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Abstract
Introduction. Metagenomic sequencing is one of the most promising methods for both the detection and 
identification of natural focal infection (NFI) pathogens and for determining the species composition of various 
bacterial communities.
The aim is to detect and identify the NFI pathogens in samples of field and clinical material using metagenomic 
sequencing of 16S rRNA gene fragments, and to analyze the taxonomic composition of endosymbiotic 
microorganisms in the samples. 
Materials and methods. Samples of field (14 samples) and clinical (2 samples) material with varying loads of 
DNA from NFI pathogens, determined by PCR (Borrelia burgdorferi sensu lato, Anaplasma phagocytophilum, 
Francisella tularensis, Rickettsia spp., Coxiella burnetii), were investigated. Amplification of fragments of the gene 
encoding 16S rRNA was performed using primers flanking the variable regions of the gene.
Results. In 14 out of 16 studied samples, target NFI pathogens were detected. The species identified included 
R. aeschlimannii (in 57.1% of positive samples), B. valaisiana (in 16.6%), F. tularensis (in 75%), C. burnetii 
(in 100%), and borreliae — pathogens of relapsing fevers (B. turcica, B. hispanica) were also found in one 
sample. The taxonomic structure of the microbiome of Ixodes ricinus, Dermacentor reticulatus, Rhipicephalus 
annulatus, Hyalomma aegyptium, Dermacentor marginatus ticks collected in the southern regions of the Russian 
Federation was studied. It was shown that the predominant microorganisms are representatives of the genera 
Flavobacterium, Pseudomonas, Serratia, Aeromonas, Pedobacter, Bradyrhizobium, Shingomonas. DNA markers 
of microorganisms — endosymbionts of ticks Candidatus Midichloria mitochondrii, representatives of the genera 
Rickettsiella, Coxiella, non-pathogenic and conditionally pathogenic species of the genus Francisella were found 
in pools of Ixodes ticks. 
Conclusion. The effectiveness of the method of metagenomic sequencing of fragments of the 16S rRNA gene 
for the detection and identification of NFI pathogens in samples of clinical and field material was demonstrated. 
Metagenomic sequencing of 16S rRNA gene regions can be recommended as an additional laboratory method 
for detecting and identifying NFI pathogens.
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Аннотация
Введение. Метагеномное секвенирование — один из наиболее перспективных методов как для детек-
ции и идентификации возбудителей природно-очаговых инфекций (ПОИ), так и для определения видовой 
структуры различных бактериальных сообществ.
Цель работы — выполнить детекцию и идентификацию возбудителей ПОИ в образцах полевого и клини-
ческого материала методом метагеномного секвенирования фрагментов гена 16S рРНК, проанализиро-
вать таксономический состав эндосимбиотических микроорганизмов в образцах.
Материалы и методы. Исследованы образцы полевого (14 проб) и клинического (2 пробы) материала 
с различной нагрузкой ДНК возбудителей ПОИ, определённой методом полимеразной цепной реакции 
(Borrelia burgdorferi sеnsu lato, Anaplasma phagocytophilum, Francisella tularensis, Rickettsia spp., Coxiella 
burnetii). Амплификацию фрагментов гена, кодирующего 16S рРНК, осуществляли с помощью праймеров, 
фланкирующих вариабельные участки гена. 
Результаты. В 14 из 16 исследуемых образцов детектированы целевые возбудители ПОИ. До вида иден-
тифицированы R. aeschlimannii (в 57,1% положительных образцов), B. valaisiana (в 16,6%), F. tularensis  
(в 75%), C. burnetii (в 100%), также в одном образце выявлены боррелии — возбудители возвратных лихо-
радок (B. turcica, B. hispanica). Исследована таксономическая структура микробиома клещей Ixodes ricinus, 
Dermacentor reticulatus, Rhipicephalus annulatus, Hyalomma aegyptium, Dermaceptor marginatus, собранных 
в южных регионах России. Выявлено, что преобладающие микроорганизмы — это представители родов 
Flavobacterium, Pseudomonas, Serratia, Aeromonas, Pedobacter, Bradyrhizobium, Shingomonas. В пулах 
иксодовых клещей обнаружены ДНК-маркеры микроорганизмов — эндосимбионтов клещей Candidatus 
Midichloria mitochondrii, представителей родов Rickettsiella, Coxiella, непатогенных и условно-патогенных 
для человека видов родов Francisella.
Заключение. Показана эффективность метода метагеномного секвенирования фрагментов гена 16S  
pРНК для детекции и идентификации возбудителей ПОИ в пробах клинического и полевого материала. 
Метагеномное секвенирование по участкам гена 16S pРНК может быть рекомендовано в качестве допол-
нительного метода лабораторного исследования образцов с целью детекции и идентификации возбуди-
телей ПОИ. 

