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Momusayus u yens: OueHka pazHo0Opa3usi MUKPOOHOMOB TPHPOIHBIX COOOIIECTB B
HOCJIe/THEE JIECATHIIETHE TIPEeTepIeia CYIIECTBEHHBIN PBIBOK C Pa3BUTHEM METOIOB
MeTtabapkoauHra. Ha nmaHHbIi MOMEHT J1J1s 00pa0bOTKU TaHHBIX cekBeHupoBanus EDNA
KPUTHYECKH HEe0o0XOoAuMa ONTHUMH3alus Habopa M mapaMeTpoB PadOTHI OTIECIBHBIX
Momaylied 0O0pabOTKHA TOJA OCOOCHHOCTH TOJYYCHHBIX MaHHBIX (HAJIWYHE OCTaTKOB
a1 TepoB, MPAMEPOB U T. [I.) M CUCTEMATHYECKYIO TPYIIY HCCIEyEeMbIX OPTaHIU3MOB
(pacTenust, rpuObI, OECIIO3BOHOYHBIE, ... ).

Jnst mcronp30BaHusT MeTabapKOAWHTA B aHAM3€ CTPYKTYPHI pa3HOOOpas3usi TPUOHBIX
COOOIIECTB TPHUPOAHBIX SKOCHUCTEM OBUI COOpaH W ONTHMH3WPOBAH NaMIIIaiiH,
no3BoJisitonuii  3gdexTrBHO 00pabotaTh mocaemoBareabHocTH  ITS2  TpHOOB,
noydennsie Ha miatgopme lllumina MiSeq.

Memoowt u ancopummer: Taiimiaiin noarotosieH Ha Python 3 B untepdeiice Artifact
APl ans QIIME 2 [1], koTOpblii TO3BOJISIET MOAM(PHUIUPOBATH TMapaMeTphbl B
3aBUCUMOCTH OT LIeJICH UCCIIEIOBAaHUS U KAYeCTBA CHIPBIX JAaHHBIX. JTallbl alTUIaiiHa:
1) nomava ¢aiinos fastq; 2) mouck u ynaieHue amantepoB CCKBCHUPOBaHHS QYHKITHEH
trim_paired (adapter_f, adapter_r) (mocnemoBarensroct amantepoB AmpliSeq Gsimu
B3ATHI W3 TpoTokoiga 16S Metagenomic Sequencing Library Preparation);
3) oObearHEeHNE TAPHBIX YTCHHU# mpu oMoty merge_pairs (minlen = 150, maxns = 5,
maxee = 2); 4) bwibTpanus Mo KayecTBY C HCMOJb30BaHWEM (GYHKIMH (_SCOre
(min_quality = 20, max_ambiguous = 2); 5) nepemiukaius GyHKIMCH
dereplicate_sequences; 6) kmacrepuzamust g0 OTU ¢ 1menbio  yBeTHYEHUs
npou3BOIUTENLHOCTH  TiporpamMmbl  (Operational Taxonomic  Units)  dyrkmueit
claster_features_de_novo (perc_identity = 0.99); 7) ynanenne xumep B uchime_ref;
8) unentudukanus opraHusmoB, rae kaxmas OTU  kimaccubunupyercs Ha
TaKCOHOMHYECKHIt YPOBEHB, ObL1a HpOu3Be/IeHa npu MIOMOIIN
classify_sklearn(classifier), rme classifier — 310 npenBapurensHO O0OyYeHHBIH Ha
takconomuyeckoit 6aze UNITE (version 9.0 2022.10.16) [2] (nauBHBII OaiieCOBCKHIA
kinaccudukarop fit_classifier_naive_bayes (reference_reads, reference_taxonomy));
9) monydeHre HabOpa JaHHBIX B BUJIE JBYX apXuUBOB (hopmarta .(za (Tabauiia 4acToT U
nocnenoBatenbHoctd  JIHK  TakcoHOB), MNpUTrogHOM sl JalbHEHIEro aHainu3a
pasnoobpasus B QIIME 2.

