for llumina (NEB, UK).
Fragments ranging from 250 to 500 b. p. (adapter sequences
included) were selected for further sequencing. Quality control of
the obtained libraries was performed on the Agilent TapeStation
(Agilent Technologies, Germany); the libraries were mixed in
equimolaramounts. Adapter sequences used at library prep step
were as follows: Read1 (AGATCGGAAGAGCACACGTCTGAA
CTCCAGTCACNNNNNNATCT CGTATGCCGTCTTCTGCTTG)
and Read2 (AGATCGGAAGAGCGTCGTGTAGGGAAAGAG
TGTAGATCTCG GTGGTCGCCGTATCAT), where NNNNNN
is a 6-nucleotide index unique for each sample. After quality
control was performed and library molecules were counted by
quantitative PCR, the libraries were sequenced on one lane
of lllumina HiSeq 4000 (101 cycles per each fragment’s end)
using the HiSeq 4000 SBS sequencing kit ver. 1 (lllumina,
USA). FASTQ files were obtained using bcl2fastg v2.17.1.14
Conversion Software (lllumina). Quality scores were encoded
as Phred 33. The obtained metagenomes were uploaded to
the Sequence Read Archive (SRA) NCBI. They are presented
in Table 1.

Quality control of metagenomic libraries and read assembly

Quality control of the resulting metagenomic libraries was
performed using FastQC [20]. Read trimming was done
using trimmomatic [21]. Contaminating host DNA was filtered
by aligning the metagenomic reads against the human
genome. Alignment was performed using Bowtie2 [22]. The
metagenomic reads were assembled into contigs using SPAdes
[23]. Description of the assembled reads is provided in Table 2.

Compiling a catalog of aminoglycoside phosphotransferases-
encoding genes

Drawing upon the literature [12], we compiled a catalog
of aminoglycoside phosphotransferase-encoding  genes
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isolated from the clinical strains of Acinetobacter baumannii,
Alcaligenes  faecalis, Bacillus  circulans,  Burkholderia
pseudomallei, Campylobacter jejuni, Enterococcus faecalis,
Escherichia coli, Enterococcus casseliflavus, Enterococcus
faecium, Legionella pneumophila, and Pseudomonas
aeruginosa. The catalog listed 21 gene. We also compiled
a catalog of amino acid residues encoded by the selected
Aph genes.

Metagenomic analysis

A Perl script was written to run the BLASTX search for
aminoglycoside phosphotransferase genes in the assembled
contigs and to filter the results by 2 parameters: homology
and relative alignment length. The search was performed in
the catalog of 31 amino acid sequences prepared in advance.
Sequence alignments generated by BLASTIX were filtered by
homology and relative alignment length. Relative alignment
length was calculated as

alignment

relative
sequence

where L is the length of the obtained alignment and

Liequence 1S the length of the reference amino acid sequence
from the catalog. We did not intend to screen the samples for
new aminoglycoside phosphotransferase genes, therefore for
homology the minimal value was set to 90 %, and the minimal
alignment length was set to 80 %. To profile the species present

in the studied samples, MetaPhlAn2 was used [24].

Table 1. The studied metagenomes

RESULTS

Compiling a catalog of aminoglycoside phosphotransferase
genes of clinically relevant strains

Depending on the position of the enzyme-modified hydroxyl
group of the antibiotic, aminoglycoside phosphotransferases
were distributed into 7 subgroups: Aph(2'"), Aph(3'), Aph(3"),
Aph(4), Aph(6), Aph(7'"), and Aph(9). The catalog of genes of
clinical strains was prepared by summing up the data from the
review [12]. The catalog of aminoglycoside phosphotransferase-
encoding genes of clinically relevant bacterial strains is provided
in Table 3.

Screening Russian metagenomes for aminoglycoside
phosphotransferase genes

Using the Perl script, we analyzed gut metagenomes of 11
healthy Russian individuals. The results are presented in
Table 4. It total, we identified 3 aph genes in 7 metagenomes. All
genes were identified with 100 % homology. Of these 3 genes,
the most prevalent was gene aph(3')-llla: it was missing in only
one metagenome (D5F). Two aph genes, namely aph(2")-lla
and aph(3')-llla, were present only in metagenome D12F. Gene
aph(3")-Ib was detected in only one metagenome (D5F).

The studied metagenomes were profiled for species
diversity using MetaPhlAn2. Reads unambiguously assigned to
bacterial species were aligned against metagenomic contigs
using Bowtie2. Thus, contigs that carried aminoglycoside

Ne Sample Sex Age, years Region Genbank ID

1 4B_S2 F 34 Tver, Russia SRX1870055

2 12_81 F 28 Tver, Russia SRX1878777

3 D3F M 15 Moscow, Russia SRX2672491

4 D4F M 15 Moscow, Russia SRX2672492

5 D5F M 15 Moscow, Russia SRX2672493

6 D6F M 15 Moscow, Russia SRX2672494

7 D11F M 15 Moscow, Russia SRX2672495

8 D12F F 15 Moscow, Russia SRX2672496

9 D13F F 15 Moscow, Russia SRX2672497

10 DG_S1 F 28 Tver, Russia SRX1869842

11 HG550 F 6 Tver, Russia SRX1869839
Table 2. Description of the assembled reads

Ne Sample Contig length, MBases Maximal contig length, b. p. N50, b. p.

1 4B_S2 73 50917 2790

2 12_81 160 111721 3800

3 D3F 106 855598 9284

4 D4F 237 433763 5677

5 D5F 140 517131 21016

6 D6F 238 544506 5742

7 D11F 46 1671967 7207

8 D12F 147 545374 7999

9 D13F 317 643760 12617

10 DG_S1 208 125246 2621

11 HG550 82 69816 3121
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phosphotransferase genes [Kovtun AS, unpublished] could
be assigned to certain species. Results of the biocinformatic
analysis are presented in Table 5.

DISCUSSION

Thein silico analysis of 11 gut metagenomes of healthy Russians
revealed the presence of aminoglycoside phosphotransferases
in 7 metagenomes. Of 21 aph genes previously isolated from
the clinical strains of Acinetobacter baumannii, Alcaligenes
faecalis, Bacillus circulans, Burkholderia pseudomallei,
Campylobacter jejuni, Enterococcus faecalis, Escherichia coli,
Enterococcus casseliflavus, Enterococcus faecium, Legionella

OPUI'MHAJIbHOE NCCJIEOOBAHNE | MIKPOBVOM YEJIOBEKA

pneumophila, and Pseudomonas aeruginosa listed in our aph
catalog (Table 3), only 3 were found in the studied samples.
Those are: aph(3')-Ib, aph(3')-llla and aph(2')-la. The most
frequently occurring gene was aph(3')-llla (CAA24789)
detected in 6 samples. This gene was previously discovered
in E. faecalis and confers resistance to kanamycin. Gene
aph(3')-lb (AAA26442) previously isolated from E. coli and
associated with streptomycin resistance and gene aph(2'')-la
(AAA26865) previously isolated from E. faecalis and associated
with tobramycin resistance were observed in only one studied
metagenome (Table 3).

Interestingly, the analysis of contigs that harbor
aminoglycoside phosphotransferase-encoding genes revealed

Table 3. The catalog of aminoglycoside phosphotransferase-encoding genes of clinically relevant bacterial strains

Gene name GenBank entry Bacteria® Gene location Aminoglycoside resistance
aac(6’)-le-aph(2”)-la AAA26865 Enterococcus faecalis Chromosome Tobramycin
aph(2')-lla AAK63040 Escherichia coli Chromosome Kanamycin, gentamicin
aph(2")-llla AAB49832 Enterococcus gallinarum Chromosome Gentamicin
aph(2')-IVa AAC14693 Enterococcus casseliflavus | Chromosome Gentamicin
aph(2')-le AAW59417 Enterococcus faecium Chromosome Gentamicin
aph(3')-la CAA23656 Escherichia coli Transposon Tn903 Kanamycin
aph(3')-1b AIL00451 Pseudomonas aeruginosa | Chromosome
aph(3')-lla CAA23892 Escherichia coli Transposon Tn5 Neomycin
aph(3')-1lb AAGO07506 Pseudomonas aeruginosa | Chromosome Kanamycin, neomycin, butirosin, seldomycin
aph(3')-llla CAA24789 Enterococcus faecalis Chromosome Kanamycin
aph(3')-IVa P00553 Bacillus circulans Transposons Tn5 and Tn903 Kanamycin, neomycin
aph(3')-Via CAA30578 Acinetobacter baumannii Chromosome Kanamycin, amikacin
aph(3')-Vib CAF29483 Alcaligenes faecalis Transposon Tn5393 Kanamycin, streptomycin, amikacin
aph(3')-Vlla P14508 Campylobacter jejuni Chromosome Kanamycin, neomycin
aph(3')-Villa P14509 Escherichia coli Plasmid RP4 Kanamycin, neomycin
aph(3")-Ib AAA26442 Escherichia coli Plasmid RSF1010 Streptomycin
aph(4)-la P00557 Escherichia coli Plasmid pJR225 Hygromycin
aph(4)-1b CAA52372 Burkholderia pseudomallei | Chromosome Hygromycin
aph(6)-Ic CAA25854 Escherichia coli Transposon Tn5 Streptomycin
aph(6)-1d AAA26443 Escherichia coli Plasmid RSF1010 Streptomycin
aph(9)-la AAB58447 Legionella pneumophila Chromosome Spectinomycin

Note. * — a microorganism the gene was first isolated from.

Table 4. Aminoglycoside phosphotransferase genes identified in the studied metagenomes

Metagenome ID
Gene name
4B_S2 12_S1 D3F D4F D5F D6F D11F D12F D13F DG_S1 HG550
aph(2')-la - - - - - - - + - - -
aph(3")-Ib - - - - + - - - - - -
aph(3')-llla - - + + - + - + + - +
Table 5. Diversity of species in the studied metagenomes with identified aminoglycoside phosphotransferase genes
Metagenome Contig length, b.p. aph(2')-la aph(3")-1b aph(3')-llla

D3F 3389 - - Enterococcus faecium

D4F 6439 - - Ruminococcus obeum

D5F 1422 - Escherichia coli -

D6F 979 - - Enterococcus faecium

5607 (gns rena aph(3')-lila); -, p B ] .
D12F 4407 (st rena aph(2')-la) Clostridium difficile Roseburia hominis
D13F 4356 - Streptococcus pyogenes
HG550 2242 - Staphylococcus epidermidis
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the presence of the latter in the genomes of other bacterial
species. For example, the aph(3')-llla gene was detected in a
sequence typical for commensal Ruminococcus obeum and
opportunistic E. faecium, Roseburia hominis, Streptococcus
pyogenes and Staphylococcus epidermidis, but not for E.
faecalis. Gene aph(2')-la was detected in Clostridium difficile,
but not in E. faecalis (Tables 3, 5). Although this gene was the
most prevalent in enterococci in the study [16], we observed it
in only one studied sample in the non-enterococcal sequence.
Genes aph(2")-la and aph(3')-llla were previously reported
in methicillin-resistant strains of Staphylococcus aureus [17].
However, in the studied Russian metagenomes aph(3')-llla
was present in the sequence typical for Staphylococcus
epidermidis, while aph(3')-Ib was detected in E. coli.

These results are consistent with the results of comparative
analyses conducted worldwide: age, sex and health do not
have any significant impact on the antibiotic resistance of
the gut microbiota, while the geographic origin does [15].
Rare occurrence and poor diversity of aph genes in Russian
metagenomes may indicate that gut microbiota composition
is specific to a particular region and that individuals whose
microbiomes were analyzed in our study rarely resort to
aminoglycoside therapies. On the other hand, missing aph
genes in anaerobic bacteria that dominate the gut microbiota

References

1. Hossion AM, Sasaki K. Novel quercetin glycosides as potent anti-
MRSA and anti-VRE agents. Recent Pat Antiinfect Drug Discov.
2013 Dec; 8 (3): 198-205.

2. McArthur AG, Waglechner N, Nizam F, Yan A, Azad MA,
Baylay AJ, et al. The comprehensive antibiotic resistance
database. Antimicrob Agents Chemother. 2013 Jul; 57 (7): 3348—
57.

3. Wooldridge M. Evidence for the circulation of antimicrobial-
resistant strains and genes in nature and especially between
humans and animals. Rev Sci Tech. 2012 Apr; 31 (1): 231-47.

4, Schloissnig S, Arumugam M, Sunagawa S, Mitreva M, Tap J,
Zhu A, et al. Genomic variation landscape of the human gut
microbiome. Nature. 2013 Jan 3; 493 (7430): 45-50.

5. Elbehery AH, Aziz RK, Siam R. Antibiotic Resistome: Improving
Detection and Quantification Accuracy for Comparative
Metagenomics. OMICS. 2016 Apr; 20 (4): 229-38.

6. Blair JM, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJ.
Molecular mechanisms of antibiotic resistance. Nat Rev Microbiol.
2015 Jan; 13 (1): 42-51.

7. Willmann M, El-Hadidi M, Huson DH, Schitz M, Weidenmaier C,
Autenrieth IB, et al. Antibiotic Selection Pressure Determination
through Sequence-Based Metagenomics. Antimicrob Agents
Chemother. 2015 Dec; 59 (12): 7335-45.

8. Perry JA, Westman EL, Wright GD. The antibiotic resistome:
what's new? Curr Opin Microbiol. 2014 Oct; 21: 45-50.

9. Gibson MK, Forsberg KJ, Dantas G. Improved annotation of
antibiotic resistance determinants reveals microbial resistomes
cluster by ecology. ISME J. 2015 Jan; 9 (1): 207-16.

10. Shakya T, Wright GD. Nucleotide selectivity of antibiotic kinases.
Antimicrob Agents Chemother. 2010 May; 54 (5): 1909-13.

11. Wright GD. Molecular mechanisms of antibiotic resistance. Chem
Commun (Camb). 2011 Apr 14; 47 (14): 4055-61.

12. Shakya T, Stogios PJ, Waglechner N, Evdokimova E, Ejim L,
Blanchard JE, et al. A small molecule discrimination map of the
antibiotic resistance kinome. Chem Biol. 2011 Dec 23; 18 (12):
1591-601.

13. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H,
Sasikala M, Reddy DN. Role of the normal gut microbiota. World
J Gastroenterol. 2015 Aug 7; 21 (29): 8787-803.

14. Fouhy F, Ogilvie LA, Jones BV, Ross RP, Ryan AC, Dempsey EM,
et al. Identification of aminoglycoside and B-lactam resistance
genes from within an infant gut functional metagenomic library.

may be explained by the absence of cytochrome-mediated
transport [25]. It is also important that the microbiome of a
healthy individual harbors opportunistic bacteria carrying aph
genes.

CONCLUSIONS

Previously isolated from clinical bacterial strains, genes aph(3'’)-
Ib, aph(3')-llla and aph(2")-la were found in 7 microbiota
samples of 11 healthy Russians. Gene aph(3')-llla prevailed.
The genes detected in the samples are carried by opportunistic
bacteria:  Enterococcus  faecium, Roseburia  hominis,
Clostridium difficile, Escherichia coli, Streptococcus pyogenes,
and Staphylococcus epidermidis. Two of them — E. coli and
E. faecium — belong to a group of 12 highly dangerous bacteria,
according to the World Health Organization. Therefore, we
believe it reasonable to run antibiotic resistance tests on both
the causative agent and patient’s microbiota before deciding
on the antibiotic treatment for patients with bacterial infections.

This work is the first to study the spread of antibiotic
resistance genes of the gut microbiota of Russians. Further
PCR-based search should be conducted to identify other
clinically relevant resistance genes.

PL0S One. 2014 Sep 23; 9 (9): e108016.

15. Forslund K, Sunagawa S, Coelho LP, Bork P. Metagenomic
insights into the human gut resistome and the forces that shape
it. Bioessays. 2014 Mar; 36 (3): 316-29.

16. Emaneini M, Khoramian B, Jabalameli F, Beigverdi R,
Asadollahi K, Taherikalani M, et al. Prevalence of high-level
gentamicin-resistant Enterococcus faecalis and Enterococcus
faecium in an Iranian hospital. J Prev Med Hyg. 2016 Dec; 57 (4):
E197-E200.

17. Mahbub Alam M, Kobayashi N, Ishino M, Sumi A, Kobayashi K,
Uehara N, et al. Detection of a novel aph(2") allele (aph[2"]-le)
conferring high-level gentamicin resistance and a spectinomycin
resistance gene ant(9)-la (aad 9) in clinical isolates of enterococci.
Microb Drug Resist. 2005 Fall; 11 (3): 239-47.

18. Mahdiyoun SM, Kazemian H, Ahanjan M, Houri H, Goudarzi M.
Frequency of Aminoglycoside-Resistance Genes in Methicillin-

Resistant  Staphylococcus aureus (MRSA) Isolates from
Hospitalized Patients. Jundishapur J Microbiol. 2016 Jul 26; 9 (8):
e35052.

19. Standard operating procedure for fecal samples DNA extraction.
The International Human Microbiome Standards (IHMS) project
[Internet]. [cited 2017 Apr 3]. Available from: http://www.
microbiome-standards.org/index.php#SOPS

20. Andrews S. FastQC: A quality control tool for high throughput
sequence data. Version 0.11.5 [software]. Babraham
Bioinformatics group. 2016 Mar 8 [cited 2017 Apr 3]. Available
from: http://www.bioinformatics.babraham.ac.uk/projects/fastqc

21. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer
for llumina sequence data. Bioinformatics. 2014 Aug 1; 30 (15):
2114-20.

22. lLangmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012 Mar 4; 9 (4): 357-9.

23. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, et al. SPAdes: A New Genome Assembly Algorithm
and lts Applications to Single-Cell Sequencing. J Comput Biol.
2012 May; 19 (5): 455-77.

24. Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G,
Pasoalli E, et al. MetaPhlAn2 for enhanced metagenomic taxonomic
profiling. Nat Methods. 2015 Oct; 12 (10): 902-3.

25. Méatto J, Suihko ML, Saarela M. Comparison of three test media
for antimicrobial susceptibility testing of bifidobacteria using the
Etest method. Int J Antimicrob Agents. 2006 Jul; 28 (1): 42-8.

BULLETIN OF RSMU | 2, 2017 | VESTNIKRGMU.RU



OPUI'MHAJIbHOE NCCJIEOOBAHNE | MIKPOBVOM YEJIOBEKA

JNutepatypa

1.

10.

11.

12.

13.

14.

Hossion AM, Sasaki K. Novel quercetin glycosides as potent anti-
MRSA and anti-VRE agents. Recent Pat Antiinfect Drug Discov.
2013 Dec; 8 (3): 198-205.

McArthur AG, Waglechner N, Nizam F, Yan A, Azad MA,
Baylay AJ, et al. The comprehensive antibiotic resistance
database. Antimicrob Agents Chemother. 2013 Jul; 57 (7): 3348—
57.

Wooldridge M. Evidence for the circulation of antimicrobial-
resistant strains and genes in nature and especially between
humans and animals. Rev Sci Tech. 2012 Apr; 31 (1): 231-47.
Schloissnig S, Arumugam M, Sunagawa S, Mitreva M, Tap J,
Zhu A, et al. Genomic variation landscape of the human gut
microbiome. Nature. 2013 Jan 3; 493 (7430): 45-50.

Elbehery AH, Aziz RK, Siam R. Antibiotic Resistome: Improving
Detection and Quantification Accuracy for Comparative
Metagenomics. OMICS. 2016 Apr; 20 (4): 229-38.

Blair JM, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJ.
Molecular mechanisms of antibiotic resistance. Nat Rev Microbiol.
2015 Jan; 13 (1): 42-51.