Ключевые слова: метагеномное секвенирование, 16S рРНК, природно-очаговые инфекции, детекция, 
идентификация, микробиом
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Introduction
Natural focal infections (NFI) are widespread in 

the world and represent an important medical and so-
cial problem, the importance of which has been steadily 
increasing in recent years with the identification of new 
pathogens, the sources and vectors of which are blood-
sucking arthropods, small mammals and birds [1–3]. 
Continued activity and expansion of the territories of 
natural foci, as well as high anthropogenic load on the 
environment lead to a constant increase in the number 
of people in contact with pathogens and exposed to the 
risk of infection [4]. It has been proved that simultane-
ous infection of carriers and vectors with different NFI 
pathogens is a natural and widespread phenomenon, 
which, in turn, determines the possibility of combined 
pathology in humans [5–7].

Currently, molecular genetic methods, primarily 
polymerase chain reaction (PCR), are widely used for 
laboratory diagnostics of NFI, which allows detecting 
the presence of DNA/RNA of NFI pathogens in the 
material in a short period of time. Most of the devel-
oped PCR test systems for detection of pathogens are 
designed for detection of one or more pathogens [8]. 
Detection of all potential pathogens requires the use of 
a set of test systems, which is time-consuming and la-
bor-intensive.

Metagenomic sequencing (MGS) methods are 
modern approaches that allow simultaneous detection 
and identification of all microorganisms, both known 
and new, contained in a sample, and do not require cul-
turing [9]. The use of MGS methods for the identifica-
tion of infectious agents, including NFI, seems to be 
especially demanded in cases when traditional labora-
tory tests do not allow identifying the etiologic agent 
in atypical course of the disease, as well as in cases of 
mixed infection with different pathogens [10–12]. Fur-
thermore, MGS of field material samples (ectoparasites, 
organs of small mammals, birds, etc.) collected during 
epizootological survey of the territory can be useful 
for obtaining new comprehensive data on the species 
composition of pathogenic and endosymbiotic microor-
ganisms associated with different types of carriers and 
vectors of infections [13].

There are several variants of MGS: targeted se-
quencing of genome regions encoding evolutionarily 
conserved genes (16S rRNA, etc.) and whole-genome 
MGS. An approach based on target sequencing of vari-
able regions of the 16S rRNA gene has been widely 
used to analyze the taxonomic composition of bacteria 
in samples and to detect pathogenic bacterial species. 
The advantages of this method include the possibility 
of taxonomic classification of a wide range of bacteria, 
the presence of a stage of preliminary specific enrich-
ment of the target region of the bacterial genome before 
sequencing, and the relative simplicity of bioinformat-
ics analysis of the results compared to the method of 
sequencing the complete metagenome [14, 15].

The aim of the study was to perform detection 
and identification of pathogens in samples of field and 
clinical material by MGS of 16S rRNA gene fragments, 
analyze the taxonomic composition of endosymbiotic 
microorganisms in samples.

Materials and methods
Sixteen samples of field (collected during the epi-

zootologic survey) and clinical material with different 
load of PCR-determined DNA of pathogens of bacterial 
etiology (Borrelia burgdorferi sensu lato, Anaplasma 
phagocytophilum, Francisella tularensis, Rickettsia 
spp., Coxiella burnetii) were studied. The samples con-
tained genetic material of one and several pathogens 
(Table 1).

Work with clinical material was performed with 
voluntary informed consent of patients. The authors 
confirm compliance with institutional and national 
standards for the use of laboratory animals in accor-
dance with the “Consensus Author Guidelines for Ani-
mal Use” (IAVES, 23.07.2010). Materials from animals 
used in the study was obtained according to the Plan 
of epizootological survey of the Stavropol Territory 
for NFI and particularly dangerous infections for 2024 
(agreed by the Head of the Department of Rospotreb-
nadzor in Stavropol Krai on 21.12.2023, approved by 
the Chief Physician of the Center of Hygiene and Epi-
demiology in Stavropol Krai on 21.12.2023). The study 
protocol was approved by the Local ethical committee 
of Stavropol State Medical University (conclusion No. 
112 dated 19.05.2023).

Ixodid ticks were collected from April through 
June from animals and vegetation (flagging), species 
identification of ticks was performed by morphological 
method [16]. The ticks were used to make pools of 10 
specimens each according to Methodological Recom-
mendations 3.1.0322-231. Sample preparation of clin-
ical and field material was performed in accordance 
with Methodological guidelines 1.3.2569-092.