Jannplii naifruraiid Obl1 armpoOMpOBaH Ui aHaiM3a Pe3yJbTaTOB CEKBEHUPOBAHUS
toranpHoi JIHK 210 o6pa3nos u3 npob Topda, pacTUTENHHOTO Olajia, IPEBECUHBI H
MUKOPH3HBIX KOPHEBBIX OKOHYaHMU, 0TOOpaHHbIX B 2022 un 2023 romax Ha BEPXOBOM
Oosore MyXpHHO B OKPECTHOCTAX Topojaa XaHTbl-MaHCHHCK € ILeJbl0 OLIEHKH
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pasHoo6pasus rpudoB BepxoBeix 6osoT. JJHK Beigensin nadbopom SileksMagNA. st
MeTa0apKOJWHra HCIONIb30Bal peruoH |TS2 kak nHambomee WHPOPMATHBHBIA H
TPaAWIIMOHHBIA ISl MeTabapkoamHra TpuOoB [3] m oOecledeHHbIH KypHUpyeMBIMU
pedepencHpiMEu 0a3zamu, Takumu Kak, Hampumep, UNITE. CexBeHupoBanm y4acTox
ITS2 B rpanumax mpaiimepoB ITS7 u ITS4 [4, 5] mo nporokoay 16S Metagenomic
Sequencing Library Preparation [6] na miatdopme Illumina MiSeq. Beuti mosyueHs!
ceIpbie nanHbIe ¢ pazopocom oT 1,5K mo 250K npourenwnii Ha 1 mpoOy JTHK, u3 koTopsix
ObLTH 0TOpOLIeHBI TPOOHI ¢ unciioM npouteHuid < 10000. Ceipbie urenus (apxussl FastQ
u Tabnuua MertagaHHbiXx) Obun 3arpykensl B NCBI Sequence Reads (momep
ounonpoekra PRINA1007262) u npencrasieHsl B Buae odpadboranHoi maTpuiiel OTU
Ha nopranie GBIF [7].

Pezynomamer:  Ananus mocnepoBaTenbHOCTEd  BeIIBHI 1609  omepannoHHBIX
takcoHoMmuueckux eauuui] (OTUS), knaccuduimpoBanHbix 10 686 Bua0B, 496 poaos,
246 cemeiicTs, 89 oTpsmoB, 33 Ki1accoB, 9 TUITOB M OHOTO 1IAPCTBA C YPOBHEM CXOJICTBA
99 %. Oxoio 47 % TakKCOHOB MIACHTU(UIIMPOBAHBI HA YPOBHE Bua, 22 % — Ha ypOBHE
pona, ocTalubHble — Ha OoJjiee BBICOKMX TAaKCOHOMHYECKMX YpOBHAX. OCHOBHEBIC
nopsiaku: Leotiomycetes, Dothideomycetes, Eurotiomycetes u ap. (Ascomycota) u
Agaricomycetes, Tremellomycetes, Mycrobotriomycetes u Exobasidiomycetes,
(Basidiomycota).

AHanm3 CTPyKTYpBl COOOIIECTB, BBHITIOJHEHHBIN ISl BCEX MPOO METOIOM OpIWHAIINH,
BEISIBIJT YETHIPE BBIIEISIOMIUXCS 00Jlaka TOYeK, COOTBETCTBYIOIINX OCHOBHBIM THIIAM
CyOCTpaToB: MOBEPXHOCTHBIN TOp(, ApeBecuHa, ONaja PacTeHUH, U TITyOMHHBIA TOP.
B cBoto ouepenp, opamHamus MpoO W3 KKIAOW CyOCTpaTHOW TpymIbI IOKazaia
JpoOJIeHUE B MOATPYITHI MO APYTHM HapaMeTpaM cpesl (HarmpumMep, mpoOsl U3 ormaaa
pacteHuii — Mo BUAaM Xo03sieB). llomyueHHBIE pe3yNbTaThl CBHICTEIBCTBYIOT O
JIOCTOBEPHOCTH TIOJIyYCHHBIX JaHHBIX O BHAOBOM pa3HOOOpasMH U CTPYKType
coo001IecTB TpHOOB ¥ KOPPEKTHOH paboTe maiiraiiHa.

Jlnst mpoBepku KadyecTBa paOOThI MalIUIaifiHA Takke Oblla NPOW3BEJCHA pydyHas
KIaccu(UKalysg TOCIeI0BATEIbHOCTEH TpHOOB-MaKpOMUIETOB. JlaHHYIO TpyImy
rpuOOB TIpeIBapUTEIbHO H3y4dalld Ha ydacTke MyxpuHO B TeueHHe 9 yer Ha
IIOCTOSHHBIX IUIOIIAJAKax; OblIa co3gaHa ©Oa3za 1mociemosaTenabHocTed ITS m
onyoOnukoBan crucok BuaoB [8]. Ilpu momomu BLAST [9] merabapkoauHIOBBIC
MOCIIEI0BATEIEHOCTA CpaBHUBANHU ¢ 0a30i ITS miomoBsIX Tenm BUAOB, COOPaHHBIX Ha
JTAHHOM yYacTKe, ¥ IOCIeIoBaTenbHOCTAME | TS THIIOBBIX 00pa3IoB, MpeICTaBIeHHBIX
B NCBI. IlocnenoBarensHOCTH OBLTM CTPYNNUPOBAHBI W MPOAHAIM3UPOBAHBI IO
cemeiictBam Agaricaceae, Auriscalpiaceae, Boletaceae, Clavariaceae, Cortinariaceae,
Crepidotaceae, Entolomataceae, Hygrophoraceae, Inocybaceae, Lycoperdaceae,
Lyophyllaceae, Mycenaceae, Omphalotaceae, Paxillaceae, Physalacriaceae, Pluteaceae,
Psathyrellaceae, = Russulaceae,  Strophariaceae, Suillaceae,  Thelephoraceae,
Tricholomataceae, npunaiexanux K TpeM OCHOBHBIM Topsizikam Agaricales, Boletales
u Russulales.