Willmann M, El-Hadidi M, Huson DH, Schiitz M, Weidenmaier C,
Autenrieth IB, et al. Antibiotic Selection Pressure Determination
through Sequence-Based Metagenomics. Antimicrob Agents
Chemother. 2015 Dec; 59 (12): 7335-45.

Perry JA, Westman EL, Wright GD. The antibiotic resistome:
what's new? Curr Opin Microbiol. 2014 Oct; 21: 45-50.

Gibson MK, Forsberg KJ, Dantas G. Improved annotation of
antibiotic resistance determinants reveals microbial resistomes
cluster by ecology. ISME J. 2015 Jan; 9 (1): 207-16.

Shakya T, Wright GD. Nucleotide selectivity of antibiotic kinases.
Antimicrob Agents Chemother. 2010 May; 54 (5): 1909-13.
Wright GD. Molecular mechanisms of antibiotic resistance. Chem
Commun (Camb). 2011 Apr 14; 47 (14): 4055-61.

Shakya T, Stogios PJ, Waglechner N, Evdokimova E, Ejm L,
Blanchard JE, et al. A small molecule discrimination map of the
antibiotic resistance kinome. Chem Biol. 2011 Dec 23; 18 (12):
1591-601.

Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H,
Sasikala M, Reddy DN. Role of the normal gut microbiota. World
J Gastroenterol. 2015 Aug 7; 21 (29): 8787-803.

Fouhy F, Ogilvie LA, Jones BV, Ross RP, Ryan AC, Dempsey EM,
et al. Identification of aminoglycoside and f-lactam resistance
genes from within an infant gut functional metagenomic library.
PL0S One. 2014 Sep 23; 9 (9): e108016.

BULLETIN OF RSMU | 2, 2017 | VESTNIKRGMU.RU

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Forslund K, Sunagawa S, Coelho LP, Bork P. Metagenomic
insights into the human gut resistome and the forces that shape
it. Bioessays. 2014 Mar; 36 (3): 316-29.

Emaneini M, Khoramian B, Jabalameli F, Beigverdi R,
Asadollahi K, Taherikalani M, et al. Prevalence of high-level
gentamicin-resistant Enterococcus faecalis and Enterococcus
faecium in an Iranian hospital. J Prev Med Hyg. 2016 Dec; 57 (4):
E197-E200.

Mahbub Alam M, Kobayashi N, Ishino M, Sumi A, Kobayashi K,
Uehara N, et al. Detection of a novel aph(2") allele (aph[2"]-le)
conferring high-level gentamicin resistance and a spectinomycin
resistance gene ant(9)-la (aad 9) in clinical isolates of enterococci.
Microb Drug Resist. 2005 Fall; 11 (3): 239-47.

Mahdiyoun SM, Kazemian H, Ahanjan M, Houri H, Goudarzi M.
Frequency of Aminoglycoside-Resistance Genes in Methicillin-
Resistant  Staphylococcus aureus (MRSA) Isolates from
Hospitalized Patients. Jundishapur J Microbiol. 2016 Jul 26; 9 (8):
e35052.

Standard operating procedure for fecal samples DNA extraction.
The International Human Microbiome Standards (IHMS) project
[WHTepHeT]. [maTa obpatleruns: 3 anpens 2017 r]. JocTynHo no:
http://www.microbiome-standards.org/index.php#SOPS
Andrews S. FastQC: A quality control tool for high throughput
sequence data. Version 0.11.5 [mporpammHoe obecnedeHue].
Babraham Bioinformatics group. 8 mapta 2016 r. [gata obpatue-
Hug: 3 anpens 2017 r]. [loctynHo no: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer
for llumina sequence data. Bioinformatics. 2014 Aug 1; 30 (15):
2114-20.

Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012 Mar 4; 9 (4): 357-9.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M,
Kulikov AS, et al. SPAdes: A New Genome Assembly Algorithm
and Its Applications to Single-Cell Sequencing. J Comput Biol.
2012 May; 19 (5): 4565-77.

Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G,
Pasolli E, et al. MetaPhlAn2 for enhanced metagenomic taxonomic
profiling. Nat Methods. 2015 Oct; 12 (10): 902-3.

Matto J, Suihko ML, Saarela M. Comparison of three test media
for antimicrobial susceptibility testing of bifidobacteria using the
Etest method. Int J Antimicrob Agents. 2006 Jul; 28 (1): 42-8.




OPINION | HUMAN MICROBIOME

SERINE/THREONINE PROTEIN KINASES OF BACTERIA ARE POTENTIAL
TARGETS FOR REGULATION OF HUMAN MICROBIOTA COMPOSITION

Zakharevich NV'®, Danilenko VN2
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Vavilov Institute of General Genetics of RAS, Moscow, Russia

2Department of Bioinformatics, Faculty of Biological and Medical Physics,
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Serine/threonine protein kinases (STPKs) of bacteria are involved in signal transduction, cell growth and division, biofilm
formation and virulence regulation. They are found in both pathogenic microbes and symbiotic residents of the human
microbiota. Previously we proposed a classification scheme for STPKs of gram-positive bacteria based on the signature
sequence of 9 amino acid residues in the ATP-binding pocket. Accordingly, protein kinases and bacterial species that
contained those kinases were divided into 20 groups. We hypothesized that STPKs with identical signatures would interact
with the same low-molecular-weight compounds that could be used as selective inhibitors of STPK to suppress growth
and virulence of certain residents of the human gut microbiota (GM). GM represented by over 400 bacterial species is
critical in maintaining homeostasis in the human body. In healthy individuals GT composition is balanced in terms of
genera/species abundance. Shifts in the GT composition are thought to trigger pathology. In this connection various
approaches are being developed to regulating the composition of the human microbiota. This article proposes the use
of bacterial STPK inhibitors as “gentle” therapeutic agents for correcting taxonomic imbalances of GM triggered by non-
infectious diseases and reducing virulence of pathogenic microbes with minimal impact on human protein kinases.
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CEPUH-TPEOHNHOBBIE MPOTEUMHKWUHA3bI BAKTEPUIN —
NMOTEHUMAJNIbHAA MULLEHb ONA PErNYnAunin COCTABA
MNKPOBUNOTbI HEJTOBEKA

H. B. Saxapesu4'™, B. H. JaHnneHko'?

' NlabopaTopust reHETUKN MUKPOOPraHU3MOB,
VHCTUTYT 06LLen reHeTukn nveHn H. V. Basunosa PAH, Mocksa

2 Kadhegpa bronHhopmaTki, hakynsteT G1ONorM4eckor 1 MeauLMHCKOM usnku,
MOCKOBCKMIN (DU3NKO-TEXHNHECKMIN MHCTUTYT (FrOCYAAPCTBEHHbIN YHMBEPCUTET), LONronpyaHbI

CepuH-TpeoHnHoBble MpoTerHknHasabl (CTTK) y4acTBytOT B Nepenade curHanoB y 6akTepuii, BOBEYEHb! B MPOLIECCHI pocTa
1N AeneHnst KNeTky, obpasoBaHne 61onaeHoK 1 (PopMUPOBaHNE BUPYNEHTHOCTU. OHM BCTPEYAKOTCS Kak y MaToreHHbIX 6ak-
TEepU, Tak 'y CUMBMOHTOB MUKPOBWOTHI YenoBeka. Hamm 6bina paspaboTtaHa knaccudvkauma CTIK rpaMnonoxXmTenbHbIX
BGaKTepuii, B OCHOBE KOTOPOW IEXUNT curHatypa n3 9 aMmMHOKUCIIOTHbIX OCTATKOB, PacrofIOXKEHHbIX B 061aCT/ CBA3bIBAHNS
afeHvHa. Ha ocHoBe curHaTypbl MPOTEMHKUHASbI 1 CoaepyKaLLie VX poabl 1 Buabl 6akTepuii Gbinn pasaeneHsl Ha 20 rpynm.
Bbino BbiaBUHYTO Mpeanonoxkerve, Yto CTTK ¢ oanHakoBOW curHaTypon 6yayT B3anMOAENCTBOBATb CO CXOAHbIMU HU3-
KOMOJEKYNAPHBIMI BELLIECTBAMM, KOTOPbIE MOMYT BbiTb MCMOMb30BaHbl B KAYECTBE CENEKTUBHBIX MHMMOUTopoB CTIIK ans
CHVDKEHUST CKOPOCTU POCTa 1 BURYIEHTHOCTM OMPEAENeHHbIX rpynn GakTepuin KuwevHom MkpobnoTsl (KM) Yenoseka. KM,
npencTasneHHas 6onee Yem 400 BuoaMmn 6akTepuin, UrpaeT KIKOHEBYHO POSb B MOAAEPKaHUM roMeocTasa opraHm3ma Yeno-
Beka. B Hopme cocTtaB KM cbanaHcmpoBaH Mo B1aam 1 podam, HO MNP pasdnnyHbix 3a00eBaHNsIX TaKCOHOMUYECKMIA BanaHc
HapywaeTcs. NpegnonaraeTcsi, YTO Takoro pofa U3MEHEHUST MOMyT SBNATLCA Tpurrepamm 3aboneBaHnin. B cBs3n ¢ aTum
pa3pabaTbiBaOTCS pas3nyHbIe MOAXOAbl MO PErYNALMN cocTaBa MMKPOBUOTHI YenoBeka. B cTaTbe npegnoxeHa KoHLenuus,
OCHOBaHHasi Ha UCMONb30BaHUN UHIMOUTOPOB GakTepuanbHbix CTITK B Ka4eCTBe «MSAMKOW CUMbl» 4J151 KOPPEKUMM TaKCOHO-
Munydeckoro anctanaHca KM, BbI3BAHHOIO HENHMEKLIMOHHBIMI 3a60NeBaHMSIMI, a TakKe AN BOSAENCTBUS Ha MaTOreHHbIe
MUKPOOPraHN3Mbl (CHUXKEHNST X BUPYNEHTHOCTM) NPV MUHMaTbHOM BO3OENCTBUM Ha MPOTENHKMHA3bI YeoBeKa.

KnioueBble cnoBa: kuLle4Has MI/IKDO6I/IOTa, CEePVH-TPEOHNHOBbLIE NPOTENHKNHA3bI, KJ'IaCCVICbI/IKaLI,VIﬂ, CENEKTUBHbIE NHIMOU-
TOPbI, rPaMNONOXXUTESIbHbIE 6aKTepI/Il/I
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Interactions between the gut microbiota and the host system or the gastrointestinal tract (GIT), etc. Shaped by

evolution, it has become an essential body organ. Our
The human microbiota is a microbial community that inhabits  relationships with the microbiota are symbiotic. About 60 % of
various body surfaces, such as the skin, the genitourinary  our symbionts live in the large intestine constituting the largest
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microbial population of the body [1, 2]. The functions and
the composition of the microbiota depend on age, sex, diet,
environmental factors and social conditions, individual’s health
and the use of medications, including antibiotics [3, 4].

The microbiota in general and the gut microbiota in
particular can significantly affect human health. Being the largest
microbial reservoir of the body, the microbiota of the small and
large intestines can influence the function of the GIT and other
vital organs and systems [1, 5]. The gut microbiota forms a
barrier against pathogens, maintaining colonization resistance
of the host. The well adapted bacteria have developed this
capacity through a continuous interaction with the human
host under strong selection pressure. The gut microbiota can
also activate the immune, endocrine and nervous systems
of the host, including the brain. The immunomodulatory
role of the microbiota is largely determined by the presence
of bifidobacteria and lactobacilli [1, 6]. Residents of the gut
flora produce bioactive substances, such as vitamins and
hormones, participate in the metabolism of proteins, lipids,
carbohydrates and nucleic acids, and regulate the composition
of the intestinal gas [4].

Imbalances in the gut flora called dysbiosis are characterized
by the increased abundance of potentially pathogenic
microorganisms (pathobionts) [2, 7] and can lead to metabolic
diseases, inflammation and visceral pain or induce changes in
the central nervous system (CNS), which, in turn, can cause
behavioral and cognitive disorders [2, 8-10]. Shifts in the
microbiota composition were shown to accompany obesity,
allergy, type 2 diabetes, cardiovascular and autoimmune
diseases [2, 11]. The range of factors that negatively affect the
composition and functions of the microbiota is continuously
expanding; among them are environmental pollution (life in a
megalopolis) [12], poor diet (the growing popularity of fast food)
[13], and stress [14]. It is also known that dysbiosis can result
from antibacterial therapies that kill the native microbial flora
and therefore stimulate the unnatural selection of antibiotic-
resistant pathogens [1].

A symbiotic relationship with bacteria is very important for
the host. Highly responsive to a variety of factors, the microbial
population of the GIT is a sensitive indicator of the host’s health
[1, 4]. Therefore, the microbiota could serve as a potential
therapeutic target for the treatment/management of different
pathologies, including dysbiotic conditions. Various approaches
and strategies are used to regulate the human microbiome:
diets, intake of pro- and prebiotics, and surgical procedures.
Some authors indicate that physical activity has a positive
effect on the microbiota when combined with a balanced diet
[15, 16]. In this work we propose the use of selective inhibitors
that target certain bacterial genera or species and therefore
suppress bacterial growth, reduce virulence of pathogenic and
opportunistic microbes and contribute to the restoration of
the taxonomic balance of the gut microbiota. Eukaryotic type
serine/threonine protein kinases (STPKs) can serve as a target
for such inhibitors.

Classification of STPKs of gram-positive bacteria

Phosphorylation and dephosphorylation of proteins are the
major molecular mechanisms that regulate processes inside
the cell. An average bacterial phosphoproteome contains
about a hundred of phosphorylation sites. An exception here
is the phosphoproteome of Mycobacterium tuberculosis with
about 500 sites [17]. For eukaryotic proteomes, the number
of phosphorylation sites is an order of magnitude higher [18].
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Serine/threonine protein kinases of both bacteria and
human are an essential component of signal transduction
[19, 20]. Eukaryotic type STPKs were first identified in bacteria
[21-25] about 20 years ago. To date, we know that they are
involved in the regulation of cell division and growth [26-28],
biofilm formation [29], response to oxidative stress [30], and
sporulation[31]. STPKs play animportant role inthe development
of virulence and pathogenicity in bacteria [21, 32, 33]. They also
participate in the pathogenesis of microbial diseases caused by
M. tuberculosis, Streptococcus pneumoniae, Staphylococcus
aureus, and other microorganisms [20, 25].

STPK inhibitors are ATP-competitive. Therefore, it appears
tempting to employ selective inhibition of STPKs of pathogenic
and opportunistic  microorganisms by  ATP-competitive
inhibitors for the restoration of the compositional and functional
balance of the human microbiota

Previously, we proposed a classification of eukaryotic type
STPKs of gram-positive and gram-negative bacteria [19]. We
analyzed a number of microbial STPKs found in pathogenic
and non-pathogenic  Mycobacterium,  Staphylococcus,
Actinomyces (and some others) and in probiotic members
of the symbiotic human microbiota, namely Bifidobacterium
and Lactobacillus. Our classification was based on the
physiochemical properties of 9 amino acid residues that line
the surface of the adenine-binding pocket. The amino acid
residues were selected based on the visual analysis of 3D
structures of bacterial STPKs available in the Protein Data
Bank [34]. Amino acid sequences of bacterial STPKs were
analyzed in parallel; we also performed multiple alignment of
all sequences of the studied bacterial protein kinases [19].

The analysis of STPKs’ structures identified amino acid
residues that interact with ATP. We were particularly interested
in the residues of the adenine-binding pocket, since this
region is more variable than phosphate- and ribose-binding
sites. Conserved residues and residues that contribute to
ATP binding only with their backbone atoms were excluded
from consideration, since they were of no practical value for
our classification. While analyzing the STPKs of gram-positive
bacteria, we disregarded highly conserved amino acid residues
typical for eukaryotic and bacterial protein kinases, but instead
focused on the substitutions in the positions that are conserved
in eukaryotes and do not affect the functional activity of
bacterial kinases. Of particular interest was catalytic subdomain
V (STPKs have 12 conserved subdomains that are typical
for both eukaryotic and bacterial STPK [35, 36]). Compared
to other subdomains, the V-subdomain of eukaryotic protein
kinases is quite variable and does not contain any conserved
motif. However, this domain harbors amino acid residues
that constitute the hinge region linking 2 lobes of a catalytic
domain. By changing orientation of the catalytic and protein-
binding regions, STPK activity can be regulated. Therefore, the
V-subdomain, or, to be more precise, the hinge sequence can
be a basis for STPK classification.

To sum up, we visually analyzed the structures of STPKs
and their amino acid sequences and selected 9 variable amino
acid residues whose side chains are exposed into the inside
of the adenine-binding pocket: Leu17, Val25, Ala38, Val72,
Met92, Tyr94, Val9s, Met145, and Met155 (the residues are
numbered according to the PknB sequence of M. tuberculosis)
(Fig. 1).

The residues we selected constitute a signature sequence
for the adenine-binding pocket. Conservation of the studied
signature residues varied. Based on the analysis of the
signature formed by 9 amino acid residues, we drafted a
classification of STPKs of gram-positive bacteria. According
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to the proposed classification, all studied kinases were
organized into 20 groups (Fig. 2). Of note, the main criterion
for grouping was the presence of a specific combination of
a hydrogen bond donor/acceptor and aromatic residues in
specific positions of the adenine-bonding pocket signature. Of
20 groups, 13 were species-specific. A few of the remaining
7 groups were characteristic of pathogens only [19]. Thus,
the STPK classification allowed us to organize the studied
bacterial genera and species into groups. In each group the
configuration of the adenine-binding site (shape, volume, and
depth) was specific, therefore we hypothesized that selective
inhibitors targeting kinases from one group will not interact
with (or will weakly interact with) kinases from other groups.
In this light, our classification may find its practical application
in the development of ATP-competitive inhibitors of bacterial
eukaryotic-type STPKs.

Practical application of the proposed classification:
selective inhibitors of STPKs

The composition of the gut microbiota is being actively studied.
According to preliminary estimates, the large intestine is home
to over 400 bacterial species that belong to a few taxonomic
groups [37, 38]. As a rule, the gut microbiota of an adult human
is dominated by Firmicutes, Bacteroides, Actinobacteria
and Proteobacteria [39]. The microbial community seems to
be unique for each individual [37, 40, 41] and can undergo
significant changes due to exposure to various internal and
external factors.

In dysbiosis, the abundance of probiotic flora diminishes
and pathogenic bacteria start to grow leading to pathology
[5]. So far, the association has been established between the
GIT microbiota and a number of diseases. Morgan et al. have
found a correlation between imbalances in the gut microbiota
composition and ulcerative colitis and Crohn’s disease [42].
While the gut microbiota of a healthy individual is dominated
by 4 bacterial phyla [37, 43], the microbiota of patients with
ulcerative colitis and Crohn’s disease is characterized by lower
taxonomic diversity and reduced abundance of Firmicutes.
Besides, in Crohn’s disease the abundance of Clostridia also
changes [42, 44]. Reduced taxonomic diversity of the gut
microbiota was also demonstrated in patients with psoriasis.
Compositional shifts in the microbiota of psoriatic patients
were associated with the increased abundance of 4 bacterial
genera, including Corynebacterium, Staphylococcus, and
Streptococcus [45].