Ticks were treated with 70% ethanol and washed 
in phosphate-buffered saline. Homogenization parame-
ters for the obtained samples were selected based on the 
genus of the ticks. The obtained suspension was centri-
fuged in 300 μL of sterile physiological solution. 

Extraction of nucleic acids from human blood se-
rum samples, homogenates of tick pools and flush from 
the thoracic cavity of the common vole was performed 
using the RIBO-prep reagent kit (InterLabService).

1 Methodological recommendations MP 3.1.0322-23 “Collection, 
accounting and preparation for laboratory examination of 
blood-sucking arthropods in natural foci of infectious diseases” 
(approved by the Head of Rospotrebnadzor on 04/13/2023).

2 Methodological guidelines MU 1.3.2569-09 “Organization of 
work of laboratories using methods of nucleic acid amplification 
when working with material containing microorganisms 
of pathogenicity groups I-IV” (approved by the Head of 
Rospotrebnadzor on 12/22/2009).
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The procedure for purification of PCR products from 
excess primers and components of the reaction mixture 
was performed using the CleanMag DNA kit (Euro-
gen). Equivalent amounts of amplification products of 
16S rRNA V1–V9 gene fragments were taken for library 
preparation. The final concentration of target DNA was 
measured on a Qubit fluorimeter using the Qubit 1X 
dsDNA High Sensitivity (HS) kit (Invitrogen). 

DNA fragment libraries were prepared according 
to the Ion Xpress Plus gDNA Fragment Library Prepa-
ration protocol (Revision K.0) using the Ion Plus Frag-
ment Library Kit (Thermo Fisher Scientific Inc.). Se-
quencing of libraries prepared from amplicon mixtures 
was performed on the GeneStudio S5 Plus platform 
(Thermo Fisher Scientific Inc.).

The Fastp Qs3, Kallisto4, STAR [19], Bowtie25 
programs were used for bioinformatics analysis of 
MGS data on 16S rRNA gene regions. The quality of 
fastq-files was assessed using Fastp Qc and Kallisto 
programs; reads with quality index Q < 20 were exclu-
ded from the analysis. Sequence alignment and filtering 
were performed using STAR and Bowtie2 software. 

3 URL: https://github.com/OpenGene/fastp
4 URL: https://github.com/Roslin-Aquaculture/RNA-Seq-kallisto
5 URL: https://bowtie-bio.sourceforge.net/bowtie2/index.shtml

The presence of DNA of NFI pathogens in the 
samples was determined by PCR using the following 
reagent kits: AmpliSens Coxiella burnetii-FL, Ampli-
Sens TBEV, B. burgdorferi s.l., A. phagocytophilum, 
E. chaffeensis/E. muris­FL (Central Research Institute 
of Epidemiology of Rospotrebnadzor), Francisella 
tularensis-RGF gene (Russian Anti-Plague Institute 
“Microbe”). DNA of rickettsiae in field samples was 
detected according to the protocol described by O. Me-
diannikov et al. [17].

Amplification of microbial 16S rRNA gene frag-
ments contained in the samples for MGS was performed 
using primers described by I. Abellan-Schneyder et al. 
[18] (Table 2). A separate reaction mixture was pre-
pared for amplification of each variable fragment of the 
16S rRNA gene (V1–V2, V1–V3, V3–V4, V4, V4–V5, 
V6–V8, V7–V9). The composition of the reaction mix-
ture: primer F (C = 7.2 pmol/µL) — 1.25 µL, primer 
R (C = 7.2 pmol/µL) — 1.25 µL, BioMaster HS-Taq 
PCR-Color (2×) PCR mixture (Biolabmix) — 12.5 
µL, sample DNA — 10 µL. PCR products were ampli-
fied according to the thermocycling program: 95°C —  
5 min; 95–20 s, Ta — 30 s, 72°C — 40 s (40 cycles); 
72°C — 5 min; 4 — ∞. 

The size and purity of the obtained PCR products 
were assessed by electrophoresis in 1% agarose gel. 