Pesynprarthl py4HO#l KiIaccM(UKAMM TONHOCTHIO COBHANM C  IOJyYEHHBIMHU
MIOCPEICTBOM TalIUIaiiHa HA YPOBHE Kiiacca, opsaka, cemeicTBa u poaa. OqHako Ha
Bu0BOM ypoBHE 23 % (27 u3 118 BuaoB) nonyuwnu apyrue Ha3BaHus. B pesynbrare
W3y4YeHHs MPO0 TPYHTa M Olaja CIUCOK MaKpOMHUIIETOB Ha MOJICTBHOM y4acTKe
BepxoBoro Oomora Tmocie MerabapkoawmHra coctaBuin 161 Bun. BrisiBaeHHOE
paszHooOpasue yBenuuuiock Ha 66 BuoB (40 % OT 00IIero yrcia BHJIOB).
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Bv1600vi: TOATOTOBNCHHBI MAWMIAH TMO3BOJSET KOPPEKTHO MPOaHATU3HPOBAThH
CEKBEHHPOBAaHHBIE JAaHHBIE W C YBEPEHHOCTHIO ONPEACTHTH OO poja OONBIIMHCTBO
nocienoBatenbHOCTe |TS2 TprbOB, MONyYeHHBIX U3 MPOO TPYHTA U PACTUTEILHBIX
ocratkoB. Knaccudukanus 10 BHIOBOTO YPOBHS MOXET YCIEITHO OCYIIECTBISATHCS C
WCIIOJIb30BAaHUEM PYYHOH IMPOBEPKM HAa HEOONBIIMX naraceTax. JlaHHBIN mnairuiaiH
SIBIISIETCS 9aCTHIO pa3padaThIBAEMOT0 MMPOTPAMMHOTO 00ECTIEYeHHSI, KOTOPOE MTO3BOIIUT
B TIEPCIIEKTHBE aHAIM3UPOBATh METa0APKOIWHTOBBIE JAHHBIE IO YPOBHS CTPYKTYPHI
coo0uiecTs.

Qunancuposanue. CybOcumuss w3 (denepanbHOro OmJKETa Ha  BBITIOJHCHHC
TOCyIapCTBEHHOTO 3amaHusi «MOoJeKyIsIpHO-TEeHETHUECKHe METOABl B HM3YYCHHU U
OLICHKe cocTosiHug OuopazHooOpasusi Cesepubix peruonoB (FENG-2024-0003)»
(Ne 1023041300017-6-1.6.4 ot 13.03.2024).
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Motivation and Aim: The assessment of microbiome diversity in natural communities
has undergone a significant breakthrough in the last decade with the development of
metabarcoding methods. However, at the present stage, an important challenge of eDNA
sequencing data processing is the need to optimize the set and operating parameters of
individual processing modules for the characteristics of the NGS-data obtained (presence
of adapter residues, primers, etc.) and the systematic group of barcoded organisms
(plants, fungi, invertebrates, etc.) To use the lllumina NGS metabarcoding in analyzing
the diversity structure of fungal communities in natural ecosystems, a pipeline was
assembled and optimized.

