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Abstract

This paper examines the bacterial composition of soils in the Fatala River
basin, Republic of Guinea.

This work is based on molecular genetic analysis.

The research findings indicate that the most prevalent phyla are
Proteobacteria, Firmicutes, Actinobacteria and Acidobacteria. Notable
dominant species include Candidatus Koribacter versatilis and Candidatus
Solibacter usitatus. In facies 11, particularly in a bauxite mining zone, there
is an increase in cyanobacteria, potentially due to their capacity to enrich
soil fertility. Alpha diversity peaks in facies 10, 12, 17 and 18 and bottoms
out in facies 7. The decline in alpha diversity in facies 7 might be attributed
to the increase in plankomycetes, which produce antimicrobial substances
to outcompete other species. When examining beta diversity, facies 10, 12
and 17 show the highest similarity, while facies 3, 5, and 7 exhibit the most
significant differences compared to all points analysed.

The identification of the prevailing bacterial phylum and dominant species,
along with specific taxa exhibiting increases or decreases in biodiversity, is
a crucial first step in characterising the microbial communities found in the
natural environments studied. The methodology established can be
employed in environmental surveillance and evaluation of the health of
diverse soil types.

Key Words
Microbiome, bacterial composition, ecology, species diversity indices, soil,
river basin, Fatala River, Republic of Guinea.
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Peslome

B paHHOM cTaTbe paccmaTtpuBaeTcA 6aKkTepuanbHblA COCTaB MNOYB B
bacceiHe pekun datana (FBuHelickas Pecnybivka).

PaboTa ocHoBaHa Ha MONEKYNAPHO-TEHETUYECKOM aHaNU3e.

Pe3ynbTaTbl MCCNEA0BaHMA MOKA3bIBAlOT, YTO Haubosee npeacTaB/ieHHble
dunymbl — 310 Proteobacteria, Firmicutes, Actinobacteria v Acidobacteria.
B KayectBe BMA0B-AOMWHAHTOB Haubosnee 4Yacto oTmeueHbl Candidatus
Koribacter versatilis w Candidatus Solibacter usitatus. B ¢aummn 11, B
pavioHe, cneuManusMpylowemcs Ha p[obbide 6oKcuToB, Habatogaetcs
YBE/IMYEHNE UMAHODAKTEPUW, UTO MOXKET ObiTb CBA3aHO C WX
CNocobHOCTbIO BOCCTaHaBAMBaTb niogopoane noys. Hanbonee BbicOKMe
nokasartenu anbda-pasHoobpasus dukcupytotca B paumax 10, 12, 17 n 18,
a HaumeHblmne — B pauum 7. CHuKeHMe anbda-pasHoobpasua B daunn 7
MOJET OblTb CBA3AHO C YBE/NMYEHWEM YWUCAEHHOCTU MNAHKOMMULETOB,
CNocobHble BbipabaTbiBaTb aHTUMUKPOOHbIE BELLECTBA ANA YCTPaHEeHuA
BUOB-KOHKYpeHToB. Mpu oueHKe 6eTa-pa3HOO6pasua BbIABAEHO, YTO
Hambosnee cxoxxkmmu asaaoTca daumm 10, 12 n 17, a dpaumm 3, 5 n 7 umetot
HanMbonbWwne OTNNMYMA B CPaBHEHUW CO BCEMW MPOAHANU3UPOBAHHBIMMU
TOYKaAMM.

BbifsBneHne npeobnagaowmx HakTepuanbHbix GUAYMOB U BUAOB-
OOMUHAHTOB, a TaKXKe cneuuduyeckux BUAOB C GUKcaumMelrt NoBbIWeHUA
WUAN NOHWUMKEHUA BMOpPa3HO0bpPasnA ABNAETCA BAaXKHbIM LLIArOM A/1A OLEHKMU
XapaKTEPHbIX AAA UCCAeAyeMblX MPUPOAHbIX OB6bLEKTOB MMUKpoopra-
HM3MOB. Pa3paboTaHHbIM MOAX0d, MOMeT 6biTb NpuUMeEHeH AnA
NpoBeAeHNA 3KONOTMYECKOTO MOHWTOPUMHIA U OLLEHKM COCTOSIHUA
Pa3NIMYHbIX TUNOB NOYB.