Table 1. Data on samples used for MGS analysis

No. Sample type Sample data, location of extraction PCR-confirmed pathogen Сt

1

Tick suspensions

Ixodes ricinus, from vegetation, Krasnodar, Sochi B. burgdorferi s.l. 21.8

2 I. ricinus, from vegetation, Krasnodar, Sochi B. burgdorferi s.l. 22.1

3 I. ricinus, from vegetation, Krasnodar, Sochi B. burgdorferi s.l. 21.1

4 I. ricinus, cattle, Republic of South Ossetia A. phagocytophilum 31.4

5 I. ricinus, cattle, Republic of South Ossetia A. phagocytophilum 23.4

6 Dermacentor marginatus, from vegetation, Stavropol Rickettsia spp. 17.2

7 Rhipicephalus annulatus, cattle, Republic of South Ossetia Rickettsia spp. 23.3

8 D. marginatus, from vegetation, Stavropol F. tularensis 26.6

9
Flush from chest 

cavity Microtus arvalis, Stavropol F. tularensis 10.1

10

Tick suspensions

Hyalomma aegyptium from Mediterranean turtle,  
Republic of Dagestan

B. burgdorferi s.l. 20.2

Rickettsia spp. 16.3

11 I. ricinus from vegetation, Krasnodar, Sochi
B. burgdorferi s.l. 25.4

Rickettsia spp. 17.0

12 I. ricinus from vegetation, Krasnodar
B. burgdorferi s.l. 25.7

Rickettsia spp. 18.8

13 Dermacentor reticulatus from vegetation, Stavropol
F. tularensis 25.5

Rickettsia spp. 17.2

14 D. reticulatus from vegetation, Stavropol
F. tularensis 12.6

Rickettsia spp. 21.1

15
Blood serum

Human, Stavropol C. burnetii 21.4

16 Human, Stavropol C. burnetii 21.3
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Assembly of short de novo read sequences in-
to longer sequences (contigs) was performed using 
SPAdes assembler. Taxonomic affiliation of genomic 
sequences was determined by comparing them with 
the NCBI database (RefSeq and GenBank using Rap-
search26).

The results of species identification of microor-
ganisms (Borrelia, rickettsiae) obtained by MGS using 
16S rRNA gene sections were confirmed by Sanger se-
quencing method.

Results
MGS was performed on the 16S rRNA gene re-

gions of 16 samples of clinical and field material con-
taining DNA of bacterial pathogens (Table 3). Nucle-
otide sequences obtained by MGS were deposited in 
the GenBank database (BioProject PRJNA1227530; 
SAMN46987881-SAMN46987896).

The number of reads satisfying the Q20 pa-
rameter for the studied samples was 1127–40,969. 
The GC value for all samples varied in the range of 
49.7–52.4%, which corresponds to the exome regions 
of 16S rRNA gene fragments used for MGS analysis. 
During the processing of the data obtained, it was 
found that the highest amount of reads after filtration 
was obtained for sample No. 13 (93,789,000 K). A re-
duction in the number of reads was observed for sam-
ples Nos. 9 and 14 (29,314,000 K and 28,704,000 K). 
The total number of reads after the filtering step for 
the 4 samples (Nos. 2, 5, 7 and 10) ranged between 
9,172,000–16,651,000 K. The number of filtered reads 
for the remaining samples ranged 488–7,633,000 K. 
The least amount of filtered data (Q < 20) after bioin-

6 URL: https://github.com/zhaoyanswill/RAPSearch2

formatics processing was observed for samples Nos. 
4, 8 and 11. The highest number of poor quality data 
(Q < 20) was obtained for samples Nos. 9, 13, and 
14. The result of data quality assessment is shown in 
Fig. 1. 

NFI pathogens identified by MGS using 16S rRNA gene 
variant regions

In the study of suspension samples of ixodid ticks 
(Nos. 1–8, Table 3) with PCR-confirmed mono-infec-
tion with Borrelia genetic complex B. burgdorferi s.l., 
A. phagocytophilum, rickettsiae and F. tularensis, using 
the MGS method of 16S rRNA gene, detected represen-
tatives of the Borrelia (samples Nos. 1–3), Francisella 
(sample No. 8) (microorganisms identified to genus) 
genera, as well as R. aeschlimannii (samples Nos. 6, 7, 
microorganism identified to species). The pathogen of 
human granulocytic anaplasmosis could not be detect-
ed by MGS (samples Nos. 4, 5). The results of species 
identification of R. aeschlimannii in samples Nos. 6, 
7 were confirmed by Sanger sequencing of a genome 
fragment.