The literature extensively reports on the association between
different metabolic disorders and compositional changes in
bacterial populations inhabiting the GIT. For example, Larsen et
al. estimated differences between the gut microbiota of patients
with type 2 diabetes and healthy individuals [46], revealing
significantly lower abundances of Firmicutes and Clostridia
and an increased abundance of Lactobacillus in diabetics as
compared to healthy individuals [46]. Lactobacilli constitute a
heterogenic group of microorganisms with immunomodulatory
properties [47]. These properties seem to be a prerequisite of
inflammation in patients with diabetes mellitus [46]. Tana et al.
discovered that Lactobacilli were more abundant in patients
with irritable bowel syndrome (IBS) than in the controls [48].
However, the presence of certain strains of Lactobacillus is
very beneficial for patients with Crohn’s disease and ulcerative
colitis. The analysis of inflamed mucosa samples collected from
such patients revealed the presence of some microorganisms
(including Lactobacillus and Bifidobacterium) that can

actually protect the intestinal mucosa from inflammation.
The explanation here is that some Lactobacillus strains, in
particular L. casei and L. plantarum, inhibit expression of key
proinfammatory cytokines and chemokines and neutralize
proinflammatory effects of Escherichia coli [49].

Considering the above, our classification comes handy
when there is a need to restore a normal taxonomic composition
of the microbiota; this can be achieved by the selective
targeting of certain groups of bacteria: Lactobacillus (XIII) [19]
in patients with type 2 diabetes or IBS, and Corynebacterium,
Staphylococcus and Streptococcus (IV, X) in psoriatic patients.

Besides, the majority of STPKs are key regulators of bacterial
growth: their inhibition can result in suppressed microbial
growth. Selective inhibition of STPKSs, including the STPKs of
symbionts, can alter the composition of the microbiota without
kiling the indigenous microbes, though their growth and
activity will be slightly affected. A good example here is growth
inhibition of opportunistic Actinomyces and Corynebacterium
belonging to groups Il and IV, according to our classification
[19]. Thus, a good STPK inhibitor can correct the composition
of the human microbiota.

Because of the structural similarity of ATP-binding sites in
human and bacteria, there is a chance of unintended inhibition
of human protein kinases. Although catalytic domains of
bacterial and human kinases are only 30 % identical, human
protein kinases should be taken into account when developing
selective inhibitors of bacterial STPKs. The human kinome
encompasses 518 protein kinases. Using multiple alignment,
we established that 324 of them contain Hanks subdomains
usually found in eukaryotic STPKs. To distribute human
kinases into groups according to our classification scheme,
we identified 9 signature amino acids in the selected 324
kinases. It turned out that human kinases can be attributed
to only 4 groups: |, Il, VII, and Xl (Fig. 3). Of all analyzed
human protein kinases, only 8.6 % ended up in “bacterial”
groups. It should be noted that inhibition of unclassified human
protein kinases by the compounds targeting classified STPKs
is unlikely due to certain differences in their binding sites.

The need may arise to obtain selective inhibitors of STPKs
of pathogens. Such inhibitors must be selective towards both
human protein kinases and STPKs of microbial symbionts.
Therefore, three clusters should be formed based on the groups
that contain STPKs of pathogens, STPKs of symbionts; these

Fig. 1. A simplified representation of the adenine-binding pocket showing the
signature amino acid residues (Tyr94 is not shown). The first three residues
belong to the glycine loop (residues 17-38). They form the “ceiling” of the
adenine-binding pocket. The hinge sequence consists of residues 92-96 (Met92
is the gatekeeper), but residues 93 and 96 contribute to ligand binding only
with their backbone atoms, therefore, they were excluded from consideration
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clusters should be screened for pathogen-specific kinases. For
this purpose, we built a Venn diagram (Fig. 3).

Fig. 3 shows that kinases belonging to groups VII, X, XVIlI,
and XIX (see the Table) should be considered when developing
selective inhibitors of STPKs found in pathogens. These groups
include only kinases of pathogens, and the inhibitors targeting
these groups are very unlikely to interact with human protein
kinases or STPKs of symbiotic bacteria.

Groups VIl and XIX include STPKs of M. tuberculosis,
namely PknK and Pknl. PknK is involved in the translation
control at different stages of bacterial growth, contributes to
adaptation and pathogenicity mechanisms in mycobacteria [50,
51]. It was demonstrated experimentally that pknK expression
is higher in the virulent strain H37Rv of M. tuberculosis than
in the avirulent strain H37Ra [50]. Pknl has strong homology
to Stk of Streptococcus agalactiae promoting virulence [52].

Streptomyces, Mycobacterium,
Bifidobacterium, Actinomyces, Bacillus,
Lactobacillus, Staphylococcus,
Streptococcus, Nocardia, Frankia,
Corynebacterium, Saccharopolyspora,
Clostridium, Rhodococcus,
Thermobifida

Frankia

Streptomyces, Frankia,
Nocardia, Actinomyces,
Mycobacterium,
Corynebacterium,

Rhodococcus
Bifidobacterium,
Lactobacillus

20 groups
Saccharopolyspora,
Thermobifida Mycobacterium,
Rhodococcus
Rhodococcus

Streptomyces

Fig. 2. Groups of STPKs of gram-positive bacteria (Zakharevich et al., [19])

Mycobacterium,
Nocardia, Actinomyces

Staphylococcus

Human STPKs

Fig. 3. This Venn diagram represents distribution of groups of serine/threonine protein kinases into three clusters. Roman numerals represent kinase groups according
to our classification (Zakharevich et al., [19]). Groups XIV, XV, XVII, and XX are not included because: 1) the microorganisms belonging to these groups are neither
pathogens nor symbionts of the human microbiota and 2) no similarities were detected between STPK signatures of these 4 groups and signatures of human protein

kinases
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The profile of STPKs from groups VII, X, XVIIl, and XIX, characteristic for pathogens

Group STPK Signature Genus (species) Pathology
VI XIX PknK, [IVIVAVMYHLT, | Mycobacterium Tuberculosis, Buruli ulcer, Fish tank granuloma,
’ Pknl LSVVMYIVK (M. tuberculosis, M. bovis, M. smegmatis, M. marinum, M. ulcerans) | opportunistic infections
X Stk LVAVMYILF Staphylococcus Endocarditis, sepsis, peritonitis, abscesses,
(PknB) (S. aureus, S. haemolyticus, S. epidermidis) skin infections
Bacillus N ’
XVII YbdM | ITVPMYMLJ[IV] (B. weihenstephanensis, B. cytotoxicus) Food poisoning (diarrhea)

Having said that, we assume that inhibition of these kinases will
suppress M. tuberculosis growth and diminish pathogenicity
and virulence of its strains.

Group Xincludes STPKs of Staphylococcus. Staphylococcal
STPKs modulate the cell wall structure and are involved in
promoting bacterial virulence [53]. Consequently, inhibition
of kinases belonging to this group will reduce virulence of
Staphylococcus.

Group XVIII is represented by the YbdM protein kinase
of Bacillus that phosphorylates the two-component system
DegS/U. In turn, this system affects biofilm formation, formation
of complex colonies and microbial motility [54]. Therefore,
selective inhibitors of STPKs of this group will disrupt the above
mentioned processes.

Human protein kinases whose signatures coincided
with the signatures of bacterial protein kinases belong to the
following kinase classes: AGC', CAMK?, CMGC?®, STE*, and
also to the families of yet unclassified protein kinases, such as
IKK and NEK. The role of these protein kinases in the human
body is varied. For example, kinases of the ROCK family
participate in the Rho-induced formation of actin stress fibers
and focal adhesion formation, as well as in platelet activation,
smooth muscle contraction, neutrophil chemotaxis, etc.
[65]. PAK kinases phosphorylate some cytoskeletal proteins
and regulate their activity. Some authors indicate their role in
the regulation of MAPK signal pathways in mammalian cells
[66, 57]. Kinases of the NDR family were shown to have a role
in embryonic development, neurological processes and cancer
mechanisms [58]. However, it does not mean that inhibition
of these human kinases should be avoided in every single
case. For example, the increased expression of ROCK kinases
is associated with a number of disorders (bladder cancer,
breast carcinoma, etc.), and PAK1 kinase is associated with
joint diseases (osteoarthritis, rheumatoid arthritis) because
activation of certain signaling cascades in which this kinase is
a major mediator leads to the increased expression of marker
genes linked to osteoarthritis [59].

"AGC — a class of protein kinases whose activity is regulated by cyclic GMP/
AMP. This class includes the so-called protein kinases C; their activity can be
regulated by diacylglycerol, phospholipids and calcium ions.

2 CAMK — calcium/calmodulin-dependent protein kinases.

3 CMGC — a class of protein kinases consisting of cyclin-dependent protein
kinases (C), the so-called MAP-kinases (M) and enzymes that can phosphorylatie
glycogen synthase (G).

4STE — serine/threonine kinases first identified in yeasts.
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Metagenomic sequencing is widely used in both scientific research and clinical practice for characterization of taxonomic
profiles including estimation of relative abundance of prokaryotes in microbial communities in various media. Metagenomic
sequencing of single marker genes is an excellent tool for studying the human microbiome. Unlike whole-genome sequencing,
it targets those genome regions that can be instrumental in identification of microorganism species and genus. The 16S
ribosomal RNA (16S rRNA) gene sequence is highly conserved but at the same time there are regions containing species-
specific sequences that can discriminate between different bacteria and archaea. These regions can be amplified using universal
primers, which makes the whole procedure more cost-effective and less time-consuming. Good primers and protocol design
for PCR at the step of library preparation is crucial for achieving high data accuracy. Below we describe how to choose the
optimal PCR protocol and universal primers to amplify V3 and V4 regions of the 16S rRNA gene for further sample sequencing
using lllumnia platform.
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MeTareHOMHOE CEeKBEHVPOBaHME, MO3BONAIOLLEE OMPenendTb TaKCOHOMUYECKYIO MPUHAANEXXHOCTb U OO0 MPOKapuo-
TNYECKMX OPraHM3MOB B COOOLLIECTBAX B Pa3HbIX CPEAAX, LUMPOKO MCMONBb3YETCA HE TOMBKO B HAYYHOW OESTENbHOCTU, HO
N B MEOVLMHCKOM MpakTuke. B HacTosLee BpeMsa 08 U3yHeHns MUKpOoOroma YenoBeka NMpUMEHSAETCH Tak HasbiBaeMoe
METareHOMHOE CEKBEHVPOBaHNE MapKepHbIX MEHOB, MPU KOTOPOM CEKBEHMPYETCH HE BECb MEHOM, a NLLb Te ero PervioHs,
MO KOTOPbIM MOXHO YCTaHOBWTB POAOBYIO 1 MHOMAA BUAOBYIO MPUHALANEXKHOCTb MUKPOOPraHW3MOB. Hallle BCero Ans amnim-
hrkaumm BblbMpatoT y4acTku reHa 16S pubocomansHon PHK (16S pPHK), nocnenoBaTensHOCTb KOTOPOro, C OAHOM CTOPO-
Hbl, BbICOKOKOHCEPBATVBHA, a C APYron — COAEPXUT BaprabesbHble y4acTKK, KOTOPbIE OTINHAOTCS OQHOHYKIEOTUAHbIMY
3amMeHamV B Clly4dae C pasHbIMU MUKPOOpraHuaMamin. Mpn 3ToM 419 aMianmkaLmm Takmix y4acTKOB reHOMa BO3MOXXEH Mof-
B0p YHMBEPCANBHBIX MPaNMEPOB, YTO 3HAYUTENBHO CHKAET CTOMMOCTb 1 BPEMS UCCIE0BaHVs. TOYHOCTb CEKBEHNPOBAHNS
B 9TOM Cly4qae 06ecrneqmnBasTCsa TOHHOCTLIO MOAG0oPa YHMBEPCAbHBIX MPariMEPOB 1 OMTUMANBHOCTLIO YCNIOBUIA MPOBEAEHNS
MLP Ha aTane noarotoBkyn GUGAMOTEKN 019 CEKBEHVPOBaHMA. B cTaTbe Mbl OnmncbiBaeM MOAXOL K MOJ06PY yHMBEPCANbHbBIX
npanmMepos 1 ycrnosun MNP ang amnnndurkaumm pervor-cneupydudeckon yactm V3 n V4 yyactkos reHa 16S pPHK ong pane-
HeMLero CeKBeHNpoBaHus 06pa3uoB Ha nnatdopmax lllumina.

KntoueBble crnoBa: MUKPOOMOM, METAreHOMHOE CEKBEHMPOBaHMe, pubocomansbHas PHK, 16S pPHK, nonnmepasHas LenHas
peakuust, YHBepcasbHble MpaiMepsbl, GUOANOTEKM 151 CEKBEHMPOBaHWS, ABOMHOE 6apKoaMpOBaHve

BnarogapHocTu: agTopbl 6narogapat dapbto [MNnaxuHy u MeaHa CTeueHka 13 OO0 «[eHoTek» 3a MoMoLLb B paboTe, a Takke Ceprest [naronesa 13 MOCKOBCKOM
rumMHasum Ha Koro-3anage Ne 1543 — 3a LieHHbIe COBETbI U 3aMeqaHyist.

><] Ons koppecnoHaeHummn: KpacHeHko AHHa tOpbesHa
HacTtasHudeckuii nep., 17, ctp. 1, nogwesn 14, . Mocksa, 105120; annakrasnenko@gmail.com

Cratbsl nonyyeHa: 12.04.2017 Ctatbsi npuHATa K nevartu: 24.04.2017

The human body is home to a number of bacterial communities Sequencing of those regions of bacterial genomes that
inhabiting the mouth cavity, gut, genitourinary system, etc. [1].  discriminate between bacterial species and sometimes genera
The totality of microorganisms that have symbiotic relationships  is called metagenomic sequencing, or marker gene sequencing,
with the host is called the microbiome [1]. Study of the human  and is currently widely used in microbiome studies [3]. Regions
microbiome provides understanding of what bacteria live in  of the 16S ribosomal RNA (16S rRNA) gene are especially
healthy and diseased individuals [2]. convenient for sequencing. This gene is highly conserved in
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prokaryotes enabling the use of universal primers to amplify
the target sequence, which makes the whole procedure cost-
effective and not so time-consuming [4, 5]. The 16S rRNA gene
harbors conserved and variable regions. The latter contain
single-base substitutions that are instrumental in identifying
microbial species or genera: once these substitutions are
detected by sequencing, they can be matched against regularly
updated public databases.

One of the core steps of metagenomic sequencing
workflow is sample preparation, i.e. converting source nucleic
acids into a library of DNA fragments ready to be loaded
onto the sequencer. There are a lot of different sequencing
platforms, and although their sample preparation strategies
are more or less the same, there are some nuances related
to the techniques employed for signal detection during
sequencing [6]. Sample preparation aims at obtaining DNA
fragments that serve to identify a species or a genus of the
studied microorganism. In metagenomics accuracy is largely
determined by a good choice of primers necessary to produce
amplicons by polymerase chain reaction (PCR) [7, 8]. In 2013
Klindworth et al. compiled a list of 512 primer pairs organized
into three subgroups based on the next generation sequencing
(NGS) technique they can be used for: group 1 consisted of
primers for lllumina and lon Torrent platforms (small amplicons),
group 2 consisted of primers for 454 Life Science platform
(middle-sized amplicons), and primers included in group 3
were intended for PacBio and other similar platforms (large
amplicons) and could be also used to prepare genomic libraries
of colonial species [9]. Each group offers a few universal primer
pairs for archaea and bacteria instrumental in species/genus
identification.

In this work we discuss some aspects of metagenomic
sample sequencing with lllumina with a particular focus on
library preparation for further sequencing [10]. lllumina-based
sequencing takes place in the flow cell coated with single-
stranded oligos that are complementary to library adapters
ligated to source DNA fragments and enable hybridization.
Polymerase lengthens hybridized DNA fragments attached to
the flow cell surface. PCR produces multiple copies of a single
template molecule forming millions of dense clusters. Clusters
are then sequenced in parallel: complementary strands are
generated by fluorescently tagged nucleotides, and the emitted
signal is recorded after the addition of each nucleotide to the
strand. This technology sets certain requirements for sample
preparation explained below.

Library preparation for further sequencing with lllumina

Sequencing can be performed on various types of biological
material, such as saliva, ear wax, nasal mucosal swabs, etc.
We focused on the general aspects of library preparation
for sequencing with lllumina regardless of the sample type.
Basically, the sequencing workflow includes 5 steps: 1)
extracting the intact DNA from the sample; 2) selecting genome
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regions for sequencing and choosing primers for further PCR-
based amplification (PCR quality is very important because it
determines sequencing quality); 3) double barcoding of the
obtained libraries; 4) sequencing itself; 5) bioinformatic analysis
of the obtained data.

There are a lot of protocols and reagent kits for effective
DNA extraction [11] depending on the type of the analyzed
sample; therefore, there is no need to discuss this step in more
detail here. In our study quality control of the extracted DNA
was performed by agarose gel electrophoresis, concentration
was measured by Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, USA) according to the manufacturer’s protocol [12].

DNA extraction is followed by PCR amplification of the
studied DNA fragments for further sequencing. For this work
we chose a few regions of the 16S rRNA gene for the reasons
explained above. Quality of the obtained fragments depends on
the complementarity of the selected primers to the regions of
the 16S rRNA gene [13, 14]. Primers consist of a region-specific
sequence complementary to the flanking region of the target
fragment and a synthetic sequence non-complementary to the
region-specific sequence that will hybridize to the adapter. It is
important that at least four 3'-end nucleotides should be non-
complementary within and between primers to avoid primer-
dimer formation. Even a small mismatch in complementarity
of 3-4 nucleotides at the 3'-end of the primer can significantly
reduce PCR quality even if the annealing temperature has been
adjusted [15, 16].

There are a lot of regularly updated databases containing
sequences of the 16S rRNA gene identified for a plethora of
microbial species [17, 18], which facilitates rapid selection of
universal primers using a special software if necessary [19]. For
this work we chose universal primer pairs for the V3 and V4
regions of the 16S rRNA gene [23]. The synthetic sequence
of the chosen primers was represented by sequences
complementary to Nextera and Truseq adapters (Table 1).

Once the primers are selected, the PCR protocol needs to
be optimized (a number of parameters have to be adjusted,
such as primer concentration, DNA concentration, annealing
temperature, Mg?* concentration, number of cycles, etc.) to
obtain a sufficient amount of good quality amplicons for further
sequencing. PCR quality control is performed by agarose gel
electroforesis. Negative and positive controls are a must. A
negative control is usually a PCR mix without the DNA template.
In our case, two DNA samples were used as positive controls:
one of Rhizobium and another of Rhodoccocus bacterial
genera.