Kniouesble cnoBa

MuKpobuom, 6aKTepUasbHbIA COCTaB, 3KOMOTMUA, MHAEKCbI BWUAOBOrO
pa3Hoobpa3uA, nouBa, bacceitH peKku, peka atana, [BUHelcKan
Pecnybnuka.
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INTRODUCTION

The Republic of Guinea, a West African nation, boasts
substantial mineral, hydropower, and agricultural resources,
ranking as Africa's top and globally the second-largest
bauxite exporter, with reserves also including gold, uranium,
iron ore, and diamonds [1]. The Fatala River basin spans
Boke and Kindia provinces, home to the majority of Guinea's
aluminum ore reserves [2—4]. The rich bauxite deposits of
Fouta Djallon province, holding up to a third of Guinea's total
aluminum reserves [5; 6], fuel industrial growth and
infrastructure development, consequently impacting the
environment [7]. Anthropogenic influences on Guinea's
landscapes are mainly driven by urban expansion and a lack
of active introduction of modern working methods into
industrial enterprise activities aimed at reducing negative
impact on the environment [8].

To mitigate the adverse, often devastating impacts
of mining and safeguard natural landscapes, comprehensive
environmental monitoring is essential. This involves periodic
assessments of the extent and magnitude of human-induced
landscape transformations, followed by the development of
strategies for their rehabilitation. A key indicator of soil
health is the analysis of its bacterial diversity [8-10].
Moreover, targeted manipulation of soil bacterial
composition using both natural and synthetic microbial
communities can aid in repairing and protecting healthy soil
ecosystems, thereby mitigating or reversing environmental
damage [11]. Nevertheless, the relationship between the soil
microbiome of Guinea and its ecological and geographical
landscape features remains unexplored to this day.

Soil, as a vital living system, underpins Earth's life
support functions, with its microbiome serving as the
primary driving force [12]. Soil hosts an extraordinary density
of microorganisms, up to 10% bacterial cells per gram,
contributing significantly to its biomass [13]. These
microorganisms play a pivotal role in biogeochemical
nutrient cycling, mobilising and stabilising nutrients for
plants, thereby impacting overall soil fertility and plant
health [14]. The soil microbiota mitigates greenhouse gas
emissions, sequesters carbon, aids in pollutant degradation
and disease suppression and secures nutrients for growth
[15].

The soil microbiome is indispensable to the proper
functioning of soil ecosystems [16]. Its abundance and
diversity are shaped by soil type, climate, edaphic factors,
nutrient availability, and oxygen levels [17]. Bacterial
composition differs across habitats, from deserts to forests
and is heavily influenced by abiotic and biotic factors such as
pH, carbon content, soil structure, texture, vegetation and
can vary markedly depending on the ecosystem and the
corresponding inhabitants [16]. Soil microbiome composition
is largely dictated by soil edaphic properties, acting as the
primary ecological filter [16]. Surveys of diverse soils reveal
that soil bacteria predominantly belong to phyla such as
Verrucomicrobia, Acidobacteria, Proteobacteria
(Alphaproteobacteria,  Betaproteobacteria, =~ Gammapro-
teobacteria, and Deltaproteobacteria), Planctomycetes,
Bacteroidetes, and Actinobacteria [18]. Soil structure
influences mesofauna development, with micropores of clay
molecules potentially impeding microbial predation and
lighter structures promoting bacterial growth. Moisture
content impacts the microbiome, as water availability
enables bacterial existence, mobility, nutrient dissolution,
and gas diffusion. Different soil microorganisms prefer
distinct pH ranges, as seen in correlations with specific
microbiome compositions. For instance, liming acidic soil

triggers high-frequency changes in bacterial composition and
abundance, notably affecting phyla such as Actinobacteria,
Gemmatimonadetes, B and &dProteobacteria, Chloroflexi, and
Nitrospirae [16].

Beyond their direct roles in nutrient cycling and
organic matter transformation soil microorganisms can
reshape the soil habitat through numerous biochemical and
biophysical processes, leading to notable environmental
impacts [19]. This becomes increasingly relevant in
contemporary times, as global changes like anthropogenic
soil threats (e.g., forest conversion to agriculture) and
climate change challenge normal soil functioning. To ensure
soil health, it is vital to have trustworthy indicators that
pinpoint the nature of harmful changes and reflect soil
quality [20]. Rapid advancements in molecular (DNA-based)
methods now enable deciphering microbiomes and revealing
associations between microbial communities and soil
ecological states [21].

The objective of this study was to describe the
bacterial diversity of soils within the Fatala River basin, which
exhibits a range of ecological and geographical features,
through molecular genetic analysis.

MATERIALS AND METHODS

The Fatala River serves as a vital waterway for the
surrounding region, with its basin encompassing diverse
landscape zones, such as plains, hilly terrain and mountain
systems. This variability offers an ideal setting for
expeditionary research.