Mixed-infected samples of ixodid ticks (samples 
Nos. 10–14, Table 3) with a combination of two tick-
borne pathogens (B. burgdorferi s.l and Rickettsia spp.; 
F. tularensis and Rickettsia spp.) were studied. All tar-
get microorganisms were detected in the samples by the 
MGS method. R. aeschlimannii (samples Nos. 10, 13), 
B. valaisiana (sample No. 12), F. tularensis (samples 
Nos. 13, 14) were identified to species, also microor-
ganisms of the Rickettsia (samples Nos. 11, 12, 14) and 
Borrelia (samples Nos. 11, 12, 14) genera whose spe-
cies could not be identified were detected in the sam-
ples. Genetic markers (DNA) of Borrelia, pathogens of 
relapsing fevers (B. turcica, B. hispanica) were detect-

Table 2. Primer sequences for amplification of fragments of the gene encoding 16S rRNA

No. Fragment marking Fragment length, bp Annealing 
temperature, °С Primer Sequence 5’–3’

1 V1–V2 311 57
27F AGAGTTTGATYMTGGCTCAG

338R GCTGCCTCCCGTAGGAGT

2 V1–V3 507 57
27F AGAGTTTGATYMTGGCTCAG

534R ATTACCGCGGCTGCTGG

3 V3–V4 404 54
341F CCTACGGGNGGCWGCAG

785R GACTACHVGGGTATCTAATCC

4 V4 293 54
515F GTGCCAGCMGCCGCGGTAA

806R GGACTACHVGGGTWTCTAAT

5 V4–V5 429 54
515F GTGCCAGCMGCCGCGGTAA

944R GAATTAAACCACATGCTC

6 V6–V8 439 57
939F GAATTGACGGGGGCCCGCACAAG

1378R CGGTGTGTACAAGGCCCGGGAACG

7 V7–V9 377 51
1115F CAACGAGCGCAACCCT

1492R TACGGYTACCTTGTTACGACTT
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Fig. 1. Histogram showing the result of MGS data quality assessment by 16S rRNA gene regions. 
The color of the sectors in the histogram reflects the number of reads for each sample that passed quality filtering (in %, top). 

For a color version of the figure, see the journal website.

Table 3. Comparison of results obtained by PCR and MGS methods of 16S rRNA gene fragments

Sample 
No. 

PCR method MGS method of 16S rRNA gene fragments

identified pathogens Ct Q20, % (number of reads) pathogens identified (number of reads 
corresponding to the target pathogen, %)

Mono-infected samples

1 B. burgdorferi s.l. 21.80 91.50 (5822) Borrelia spp. (2,90)

2 B. burgdorferi s.l. 22.10 91.90 (20,236) Borrelia spp. (3,10)

3 B. burgdorferi s.l. 21.10 92.20 (10,627) Borrelia spp. (3,20)

4 A. phagocytophilum 31.40 87.50 (12,922) Unidentified

5 A. phagocytophilum 23.40 91.80 (6618) Unidentified

6 Rickettsia spp. 17.20 91.60 (8239) R. aeschlimannii (8,90)

7 Rickettsia spp. 23.30 92.10 (22,324) R. aeschlimannii (0,80)

8 F. tularensis 26.60 91.00 (1127) Francisella spp. (2,60)

9 F. tularensis 10.10 91.60 (40,161) F. tularensis (9,90)

Mixed-infected samples

10
B. burgdorferi s.l. 20.20 90.60 (163,336) B. turcica (27,00)

B. hispanica (7,60)

Rickettsia spp. 16.20 R. aeschlimannii (9,50)

11
B. burgdorferi s.l. 25.40 91.90 (11,506) Borrelia spp. (2,40)

Rickettsia spp. 17.00 Rickettsia spp. (2,60)

12
B. burgdorferi s.l. 25.70 92.40 (5952) B. valaisiana (7,60)

Rickettsia spp. 18.80 Rickettsia spp. (2,60)

13
F. tularensis 25.50 91.00 (11,506) F. tularensis (9,90)

Rickettsia spp. 17.20 R. aeschlimannii (11,30)

14
F. tularensis 12.60 91.70 (40,696) F. tularensis (9,90)

Rickettsia spp. 21.10 Rickettsia spp. (4,10)

Clinical material

15 C. burnetii 21.40 90.60 (8926) C. burnetii (5,30)

16 C. burnetii 21.30 90.00 (7223) C. burnetii (5,00)
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ed in sample No. 10 by MGS. It was not possible to 
confirm the results of Borrelia species identification in 
sample No. 10 by Sanger sequencing, which is due to 
the mixed-infection of the sample with H. aegyptium 
tick suspension. The results of species identification of 
the remaining microorganisms detected in the samples 
were confirmed by sequencing of pathogen genome 
fragments.

By MGS method in 3 samples containing DNA 
of the tularemia pathogen (Ct 10.1; 12.6; 25.5) F. tula-
rensis was identified to species, in 1 sample (Ct 26.6) 
the presence of microorganisms of the Francisella spp. 
genus was found, species identification could not be 
performed.