PCR vyield can be affected by primer-dimer formation
[20]. Primer dimers also occur when performing PCR quality
control in the agarose gel (Fig. 1). Diluting primers or adjusting
the annealing temperature can be a solution. The optimal
annealing temperature determines the purity of the reaction
product since it facilitates primer attachment to DNA. State-of-
art equipment makes it possible to do a temperature gradient
to optimize the annealing temperature in a single run. High
yields also depend on Mg* levels: Mg?* ions bind to dNTP,

Table 1. Universal primer pairs consist of a sequence complementary to the V3 and V4 regions of the 16S rRNA gene and a synthetic sequence complementary to

Nextera and Truseq adapters

Adapter Primer sequence
forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG
Nextera reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC
Truseq forward ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTACGGGNGGCWGCAG
reverse GTGACTGGAGTTCAGACGTTGGCTCTTCCGATCTGACTACHVGGGTATCTAATCC
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primers, DNA template and chelating agents (EDTA) present 4 mM with a 0.5 mM dilution step is tested to select the optimal
in the buffer [21]. Polymerase activity is known to grow at high  concentration for the reaction mix.
Mg?* concentrations, though polymerase specificity thereby When optimizing the PCR protocol, we found out that
decreases. As a rule, a range of Mg concentrations from 1 to  primers complementary to Nextera adapters were the best for
the amplification of the V3 and V4 regions of the 16S rRNA gene.
1 kb It is probably because the unique Nextera sequence is non-
FG0607 complementary to the regions of the studied bacterial genome,
FP4351 which prevents formation of side products. The optimized PCR
protocol is shown in Table 2. PCR was performed using Step
One Plus system (Applied Biosystems, USA).
The harvested libraries are dual-indexed (barcoded) in
g another PCR step. Barcoding is adding an index sequence
- of 8 nucleotides to the DNA fragment to facilitate further
discrimination between different sample sets [22]. There is a
wide selection of reagent mixes for barcoding that can be used
in llumina-based sequencing, such as Nextera XT Index Kkit.
We used oligos synthesized by Evrogen, Russia. We ran a few
tests with various PCR parameters to discover that barcoding
yields did not depend on the purity of the DNA template and
required no sample purification. The optimal PCR parameters
for Nextera-based barcoding with Nextera primers (Table 3) are
shown in Table 4.
[t should be reminded that poor library quality control will
Fig. 1. Agarose gel with PCR products after electrophoresis. The first well entail mistakes during sequencing. We usually perform quality

contains a DNA-size marker, the rest contain the samples. Primer dimers (PCR ~ CONtrol using Agilent Bioanalyzer 2100 (Agilent Technologies,
by-products) are marked with a black oval USA) (Fig. 2).

ladder

Table 2. Parameters of PCR for amplification of the V3 and V4 regions using universal primers for the Nextera adapter

Protocol
Composition v, ul
T, °C t, s Number of cycles
Forward primer (C =1 puM) 5,0 95 180 1
Reverse primer (C = 1 uM) 5,0 95 30
Tag-polymerase 0,5 55 30 o5
dNTP 1,5
72 30
PCR buffer 2,5
DNA 2,5
72 300 1
mQ 8,0
Table 3. Nextera index primers
Primer name Primer sequence
i701 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGG
i702 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGG
i703 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGG
i704 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGG
i501 AATGATACGGCGACCACCGAGATCTACACTAGATCGCTCGTCGGCAGCGTC
502 AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCGTCGGCAGCGTC
i503 AATGATACGGCGACCACCGAGATCTACACTATCCTCTTCGTCGGCAGCGTC
504 AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCGTCGGCAGCGTC
Table 4. Parameters of PCR for barcoding with Nextera primers
Protocol
Composition V, u
T, °C t, s Number of cycles
Index 1 (C =1 uM) 5,0 95 180 1
Index 2 (C =1 pM) 5,0 95 30
Tag-polymerase 0,5 55 30 10
dNTP 1,5
72 30
PCR-buffer 2,5
1st PCR amplicons 5,0
72 300 1
mQ 55
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Sample sequencing

We will not focus on the sequencing step itself in this article,
because there are standard sequencing protocols supplied
by the vendor [24, 25]. We performed MiSeq paired-end
sequencing (lllumina) with 250 b. p. reads according to the
standard protocol.

Bioinformatic analysis

The obtained nucleotide sequences are processed and
classified as suggested by the Ribosomal Database Project,
ver. 11.5 (Michigan University, USA), using the RDPTools ver.
2016-07-21 [26, 27]. Classification confidence threshold (-conf)
should be set to 50 % as recommended by [28].

Quiality control is essential in sequencing. At least 95 % of
sequences in each sample must be high quality, i. e. contain no
adapters or contaminating elements that cannot be mapped
onto the human genome. The number of reads per sample is
especially important in metagenomic sequencing. But on the
whole, there is no universal rule here and the number of reads
depends mostly on the purpose of the study. If the study aims
at identifying dominant bacteria in the sample, the number of
reads can be low. For example, 350 reads per each of 22 human
gut samples revealed the presence of two dominating bacteria:
Firmicutes (75 %) and Bacteroidetes (18 %) [29]. However,
higher read numbers increase chances of discovering microbial
“minorities” in the sample and reduces effects of the sampling
error. A high-resolution metagenomic analysis requires at least
10,000 reads [29].

The proportion of unclassified sequences and unknown
bacterial sequences, the median proportion of sequences for
which both genus and species have been reliably identified
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Normally, a table is compiled based on the analysis,
showing a taxonomic hierarchy (domain, phylum, class, etc.)
and providing information on the taxonomic tree and relative
abundance of taxa in the sample. An example of such table is
Table 5.

CONCLUSIONS

Selecting primers for amplification is an important step in
metagenomic sequencing of 16S rRNA gene regions. Quality
of the obtained amplicons determines accuracy of sequencing.
We suggest an approach to designing an optimal PCR
protocol for sample preparation that can be used to adjust
PCR parameters for library preparation and identified problems
that may occur at this step. Although library preparation
for metagenomic sequencing has been widely discussed
in the literature [30], we have made an attempt to design a
well-defined protocol, proposed optimal parameters for the
amplification of 16S rBRNA V3 and V4 regions using universal
primers for further sequencing with lllumina. Of note, the quality
of amplification yields depends on many factors, including
the purity of the reagents, therefore our PCR protocol is not
universal and its PCR conditions may vary depending on the
reagents used.

[FU]
200
100 —

I

should be consistent with the results of the 16S rRNA-based 35 150 300 500 10380 [op]
microbial metagenomic analysis. The proportion of unclassified
sequences should not exceed 20 %, the genus is expected to
be identified for at least 70 % sequences, while the species — Amplicons of the
for at least 50 %. Still, these figures may vary depending on required length
the study. Fig. 2. Sequencing quality control with Agilent Bioanalyzer 2100
Table 5. Bioinformatic analysis: representation of results
Rank Name rootrank | domain phylum class order family genus Sanle San;ple Sample
1_domain | Archaea Root Archaea
2_phylum | Crenarchaeota | Root Archaea | Crenarchaeota
3_class Thermoprotei Root Archaea | Crenarchaeota | Thermoprotei
4 _order Acidilobales Root Archaea | Crenarchaeota | Thermoprotei | Acidilobales
5_family Acidilobaceae | Root Archaea | Crenarchaeota | Thermoprotei | Acidilobales | Acidilobaceae
6_genus Acidilobus Root Archaea | Crenarchaeota | Thermoprotei | Acidilobales | Acidilobaceae | Acidilobus

Note. Rank refers to the elements of the taxonomic hierarchy; Name referes to the name of the taxon. These two tables are used for data filtering. For example, using the
Rank column as a filter, one can retrieve information on the species/phyla only, etc. The next 7 columns (rootrank, domain, phylum, class, order, family, genus) provide
information about the full hierarchal path. The last columns contain data on the relative abundance of the taxon in the studied sample. Sample names are specified in

column titles
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A COMPARATIVE ANALYSIS OF SEMINAL AND VAGINAL MICROBIOTA OF
MARRIED COUPLES BY REAL-TIME PCR WITH ANDROFLOR AND
FEMOFLOR REAGENT KITS

Pochernikov DG'®, Galkina 1S?, Postovoytenko NT', Gerasimov AM'

"lvanovo State Medical Academy, Ivanovo, Russia
2 Federal Research Institute for Health Organization and Informatics, Moscow, Russia

Many sexually transmitted diseases are caused by bacteria. While we fairly well understand the role of some microorganisms
in the development of genitourinary tract infections, there is still a vast majority of those whose contribution is unclear. It is
believed that sexual partners share their genitourinary microbiota, meaning that treatment regimens should be the same for
both of them. This article reports results of the study of seminal and cervical microbial communities conducted in 50 married
couples who did not use barrier birth control and did not take any antibiotics at least 3 months before the study. All couples
presented with complaints of primary or secondary infertility, recurrent miscarriages or sought preconceptional counseling. The
mean age of male and female participants was 34.8 + 7.8 and 30.4 + 6.2 years, respectively. Samples of the seminal fluid and
vaginal secretions were studied by real-time polymerase chain reaction (real-time PCR) with Androflor and Femoflor reagent
kits. The following bacteria were more frequent in the vaginal microbiota than in the seminal fluid: Lactobacillus spp. (p < 0.005),
Eubacterium spp. (p = 0.002), Gardnerella vaginalis (p = 0.002), Megasphaera spp./Velionella spp./Dialister spp. (p = 0.004).
Ureaplasma spp. was 3 times more frequent in women, Mycoplasma hominis was 4 times more frequent in men; however, this
difference was not significant. In 4 (8 %) couples both partners had normal microbiota; 23 (46 %) couples shared at least one
microbiota resident. Also, microbial communities were totally different in 23 couples. The obtained data indicate that both sexual
partners should be examined to decide on the most effective treatment for each of them. Qualitative and quantitative real-time
PCR assays Androflor and Femoflor provide comprehensive data essential for adequate treatment planning.

Keywords: seminal fluid, cervical canal, genitourinary tract, married couple, microbiota, microbial community, polymerase
chain reaction, real-time PCR, Androflor, Femoflor
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CPABHUTEJIbHbIN AHANN3 BUOTOMNA 3AKYNATA U LEPBUKAJIBHOIO
KAHAJIA METOAOM INuP-PB C TECTAMU «<AHOAPO®JIOP» U «PEMO®JIOP»
B CYMNPY>XXECKUMX MNMAPAX

. . MoyepHunkos' = 1. C. TankmHa?, H. T. MNocToBonTeHko!, A. M. lepacumos!

" /IBaHOBCKas rocygapcrBeHHada MegvLUyHCKaa akagemMng, VBaHOBO
2 LLeHTpaJ'IbeII;I Hay‘—lHO-MCCJ‘IeﬂOBaTeﬂbCKMI;I VHCTUTYT opraHmsauum n MH(bOpMaTMSaLJ,VIM 30paBOOXpaHeHN4, Mocksa

MHorvie MHEKLIN, NepedatoLLIecs MONOBbLIM MyTEM, BbI3bIBAOTCS HakTepusamMn. Ponb psaa MYKPOOPraHnM3MOB B 3TUOMOMAN
yPOreHnTanbHbIX MHAEKLMI XOPOLLO M3BECTHA, OOHAKO Aaneko He Bcex. Bo BpavebHOM COOBLLECTBE TaKXKe MPUHSTO CH-
TaTb, YTO MUKPOBMOTA YPOreHUTaNIbHOrO TPakTa y MOMOBbIX MAPTHEPOB OOVMHAKOBA, B CBA3M C YeM UM CnedyeT HadHadaTtb
OOMHAKOBOE NedeHne. B gaHHOM cTatbe COOBLIAETCa O pesynsrarax UCCNeaoBaHusa B1oTona asgKynsaTa 1 LepBrUKabHOrO
kaHana B 50 cynpy>keckux napax, >mBLUNX 6e3 6apbepHON KOHTpaLenumn 1 nprema aHTubakTepranbHbIX NpenapaToB He
MeHee 4eM 3 Mecsla [0 yHacTus B UccnenoBaHun. Bece napbl 06paTnnncs K Bpady nNo NoBOAy NEPBUHHOIO MUV BTOPUHHOMO
B6ecnnogus, NPYBbLIMHOMO HEBbIHALLMBAHUS GEPEMEHHOCT U NPearpaBMaapHoON NoarotoBky. CpeaHU BO3PACT My>XXUnH
coctaBun 34,8 + 7,8 nert, xeHuwmH — 30,4 + 6,2 neT. D9KyAaT 1 OTASNSEMOE LEPBNKAIbHOIO KaHana UccneaoBan MeTo-
OOM MOAMMEPA3HON LEMHON peakLmy B pexxnMe «peasnbHOro BpemeHn» (MLUP-PB) ¢ ncnonssosaHmem tecToB «AHOPOdIop»
(y My>4mH) 1 «Pemodnop» (y »eHLmH). B 6ruoTone LepBrKaibHOrO KaHana AOCTOBEPHO 4Yallle, YeM B BMOTOMNe asKyndaTa,
BCTpeydanuch Lactobacillus spp. (p < 0,005), Eubacterium spp. (p = 0,002), Gardnerella vaginalis (p = 0,002), Megasphaera
spp./Velionella spp./Dialister spp. (o = 0,004). Ureaplasma spp. B 3 pasa valle BCTpevanach Yy »eHuH, a Mycoplasma
hominis — B 4 pa3za 4Halle y My>4/H, HO pasnuymst CTaTUCTUYECKM HEOOCTOBEPHDLI. B 4 (8 %) cynpy»xeckumx napax y obomnx
napTHepPOB bbina abCoMTHO HOPMasbHas MUKPOMIoOPa 35KyASTa U LepBUKaNbHOMO KaHana; B 23 (46 %) napax Obinn Bbl-
SIBMEHbl COBMaAeHMA Mexay bruotonamm no ogHoMy 1 6onee MUKPOOpraHnsMam; Takke B 23 napax 6uoTonbl NOMHOCTHIO
He coBrnaganu. lNNony4eHHble AaHHbIE YKadbiBarOT HA HEOOXOOMMOCTb 0BCneaoBaTb 060MX MNAPTHEPOB B Mape A Bblibopa
a(PeKTUBHOIO NeveHnst kaxkaoro ns Hux. Metopg MNLP-PB ¢ Tectamn «AHOpohnop» n «demodnop», ABNSACh KAH4ECTBEHHbIM
N KOTMHYECTBEHHDBIM, MO3BONSET NOMYHMTb BPa4y BCE AaHHbIE, HEOOXOAMMbIE ANSA MIAaHMPOBAHMA Tepanuin.

KntoueBble cnoBa: 95KydT, LEPBUKATbHBIN KaHam, YPOoreH!TaabHbIA TPaKT, Cynpy»eckas napa, 6uoton, MUKPOOUOLEHO3,
MUKPOBWOTa, NoMMepasHas LienHasa peaxuus, MNLP-PB, «AHgpodnop», «demodnop»

><] Ans koppecnoHaeHumu: NovepHKoB [deHnc MeHHaabesmny
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To date, over 30 bacterial infections are known to be transmitted
through sexual contact [1, 2]. It has been shown that Chlamydia
trachomatis and Mycoplasma genitalium promote inflammation
in the genitourinary system of both men and women, but
pathogenicity of Mycoplasma hominis and Ureaplasma spp. is
stilla matter of debate, which is why genitourinary mycoplasmas
are actively studied across the world [1-9].

The meta-analysis of 4,712 academic articles published
over the period from 1960 to 2013 provides convincing
evidence of the contribution of the genitourinary inflammation
in the mother to the development of pregnancy complications,
including preterm delivery and early or late perinatal morbidity
[4]. Sexually transmitted infections (STls) compromise semen
quality, induce formation of antisperm antibodies and are a
major cause of urethroprostatitis and infertility [1-3, 5-8, 10].
In a study conducted in women who had suffered preterm
delivery, 50 % of the participants tested positive for Ureaplasma
spp. in the amniotic fluid; however, this bacteria did not
appear as a monoculture, but were detected in associations
with opportunistic microorganisms, including Fusobacterium,
Mycoplasma, Sneathia, Bacteroides, Prevotella, Streptococcus
spp., Staphylococcus spp., Enterococcus spp., Leptotrichia,
Peptostreptococcus, Gardnerella, Citrobacter, Lactobacillus
Spp., Escherichia, and Haemophilus [9].

Polymerase chain reaction (PCR) is a qualitative and
quantitative test widely used in the clinical routine for quick
and reliable identification of infectious agents, though it cannot
identify co-occurring opportunistic pathogens. As indicated
in the modern clinical practice guidelines, it is important to
determine pathogen concentrations in the sample, especially
when running tests for Ureaplasma spp. and M. hominis
[10-15]. According to the European Association of Urology,
Ureaplasma urealyticumin concentrations above 10° CFU/ml
are considered pathogenic; this value influences the choice of
treatment [5]. According to Russian clinical practice guidelines,
treatment is not recommended if concentrations of Ureaplasma
spp. and/or M. hominis are lower than 10* CFU/ml and there
are no clinical/laboratory-confirmed signs of inflammation in
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the genitourinary tract [11, 14, 15]. Androflor and Femofior
qualitative and quantitative real-time PCR-based assays for
male and female patients, respectively, meet the requirements
of a diagnostic PCR for STls.

An opinion is shared by the medical community and the
public that microbiotas of the genitourinary tract of both sexual
partners are identical in composition. Once an infectious
agent has been detected in the ejaculate or cervical canal
secretions of one partner, both members of the couple start
receiving identical treatment, since the doctor assumes that
their genitourinary tracts are inhabited by the same microbes.
As a result, one of the partners is left underexamined and is
prescribed therapy for no good reason. In one of our studies,
we bacteriologically examined semen and cervical secretions of
117 married couples who did not use any birth control, to find
out that in 84 % of the analyzed samples the identified bacteria
were different [16]. So far, we have failed to find reports on any
real-time PCR-based comparative analysis of the genitourinary
microbiotas of both sexual partners.

The aim of this study was to compare ejaculate and cervical
microbiotas of sexual partners in married couples using real-
time PCR-based assays Androflor and Femofior.

METHODS

We initiated a prospective study of 50 married couples who
presented at the clinic of lvanovo State Medical Academy over
the period from October, 2016 to March, 2017 with complaints
of primary or secondary infertility, recurrent miscarriages or
sought preconceptional counseling. All couples did not use
barrier birth control and did not take antibacterial medications
at least 3 months before sample collection. Mean age was 34.8
+ 7.8 years for males and 30.4 + 6.2 years for females.

Before semen collection, male patients were asked to pass
urine to empty the bladder, wash their hands and penis with
soap and water, and dry the glans penis and foreskin with a
sterile disposable towel. Semen samples were obtained by
masturbation, placed into the sterile container and delivered
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Fig. 1. Frequency (%) and average concentrations (copies per sample) of microorganisms in the semen. Data obtained with Androflor real-time PCR kit
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to the lab within one hour after sample collection. In women,
excess cervical mucus was removed with a cotton swab, and
the cervix was washed with a sterile sodium chloride solution.
A probe was inserted into the cervical canal to the depth of
0.5-1.5 cm; the probe was retrieved carefully to avoid contact
with the vaginal walls. The participants abstained from sex for
at least 3 days before sample collection.

All samples were analyzed using Androflor and Femofior
real-time PCR reagent kits (both by DNA-Technology TS,
Russia) and the DT-96 PCR detection system (R&P DNA-
Technology, Russia).

Statistical analysis was performed using Microsoft Excel
2013 and Statistica 10.0 (StatSoft, USA). Fisher’s exact test
was applied to determine statistical significance of the results.
The difference was considered significant at p < 0.005.

RESULTS
Using Androfior, we detected no pathogens in the ejaculate of

16 (82 %) men; the semen of 7 participants (14 %) contained
opportunistic Staphylococcus spp., Streptococcus spp. and
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Corynebacterium spp. at non-pathogenic concentrations; the
semen of 27 (54 %) men was dysbiotic. Using Femoflor, we
detected only Lactobacillus spp. in the cervical secretions of
11 (22 %) women, indicating the absence of pathology; 25
(50 %) women had vaginal dysbiosis; the microbiotas of 14
(28 %) female participants were healthy, dominated by
Lactobacillus spp. (> 80 %) and containing facultative
anaerobes and obligate anaerobes in the absence of intracellular
pathogens.

Microbial diversity of the semen and cervical secretions
detected by Androflor and Femofior is shown in Fig. 1 and
Fig. 2, respectively. All women, except one, had Lactobacillus
spp. in their cervical samples. The most common species
detected in male samples was Corynebacterium spp. (38 %),
a member of the healthy semen microbiota. Compared
to the semen samples, the cervical samples showed
significantly  higher occurrence of Lactobacillus  spp.
(p < 0.005), Eubacterium spp. (p = 0.002), Gardnerella vaginalis
(p = 0.002), and Megasphaera spp./Velionella spp./Dialister
spp. (p = 0.004). No significant differences were observed
regarding other species, but Ureaplasma spp. was 3 times
more frequent in female cervical secretions than in the semen
(22 vs. 7 samples, respectively); Mycoplasma hominis was 4
times more frequent in men than in women (4 vs. 1 sample,
respectively). One female and one male participant had
Mycoplasma genitalium, but this bacterium was not detected in
their spouse’s sample. Similarities in the microbial diversity were
rare, with the same microorganisms being highly abundant in
the microbiota of one spouse (Fig. 3).