The Fatala River is located in the Republic of
Guinea, in its western part and belongs to the Atlantic Ocean
basin (Fig. 1). The relief of the territory is diverse: the coastal
plains give way to the dismembered Fouta Djallon plateau, in
the east there is an elevated stratum plain and in the south
the North Guinean Upland with low mountains rises. The
climate of the Fatala River basin is subequatorial, with
pronounced wet and dry seasons. The average annual air
temperature range is 24-30 °C. The rainy season lasts from
May to October, during which time the bulk of precipitation
falls, which maintains a high level of humidity and
contributes to the rapid development of vegetation [22].
Soils in the basin are mainly represented by three types:
lithic leptosols, ferrallitic soils and thionic fluvisols [23]. The
vegetation within the basin comprises tropical forests,
savannas, and dense shrubby thickets.

During the expedition studies, 18 facies in various
landscape conditions were described. In each, soil profiles
were established and horizons identified and described (Fig.
2). Samples from each horizon were collected to ascertain
soil bacterial composition. Table 1 offers a concise
description of the sampled facies.

METHOD FOR ISOLATING TOTAL DNA FROM SOILS

A detailed soil profile was made at each of the 18 chosen
facies, followed by a thorough soil description. Soil samples
were collected from each selected horizon, with
approximately 15-20 ml of soil placed in a 50 ml tube and
preserved with a 95% ethanol solution to maintain the
bacterial composition unchanged. Total DNA was extracted
from all selected samples, except for facies 14 due to
irreparable damage during transportation. Prior to
extraction, soil samples were removed from the alcoholic
solution into a 1.5 ml tube (700-800 mg), centrifuged at
5000 rpm for three minutes, and the supernatant was
discarded. The remaining pellets were heated in an oven at
50°C with open lids until all alcohol had evaporated.
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Figure 1. Geographical location of the Fatala River basin
PucyHok 1. l'eorpaduryeckoe nonoxeHune bacceHa peku ®atana

[ Soil sampling points

— Rivers
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Figure 2. Sampling points in the Fatala River basin
PucyHok 2. Touku otbopa npob B HacceiHe pekn PaTana
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Table 1. Brief description of the studied facies [22]
Tabnuua 1. KpaTkas xapakTtepucTuka ucciegyemoix dauuii [22]

Facies

Description / O
daumn iption / OnucaHue

Narrow, gently sloping (1-2°) watershed surface of south-southwest exposure, composed of Devonian
siltstone-mudstones, mudstones with interlayers of fine-grained sandstones, with a low-growing,
single-storied sparse forest on medium-thick, weakly humus-bearing, skeletal sandy loam leptosols

on stony-blocky eluvium of Devonian deposits.

1 MoBepxHOCTb BOAOpa3aena y3Kan cnaboHakNoHHasA (1-2°) oro-toro-3anagHoi aKCnosmumu,
C/IO¥KEeHHasA AEBOHCKMMU aNeBPO-apruIMTaMum, aprmainuTamm C NPOCAOAMMU U3 MENKO3EPHUCTbIX
NecyaHMKOB C HU3KOCTBO/IbHbIM O4HOAPYCHbLIM Pa3peXKeHHbIM 1eCOM Ha IMTOCONAX CPEeAHEMOLLHbIX
€n1aborymycmMpoBaHHbIX CynecyaHblX CUAbHOCKENETHbBIX Ha KAMEHWUCTO-T/1bIBUCTOM 3/1H0BUN SEBOHCKMX
OT/IOKEHWUN.

Steep (23°) middle part of the slope of southern exposure, composed of Devonian siltstone-mudstones,
mudstones with interlayers of fine-grained sandstones, with a dense, low-growing, single-storied forest

on shallow, poorly humus-bearing sandy loam leptosols on the bedrock massif of Devonian deposits.

CpefiHAA YacTb CKAOHa KpyTas (23°), 103KHOM 3KCNO3MLMM, CNOXKEHHAN [EeBOHCKUMU aNeBpo-apruaanTamu,
apruanUTamm C NPOCI0SMMU U3 MEIKO3EPHUCTBIX MECYAHMKOB C IYCTbIM HU3KOPOC/IbIM OAHOSAPYCHBIM 1ECOM

Ha IMTOCOIAX MAJIOMOLLHbIX C1aBOryMyCHMPOBAHHBIX CyNnecyaHbIX Ha CKaJIbHOM MacCUBe eBOHCKUX OT/IOKEHWNA.

Gently sloping (1-2°) surface of the Fatala River high floodplain of west-north-western exposure, composed
of Devonian coarse-grained quartz sandstones, gritstones and conglomerates, with a dense, tall, two-storied
forest on fluvisols, thick, poorly humus-bearing, light loamy soil on alluvium of Devonian deposits.