С. burnetii was identified by MGS results using 
the 16S rRNA gene region in 2 obviously positive blood 
plasma samples from patients with Q fever (Ct values 
21.3–21.4). The presence of C. burnetii DNA was de-
tected in clinical samples 15, 16 from Q fever patients 
by MGS, the proportion of target reads was 5.0–5.3%. 
Furthermore, nucleotide sequences of Methylophilus 
medardicus bacteria, as well as representatives of the 
Acinetobacter and Shingomonas genera were detected 
in clinical samples, which may indicate possible con-
tamination of samples at the stages of collection, stor-
age and laboratory examination [20].

We compared the results of the study of field and 
clinical samples with different DNA load of pathogens 
of NFI obtained by MGS methods using 16S rRNA 
gene regions and PCR. It is shown that as a result of 
MGS of 6 samples, positive for the presence of bor-
reliae DNA of the B. burgdorferi s.l. genetic complex, 
identification of borreliae to genus (Borrelia spp.  
Ct 21.8; 22.1; 21.1; 25.4) was carried out in 4 sam-
ples, while the identification to species (B. valaisiana  
Ct 25.7, B. turcica, B. hispanica St 20.2) was carried 
out in 2 samples. 

According to MGS results, fragments of Rickett-
sia spp. genome were detected in all obviously posi-
tive samples, in 4 samples (Ct values 16.2; 17.2; 17.2 
and 23.3) the rickettsia species (R. aeschlimannii) was 
identified, in 3 samples (Ct values 17.0; 18.8 and 21.1) 
species identification of rickettsia could not be per-
formed. The presented results of identification of Bor-
relia and rickettsiae in the studied material (Table 3) 
are confirmed by the literature data on the difficulty of 
species identification by MGS of representatives of the 
Rickettsia and Borrelia genera [8, 15]. Accurate species 
identification of Rickettsia and Borrelia using MGS is 
difficult due to high homology of nucleotide sequenc-
es of 16S rRNA gene for these bacterial pathogens [12, 
13]. In the case of detection of microorganisms of the 
Rickettsia and Borrelia genera by MGS of the 16S rR-
NA gene, further identification to species by Sanger se-
quencing may be necessary. 

The only pathogen that could not be confirmed by 
MGS was A. phagocytophilum. 

Taxonomic composition of the microbiome  
of ixodid ticks

The study of the taxonomic structure of the mi-
crobiome of ticks was carried out in accordance with 
their species affiliation, place and territory of collection 
(Fig. 2). 

Main taxonomic groups of the tick microbiome:
• for representatives of I. ricinus (samples 

Nos. 1–3): Flavobacterium spp. (57–81%), 
Pseudomonas spp. (7–27%), Serratia spp. (2–
4%), Pedobacter spp. (2–4%); 

• for representatives of I. ricinus (samples Nos. 
4, 5): Candidatus Midichloria mitochondrii 
(31–87%), Clostridium spp. (6–61%), 
Sphingomonas spp. (3%), Staphylococcus spp. 
(1–10%), Bradyrhizobium spp. (1%);

• for representatives of I. ricinus (samples Nos. 
11, 12): Pseudomonas spp. (7–49%), Serratia 
spp. (4–12%), Rickettsiella endosymbiont of 
Pandinus imperator (3–19%), Rhodobacterales 
spp. (3%);

• for representatives of D. reticulatus (samples 
Nos. 13, 14): Flavobacterium sp. Nj (25–53%), 
Cardinium endosymbiont of Bemisia tabaci 
(19%), Clostridium spp. (15%), Francisella-
like endosymbiont of Dermacentor reticulatus 
(9–21%), Francisella persica (2%), uncultured 
Francisella spp. (1–6%), Bradyrhizobium spp. 
(1–3%), Dyadobacter spp. (1–3%);

• for representatives of R. annulatus (samples 
No. 7): Rickettsiella endosymbiont of Pandinus 
imperator (5%), uncultured Coxiella spp. (10%), 
Wolbachia pipientis (9%), Candidatus Coxiella 
mudrowiae (6%), Coxiella endosymbiont 
of Rhipicephalus microplus (3%), Coxiella 
endosymbiont of Rhipicephalus geigyi (1%), 
Coxiella endosymbiont of Rhipicephalus 
turanicus (3%), Shingomonas spp. (5%), 
Staphilococcus spp. (5%), Bradyrhizobium spp. 
(3%), Flavobacterium spp. (2%), Leptotrichia 
wadei (2%);

• for representatives of H. aegyptium (samples  
No. 10): Rickettsia endosymbiont of Bemisia 
tabaci (3%), Flavitalea flava (1%), uncultured 
Borrelia spр. (9%), Blastopirellula marina 
(4%), Dyadobacter alkalitolerans (2%), 
Bradyrhizobium (1%);

• for representatives of D. marginatus (samples 
Nos. 6, 8): Pseudomonas spp. (9–33%), 
uncultured Arsenophonus spp. (11%), uncultured 
Alteromonas spp. (2%), Alphaproteobacteria 
bacterium (2%), Coxiella endosymbiont of 
Dermacentor marginatus (2%).