Speaking of compositional similarities between cervical and
semen samples (Fig. 4), 4 (8 %) married couples had absolutely
healthy microbiotas; in 23 (46 %) couples the partners shared
at least 1 microorganism; in 23 couples microbiotas were
absolutely different.

DISCUSSION

Real-time PCR-based assays Androflor and Femofior provide
comprehensive data about the microbiotas of sexual partners
facilitating diagnosis of microbial imbalances in their semen
and cervical secretions. Androflor can differentiate between
Ureaplasma urealyticum and its biovar Ureaplasma parvum,
surpassing other tests. Our study demonstrated the presence
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NORMAL VAGINAL MICROBIOTA: PATIENT’S SUBJECTIVE EVALUATION,
PHYSICAL EXAMINATION AND LABORATORY TESTS

Voroshilina ES'? >, Zornikov DL, Plotko EE?®
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Ural State Medical University, Yekaterinburg, Russia
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Criteria of normality for the vaginal microbiota of healthy women are still a subject of discussion. A decision to assign a
study participant to a group of healthy individuals is quite subjective if based on the absence of complaints and physical
examination only, which renders study results ambiguous. Below we compare occurrence of the normal vaginal flora and vaginal
dysbiosis in women divided into 3 groups according to the examination type (patient’s subjective evaluation of her condition,
physical examination, and laboratory tests). We examined 234 women of reproductive age from Yekaterinburg (mean age was
30.3 + 6.6 years). Microbiota composition and lactobacillus diversity (L. crispatus, L. iners, L. jensenii, L. gasseri, L. johnsonii,
L. vaginalis) were evaluated by real-time polymerase chain reaction using the Femoflor assay and reagent kits by DNA-
Technology, Russia. One in 5 women of reproductive age who had no health complaints was found to have dysbiosis. The
normal microbiota of those women was dominated mostly by L.iners, while dominant L. crispatus were observed in every third
participant. Prevailing L. crispatus were also found in the normal microbiota of 46.2 % of women who were considered healthy
based on the doctor’s examination and laboratory tests. Thus, clinical evaluation of the female lower reproductive tract can be
compromised by doctor’s subjectivity if not supported by laboratory tests and may overlook vaginal dysbiosis in the patient.

Keywords: vaginal microbiota, vaginal lactobacilli, Lactobacillus iners, Lactobacillus gasseri, Lactobacillus crispatus, normal
vaginal flora, dysbiosis
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HOPMAJIbHOE COCTOAHNE MUKPOBWOLIEHOS3A BJIATAJINLLIA: OLLEHKA
C CYBbEKTUBHOW, 9KCNEPTHOW U NTABOPATOPHOWN TOYEK 3PEHUA

E. C. BopowwunuHa'? =, 1. J1. BopHukos', E. 3. MNnoTtko®
" Kadbenpa MUKpoB1onorin, BUPYCONOrn 1 UIMMYHONOMN,
YpanbCKuin rocyaapCTBEHHbIN MeaVULIMHCKI YHUBEPCUTET, ExkaTepuHoypr

2 Menviko-hapmaueBTNHeCcKui LIeHTP «fapMoHmns», EkatepnHoypr

3 Kadheqpa akyLlepcTsa v MHeKonorum,

YpanbCKuin rocyaapCTBEHHbIN MeaULIMHCKN YHUBEPCUTET, EkaTepuHoypr
KpuTepun HopMbl Anst MUKPOBMOLLEHO3a Baraniuia 300P0BOM XKEHLLMHbI OCTaKOTCA NPeaMETOM AN AaSIbHENLLEro 3YyYeHus.
CyObeKT1BHbIN xapakTep PopMMPOBaHUS rPyMMbl «300PO0BbIX XEHLLWH» MPW NPOBEAEHNM UCCAEA0BaHWN He MO3BOMSET CHI-
TaTb nonyyaemble pesy/srarbl 0gHO3HaYHbIMK. B AaHHOM paboTe Mbl CpaBHMBaIM YacTOTy BCTPEYAEMOCTN HOPMOLIEHO30B
pasM4YHbIX TUMOB 1 AMCOMO3a BnaranmLLa y >KeHLLIMH, MOAENEHHbIX Ha FPyMnbl B 3aBUCKYMOCTM OT XapakTepa x 06CnefoBaHms
(MHEHVE »XEHLLMHbI, OCMOTP Bpasa, MUKPOCKOMMHYECKOe MccnenoBanie). Bbinmn obcnenoaHbl 234 XeHLLVHbI PenpOayKTUBHO-
ro Bo3pacTa 13 r. EkatepuHbypra (cpeaHuin Bo3pacT — 30,3 + 6,6 neT). OLeHKy MMKpoBroLeHO3a 1 OnpeaeneHne B1UOoBoro
cocTaBa naktobauwnn (L. crispatus, L. iners, L. jensenii, L. gasseri, L. johnsonii, L. vaginalis) npoBenv MeTogom nonmMepasHoi
LIENHOW peakLIm C AeTeKLMEeN Pe3ynsTaToB B PEXNME «peasibHOro BPEMEHW» C UCMONb30BaHEM TECT-CUCTEMbI «Demodnop»
(«HMO OHK-TexHonorust», Poccust) 1 HabopoB peareHToB AJ1si Hay4YHOro MPUMEHEHUST TOW »Ke KOMMaHUW-MPOon3BOANTENS.
Y Kaxx[aoW NSTON MEHLLUMHbI PenpPOLyKTMBHOIO BO3pacTa, cHiTaioLLer cebsa 340poBoi, Obin BbiBNeH Aucbrnos. Hopmoue-
HO3 B STOW rpynne 4alle BCEro xapakrtepnaoBasicst NpeobnajaHuneM L. iners, a BapuaHT HOpMoLIeHO3a C NpeocbnagaHnem
L. crispatus onpenensny TONbKO Y KaXKO0N TPETbEN >KEHLLMHbI. B TO >ke Bpemsi BapnaHT HOpMOLeHO3a ¢ npeocbnagaHnem
L. crispatus 6bin 06Hapy»eH y 46,2 % »eHLLWH, KOTOopble OblN OTHECEHbI K rPyMne KIMHUYECK 3A0POBbIX HA OCHOBAHUM
onpoca, 0CMOTpa Bpada 1 MUKPOCKOMMHECKOrO NCCNeA0BaHNS. OTO FOBOPUT O TOM, YTO KIMHMYECKAsh OLEHKa COCTOSHMA
HVDKHX OTAENO0B reHvTanuii 6e3 yveTa AaHHbIX MUKPOCKOMW HOCUT CyOBbEKTUBHBIN XapakTep v B psie Cly4aeB He Mo3BOSIAET
BbISIBUTL Y MaLmeHTKu aucbunos Bnaranmia.

KntoueBble cnoBa: MVKPOOMOLEHO3 BraravlLa, BarHabHble naktobaumnnel, Lactobacillus iners, Lactobacillus gasseri,
Lactobacillus crispatus, HOPMOLIEHO3, ANCOUO3

BnarogapHocTu: asTopbl 6narogapat Banepus XatotuHa, anpexktopa Megyko-dhapMaueBTUHeckoro LeHTpa «fapMoHns», 3a BO3MOXHOCTb BbIMOSIHEHWSA NCCe-
[OBaHVs Ha 6ase LeHTpa.
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Criteria have not been ultimately defined yet for a normal
vaginal microbiota of a healthy woman. A microbiota of an
individual woman beneficial for her reproductive health may
not be a close match to the population norm which is largely
determined by a study design, since it describes the frequency
of vaginal flora variations in women recruited according to
certain inclusion criteria, such as ethnicity, area of residence,
age, job, etc.

Extensive data have been collected under the Human
Microbiome Project about the vaginal flora of women
representing different ethnic groups [1-6]. The project
employed whole-genome sequencing enabling identification
of all microorganisms that constitute the vaginal microbiome.
Some authors use a classification of vaginal microbiota
types based on the proportion of dominant bacteria; if lactic
bacteria are the most abundant in the community, which
is an indicator of vaginal health, then microbiotas are
classified according to the dominant lactobacilli species [6].
Consequently, researchers distinguish between 5 major types
of microbial communities inhabiting the female reproductive
tract [6]:

1.type | — normal flora dominated by Lactobacillus
crispatus,

2. type Il — normal flora dominated by L. gasseri,

3. type Il — normal flora dominated by L. iners,

4.type IV — dysbiotic flora dominated by obligate

anaerobes,

5. type V — normal flora dominated by L. jensenii.

Although all types of microbial communities listed above
were identified in women of all ethnic groups, their prevalence
varied depending on the ethnicity. For example, type IV
(dysbiosis) was observed in 40.6 % of black and 38.1 %
of Hispanic women who were shown to be at an increased
risk of miscarriage associated with bacterial vaginosis (BV).
At the same time, type | was more common for Caucasian
participants (45.4 %). The dysbiotic microbiota was observed
only in 10.3 % of white women. Correlations were established
between the normal microbiota dominated by L. crispatus and
a lower vaginal pH [6]. Strong protective effects of L. crispatus
were associated with high colonization capacity and increased
production of hydrogen peroxide and lactic acid [6-8] To our
knowledge, no similar studies have been carried out in the
Russian population so far.

In most cases, descriptions of the vaginal microbiome are
based on the data obtained from asymptomatic women, i.e.
those who consider themselves healthy. However, complaints
or the lack of thereof are always subjective, because a patient
does not have a reference value to compare her condition to;
besides, the idea of normality varies culturally and socially.
Visual assessment of the vaginal mucosa and vaginal secretions
by the doctor is subjective. Therefore, criteria for normality
are incomplete without lab tests. It is unclear how much the
“normal” vaginal microbiota varies across studies depending
on the criteria applied.

Femofior, a real-time polymerase chain reaction-based
(PCR) assay, was introduced into clinical practice in 2008.
About the same time, criteria were proposed for the assessment
of the statusof the vaginal flora [9]. Genotyping of vaginal
lactobacilli entailed the need to revise previously used criteria
for normality.

This study aimed to describe some compositional aspects
of the vaginal microbiota, including the diversity of lactobacilli, in
reproductive-age women from Yekaterinburg who considered
themselves healthy, based on the criteria applied to the norm

group.

METHODS

The study recruited 234 women aged 18 to 45 (mean age was
30.3 + 6,6 years) who presented at the Medical Center Harmony
(Yekaterinburg) for a gynecology check-up over the period from
2011 to 2015. All women considered themselves healthy and
had no complaints indicative of vaginal inflammation. Exclusion
criteria were: sexually transmitted obligate pathogens, HIV,
HBV or HCV, and systemic or local antibiotic therapy in the
preceding 4 weeks.

All women were examined once. Vaginal microbiota
samples were analyzed using Femofior-16 real-time PCR-
based assay (R&D DNA-Technology, Russia). Six species of
Lactobacilli were quantified: L. crispatus, L. iners, L. jensenii,
L. gasseri, L. johnsonii, and L. vaginalis, by real-time PCR, but
for this purpose we used a reagent kit for scientific research by
the same vendor.

Microscopy of the vaginal swab was performed using
Romanovsky-Giemsa staining. The status of the vaginal
microbiota was assessed based on the criteria proposed by
Kira E. F. in 2001 [10].

The participants were questioned about their vaginal
health. Vaginal examination with mirrors was conducted in all
women to assess the status of the vaginal mucosa and quality
of vaginal discharge.

Statistical analysis was performed using WinPepi. Two-
tailed Fisher test was performed to estimate differences
in the prevalence of different microbial communities in the
participants.

RESULTS

All study participants (Main group) were divided into two
subgroups. Subgroup 1 included 125 women who had no
complaints and no signs of vaginal inflammation detected during
visual examination by the gynecologist. Subgroup 1 consisted
of 52 women from Subgroup 1 who had no complaints, no
visual signs of vaginal pathology and no pathogenic shifts in the
microbiota revealed by microscopy [10].

Depending on the proportion of lactobacilli that normally
dominate the healthy microbiota and the proportion of
opportunistic microorganisms (OMs), we identified 5 types of
microbial communities:

1. normal flora, type | — proportion of Lactobacillus
spp. > 80 %, dominated by L. Crispatus,

2. normal flora, type Il — proportion of Lactobacillus
spp. > 80 %, dominated by L.gasseri prevailing,

3. normal flora, type Il — proportion of Lactobacillus
spp. > 80 %, dominated by L. Iners,

4. normal flora, type IV— proportion of Lactobacillus
spp. > 80 %, dominated by L. jensenii/L. vaginalis,

5. dysbiosis — proportion of Lactobacillus spp. < 80 %,
proportion of OMs > 20 %.

Prevalence of different types of normal flora and dysbiosis
is shown in Figure.

Dysbiosis was detected in 19.7 % of all examined women
(Main group); the vaginal microbiota of 80 % of the participants
was normal. Type Il of the vaginal flora was the most common
type observed in 38.9 % of the participants (Figure). The
second prevailing type was type | (dominated by L. crispatus);
it was found in 30.8% of women who considered themselves
healthy.

No significant differences were revealed in the microbial
composition of the vaginal microbiota between subgroup 1
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(women found healthy by the visual examination) and all
other participants. Dysbiosis was observed in 19.2 % of the
participants in subgroup 1. Type | of the vaginal flora was
detected in 31.2 % of the examined women, and type Ill was
observed in 37.6 % of the patients. Types Il and IV were rare in
subgroup 1 and in all the participants in general.

Compositionally, the vaginal microbiota of subgroup 1
differed significantly from that of 2 other groups: the dysbiotic
type was 5 times less common (3.8 % vs. 19.7 % in main group
and 19.2 % in subgroup 1, p < 0.01). The normal flora dominated
by L. crispatus was significantly more common in subgroup 1:
this microbiota type was observed in almost half of the
examined women. Prevalence of other microbiota types varied:
type Il (dominated by L. gasseri) and type IV (dominated by
L. jensenii/L. vaginalis) were slightly more common than other
types, while type Ill (dominated by L. iners) was less common.
The difference, however, was insignificant, which may be due
to the small number of women who carried these microbiota
types.

Thus, one out of 5 women who considered herself healthy
(main group) was diagnosed with vaginal dysbiosis. A similar
result was obtained for those women who were found healthy
after the visual examination by the gynecologist (subgroup 1).
In contrast, almost half of the women from subgroup 1, whose
vaginal health was evaluated using microscopy, had type 1
vaginal flora — the most beneficial type of microbial community
dominated by L. Crispatus. In this group, dysbiosis was
observed in a few patients only.
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DISCUSSION

The obtained data demonstrate that criteria used to form norm
groups significantly affect the outcome of the study and should
be carefully elaborated when working on a study design. How
woman sees her health is subjective; the same is true for a visual
examination performed by the doctor. Patient’s and doctor's
opinions alone unsupported by lab tests may result in the
underdiagnosis of the dysbiotic state and untimely treatment
of vaginal dysbiosis, which will affect woman's reproductive
health.

In this light, it is interesting to compare our results with
the data published by Ravel et al. [6]. They analyzed vaginal
microbiotas in 4 ethnic groups (Caucasian, Asian, Hispanic
and Afro-American). Study participants considered themselves
healthy at the time of the examination, in spite of the fact that
some of them had not seen a gynecologist for a check- for
several years, similar to main group in our study. Results of the
comparative analysis are presented in Table.

Vaginal microbiotas of women in our study differed from
those of other ethnicities (the study was conducted in the USA,
in Baltimore and Atlanta). In our opinion, it would be incorrect
to estimate significance of differences between the two studies
because methods used for the assessment of the vaginal
microbiota status were different. However, in our study dysbiosis
was detected 2 times more often than in the Caucasian group;
its prevalence was comparable to the prevalence in the Asian
group. The most beneficial microbiota type was 1.5 less

Subgroup 2

Normal flora, type IV [l Dysbiosis

Prevalence of different types of the vaginal microbiota in women with no visual signs of vaginal inflammation (* — p < 0.05 and ** — p < 0.01 when comparing main

group and subgroup 1 and subgroups 1 and 2)

Prevalence of various microbiota types in women of different ethnic groups who considered themselves healthy

Study by Ravel et al., 2011 (whole-genome sequencing) [6] Our data (real-time PCR)
Vaginal flora type . .
Caucasian (n = 98) Asian (n = 97) Hispanic (n = 97) Afro-American (n = 104) R“SS'a’(‘r} \feggf””b”rg
Normal flora, type | 454 % 25,0 % 14,4 % 221 % 30,8 %
Normal flora, type I 8,2 % 52 % 72 % 4,8 % 4,7 %
Normal flora, type 1l 26,8 % 42,7 % 36,1 % 31,5 % 38,9 %
Normal flora, type IV 9,3 % 7,3 % 4.2 % 1,0 % 6,0 %
Dysbiosis 10,3 % 19,8 % 38,1 % 40,6 % 19,7 %
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common in the Russian women than in the Caucasian group,
but more common than in other ethnic groups. On the whole,
in our study vaginal microbiota composition was similar to that
of Asian women. Further research is necessary to compare the
results of our study with the results of similar studies conducted
in other Russian regions.