3 MoBepXHOCTb BbICOKOM MoMMbI pekn daTana cnaboHakNoHHaA 1-2°, 3anagHo-ceBepo-3anagHoi 3KCNo3uLmu,
CNIOXEHHanA 4eBOHCKMMM KPYMHbIMM KBAapLEBbIMM NecYaHUKaMM, rPaBeMTammn U KOHFIOMepaTamMm C rycTbiM
BbICOKOPOC/bIM ABYAPYCHbIM 1€COM Ha a//1l0BMaIbHON MOLLHOW CNaborymycupoBaHHOM 1erkocyrMMHUCTON
MoYBe Ha a//IlOBUUN LEBOHCKUX OTI0KEHN.

Gentle (5-10°) upper part of the slope of south-southwestern exposure, composed of Devonian coarse-grained
quartz sandstones, gritstones and conglomerates, with a dense, tall, two-storied forest on medium-thick,
low-humus, skeletal sandy loam leptosols on the colluvium of Devonian deposits.

4 BepxHAs YacTb cknoHa nosoras (5—10°), toro-toro-3anagHom sKCNO3NLUUK, CIOKEHHANA AEBOHCKMMM KPYMHbIMK
KBApLEBbIMM NECHAHMKAMMU, TPABEIUTAMM U KOHTNIOMEPATaMM C IyCTbIM BbICOKOPOC/IbIM A,BYXbAPYCHbIM 16COM
Ha IMTOCONAX CPEAHEMOLLHbIX MAaNOTYMYCHbIX CYNecYaHbIX CUIbHOCKENETHbIX Ha Ae/t0BUN [EeBOHCKUX
OT/IOXKEHUN.

Gentle (10-15°) watershed surface of the ridge of southern exposure, composed of Devonian coarse-grained
quartz sandstones, gritstones and conglomerates, with a dense, tall, two-storied forest on deep, poorly
humus-bearing, skeletal sandy loam ferralitic soils on the eluvium-colluvium of Devonian deposits.

5 BopopasgenbHas noBepxHOCTb xpebTa nosoras (10—15°), 10XKHOW 3KCMO3MLIMK, CNIOKEHHAA AEBOHCKMMM
KPYNHbIMUW KBapL,EBbIMWU NEeCYaHUKaMM, FPaBeNTaMmn U KOHITIOMEPaATaMu C ryCTbIM BbICOKOPOC/IbIM
[BYAPYCHbIM IECOM HA }KEeTO3eMaX MOLLHbIX C1a60ryMycMpoBaHHbIX CynecyaHblX CUAbHOCKENETHbIX
Ha 3/110BO-A,/110BUM AEBOHCKUX OT/IOKEHUN.

Periodically flooded, slightly wavy, gently sloping (1-2°) surface of the Fatala River floodplain of north-

northwestern exposure, composed of Devonian dolerites, congadiabases and gabbro-dolerites, with a dense,

single-storied floodplain forest on fluvisols soails, thick, poorly humus-bearing, light loamy soil on gravelly alluvium.
6 MoBepxHOCTb NoWMbl pekn daTana, nepuogmnyecku satoniaemas, cnabosonHucras, cnaboHaknoHHan (1-2°),

ceBepo-ceBepo-3anagHoMN 3KCNO3MLMUM CNOXKEHHAA 4EBOHCKMMM SONEPUTAMM, KOHragmabasamm

1 rabbpo-goneputamm ¢ NOMMeHHbIM OAHOAPYCHbIM NYCTbIM JIECOM Ha anNt0BUANbHOW MOLLHOM

cnaborymycmpoBaHHOM IEFKOCYT/IMHUCTOM NOYBE Ha ra/Ie4HMKOBOM ajlItoBUU.

Slightly wavy, gently sloping (1-2°) watershed surface is of south-south-western exposure, composed

of Devonian siltstone-mudstones, mudstones with interlayers of fine-grained sandstones, with a grass
monodominant community on shallow, low-humus, skeletal sandy loam leptosols on the stony-blocky

eluvium of Devonian deposits.

MoBepxHOCTb BOAOpasaena cnaboBonHucTasa cnaboHaknoHHan (1-2°) 1oro-toro-3anagHoi 3KCNo3mLMmn CAOXKEHHasn
[EeBOHCKMMM aNespo-apruannutaMmm, aprmaauTamm ¢ npocaoAMmM U3 MeNKO3EPHUCTbIX NECHAHNKOB CO 3/1aK0BbIM
MOHOZLOMMUHAHTHbLIM COOBLLECTBOM Ha IMTOCOIAX MANIOMOLLHbIX MAZIONYMYCHbIX CyMecyaHbiX CUNbHOCKENETHbIX
Ha KAMEHWCTO-T/1bIBUCTOM 3/1H0BUM AEBOHCKUX OT/IOKEHWIA.