Discussion
In this study, we applied the MGS method using 

16S rRNA gene regions for detection and identification 
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of known pathogens of bacterial etiology in samples of 
clinical and field material, and investigated the possibil-
ity of its use in simultaneous detection of different types 
of pathogens. Mixed infection with two pathogens of 
NFI (borreliosis, tick-borne rickettsiosis, tularemia) 
in several pools of ixodid ticks was determined. The 
negative result in the detection of A. phagocytophi-
lum may be due to low concentration of the bacterial 
pathogen in the tested material, as well as insufficient 
quality and quantity of data obtained after bioinformat-
ics processing.

The results of using the method of targeting MGS 
by 16S rRNA gene regions to detect pathogens of NFI 
in samples of clinical and field material are presented 
in a number of publications. Thus, L. Kingry et al., 
using the MGS method at the 16S rRNA gene region 
in clinical samples from febrile patients, detected tick-
borne pathogens: B. burgdorferi s.l., B. mayonii, B. mi-
yamotoi, B. hermsii, A. phagocytophilum, Ehrlichia 
chaffeensis, E. muris subsp. eauclarinsis, E. ewingii, 
and F. tularensis [8]. R. Takhampunya et al. detected 
microorganisms of the Anaplasma, Bartonella, Coxiel-
la, Leptospira, Orientia genera in the blood of patients 
with fever of unclear genesis [15]. Furthermore, other 

authors have obtained the results of the study using the 
16S rRNA MGS method of samples of ixodid ticks for 
the entire spectrum of tick-borne pathogens [20–22].

One of the demanded areas of application of the 
MGS method for the 16S rRNA gene region is the study 
of clinical samples from patients with fevers of unclear 
genesis in cases when traditional methods of research 
(PCR, enzyme immunoassay, serologic methods, etc.) 
failed to identify the pathogen. Detection of microorgan-
isms belonging to genera including pathogens of NFI in 
the material from febrile patients will allow further in-
depth molecular genetic analysis to confirm the presence 
of DNA of the detected pathogens in the sample. 

In the literature, there are numerous reports of hu-
man cases of combined forms of NFI caused by associ-
ations of microorganisms, the clinical course of which 
is significantly more severe compared to mono-infec-
tions, and laboratory confirmation of the diagnosis is 
difficult [23, 24]. In the etiologic interpretation of such 
cases, the metagenomic approach acquires special rele-
vance and clearly demonstrates its advantage. 

As a result of bioinformatics processing of MGS 
data using variable fragments of the 16S rRNA gene, the 
taxonomic composition of the microbiome associated 

Fig. 2. Taxonomic composition of microbiomes of ixodid ticks (sample numbers are indicated by numbers). 
Due to the availability of a large amount of data, only the most represented taxa are marked with color markers. 

For a color version of the figure, see the journal’s website
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with I. ricinus, D. reicinus, R. annulatus, H. aegyptium, 
D. marginatus ticks collected in the southern regions of 
Russia (Fig. 2) was determined. The microbiome of all 
ticks was dominated by the following microorganisms: 
Flavobacterium spp., Pseudomonas spp., Serratia spp., 
Aeromonas spp., Pedobacter spp., Bradyrhizobium spp. 
and Shingomonas spp. Probably, some of these bacteria 
entered the organism of mites in the process of their 
vital activity or inhabit their chitinous exoskeleton and 
digestive system, while not being symbionts of arthro-
pods [25].

Furthermore, DNA markers of microorganisms — 
endosymbionts of ticks, including Candidatus Midi-
chloria mitochondrii (samples Nos. 4, 5), represen-
tatives of genera Rickettsiella, Coxiella, Candidatus 
Coxiella mudrowiae (sample No. 7), non-pathogenic 
and conditionally pathogenic for human species Fran-
cisella spp. (F. frigiditurris, F. philomiragia, F. persica) 
(sample No. 13). 