CONCLUSIONS

Vaginal dysbiosis detected by real-time PCR is common in
reproductive-age women who consider themselves healthy. It
was observed in one out of five patients. Normal vaginal flora
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PREVALENCE OF LACTOBACILLUS INERS IN THE VAGINAL MICROBIOTA
OF WOMEN WITH MODERATE DYSBIOSIS IS ASSOCIATED WITH CLINICAL
SYMPTOMS OF INFECTIOUS INFLAMMATORY CONDITION OF THE VAGINA
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Moderate vaginal dysbiosis is a shift in normal vaginal microbiota composition characterized by increased levels of opportunistic
microbes and an ordinary high proportion of lactobacilli that make up 20 to 80 % of the total microbial population of the vagina.
Some women with vaginal dysbiosis do not show any symptoms of the infectious inflammatory condition (IIC), which raises
the question of whether their dysbiosis should be corrected. We studied the association between some parameters of the
microbiota and clinical symptoms of lIC in female patients with moderate vaginal dysbiosis. Participants were distributed into
two groups: group 1 included patients with clinical symptoms of IIC (n = 91), group 2 was comprised of asymptomatic patients
(n = 44). Mean age was 26.9 + 6.9 years. Vaginal microbial communities were studied using real-time polymerase chain
reaction assays. Levels of six Lactobacillus species were measured in the vaginal discharge: Lactobacillus crispatus, L. iners, L.
jensenii, L. gasseri, L. johnsonii, and L. vaginalis. We found that L. iners dominated the microbiota of 45 (49.5 %) symptomatic
patients and only 9 (20.5 %) asymptomatic individuals (p = 0.002), unlike L. gasseri that significantly prevailed in the samples
of asymptomatic patients: 23 (52.3 %) women vs 21 (23.1 %) in the group of patients with clinical signs of IIC (p = 0.001).
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NMPEOBNAOAHNE LACTOBACILLUS INERS B MUKPOBUOLIEHO3E
BINATAJIMLLA XXEHLLUWH C YMEPEHHBIM OUCBENO30M
ACCOLUMNPOBAHO C HAJTMYNEM KITMHNYHECKNX NMPU3HAKOB
WHOEKLMOHHO-BOCNAJINTENBHON MATOJIO N BNATAJIULLIA

E. C. BopowwmnmHa™ =, E. 3. Mnotko?3, J1. B. XatotnH?, H. A. Tuwerko!, . J1. 3opHukos!
"Kadhenpa M1Kpobronorum, BUPYyCcOoNornm 1 UMMYHOMOMN, MEOVKO-MPOMUNaKTUHECKNI (haKybTET,

YpanbCkuii rocyaapCTBEHHbIN MEVLMHCKUIA yHUBEPCUTET, EkateprHOypr
2 Megvko-thapmMaueBTUHeCKI LEHTP «fapMoHWst», EkaTepnHoypr

S Kadepnpa akyLuepctsa 1 rmHeKonorim, nedebHo-nNpounakTuHeckmin hakynsTer,
YpanbCKuii rocyaapCTBEHHbIN MeaVUMHCKIIA yHUBEPCUTET, EkaTeprHOypr

YMepEHHbI AMCOMO3 BRarauLLa SBnseTcs NepexoaHsiM TUMoM BarvHaibHOrO MMKPOBUOLIEHO3a, A5t KOTOPOro XapakTepHO
yBESIMYEHVE KONMYECTBA U AOMN YCOBHO-MATOMEHHbIX MUKPOOPraHN3MOB MPW COXPaHEHNM BbICOKOM A0MM NakTohiopsl —
Ha yposHe 20-80 % oT 0bLLe MUKPOBHOM B1oMaCChI. Y HacTW MEHLUMH JaHHOE COCTOSHNE MUKPOBMOLIEHO3a HE COMPOBO-
XKOAETCHA KITMHNYECKMU NMPU3HaKaMy NHPEKLMOHHO-BOCNaNUTENBHON naTtonorun Bnaranuwa (V1BI1), n Bo3HrkaeT Bonpoc o
LienecoobpasHOCTN KOPPEKLIM YMEPEHHOro AMcbrnosa B SToM ciydae. B nccnenoBaHnm oLeHNBaIM B3aMMOCBSA3b MeXy
OTAENbHBIMU MYKPOBUONOrMHECKNMM MOKa3aTeNAMMN 1 HANMHMEM KITMHUYECKMX NposiBnenHnii BITy naumeHToK ¢ yMepeHHbIM
OMCHMO30M BarvHaIbHOM MUKPOOMOTbI. Bblnn chopmmpoBaHbl ABe MpyMbl y4acTHULL: rpynna 1 — nauneHTKN ¢ KIMHNYeCKU-
MK NpraHakamn VIBI (n = 91), rpynna 2 — KAMHNYEeCKN 300P0BbIe XXeHLLUWHbI (N = 44). CpenHniA BO3PacCT »KEHLLWMH COCTaBW
26,9 + 6,9 netT. MMKpoBbMoLIEHO3 1ccnenoBan MeToaoM NoNMMepPas3HoW LEMHON peakumi B PEXME «peanbHOro BPeMeH».
[MpoBenM KONMMYEeCTBEHHYIO OLIEHKY 6 BWOOB NakTtobaumnn B BarvHanbHOM oTaensemoMm: Lactobacillus crispatus, L. iners,
L. jensenii, L. gasseri, L. johnsonii, L. vaginalis. Beino yctaHoBneHo, 4To L. iners npeobnagaet B MMKpobuoLieHo3e 45 (49,5 %)
nauveHToK ¢ npuaHakamu VIBI, Torga Kak y KIMHNYECKM 3[00P0BbIX XKeHLUMH NpeobnajaHne JaHHOro Buaa naktobaumnn
3admkerpoBanu B 9 (20,5 %) cnydasx (p = 0,002). L. gasseri, HA060pOT, JOCTOBEPHO Hallie Npeobnafan B obpasuax, nosy-
YeHHbIX OT KJIMHUYECKM 300P0BbIX NaumeHTok: 23 (52,3 %) cnyyasn npotve 21 (23,1 %) B rpynne NaumeHToK C KIIMHUYECKMN
npuaHakamu VIBIT (p = 0,001).

KntoueBble cnoBa: MMKPOOMOLIEHO3 Bnaranvila, BarnHaibHble naktobaumnnel, Lactobacillus iners, Lactobacillus gasseri,
YMEPEHHbI Ancbnos Bnaranmiia
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[oBaHVs Ha H6ase LeHTpa.
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Numerous studies show that the vaginal microbiota of healthy
women is dominated by Lactobacillus [1-4]. Lactobacilli
are thought to ensure colonization resistance of the vaginal
microbial community. The vaginal epithelium can be colonized
by other microbes, but they are less abundant in healthy
women.

Many vaginal microorganisms are not so readily culturable
or completely unculturable [5-8], including some Lactobacillus
species that refuse to grow on standard media. It was shown
that one of the most prevalent species, Lactobacillus iners,
cannot grow on Sharpe (MRS) and Rogosa agars used to
culture lactobacilli [9]. Therefore, culture-based studies provide
very scarce data on the diversity of species constituting the
vaginal microbial community. To date, the most comprehensive
results can be achieved using methods of molecular genetics.

Health of the vaginal microbiota is determined by the
abundance of lactobacilli (no less than 80 % of all species
isolated from the sample) measured by real-time polymerase
chain reaction assays [10]. If lactobacili constitute 20 to
80 % of the whole microbial community, the vaginal microbiota
is considered moderately dysbiotic. Moderate dysbiosis is
very often asymptomatic; therefore, it presents a particular
interest for researchers and health professionals and raises the
question of whether it is necessary to treat this condition in the
absence of signs of vaginal inflammation.

Of importance is identification of microbiological markers
associated with clinical signs of vaginal inflammation in patients
with moderate dysbiosis. Studies of the diversity of lactobacilli
in the vaginal microbiota of reproductive-age women showed
that prevalence of some lactobacilli varies in patients with
different types of vaginal flora [11]. Perhaps, there is an
association between the diversity of lactobacilli in patients with
moderate dysbiosis and the presence of subjective symptoms
and objective signs of vaginal inflammation. We cannot rule
out the possibility that clinical manifestations of pathology in
moderate dysbiosis depend on the diversity and abundance of
opportunistic bacteria inhabiting the vagina.

The aim of this study was to estimate the correlation
between some microbiological characteristics and the
presence of clinical signs of vaginal infection in patients with
moderate vaginal dysbiosis.

METHODS
The study was carried out in 135 women with moderate vaginal

dysbiosis aged 18 to 53 (mean age was 26.9 + 6.9 years),
outpatients of the Medical Center Harmony (Yekaterinburg) in

18.7 %
31.8 %

Patients with Il
n=91)

Healthy women
(n=44)

Proportions of lactobacilli

B 20-40 % B 40-60 % 60-80 %

Fig. 1. Proportions of lactobacilli in the vaginal microbiota of women with
moderate dysbiosis in the presence and absence of clinical signs of inflammatory
infection (n = 135)

2011-2016. Exclusion criteria were HIV, parenteral hepatitis,
sexually transmitted infections, namely Treponema pallidum,
Neisseria gonorrhoeae, Chlamydia trachomatis, Mycoplasma
genitalium, and Trichomonas vaginalis, and antimicrobial
therapy started as early as 4 weeks before the study.

Samples (posterolateral vaginal wall swabs) were collected
into Eppendorf tubes containing 1 ml sodium chloride
solution. DNA was extracted using the Proba-GS reagent kit
(R&P DNA-Technology, Russia). Abundance and diversity of
species in the samples were evaluated by real-time PCR and
the Femoflor reagent kit (R&P DNA-Technology). Identification
and quantification of 6 Lactobacillus species (Lactobacillus
crispatus, L. iners, L. jensenii, L. gasseri, L. johnsonii,
L. vaginalis) was done by real-time PCR with reagent kits for
scientific research (R&P DNA-Technology) and the DT-96 PCR
detection system by the same vendor.

Patients were questioned about their complaints and
examined to identify clinical signs of infection-induced
inflammation of the lower genital tract.

Statistical analysis was performed using Microsoft Office
Excel 2007. Significance of differences was estimated by the
two-tailed Fisher’s test using WinPepi software.

The study was approved by the Ethics Committee of the
Ural State Medical University (Protocol No. 4 dated May 05,
2015). All patients gave their informed consent.

RESULTS

All patients were divided into two groups depending on the
presence of clinical signs of an inflammatory infection (Il) in the
lower genital tract. Group 1 consisted of 91 patients with clinical
signs of Il, group 2 included 44 healthy women. We attempted
to establish associations between the proportion of lactobacilli
in the microbiota, the dominant species of lactobacilli, the
dominant species of opportunistic microorganisms (OMs),
and Il.

Based on the proportion of lactobacilli (20-40 %, 40-60 %
and 60-80 %), all patients were divided into 3 subgroups. Then
the relative share of each subgroup in groups 1 and 2 was
estimated (Fig. 1). The difference between the groups was
insignificant.

Prevalence of dominant Lactobacillus species in groups
1 and 2 was different (Fig. 2). L. iners was significantly more
common in group 1 (patients with Il) than in group 2: 45 women
(49.5 %) vs. 9 (20.5 %), respectively (p = 0.002). L. gasseri,
on the contrary, was significantly more common in group 2

52.3 %*

49.5 %~

Patients with Il
(n=91)

Healthy women
(n=44)

M L. crispatus M L.iners [0 L. gasseri M L.jensenii M L. vaginalis

Fig. 2. Prevalence of lactobacilli species in the vaginal microbiota of women with
moderate dysbiosis in the presence and absence of clinical signs of inflammatory
infection (n = 135). Asterisks represent significantly different values (p < 0.01)
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Prevalence of opportunistic pathogens in the vaginal microbiota of women with moderate vaginal dysbiosis in the presence or absence of clinical signs of inflammatory

infection (n = 135)

Dominant opportunistic pathogen Patients with Il (n = 91) Healthy women (n = 44)
Enterobacteriaceae family 3 (3.3 %) 0
Streptococcus spp. 6 (6.6 %) 6 (13.6 %)
Enterococcus spp. 0 2 (4.5 %)
Gardnerella vaginalis/Prevotella bivia/Porphyromonas spp. 50 (54.9 %) 24 (54.5 %)
Eubacterium spp. 8 (8.8 %) 5(11.4 %)
Sneathia spp./Leptotrichia spp./ Fusobacterium spp. 2 (2.2 %) 0
Megasphaera spp./Veilonella spp. /Dialister spp. 4 (4.4 %) 3 (6.8 %)
Clostridium spp./Lachnobacterium spp. 3 (3.3 %) 0
Peptostreptococcus spp. 0 1(2.3 %)
Atopobium vaginae 15 (16.5 %) 3 (6.8 %)

(healthy women) than in group 1: 23 patients (62.3 %) vs. 21
(28.1 %), respectively (p = 0.001). Prevalence of L. crispatus,
L. jensenii and L. vaginalis in both groups was comparable.

Opportunistic pathogens were represented by dominant
Gardnerella vaginalis/ Prevotella bivia/Porphyromonas  spp.
(GPP) in every second woman with or without clinical signs of
IIl. Other OMs were far less common. No significant difference
was revealed between OM prevalence in groups 1 and 2 (see
the Table).

DISCUSSION

Study results demonstrate that lactobacilli inhabiting the
vagina of reproductive-age women are represented mainly by
L. crispatus, L. iners, L. gasseri, and L. jensenii, which is
consistent with the results of other studies [1, 2, 12, 13].
It is noteworthy that L. iners and L. gasseri dominate the
Lactobacillus community in patients with moderate dysbiosis. A
number of researchers have demonstrated that the presence of
these lactobacilli is associated with an increased risk of bacterial
vaginosis and poor pregnancy outcome [14—16]. Previously, we
showed that L. gasseri can dominate the vaginal microbiota
of patients with moderate dysbiosis [11]. Frequent detection
of L. gasseri as a dominant species in patients without clinical
signs of Il, whose microbiota can be described as moderately
dysbiotic, prompts us to assume that it can be a normal variant
of the healthy vaginal flora and does not require any treatment.
At the same time, moderate dysbiosis characterized by
dominant L. iners is very often accompanied by clinical signs of
Il. Moreover, L. iners dominance is associated with an increased
risk of marked vaginal dysbiosis [11]. Recent studies show that
L. iners are higly adaptable and can survive in the presence of
abundant Oms [17, 18]. Therefore, dominance of L. iners is a
very unfavorable factor and requires medical correction.
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EFFECTIVENESS AND SAFETY OF TREATMENT WITH DOMESTIC
CEPEGINTERFERON ALPHA-2B IN PATIENTS WITH CHRONIC HEPATITIS C
INFECTION. ACTUAL CLINICAL EXPERIENCE
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Interferon-based regimens for chronic hepatitis C (HCV) are quite common, just like interferon-free treatments, and are extensively
used in Russia because interferon is widely available to most patients. In 2013 the original Russian drug cepeginterferon
alpha-2b (cepeglFN alpha-2b marketed as Algeron by Biocad, Russia) was introduced into clinical practice. The aim of this
study was to assess effectiveness and safety of cepeglFN alpha-2b as part of the combination therapy with ribavirin in patients
with chronic HCV infection. The study was conducted over the period from 2014 to 2016 and recruited 37 patients with chronic
genotype 1 HCV infection: 22 men and 15 women (mean age of 42.0 + 5.2 years). All of them received the following combination
antiviral therapy (AT): 1.5 pg/kg cepeglFN alpha-2b once a week and 15 pg/kg ribavirin daily over the period of 48 weeks.
Effectiveness of AT was assessed by the rate of sustained virological response (SVR), i. . aviremia achieved 24 weeks after the
onset of treatment. In our SVR was observed in 26 patients (70.3 %). Adverse effects seen in the course of AT were typical of
interferon-based drugs and ribavirin. CepeglFN alpha-2b dosage was corrected in two patients who developed neutropenia;
ribavirin dosage was corrected in 3 patients who developed anemia. Based on the obtained results, we recommmend including
cepeglFN alpha-2b into the combination antiviral therapy in patients with chronic HCV infection.

Keywords: chronic hepatitis C, HCV infection, antiviral therapy, cepeginterferon alpha-2b, ribavirin, virological response,
treatment effectiveness
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QPPEKTUBHOCTb N BE3OMNACHOCTb NPUMEHEHUA OTEHYECTBEHHOIO
LEMN3rMHTEP®EPOHA AJIb®A-2B B TEPANMNUN XPOHUYHECKOI'O
FEMATUTA C. OMbIT PEAJIbHOW KIIMHUYECKOW MPAKTUKN

C. B. Tkauesa'®, 3. P. Mananoga', 0. M. CosuHoBa'?, ®. M. Akynosa'?, HO.B. ®a3binosa’
"Kadenpa MHPEKLMOHHbIX 6one3Hen, MegUKO-NPOMUNaKTUHECKNI (haKybTET,
KagaHckuin rocyiapCTBEHHbI MEAULIMHCKMIA YHUBEpCUTET, KasaHb

2 KoHeynbTaTBHO-AMarHOCTUHECKOe OTAENeHVe,
PecnybnvkaHckast KnnHn4eckast MHekLUMoHHas 6onbHMLa meHn A. ®. AracdoHosa, KasaHb

3 Kadhenpa TepaneBTNHeCcKor CTOMATONOMM, CTOMATONOMMYECKUIA (hakynbTeT,
KasaHckuin rocygapCTBeHHbIN MeaNUMHCKIUIA yHMBepcuTeT, KadaHb

B HacTogdwee Bpems ona neveHns xpoHundeckoro renatuta C (XIC) ncnonbadyoT kak 6e3rHTepdepOHOBbIE, Tak U UHTEP-
hepoHcoaepKaLLIe CXeEMbl MPOTUBOBUPYCHOM Tepanin. NocnegHre 4OCTaToOqHO LUMPOKO MCNONb3ytoTes B Poccumn 3a cHet
OOCTYMHOCTM MpenapaToB MHTEPdEPOHa LUMPOKMM cnosim HaceneHus. C 2013 1. B KIMHUYECKOW MPaKTUKE NCMNOMNb3YeTCs
OPUrMHABHBIN POCCUMCKUIA MpenapaTr — uenaruHTepdepoH anba-2b (uenarll®H ansda-2b; Toprosas mapka «Anbre-
poH», «brokag», Poccus). Lienbto HaCcTosALLEro nccnegoBanHvs aBnsnack oLeHka ahdeKTMBHOCTU 1 Be30MacHOCTM LIenar-
VI®OH anbda-2b npu ero npumeHeHun ¢ pubasmprHOM anst nedveHns naupeHToB ¢ XIC. VccnegoBaHne 6b110 MPOBEAEHO
B 2014-2016 rr., B HeM npuHAnn ydactne 37 naumeHtoB ¢ XI'C (reHoTun Bupyca 1): 22 My>KUrHbl U 15 XKeHLUWH (CpeaHun
BospacTt — 42,0 + 5,2 roga). Bce oH BnepBble noyHan KOMOVMHMPOBaHHYKO MPOTUBOBUPYCHYHO Tepanuto (MBT): uenarIdH
anbda-2b B 0ose 1,5 MKI/Kr/Hen, v pnbasmpuH B o3e 15 Mr/kr/cyT. B TeveHne 48 Hepenb. ShdekTmBHOCTb MNBT oueHvBann
no YacToTe AOCTUKEHWSA YCTONYMBOrO BMPYCONorm4eckoro oteeta (YBO) — aBupemun vepes 24 Hepenu nocne MNBT. B Ha-
wem nccneposaHum YBO gocturnm 26 naumenToB (70,3 %). 3apernctpupoBanHblie Ha hoHe MNBT HexxenatenbHble SBNeHns
OblNn xapakTepHbIMX ANs HTepdepoHa 1 pnbasupuHa. [Jogdy uenarI®H anbta-2b B CBA3K C pasBUTUEM HENTPONEHUN
KOPPEKTVPOBaM 2 naumeHTam, o3y pubasnpuHa B CBA3W C Pa3BUTEM aHeMUM — 3 nauneHTam. [ofyyenHHble pesynstaTsl
NO3BONAT pekoMeHaoBaTh LenarIdH anbda-2b ons BKNKYEHMS B CXEMbl KOMOVHNPOBAHHOM MPOTUBOBMPYCHOW Tepaniim
Onst nedeHns 6onbHbix ¢ XIFC.

KntouyeBble cnoBa: xpoHudeckuii renatut C, Bupyc renatuta C, NPOTUBOBUPYCHas Tepanvis, LienarnHTepdepoH ansga-2b,
PrBaBUPWIH, BUPYCONOMMHECKMA OTBET, 3(EKTVBHOCTb NEYEHNSs
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Currently, 2 to 3 % of the world population are infected with
hepatitis C [1, 2]. It is known that HCV infection can progress
asymptomatically. Without treatment some patients develop
liver fibrosis, cirrhosis, liver failure, and hepatocellular carcinoma
[1-3].

Antivirals are a standard treatment for chronic hepatitis C
(CHQC). According to European and Russian clinical guidelines,
antiviral therapy (AVT) should be prescribed to all HCV-infected
patients; however, there are patients who require immediate
AVT and those whose AVT can be delayed [1, 2].

There are interferon-based and interferon-free regimens
for AVT. First-line therapy is based on the use of pegylated
interferon alpha (PEG-IFN) in combination with ribavirin [1-3].
PEG-IFN is obtained by attaching an interferon molecule
to a polymer called polyethylene glycol. The therapeutic
effect of PEG-IFN is determined by interferon that exhibits
antiviral, immunomodulatory and antiproliferative properties.
Conjugation with polyethylene glycol increases the molecular
weight of the resulting molecule, which prolongs IFN-alpha
circulation in the blood.