Inclined (5-7°) upper part of the slope of north-eastern exposure, composed of Devonian siltstone-mudstones,

fine-grained sandstones and mudstones, with shrub communities and isolated standing trees on deep,

poorly humus-bearing, skeletal sandy loam ferralitic soils on the stony-blocky colluvium of Devonian deposits.
8 BepxHAs YacTb CKNOHA HaKNOHHAsA (5—7°) ceBepo-BOCTOYHOM IKCMO3ULMM CIOKEHHAA 4EBOHCKMMM aneBpo-

APTUNNUTAMU, MENKO3EPHUCTLIMU MEeCYaHMKAMM U apruAAUTaMM C KYCTapHUKOBBIMUM CO0BLLeCTBaMMU

W AMHUYHO CTOALLMMUN AEePEBBAMM HA HKENTO3EMAX MOLLHBIX C/1abOrymycMpoBaHHbIX CyrnecyaHbixX

CUNbHOCKENETHbIX Ha KAMEHUCTO-T/IbIBUCTOM AEN0BUN LEBOHCKUX OTIOMEHUN

Steep (40-45°) lower part of the slope of the Fatala River valley of north-western exposure, composed
9 of Devonian siltstone-mudstones, mudstones with interlayers of fine-grained sand, with a two-storied
broad-leaved forest on deep, poorly humus-bearing, medium loamy skeletal ferralitic soils on the stony-blocky
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colluvium of Devonian deposits.

HUKHAA yacTb CKNOHa AOAMHbI pekun daTana, KpyTan (40-45°) ceBepo-3anafHOW 3KCNO3ULMK CNOXKEHHanA
[EeBOHCKMMMU aNeBpo-apruaiuTamu, apruaanTamm ¢ NPoca0SMU MeNKO3EPHUCTOTO NECKa C ABYXbAPYCHbIM
LIMPOKOIMCTBEHHBIM IECOM Ha KETO3eMaX MOLLHbIX C1a6orymycMpoBaHHbIX CPeAHEeCYrMIMHUCTbIX
CKE/IETHbIX HAa KAMEHWCTO-T/IbIBUCTOM AENIOBUM AEBOHCKUX OTIOKEHUN.

10

Periodically flooded, slightly wavy, gently sloping (5-7°) surface of the first terrace above the floodplain

of the Fatala River of south-eastern exposure, composed of Devonian siltstone-mudstones, fine-grained
sandstones and mudstones, with a two-storied broad-leaved floodplain forest on fluvisols, deep, poorly
humus-bearing, medium-heavy loamy soil on sandy-boulder alluvium.

MoBepxHOCTb NepBOM HAaANOMMEHHOM Teppackl pekn PaTtana, nepuoanyecky satonnsemas, cnabosonHucTas,
NOJIOroHaKN0OHHaA (5—7°), Oro-BOCTOYHOM SKCMO3ULMUM CNOXKEHHAN AEBOHCKUMM aNeBpO-apruaanTamm,
Me/IKO3€PHUCTbIMM NECYaHUKAMM U aprUAIUTaMU C MOMMEHHbBIM ABYXbAPYCHbIM LMPOKOAUCTBEHHbIM IECOM
Ha anNtoBNANIbHON MOLHOM cNaborymycMpoBaHHOW CpeHe-TAXKENOCYTIMHUCTOM NoYBe Ha NecyaHo-BasyHHOM
aNNoBUN.

11

Wavy, gently sloping (1-2°) surface of the watershed of northeastern exposure, composed of Silurian siltstone-
mudstones, mudstones with interlayers of fine-grained sandstones, with a regenerated young forest on medium-
depth, poorly humus-bearing, skeletal sandy loam leptosols on the stony-blocky eluvium of Silurian deposits.
MoBepxHOCTb BOAOPa3Aena BOHUCTasA claboHakNoHHan (1-2°), ceBepo-BOCTOUYHOW 3KCMO3ULMK, CIOKEHHAA
CUNYPCKUMU aNeBPO-apruiuTaMu, aprmaanTamm ¢ NPpoCaoAMMU U3 MENIKO3EPHUCTbIX NECHAHUKOB

C BOCCTAHOB/IEHHbIM MO/IOAbIM 1€COM HA JIMTOCONAX CPEAHEMOLLHbIX C1aBoryMycMpoBaHHbIX CynecyaHbIx
CUNbHOCKENETHbIX HA KAMEHUCTO-TNbIBUCTOM 3/I0BUUN CUTYPCKUX OTIONKEHWA.