It is interesting to note that the composition of the 
bacterial community of the ixodid tick pool of sam-
ple No. 10 based on the data of MGS sites of the 16S 
rRNA gene differed significantly from the other sam-
ples, which may be related to the peculiarities of the 
tick feeder and the species of the vector of tick-borne 
infections — the Mediterranean turtle. Bacteria of the 
Bradyrhizobium genus — symbiotic microorganisms 
of plants, Blastopirellula marina and Dyadobacter al-
kalitolerans, being natural inhabitants of saline water 
bodies and sandy soils, were detected in small amounts. 
The obtained results, presented in Table 3 and Fig. 2, 
are consistent with the literature data on bacterial 
pathogens carried by H. aegyptium ticks and found in 
the blood of reptiles (pythons, lizards and turtles) [26, 
27]. Information has been published on the detection of 
markers of pathogens (borreliosis, tick-borne rickettsi-
osis) during the study of biological material from rep-
tiles and ticks removed from reptiles: R. aeschlimannii 
[28], B. turcica [29, 30], B. hermsii [31], B. crocidurae 
[32] and B. hispanica [33]. The above data on the high 
occurrence of Borrelia — pathogens of relapsing fevers 
in animals confirm the wide distribution of these bacte-
rial pathogens in a number of regions and have almost 
ubiquitous character.

The use of MGS in the study of ixodid ticks can 
obviously be effective in obtaining comprehensive in-
formation on the species spectrum of NFI pathogens, as 
well as endosymbionts associated with different species 
of ixodid ticks inhabiting different regions. As a con-
sequence, new perspectives in the study of the species 
spectrum of pathogens, as well as the selection of mi-
croorganisms to assess the specificity of existing and 
developing PCR test systems for the study of field sam-
ples [34]. The information obtained in this work about 
the species of endosymbiotic microorganisms detected 
in ixodid tick pools is consistent with previously pub-
lished data [34]. 

It is necessary to take into account the limitations 
of the method when determining the species affilia-
tion of closely related microorganisms, including for 
a number of Borrelia and Rickettsia species based on 
MGS data [35, 36]. It has been shown that the results 
of taxonomic classification may differ depending on the 
variation regions used [37–39]. In this case, the use of 
a mixture of primers targeting different hypervariable 
regions of the 16S rRNA gene [40–42] contributes to in-
creasing the discriminatory power of the method, which 
was applied in the present study.

Conclusion
We analyzed the taxonomic composition of micro-

organisms, as well as the detection and identification of 
pathogens in samples by MGS method using 16S rRNA 
gene sections, and experimentally confirmed the effec-
tiveness of this method for the detection of pathogens in 
clinical and field samples. Microorganisms belonging to 
Rickettsia spp., Borrelia spp., Francisella spp. were de-
tected, including human pathogenic species, as well as 
species identification of pathogens with different DNA 
load in the studied material, in particular, R. aeschli-
mannii (Ct at PCR up to 23.3), C. burnetii (Ct < 21.4), 
F. tularensis (Ct < 26.6), Borrelia spp. burgdorferi s.l. 
(B. valaisiana, Ct < 25.7), borreliae of the pathogens 
of relapsing fevers (B. turcica, B. hispanica Ct < 20.2). 
The taxonomic structure of the microbiome of I. rici-
nus, D. reticulatus, R. annulatus, H. aegyptium, D. mar-
ginatus ticks collected in the southern regions of Rus-
sia was studied. It is shown that microorganisms from 
genera Flavobacterium, Pseudomonas, Serratia, Aero-
monas, Pedobacter, Bradyrhizobium and Shingomonas 
predominate. DNA markers of microorganisms — en-
dosymbionts of ticks Candidatus Midichloria mito-
chondrii, representatives of genera Rickettsiella, Cox-
iella, non-pathogenic and conditionally pathogenic for 
human species of the genus Francisella — were found 
in the pools of ixodid ticks.

Continued work in this area will allow a more ac-
curate assessment of the resolution of the method for 
the detection and identification of pathogens. The study 
of patterns of existence of pathogens in the structure 
of the tick microbiome is a promising area for further 
research.

The main advantage of the MGS method using the 
16S rRNA gene region in the study of field and clinical 
samples is the possibility to perform simultaneous de-
tection and identification of all bacteria in the sample, 
including known pathogens, without the necessity for 
several diagnostic tests. Targeted MGS can be used for 
etiologic interpretation in case of atypical course and 
abbreviated clinical picture of the disease, in case of 
mixed-infection with several pathogens of bacterial 
etiology, when there is a difficulty with the diagnosis 
using traditional laboratory methods of investigation. 
MGS can also be used to obtain information on the tax-
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onomic composition of the bacterial microbiome in the 
organism of different species of carriers and vectors of 
NFI pathogens.
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