Cepeginterferon alpha-2b, an original drug marketed as
Algeron (Biocad, Russia), is one of the relatively inexpensive
PEG-IFNs available on the Russian market, with polyethylene
glycol molecular weight of 20kDa. It has been used in the
clinical routine since 2013 [4, 5]. Unlike other interferon-based
drugs, such as PEG-IFN alpha-2a or PEG-IFN alpha-2b,
cepeginterferon alpha-2b has a single isomer, which makes its
composition homogenious and ensures stable antiviral activity.
So far, clinical trials have shown its sufficient effectiveness and
an acceptable safety profile in comparison with other PEG-
IFNs, and the drug was subsequently included into double and
triple antiviral therapy regimens [6, 7]. It should be noted that
AVT regimens based on cepeglFN-alpha 2b are available to
the majority of HCV-infected Russian, due in no small part to
its relatively low cost. In this light, its effectiveness, safety and
tolerance should be widely discussed [5, 7].

The aim of this study was to assess effectiveness and safety
of combination therapy with cepeglFN alpha-2b and ribavirin in
patients with chronic HCV infection in the clinical setting.

METHODS

The study was conducted at the facilites of Agafonov
Republican Clinical Hospital of Infectious Diseases, Kazan,
in 2014-2016. The study enrolled 37 patients with CHC:
22 men and 15 women aged 23 to 65 years (mean age was
42.0 + 5.2 years). Forty-five percent of patients had been
infected for up to 5 years by the time of the study. All participants
received a previously untried combination AVT with 1.5 pg/kg
cepeglFN alpha-2b per week and 15 pg/kg ribavirin per day for
48 weeks.

In preparation for the treatment , at weeks 4, 12, 24
and 48 of the treatment, and 24 weeks after the treatment,
a number of tests were carried out, including (1) the enzyme
linked immunosorbent assay (ELISA) to detect the presence
of anti-HCV and anti-HBsAg antibodies using the Multiskan
Ascent plate reader (Agiletn Technologies, USA) and the Best
reagent kit by Vector-Best, Russia; (2) determination of the
viral load and genotyping of viral RNA using real-time
polymerase chain reaction (sensitivity of 15 mU/ml); a viral load
of > 8 x 10° mU/ml viral RNA copies was considered high; these
tests were run using the Rotor Gene-Q real-time PCR cycler
(Qiagen, Germany); (3) the analysis of IL28B single nucleotide
polymorphisms rs8099977 and rs12979860 (reagents used:
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the AmpliSense reagent kit by Interlabservice, Russia); (4)
ultrasound imaging of the hepatobiliary system; (5) transient
elastography of the liver with FibroScan 502 Touch (Echosens,
France); (6) liver function tests, protein profile, full blood count,
urinalysis; (7) ultrasound imaging of the thyroid and measuring
the levels of the thyroid stimulating hormone, triiodothyronine
(T3), thyroxine (T4), and thyroid peroxidase antibodies; (8)
determination of ANA, AMA, ASMA, and LKM antibodies
in the blood, if clinically indicated; (9) the examination of the
periodontium followed by treatment, if necessary.

To assess treatment safety, we recorded every change
in patients’ general condition and deviations from the norm
detected by blood tests. Side effects were evaluated using the
CTCAE (Common Terminology Criteria for Adverse Events) [6].

Treatment effectiveness was assessed based on the
frequency of sustained virologic response (SVR), or aviremia,
24 weeks after the treatment was complete.

Statistical analysis was performed using MS Excel-2007
and the Student’s t-test.

The study was approved by the Ethics Committee of
Agafonov Republican Clinical Hospital of Infectious Diseases
(Protocol No. 4 dated December 17, 2013). All patients gave
their informed consent.

RESULTS

Genotyping revealed that all patients were infected with
genotype 1 HCV (subtype 1b was identified in 36 patients;
one patient was infected with subtype 1a). The viral load was
low in 56.8 % of patients (n = 21). The samples of 84 %
(n = 31) of patients were screened for IL28B polymorphisms to
reveal that 58 % of them had favorable IL28B genotypes: CC
(rs12979860) and TT (rs8099917).

Fibroscans detected no signs of fibrosis (FO METAVIR)
in 48.6 % of patients; mild and moderate fibrosis (F1-F2
METAVIR) was observed in 17.1 % and 14.3 % of patients,
respectively. Marked fibrosis (F3—-F4) was detected in 20 % of
patients. There were no patients with cirrhosis.

The patients were distributed into groups based on the type
of the virologic response achieved at different stages of AVT
and at week 24 of posttreatment follow-up, as shown in the
figure below. Rapid virologic response (RVR) at week 4 of the
treatment was observed in 62.2 % of patients; early virologic
response (EVR) at week 12 of the treatment was observed
in 86.5 % of patients; end-of-treatment virologic response
(EOTVR) was observed in 94.6% of the participants. Sustained
virologic response was achieved in 26 patients (70.3 %).

Before the treatment, the majority of patients had elevated
levels of alanine aminotranspherase (ALT), the average ALT
level being 76.22 + 4.77 U/l. In the course of treatment, the
ALT dynamics was positive: at weeks 4 and 12 of treatment,
ALT levels were down to 38.2 + 3.11 U/l (p < 0.05) and
31.37 = 1.27 U/l (p < 0.05), respectively. By the end of
treatment, ALT was within a range of reference values in 92 %
of patients (n = 34).

Treatment safety was assessed based on changes in
patients’ general health and deviations from the norm detected
by blood tests. The observed adverse effects were typical
of interferon and ribavirin: flu-like and asthenic-vegetative
syndromes (weakness, poor performance at work, fatigue), and
were observed in 36 patients. The flu-like syndrome occurred
in the beginning of treatment and was eliminated by the intake
of nonsteroidal antiinflammatory drugs. Skin reactions, such as
dryness, itching, or rashes, were seen in 66.7 %. Increased
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irritability and mood changes were observed in 61.2 % of
patients.

Blood tests indicated neutropenia, anemia and
thrombocytopenia (see the Table). Grades 1 and 2 anemia
(according to the CTCAE scale) was observed in 89.2 %
patients. One patient was prescribed leucostim (300 pg, taken
twice over the period of two weeks with a 7-day interval) at
week 4 of the treatment because of neutropenia (neutrophil
count went back to normal after leucostim therapy). Grades 1
and 2 thrombocytopenia was detected in 35.1 % of patients.

The dose of cepeglFN alpha-2b was corrected in 2 patients
who developed neutropenia; ribavirin dose was corrected in 3
patients who developed anemia.

DISCUSSION

The obtained results demonstrate high effectiveness (70.3 %
of patients with sustained virologic response) and safety of
a combination AVT with cepeglFN alpha-2b in patients with
chronic HCV. Our data are consistent with the results of other
studies [6-11]. For example, in a randomized comparative
clinical study aimed to assess effectiveness and safety of
1.5 pg/kg and 2.0 pgrkg doses of cepeglFN alpha-2b taken
in combination with ribavirin [6], sustained virologic response

was achieved in 71.4 % of patients (cepeglFN alpha-2b
dose of 1.5 pg/kg). In another study [7], SVR was achieved in
64.6 % of patients with genotype 1 HCV, while in patients with
positive predictors of treatment outcome, this proportion was
75.0 %.

No serious adverse events were observed in any of the
participants; all side effects were expected and typical of
peglFN alpha and ribavirin. Therefore, a combination therapy
with cepeglFN alpha-2b and ribavirin is a reasonable choice
for patients with predictors of positive response to AVT (mild
fibrosis, low viral load, favorable IL28B polymorphisms, no
comorbidities).

CONCLUSIONS

Sustained virologic response to a combination therapy with a
cepeglFN alpha-2b and ribavirin was achieved in 70.3 % of
patients with chronic HCV infection. All adverse effects were
not unexpected and did not require termination of treatment.
Considering that interferon-free regimens for antiviral therapy
are unavailable to the majority of the Russian population,
interferon-based treatment is a good choice for patients with
genotype 1 HCV due to its relatively high effectiveness and
safety.

Blood counts of patients with chronic HCV infection before, during and 24 weeks after the antiviral therapy. Data are represented as M + m, n = 37

Observation period
Parameters
week 4 of week 12 of week 24 of week 48 of 24 weeks after
before treatment

treatment treatment treatment treatment treatment
WBC x 10° cells/L 55 + 0.16 3.4 + 0.12* 3.3 + 0.11* 2.7 £ 0.16™* 2.8 +0.18* 4.2 +0.26
RBC x 10 cells/L 4.7 + 0.06 4.0 + 0.08 3.6 + 0.06* 3.4 + 0.09* 3.5+ 0.08" 4.4 +0.06
HGB, g/L 1415 + 2.0 116.0 + 3.0" 113.0 £ 2.9* 111.0 £ 2.8* 112.0 + 4.02** 137.0+£1.2
PLT x 10° cells/L 220.0 = 8.2 161.1 + 8.4 157.0 £ 9.1 171.5 £ 8.0* 151.0 £ 9.96* 224.0 + 8.1

Note. *— p < 0.05, ™ — p < 0.01, ™ — p < 0.001 when comparing blood counts before and during the treatment.
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NG:YAG LASER HYALOIDOTOMY FOR PREMACULAR HEMORRHAGE IN
BOTH EYES IN A PATIENT WITH ACUTE MYELOBLASTIC LEUKEMIA
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Premacular hemorrhage occurs in various disorders and causes sudden unilateral or bilateral visual impairment. One of the well-
established techniques to treat this condition is Ng:YAG laser hyaloidotomy. Below we report a case of premacular hemorrhage
in the right and left eyes of a 23-year old patient with acute myeloblastic leukemia. Ng:YAG laser hyaloidotomy was successfully
performed on both patient’s eyes at different puncture sites.
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NAT-NNASEPHAA MYHKUNA NP NMPEMAKYJIAPHOM KPOBOU3NNAHNAN HA
OBOUX IMMA3AX Y MALUMEHTA C OCTPbIM MUENOB/ACTHbIM NEMKO3OM
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[MpemakynspHble KPOBOU3NAHUS MOTYT BO3HUKAaTb MO Pa3fnyHbIM NPUYMHaM 1 Bbi3blBaOT BHE3ANHOE OOHO- WK ABYCTO-
POHHEE CHKeHWe 3penrs. OQHMM 13 MPU3HAHHBIX BapUaHTOB NeveHns asnaetca VIAI-nazepHas nyHKUMS 3agHen rmanova-
HOWM MembpaHbl B 30HE KPOBOM3VSHUSA. ABTOPbI MPEACTaBNAOT cyyar ycneluHom VIAI-na3epHon NyHKLUMM NpeMaKkyisipHbIX
KPOBOU3NUSHUIA Ha 0B0MX rfasax C pasfnyHOM NoKanmMsalmen TOYKN MyHKTUPOBaHMS y 23-1eTHErO MnauneHTa ¢ OCTpbIM
MUenobnacTHbIM NENKO30M.
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Premacular hemorrhages (PMHSs) lead to sudden and profound
vision loss. They are caused by retinal vascular disorders
(diabetic retinopathy or vein occlusion), age-related macular
degeneration, Valsalva retinopathy, macroaneurysms, etc. [1-6].
Up to 49 % of patients with leukemia suffer from hemorrhages
in the ocular fundus, of them 6 % have PMHs [7]. In most cases
these lesions resolve spontaneously within a few weeks or
months, depending on the size. But for socially active patients
or those with hemorrhages in both eyes or in their only healthy
eye recovery should be expedited. Besides, vision restoration
has a positive psychological impact on patients with severe
comorbidities. Of all known treatment approaches, including
pneumatic displacement therapy with tissue plasminogen
activator [8, 9], vitrectomy [10], and Ng:YAG laser hyaloidotomy
[11-14], the latter is the safest and the most accessible.
Below we describe a case of a 23-year old patient with
acute myeloblastic leukemia with PMHs in both eyes resulting
in profound visual impairment. Ng:YAG laser posterior
hyaloidotomy was performed on both eyes of the patient,
with a few minute break between the procedures. This case
presents a particular interest, because due to the location of

the hemorrhage inferior margin in the fovea of the patient’s
left eye, it was decided to make the opening above the fovea
to avoid retinal damage. For the right eye the puncture site
was conventionally chosen at the inferior margin of the lesion.
Post-treatment follow-up revealed that hemorrhages resorbed
differently in the right and left eyes.

Case description

A 23-year old patient with acute myeloblastic leukemia
undergoing polychemotherapy presented with profound vision
loss following premacular hemorrhages in both eyes six weeks
earlier. Upon admission best corrected visual acuity (Vis)
was 0.1 for the right eye (OD) and 0.05 for the left eye (OS);
intraocular pressure (IOP) was as follows: IOP OD = 20 mmHg,
IOP OS = 20 mmHg. In both eyes preretinal hemorrhages were
observed in the posterior pole of the ocular fundus, extending
to the fovea. The size of the lesion area in the macula was
about 5 diameters of the optic disc in the right eye and 3
diameters of the disc in the left eye. We performed Ng:YAG
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laser posterior hyaloidotomy above the lesion area in both eyes
using the VISULAS YAG Il platform (Carl Zeiss Meditec AG,
Germany) with a wavelength of 1064 nm and spot diameter of
10 ym in two single bursts at E = 2 mJ in each eye with a few
minute break between the procedures. The central fovea lies
500 pm below the horizontal line bisecting the optic disc [15].
In our experience, the opening in the hyaloid membrane should
be made no closer than 1000 um to the central fovea to avoid
damage to the latter. Therefore, it was decided to perform
hyaloidotomy of the right eye at the inferior margin of the lesion,
2500 pm below the horizontal line (Fig. 1, A). But as the inferior
margin of the hemorrhage in the left eye was in the foveal area,
we decided to make an opening 1000 um above the fovea, or
500 pm above the horizontal line (Fig. 1, B).

A week after hyaloidotomy best corrected Vis OD was 0.7,
best corrected Vis OS was 0.08, IOP OD was 19 mmHg, IOP OS
was 19 mmHg. Areas of residual hemorrhage were observed
in the macula of both eyes (Fig. 2, A). Optical coherence
tomography (OCT) performed with the Avanti RTVue 100
scanner (Optovue, USA) revealed highly reflective opacities in
the vitreous and an opening in the partially detached posterior
hyaloid membrane in the right eye AND highly reflective
opacities above the fovea (areas of residual hemorrhage) and an
opening in the partially detached posterior hyaloid membrane
in the left eye (Fig. 3, A). Results 5 weeks after hyaloidotomy:
best corrected Vis OD = 0.7, best corrected Vis OS = 0.1, IOP
OD = 18 mmHg, IOP OS = 16 mmHg; complete hemorrhage
diffusion in the right eye’s macula, small areas of residual
hemorrhage in the left eye’s fovea (Fig. 2, B). Results 14 weeks
after hyaloidotomy: corrected Vis OD = 1.0, corrected Vis
0OS =0.6, IOP OD = 18 mmHg, IOP OS = 16 mmHg, complete
resorption of the hemorrhage in the right eye’s macula, small
areas of residual hemorrhage in the left eye’s macula (Fig. 2, C).
OCT revealed almost complete resorption of highly reflective
opacities above the fovea in both eyes (Fig. 3, B). No changes
in visual acuity were seen in further follow-up examinations.

Case discussion

Ng:YAG laser posterior hyaloidotomy is an effective and safe
technique for treating premacular hemorrhages. Traditionally,
it is performed at the inferior margin of the lesion for rapid
blood drainage, which is assisted by gravity and oscillations
of the detached posterior hyaloid membrane above the lesion
that are in turn triggered by the oscillations of the vitreous
accompanying normal eye movements. The opening must be
far enough from the fovea to avoid damage to the latter. In the
described clinical case indications for hyaloidotomy of the right
eye were unquestionable. It was risky, however, to perform the

A) B)

Fig. 1. Fundus photos of the right (A) and left (B) eyes of the patient upon
admission to the clinic
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procedure at the inferior margin of the lesion in the left eye.
A decision was made to make an opening above the fovea.
Obviously, considering such location of the opening, gravity
will not facilitate blood drainage from the lesion area below the
puncture site. But we assumed that blood drainage could be
assisted by small oscillations of the detached posterior hyaloid
membrane above the lesion that are a result of oscillations
of the vitreous that accompany eye movements. The follow-
up examinations confirmed our assumptions. But as we had
expected, resorption of the hemorrhage in the left eye took
longer (1 month longer) than in the right eye, in spite of a
smaller lesion size.

CONCLUSIONS

Ng:YAG laser posterior hyaloidotomy performed above the
lesion area is an effective and safe technique for treating
premacular hemorrhages in patients with acute myeloblastic
leukemia undergoing chemotherapy.

The case presented above demonstrates the possibility of
treating premacular hemorrhages extending to the fovea with
Ng:YAG laser puncture. The opening should be made above
the fovea, unlike standard openings usually made at the inferior
margin of the lesion. However, such location of the puncture
site will result in slower hemorrhage resorption.

A

(B)

(©)

Fig. 2. Fundus photos of the right (OD) and left (OS) eyes of the patient (A)
1 week, (B) 5 weeks and (C) 14 weeks after Ng:YAG laser posterior hyaloidotomy
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Fig. 3. Optical coherence tomography of the macula of the right (OD) and left (OS) eyes of the patient (A) 1 week and (B) 14 weeks after Ng:YAG laser hyaloidotomy
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BIOLUMINESCENCE: IS IT POSSIBLE FOR A PLANT?
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An extensive collection of plants gathered in the European part of Russia was screened for a substrate of fungal luciferase.
This work was inspired by the recently discovered mechanism of bioluminescence in higher fungi and the structural similarity of
fungal luciferin with some plant metabolites. Of all studied leaf extracts obtained from 200 different plants, bioluminescent activity
was discovered in 10 species. Each of these species contained a plurality of active compounds. All the luminescent substrates
were not identical to fungal luciferin (3-hydroxyhispidin) and were chemically unstable, rendering the attempt to isolate individual
compounds for further structural characterization yet unsuccessful. This study is the first step towards engineering a self-
luminescent plant based on a fungal enzyme-substrate bioluminescent system.
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Funding: this work was supported by the Russian Science Foundation (Grant No. 14-50-00131).

Acknowledgements: the authors thank Lyudmila Abramova and Nikita Tikhomirov for their assistance in collecting and sorting plant samples. The present
research was carried out at the facilities of the Shared Resource Center of Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry.

<] Correspondence should be addressed: Elena Guglya
ul. Ostrovityanova, 1, Moscow, Russia, 117997; eguglya@gmail.com

Recieved: 19.02.2017 Accepted: 10.04.2017

BO3MO>XHA JIN BUONMIOMUHECLEEHUNA Y PACTEHUI?

E. B. Tymnsa'™ A, A. Kotnobai®, E. K Cekpetosa?®, I'. B. Bonkosa®, /1. B. AMnonbckumin'?

" NabopaTopuist XMW MPUPOAHbLIX coeanHeHnin, HV TpaHCAsumMoHHOM MeanLnHbI,
Poccuircknin HaumoHanbHbI CCnefoBaTensCKMii MEAULIMHCKUI yHMBepcuTeT nvenn H. . Muporosa, Mockea

2[pynna cuHTe3a NPUPOAHbIX COEOVHEHNIA,
VIHCTUTYT B1oopraHmyeckon Xvmum nM. akagemmkos M. M. LLiemskuHa n KO. A. OBymHHMKoBa PAH, Mocksea

¥ MockoBckas rumHasua Ha tOro-3anage Ne 1543, Mocksa

Ha oCcHOBe OTKPbITOro HeAaBHO MexaHV3Ma BUOFOMUHECLIEHLIMI BbICLLIMX MPUOOB 1 CXOACTBA CTPYKTYPbI MHoLMdeprHa rpu-
O0B 1 HEKOTOPbIX METABOOIMTOB PaCTEHUIM MOCTaBeHa 3afa4a NomcKa pacTeHuin, cogepallmx cybctpaT(bl) peakumm rpnb-
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Bioluminescence (BL) is the emission of visible light by living
organisms. The phenomenon was demonstrated in vitro more
than a century ago by Raphaél Dubois [1]. He mixed “cold”
and “hot” extracts obtained from the light organs of the beetle
Pyrophorus noctilucus. The extract prepared with cold water
comprised a heat-labile enzyme luciferase and the hot water
extract contained a heat-stable luciferin. Therefore, light
emission from the mixture of the two extracts was the result

of a substrate-enzyme reaction. Bioluminescence as a term
was first used by Harvey [2]. In all known BL systems oxygen
is required for the reaction producing the oxidized luciferin.
Relaxation of oxyluciferin from the excited to ground state is
accompanied by light emission.