12

Gentle (6—7°) middle part of the slope of the watershed ridge of southern exposure, composed of Silurian
siltstone-mudstones, mudstones with interlayers of fine-grained sandstones, with a dense regenerated young
forest on medium-depth, low-humus, skeletal sandy loam leptosols on the stony-blocky colluvium of Silurian
deposits.

CpeaHaAn YacTb CKIOHA BOAOPA3AeNbHON rpaabl nonoran (6—7°), loXKHOM 3KCNO3ULMK, CNOKEHHANA CUNYPCKUMM
aNeBpPoO-apruaanTaMm, apruaanTamm c NPOCI0OAMMU U3 MENKO3EPHUCTbIX NECYAHUKOB C NYCTbIM BOCCTAHOBNEHHbIM
MO/I0A,bIM JIECOM Ha JIMTOCONAX CPEAHEMOLLHBIX Ma/IOTYMYCHbIX CynecyYaHbIX CUIbHOCKENETHbIX Ha KAMEHUCTO-
rNbIBUCTOM L,ENI0BUM CUNYPCKUX OTNIOKEHWUIA.

13

Periodically flooded, slightly wavy, gently sloping (5—-14°) surface of the first terrace above the floodplain

of the Fatala River of south-southwestern exposure, composed of Silurian siltstone-mudstones, fine-grained
sandstones and mudstones, with a dense single-storied broad-leaved floodplain forest on fluvisols, gleyed,
deep, poorly humus-bearing, medium loamy soil on Silurian alluvial deposits.

MoBepxHOCTb NEPBO HaAMoOMMEHHOM Teppackl peku daTtana, nepruogmyeckn satonasemas, c1abososHUCTaA,
No/sIoroHakNoHHas (5-14°), oro-toro-3anagHoi 3KCNO3ULMM CIOXKEHHAA CUNYPCKUMM aneBpo-apruaamnTamm,
Me/IKO3€PHUCTBIMM NEeCYaHUKaMM U aprUAIUTaMU C MOMMEHHbBIM O4HOAPYCHBIM LUMPOKOUCTBEHHBIM FyCTbIM
JIeCOM Ha aI/Il0BMAIbHOWN OT/IEEHHOM MOLLHOW C1aborymycMpoBaHHOM CpeaHEecyr/IMHUCTOM NOYBE Ha astoBUMK
CUNYPCKUX OTNIOKEHUN.

14

Wide, slightly wavy, gently sloping (3—4°) surface of the watershed of southern exposure, composed of Silurian
siltstone-mudstones, mudstones with interlayers of fine-grained sandstone, with a grass-shrub association

on shallow, poorly humus-bearing, skeletal light loamy leptosols on the stony-blocky eluvium of Silurian deposits.
MoBepPXHOCTb BOAOPa3AebHas, WMPOKas, cnaboBoNHMUCTaA C1aboHaKNOHHanA (3—4°), I0XKHOM 3KCNOo3numK,
C/IOKEHHasA CUNYPCKUMM aneBPO-apraanTammn, apruanmTaMmm ¢ NPOCIoAMM U3 MEeIKO3ePHMCTOro necyaHuKa

CO 31aKOBO-KYCTapHUKOBOM accoumaumein Ha INTOCONAX MaNOMOLLHbIX C1a60ryMycMpOBaHHbIX 1ErKOCYTIMHUCTBIX
CKENETHbIX HAa KAMEHWCTO-T/IbIBUCTOM 3/1H0BUN CUNYPCKUX OTNIOKEHWIA.

15

Stepped, gentle (2-7°) middle part of the slope of a low watershed ridge of north-western exposure, composed
of Ordovician coarse quartz sandstones, gritstones and conglomerates, with grassy communities in combination
with scattered shrubs on deep, poorly humus-bearing sandy loam ferralitic soils on the bedrock massif

of Ordovician deposits.

CpeAaHAn YacTb CKAOHA HM3KOM BOAOPa3aeNnbHOM rpagpl, CTyneHYaTtan noaoras (2—7°), cesepo-3anagHoi
3KCMO3MLUN, CNIOXKEHHAA OPAOBUKCKUMM KPYMHBIMUW KBAPL,EBbIMW NMEecYaHMKaMM, rpaBeanTamm u
KOHI/IOMepaTamu CO 3/1aKOBbIMWN COOBLLECTBAMU B KOMMEKCE C €AUHUYHO CTOALLMMM KYCTapHUKaMM Ha
YeNTo3eMax MOLLHbIX C1a60oryMmyCcMpoBaHHbIX CynecHaHbIX Ha CKaJibHOM MacC1Be OPAOBUKCKUX OTIOMKEHWIA.