Methods and Algorithms: The pipeline was prepared in Python 3 in the Artifact API for
QIIME 2 [1], which allows modifying the parameters depending on the goals of the study
and the quality of the raw data. Pipeline stages: 1) submission of fastq files; 2) search
and removal of sequencing adapters using the trim_paired function (adapter_f,
adapter_r) (AmpliSeq adapter sequences were taken from the 16S Metagenomic
Sequencing Library Preparation protocol); 3) combining paired reads using merge_pairs
(minlen = 150, maxns = 5, maxee = 2); 4) filtering by quality using the q_score function
(min_quality = 20, max_ambiguous = 2); 5)dereplication with the
dereplicate_sequences function; 6) clustering to OTUs (Operational Taxonomic Units)
in order to increase the performance of the program using the function
cluster_features_de_novo (perc_identity = 0.99); 7) removal of chimeras in uchime_ref;
8) identification of organisms, where each OTU is classified to a certain taxonomic level,
was carried out using classify_sklearn(classifier), where the classifier was pre-trained on
the UNITE taxonomic database (version 9.0 2022.10.16) [2] (haive Bayes classifier
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fit_classifier_naive_bayes (reference_reads, reference_taxonomy)); 9) obtaining a data
set in the form of two archives in .qza format (table of frequencies and DNA sequences
of taxa), suitable for further analysis of diversity in QIIME 2.

This pipeline was used to analyze the results of total DNA sequencing of 210 samples
from peat, plant litter, wood and mycorrhizal root endings. The samples were collected
in 2022 and 2023 in the Mukhrino raised bog near the city of Khanty-Mansiysk. DNA
was isolated using the SileksMagNA kit. We used the ITS2 region for metabarcoding as
it is traditionally considered to be the most informative for metabarcoding of fungi [3],
and provided with curated reference databases, such as UNITE. The ITS2 region was
sequenced within the boundaries of the ITS7 and ITS4 primers [4, 5] according to the
16S Metagenomic Sequencing Library Preparation protocol [6] on the Illumina MiSeq
platform. Raw data was obtained ranging from 1.5K to 250K reads per 1 DNA sample,
from which samples with the number of reads < 10,000 were discarded. Raw reads
(FastQ archives and metadata table) were uploaded to NCBI Sequence Reads (bioproject
number PRINA1007262) and presented as a processed OTU matrix in the GBIF
portal [7].

Results: Sequence analysis identified 1609 operational taxonomic units (OTUs),
classified into 686 species, 496 genera, 246 families, 89 orders, 33 classes, 9 phyla and
one kingdom with a similarity level of 99 %. About 47 % of taxa have been identified to
the species level, 22 % to the genus level, and the rest to higher taxonomic levels. The
main orders revealed were the Leotiomycetes, Dothideomycetes, Eurotiomycetes, etc.
(Ascomycota) and Agaricomycetes, Tremellomycetes, Mycrobotriomycetes and
Exobasidiomycetes, (Basidiomycota). Analysis of the community structure, performed
for all samples using the ordination method, revealed four prominent clouds of points
corresponding to the main types of substrates: surface peat, wood, plant litter, and deep
peat. In turn, samples from each group are combined into their own subgroups according
to other environmental parameters (for example, samples from plant litter — by the host
species). Our results indicate the reliability of the data obtained on the species diversity
and structure of fungal communities and the correct operation of the pipeline. To check
the quality of the pipeline, manual classification of sequences belonging to fleshy fungi
was also performed. This group of fungi was previously studied at the Mukhrino site for
9 years on permanent sites, a reference database of ITS sequences from fungal
basidiomata was created, and a list of species has been published [8]. We have compare
the metabarcoding sequences with the reference database and Type specimens sequences
using BLAST [9]. The main families Agaricaceae, Auriscalpiaceae, Boletaceae,
Clavariaceae, Cortinariaceae, Crepidotaceae, Entolomataceae, Hygrophoraceae,
Inocybaceae, Lycoperdaceae, Lyophyllaceae, Mycenaceae, Omphalotaceae,
Paxillaceae, ae, Pluteaceae, Psathyrellaceae, Russulaceae, Strophariaceae, Suillaceae,
Thelephoraceae, Tricholomataceae, belonging to the three main orders Agaricales,
Boletales and Russulales were analyzed. The results of manual classification completely
matched those obtained using the pipeline at the level of class, order, family and genus.
However, at the species level, 23 % (27 of 118 species) received different names. As a
result of studying soil and litter samples, the list of fleshy fungi in the model area of the
raised bog was expanded by 66 species (40 % of the total list).

Conclusion: the prepared pipeline allows us to correctly analyze the sequenced data and
confidently determine to the genus the majority of ITS2 sequences of fungi obtained
from soil and plant residue samples. Species-level classification can be successfully
accomplished using manual inspection on small datasets. This pipeline is a part of

1398 BGRS/SB-2024



currently developed software that will allow analyzing metabarcoding data down to the
community structure level.

Funding: Subsidy from the federal budget for the implementation of the state task
“Molecular genetic methods in the study and assessment of the state of biodiversity of
the Northern regions (FENG-2024-0003)” (No. 1023041300017-6-1.6.4 dated
03/13/2024).
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