BL is widely spread among animal and fungi kingdoms, but
not a one luminescent plant is known in nature [3]. The first
attempt for a glowing plant engineering was undertaken more
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than 30 years ago [4]. Based on the well-studied BL system
of the firefly, the bioengineered plant Nicotiana tabacum was
obtained by inserting the luciferase gene. When mixing an
extract of the plant with a solution of luciferin and ATP, or when
immersing the intact plant in the same solution, BL light was
detected. An image of the luminous plant was demonstrated
by the exposure on an X-ray film. Later some more attempts
were performed [5, 6] and even a project on the creation of a
luminous plant was announced [7], but no fundamentally new
achievements were obtained. Our recent investigation on BL
of higher fungi allowed us to believe in the possibility of more
successful results using the features of this enzyme-substrate
system.

BL systems are very specific within animal taxa whereas
higher fungi share a uniform BL mechanism [8]. Fungal BL was
considered as a two-step process first in 1961 [9]. A luciferin
precursor is reduced by an NAD(P)H-dependent enzyme to a
true luciferin and then luciferin is oxidized by air under luciferase
catalysis to produce visible light at 520-530 nm [10]. After
multiple unsuccessful attempts [11, 12] luciferin precursor was
isolated from the fruiting bodies of nonluminous fungus Pholiota
squarrosa and recognized as hispidin (6-(3,4-dihydroxylstyryl)-
4-hydroxy-2-pyrone) [13] — a well-known fungal and plant
secondary metabolite [14] (Table 1). Further, hispidin was
enzymatically converted into luciferin whose structure has been
established as 3-hydroxyhispidin [13] (Fig. 1).

In the literature, there is a number of reports on isolation
of hispidin and its derivatives from plants, including Alpinia
zerumbet [15-17], Pistacia atlantica [18], Peganum harmala
[19], Pteris ensiformis Burm [20], Cassia alata [21], Rheum
tataricum [22] and others (Table 1). The wide occurrence of
hispidin among fungal and plant species, along with the
existence of similar compounds among plant metabolites
have logically led us to an idea of challenging the possibility
of engineering the self-luminescent plant by introducing
a luciferase gene in a plant capable of biosynthesizing its
substrate. Like other plant metabolites, hispidin derivatives
are in the focus of modern investigations due to possible
pharmaceutical applications. Hispidin and its derivatives are
characterized by many bioactivities such as antioxidant, anti-
cancer, anti-obesity and are regarded as potential leads for
drug development [16-19].

The purpose of this work was screening for the substrate(s)
of fungal BL reaction in the extracts from the range of plants
occurring in the European part of Russia and isolation of active
compound(s).
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MATERIALS AND METHODS
Plant extracts
All plant samples were collected in Tver region of Russia in June

2015 (Table 1 in Sl). Only leaves were collected. All samples
were frozen and stored at —70°C, some of them were dried

OH
HO HO
Hydroxylase
(soluble ~ 35 kDa protein)

AN
0,, NAD(P)H

=~ 0

N

HO o

Fungal luciferin precursor hispidin

Fig 1. Fungal bioluminescence mechanism
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in vacuo.

Table 1. Plants containing hispidin and similar compounds

Compound name Structure Species References
OH
OH Alpinia zerumbet | [15-17]
Hispidin \ Pistacia atlantica | [18]
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Z >0
S0 N0
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Extraction of plant biomass is a well-designed technique
[23]. Acetone was chosen for the initial screening of about 200
samples. Other solvents (methanol, ethanol, acetonitrile) were
also tested for optimization of the extract conditions.

For preparation of a plant extract a piece of leave
(80-500 mg) and 0.3-1.5 mL of a solvent were shaken in a
1.5 mL tube for 20 min on BioShake XP shaker at 1800 rpm at
room temperature. The extract was centrifuged (5 °C, 10000
rcf on a 5424R Eppendorf centrifuge), and the solid residue
was discarded. The extract could be further used for SPE or
HPLC separation or, alternatively, dried in a vacuum centrifuge
MiVac (SpScientific). For further operations dried residues were
redissolved in an appropriate solvent and centrifuged. The
solvent composition for the dried residue could be different
from the solvent in the first extraction, in particular, a buffer
solution was added to an organic solvent.

SPE technique with C18 pre-packed cartridges (500 mg,
Phenomenex) was used: 0.5-1 mL of initial extract was eluted
followed with 1 or 2 mL acetonitrile-water mixture 1 : 1,
acetonitrile and acetone in this order.

Preparation of fungal luciferase is described in detail in our
previous publication [13].

Bioluminescence assay

The bioluminescence assay comprised two components:
fungal luciferase and plant organic extract. A diluted fungal

Table 2. Samples for BL assay

enzymatic extract (3 pL) and a plant organic extract (3, 10 or
15 pl) were added to 100 pL of 0.2 M phosphate buffer, pH 7.5
with 1 mM DTT, in a test tube, immediately shaken and placed
in a cuvette of a luminometer (Glomax 20/20, Promega).
Luminescence was measured for 10 s with integration time 1 s
(Table 2). Extracts from leaves, extracts of their dried residues
of the first extracts, fractions after SPE or the fraction after
HPLC were tested as organic extracts containing a potential
substrate.

HPLC separations were performed on Nexera X2
(Shimadzu) instrument equipped with autosampler SIL-
30AC, diode-array detector SPD-M20A and fraction collector
FRC 10A. Columns of different types were applied (Table 3).
Columns and detector were maintained at room temperature,
autosampler temperature was 5°C. Mobile phase: buffer A —
0.02 M ammonium acetate pH 5.5, buffer B — acetonitrile or
methanol or acetone (mobile phase composition and gradient
see in Table 3). Solvents were of HPLC grade.

RESULTS

To discover a luciferin-like substrate in taxonomically diverse
plants samples, the first task was a screening of the 200
species collection. Each plant extract was mixed with the
fungal enzyme solution and luminescence was immediately
measured. Totally, in 10 cases the luminescence (Table 4) was

Table/Figure Sample preparation Solvent/total volume, pL Volume for assay, pL
Table 2 Frozen leaves 100 mg, extract Acetone/300 3
Fig. 2 P. natans fr_ozen Ieaves_; 100 mg, extract 300 pL in AB solvent*/100 3
acetone dried and redissolved
o R. nigrum (A) and B. pendula (B) dried leaves 50 mg, EtOH/1000 3
Fig. 3; 4, A B blue extract MeOH/1000 3
Fig. 3; 4, A, B red SPE fractions of the same extracts Acetone/1000 3
Fig. 3: 4, B B. pendula leaves 100 mg (frozen) or 50 mg (dried), MeOH/1000 10
extract
Fig. 4 B. pendula HPLC fraction 500 pL dried and redissolved MeOH/50 10
Fig. 5 P. natans HPLC fractions 1000 uL dried and redissolved AB solvent/100 10
Fig. 6 B. pendula HPLC fraction of 1000 uL dried and MeOH/50 10
redissolved
Fig. 7 P. natans HPLC fractions 300 L dried and redissolved AB solvent/50 15
Fig. 8, A P. natans HPLC 500 pL fractions HPLC solvent/500 10
Fig. 8,B HPLC fractions 500 uL HPLC solvent/500 10
Note. * — AB binary solvent (A — acetone, B — 0.1 M NH,Ac, pH 6.5).
Table 3. HPLC conditions
Figure Column Mobile phase*, component B Sample
5 Discovery C18 5 pym | MeCN grad 30-90 % 0-5 min, 90 % 5-10 min, | P. natans frozen leaves, 300 mg, in 1 mL acetone, extract 500 pL dried
4.6 x 150 mm flow 1 mL/min and redissolved in 130 pL of AB solvent, 100 uL on column
6 ZORBAX SB-C18 MeOH, grad 60-100 % 0-6 min, 100 % B. pendula fresh leaves, 400 mg in 1500 pL MeOH; SPE fractionated,
5pum 9.4 x 150 mm 6-45 min, flow 2 mL/min 800 pL of active fraction in MeCN on column
TSK ODS-120T 5 pm | Acetone grad 40-90 % 0-7 min, 90 % . .
7 4.6 x 250 mm 7-30 min, flow 1 mL/min P. natans dried leaves, 50 mg in 500 AB solvent, 200 pL on column
8,A I;'ghiozsgéz]%m 10 pm MeCN grad 90-80 % 0-7 min, flow 1 mL/min P. natans frozen leaves, 70 mg in 200 yL acetone, 100 pyL on column
Synergi Polar RP 80A | MeCN grad 70-95 % 0-5 min, 95 % ) . ) )
8,B 4um 2 x 150 mm 5-14 min, flow 0.7 mL/min Fraction 3-3.5 min of the first chromatography concentrated to 100 pL

Note. * — Component A — 0.02 M NH Ac, pH 5.5.
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Table 4. BL activity of plant extracts
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Dried and redissolved extract, total luminescence
Plant Eﬁ:;i;:g;;fzfg_lii\f:’ Compared to initial Af2ter: exposing at 20 °C for After exposing at 0 °C for 2 h
' extract, % compared '(00 before compared to before exposure, %
exposure, %
Andromeda polifolia 6 600 30 35 no data
Betula pendula 11 500 25 40 90
Chamardaphne calyculata 7 900 35 40 120
Potamugeton natans 290 000 25 6 150
Pyrola rotundifolia 1500 55 70 130
Ribes nigrum 11 000 40 30 330
Ribes rubrum 8 500 35 20 140
Salix aurita 11 000 20 15 no data
Salix pentandra 10 000 30 15 60
Stachys sylvatica 11 000 20 25 no data

observed. For the initial screening we used only acetone for
extraction. The composition of the solvents varied to achieve
the maximum luminescence of the extracts with activity found.
As a result, some quantitative, but not qualitative differences in
BL values were observed. Drying the extract and redissolving
of the residue in a smaller volume allowed to concentrate the
sample and to increase the BL values. A buffer solution with
a certain pH value was added to the organic solvent in some
cases, the pH value being critical for the preservation of the
extract activity. Thus, the following conditions were the best
for frozen leaves of P. natans: acetone extraction from leaves
material (first extraction) and with mixture 7 : 3 of acetone
and aqueous acetate buffer pH 6.5 for redissolving the dried
residue (Fig. 2).

The extracts of all active species were tested for stability.
They were dried and dissolved again, then exposed for
some hours at 0 °C or at room temperature. Measurements
of BL activity after each operation demonstrated that all the
substrates were unstable (Table 4). Loss of activity during
the drying process was 50 % and more. The highest activity
(observed for P natans extract) decreased by an order after
exposure at room temperature.

When exposing the extracts on ice evident increase of
luminescence was observed during some hours. This effect
was noticed for many species, and particularly a 10x increase
was observed for R. nigrum extracts (Table 4, Fig. 3, A). The
dependency of activity on the exposure time varied not only
between species but also between initial extracts and SPE
fractions of the extracts. The extracts from dried leaves of B.
pendula seemed to be stable (Fig. 3, B), while the extracts
from fresh and frozen leaves showed a significant growth of BL
(Fig. 3, C). Furthermore, 10-s curves of the BL measurments
for B. pendula extracts were often (but not always) of rising
type instead of a usually observed declining type (Fig. 4).

Based on the highest value of initial luminescence, we
chose P, natans as a first candidate to continue with HPLC
separation of the BL substrate. Mobile phase conditions for
HPLC separation of the extracts were optimized as follows:
buffer A 0.02 M aqueous acetate buffer at pH 5.5, elution with
gradient buffer B content up to 95 %. HPLC fractions were
dried in vacuo, dissolved again with 20 times concentration
and their luminescence activities were measured (Fig. 5). We
observed two zones in the HPLC profile, which comprised
active components, along with many components with
different UV spectra, indicating that the extract contained more
than one substrate and the components were not completely
separated.
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Looking for isolation of higher amounts of the unstable
substrates we varied our technique and tried other species.
Fig. 6 represents the results of these attempts. B. pendula
was chosen as a source. Extract of fresh leaves (400 mg in
1500 pL of methanol, 1000 pL of extract taken) was fractionated
on C18 cartridges. Activities of the fractions were measured and
800 pL of the most active fraction was loaded without drying
onto a semi-preparative C18 column. Assaying BL activity of
the fractions revealed many active zones on a 45 min
chromatogram. It can be mentioned, that green color
(absorption around 650 nm) always accompanied the
activity. We could ascertain the presence of many unresolved
peaks in the most active fractions at the beginning of the
chromatograms, some active fractions at the end and the
absence of correlation of major chromatographic peaks with
activity. Second step separation of some fractions on the same
column was performed, but activities disappeared due to
chemical instability.

In another attempt we used acetone as an unusual mobile
phase component. Acetone is not very suitable for UV detection
in lower UV region (300 nm and less). However, we supposed
that active BL substrates should probably absorb in the region
above 300 nm, making possible the use of acetone. The
chromatogram and the activity profile are shown on Fig. 7. The
profile indicated the presence of several active components.
The activities and the amounts of active substances were not
high enough to perform the next chromatographic step.

80000

60000
40000
20000 I
0o T T | . |
0 10 20 30 40

Component B content, % v/v

BL, rel. units

-

50

Fig. 2. Dependence of BL (rel. units) on component B content (% v/v) in binary
solvent (A — acetone, B — 0.1 M NH,Ac, pH 6.5) for redissoving of P. natans
dried extract
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300 000 — A In another attempt we applied faster separation of
P natans extracts on a polar column as a first step combined
with separation of the most active fraction on a reverse phase

250 000 — column as a second step (Fig. 8). To prevent activity losses
extracts and fractions were not dried before BL measurements.
The most active 500 pL fraction (between 3 and 3.5 min) from

200000 — the first column was concentrated to 100 pL and loaded onto

2 the second column. We could reveal some active fractions after
5 the second separation. Two peaks were distinguished on the
Q 150000 = cromatogram in the region of 11.5 and 12.0 min but separation
@ was not complete and the activities were low.

100 000 — We estimated the losses of the activity at each stage of
the separation by BL measurement (Table 5). Total activity of
the solutions was calculated for initial extracts and fractions

50000 — after separations. These data showed that the losses occurred
at each operation. As a result, only 0.2 % of the initial activity
remained after final step. Thus, in all cases activity losses during

0 — separation did not allow us to isolate any individual substance
0 60 120 180 240 for further characterization.
Time dependence, min
B Initial extract [l SPE fraction DISCUSSION

30000 7 ®) The study of 10 plants containing BL active compounds
showed that our hypothesis about the presence of hispidin
or 3-hydroxyhispidine in the leaves samples was wrong. In
all cases NAD(P)H was unnecessary for the luminescence
reaction, indicating similarity of the active compound to

20 000 — fungal luciferin, but not to hispidin. We applied the same

” chromatography conditions as those previously developed for
z isolation of the fungal luciferin [13]. However, activity profiling of
; HPLC fractions showed no activity and therefore the absence
5 of 3-hydroxyhispidin.

@ The presence of many active fractions after

10000 chromatographic separation of the organic extracts indicates
that each plant synthesizes not one but many substrates for
the fungal luciferase. In addition, a variety of chromatographic
conditions for separation of different plants extracts showed
the diversity of their active compound sets. Anomalous

0 increase of bioluminescent activity during exposure of organic
0 60 120 180 240 extracts on ice suggests the possibility of chemical reactions
Time dependence, min resullting in deprease of some aptive compounds concentration
and increase in the concentration of others. Unfortunately, no
B initial extract Il SPE fraction
6000 —

100 000 (©)

80000 " S

'§ 4000 — - ~
(2] L / —
£ 60000 e ”~
=] 7 ——
3 o
Z 40000
2000 —
20000
0 —
0 3 75 120 165 210 0O +—FT—TTT T T TTT
Time dependence, min 1 3 5 7 9
M Fresh [l Frozen M Dried Time, s
Fig. 3. Time dependence (min) of BL (rel. units) of leaves extracts and SPE === Normal curve === Strange curve
fraction of the extracts (exposure at 0 °C): R. nigrum (A); B. pendula (B); extracts
of different type material of B. pendula leaves (C) Fig. 4. Two types of 10 s BL assay curves of B. pendula HPLC fractions
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Fig. 7. HPLC separation of R natans extract with acetone as a mobile phase component and luminescence profile: (A) — chromatogram (UV 430 nm, blue line) and
mobile phase composition (light blue line), (B) — region of 10-17 min of the chromatogram (blue line), luminescence of fractions (red line). All conditions see Tables 2

and 3

stable substrates could be detected, as the luminescence of
the extracts of all 10 plants decreased at room temperature.

We have applied many modifications for organic extracts
preparation and their HPLC separation to satisfy the
contradictory requirements of maximum recovery, maximum
stability and selective isolation of the individual unstable
compound(s) from complex mixtures. Some extracts were
fractionated with SPE prior to HPLC, and the others were
immediately loaded onto the chromatography column. We
tried to dry the extracts for additional concentration, the same
was applied to the solutions of the chromatographic fractions
before measuring luminescence. Various organic solvents were
used as mobile phase components for HPLC; two-dimensional
chromatography was performed on columns with different
polarity.

But ultimately, the stability of all the active compounds
found was insufficient to achieve the substrate isolation in an
amount sufficient to establish the compounds’ structure and
properties.

CONCLUSIONS

Bioluminescent plants do not exist in nature, making their
creation by the means of synthetic biology a challenge. This
research has revealed the ability of some plant components to
react with fungal luciferase to produce luminescence. Thus, the
present study may be considered as a first step to creation of
self-luminescent plants. Within the species range covered in this
work, all potential substrates were chemically unstable, making
their isolation and structural characterization yet unsuccessful.
However, the following conclusions may be considered in
the future attempts: the luminescent luciferase substrates
present in the plant biomass extracts are not identical to fungal
luciferin (3-hydroxyhispidin); the species tested produce many
different active substances. Probably, future work towards
self-consistent bioluminescent plants should focus on finding
the genes responsible of 3-hydroxyhispidin biosynthesis and
expression of these genes in a transgenic plant together with
fungal luciferase.
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Fig. 8. Two dimensional HPLC separation of P natans extract and luminescence profile: chromatograms (UV 430 nm, blue lines), activities profile (red lines) and mobile
phase compositions (light blue line): (A) — diol column, (B) — RP column. All other conditions see in Tables 2 and 3

Table 5. Losses of activity in separation process (see Fig. 8)

Stage Activity a, rel. units VN, Total acﬂ\r:iitt); A rel. Total a;:‘ia\c%uc:ggs’r%z to the Total atztii\éiitt)i/aioozpared
Extraction 280 000 100/1 28 000 000 100 100
Chromatography #1 52 000 500/10 260 000 9 9

Effect of fractionation 45 000 500/10 230 000 87 8

Drying 27 000 100/3 890 000 39 3
Chromatography #2 6 500 500/10 33 000 37 1

Effect of fractionation 1200 500/10 59 000 18 0,2

Note. * — V., — total solution volume; V,, — solution volume in measurement; ** — A =a - V,/V,,.
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