16

Periodically flooded, slightly wavy, gently sloping (2—3°) surface of the first terrace above the floodplain

of the Fatala River of southern exposure, composed of Ordovician coarse quartz sandstones, gritstones and
conglomerates, with a dense two-storied broad-leaved floodplain forest dominated by palm trees, on fluvisols,
gleyed, deep, poorly humus-bearing, medium-light loamy soil on Ordovician alluvial deposits.

MoBepxHOCTb NEPBO HaAMoMMEHHOM Teppackl peku daTtana, nepruogmyeckun satonaaemas, cn1aboBosHUCTasnA,
cNaboHaKNOHHAA (2—3°), OXKHOW 3KCMNO3NLUM CNOKEHHAA OPLOBUKCKMMU KPYMHLIMU KBApLEBbIMM NMecYaHUKamMMm,
rpaBesiMTaMm 1 KOHrIoMepaTamu € NOMMEHHbIM ABYXbAPYCHbIM LUMPOKONUCTBEHHbIM MYCTbIM JIECOM

C LOMUHUPOBAHMEM MaJibM Ha a/lItoBMAJIbHOW OTIEEHHON MOLLLHOM C/1aborymycMpoBaHHOM
cpeaHe-nerkocyrMMHMUCTON NoYBE Ha a/IloBUN OPAOBUKCKUX OTI0XKEHNI.

17

Gently sloping (5—-7°) lower part of the slope of the hill of south-western exposure, composed of Ordovician
coarse quartz sandstones, gritstones and conglomerates, with a single-storied low-growing forest on deep,
low-humus, light loamy ferralitic soils on the colluvium of Ordovician deposits.

ecodag.elpub.ru/ugro/issue/current 115




D.A. Ignateva et al. South of Russia: ecology, development 2024 Vol. 19 no.4

HWXHAA 4acTb CK/I0Ha X0AMa nosioras (5—7°), 1oro-3anagHoi 3KCNo3nuUMM, CI0MKEHHAA OPA0BUKCKUMM
KPYMHbIMM KBapL,EBbIMU NMecYaHMKaMu, rpaBeuTamm M KOHIOMepaTamm C O4HOAPYCHbIM HU3KOPOC/IbIM
IECOM Ha }KeNTo3emMax MOLLHbIX MasIOryMYCHbIX 1ETKOCYTTIMHWUCTbIX Ha AE/H0BUN OPLOBUKCKUX OTIOKEHUN.

Gentle (4°) upper part of the slope of a gentle low hill is of western exposure, composed of Ordovician coarse
quartz sandstones, gritstones and conglomerates, with a sparse open forests on deep, poorly humus-bearing,
medium loamy ferralitic soils on the colluvium of Ordovician deposits.

BepxHAf YacTb CKNOHA MOIOrOro HU3KOTO X0IMa nooras (4°), 3anagHoi 3KCNO3ULMK, CNOMKEHHAA OPAOBUKCKUMMU
KPYMHbIMM KBapL,EBbIMWU NeCYaHMKaMM, rpaBenTamm U KOHITIOMEePaTaMu C PaspeskeHHbIM peaKonecbem

Ha KeNTo3eMax MOLLHbIX C1a6OryMyCMPOBAHHbIX CPEAHECYTTMHUCTLIX HA AE/0BUN OPLOBUKCKUX OTIOKEHU.

18

Total DNA was isolated from selected soil samples using
the protocol developed by the Phylogenomics and
Transcriptomics Scientific and Educational Research
Equipment Sharing Centre of the A.O. Kovalevsky Institute
of Biology of the Southern Seas of the Russian Academy of
Sciences (RAS). This process was designed to isolate total
bacterial DNA from soil samples for subsequent analysis of
soil bacterial composition via mass parallel sequencing
[24].

The resulting filler liquid contained a solution of
purified total DNA suitable for the preparation of
metagenomic libraries. The assessment of the quality and
quantity of the isolated DNA was carried out using real-
time PCR (PCR-RV). Samples for which the threshold cycle
value (Ct) was 30 or less were used for further analysis.
Samples with a Ct value of more than 30 were isolated
repeatedly.

Preparation of metagenomic libraries with subsequent
sequencing for the analysis of the bacterial composition of
soils

The bacterial diversity of the selected soil samples was
analyzed using the Phylogenomics and Transcriptomics
Scientific and Educational Research Equipment Sharing
Centre at the A.O. Kovalevsky Institute of Biology of the
Southern Seas of the RAS, according to the technology
developed by the authors for assessing soil bacterial
composition via mass parallel sequencing of V3 and V4
amplicon libraries from the 16S rRNA gene [24].

Raw sequencing data (fastq) was analyzed using
FastQC and MultiQC utilities for bioinformatic analysis. Key
metrics, including read quality, read length, GC content
distribution, and other parameters that allows the
evaluation of the quality of sequencing and the efficiency
of the device, were presented in a detailed HTML report.
This information was used to make decisions about the
parameters for further data filtering. At the subsequent
stage, we employed the Trimomatic tool to remove subpar
data. Throughout this filtration process, we eliminated
reads exhibiting an average quality score below Q25, as
well as the removal of adapter sequences and nucleotides
at read ends with a quality score below Q20. This improved
the overall quality of the data before further analysis. For
taxonomic classification, we employed the Kraken2 tool,
utilizing its proprietary database, Minikraken v2. To
visualize the results and generate an HTML report featuring
Sankey diagrams, we used the web version of the Pavian
utility. Additionally, we created tables and graphs based on
Kraken2's output files to facilitate operation. To this end,
we developed custom Python scripts that automated data
processing and visualization generation.

Methods for identifying dominant species and assessing the
alpha and beta diversity of soil bacteria

At each site studied, we identified dominant, subdominant,
secondary and rare species based on standard criteria for
the distribution of individual numbers in the biocenosis, as
presented in Table 2.

Table 2. Criteria for the distribution of the importance of species in the biocenosis
Tabnuua 2. Kputepum pacnpeseneHuns 3HayMmocTv BUA0B B b1oLeHo3e

Position in the biocenosis
MonoskeHne B 6MoLeHO3e

Relative abundance (%)
OTHocuTenbHoe obunve (%)

Dominant species / Buabl-40MWUHaHTbI 10-100
Subdominant species / Buabl-cy640MUHAHTbI 1-10
Secondary types / BropocteneHHble BUAbl 0,1-1

Rare species /Peakve Buapl

less then 0,1 / meHee 0,1

To evaluate the alpha diversity of microbial communities,
we computed the Margalef species richness index, the
Shannon index, the Simpson index, and the Pielou's
evenness index. The Margalef's species richness index (Dwg)
gauges biodiversity within a specific area, leveraging
absolute values, i.e., abundance, rendering it highly
sensitive to sample size. It is calculated using the formula:

DMg =(S-1)/In(N), (1)
where S represents the total number of species, and N
signifies the total number of individuals. A higher index
value indicates that the community is richer in species
diversity.

The Shannon index (H) is a diversity measure that
considers both species richness and evenness. It is
calculated using the formula:

H=-3(pi * In(p})), (2)

where p; represents the relative abundance of the i-th
species. A higher Shannon index value corresponds to
greater species diversity.

Simpson's diversity index (D) quantifies species
diversity, with heightened sensitivity to dominant species.
It is calculated as:

D=2(n;* (ni-1)) /(N *(N-1)), (3)

where n; is the number of organisms of species i, and N is
the total number of organisms. Simpson's diversity index
ranges from 0 to 1, with higher values indicating lower
diversity. To facilitate comparison with other alpha-
diversity indices, the value of (1 - D) was also calculated.
The Pielou's Evenness (E) metric quantifies the
uniformity of species distribution within a community. It is

116

ecodag.elpub.ru/ugro/issue/current




tOr Poccuu: skonorua, passutme 2024 T.19 N4

O.A. UrHaTbeBa u 0p.

calculated using Shannon's Index and falls within the range
of Oto 1.

E=H/InS, (4)

where H — the Shannon Index, S — number of identified
species. The closer the value is to 1, the more evenly
species are distributed within the community.

To analyse the beta-diversity among microbial
communities, the Jaccardand Bray-Curtis indices were
calculated. The Jaccard similarity index (JI) is a measure of
the similarity between two communities, focusing solely on
the presence or absence of species and ranging from 0 to 1.
A value closer to 1 indicates a higher degree of similarity
between the two datasets.

Jl = C/(A+B-C), (5)

where A is the number of species in the first community, B
is the number of species in the second community, and C is
the number of shared species between the two
communities. The Bray-Curtis dissimilarity (BC;) is used to
quantitatively assess the compositional dissimilarity
between two different communities based on abundance
data, considering both the presence/absence and relative
abundance of species. Values closer to 1 indicate a higher
degree of dissimilarity between the two datasets.

BCij=1-(2*Cj)/(Si+S), (6)

where Cjj represents the sum of the lesser values among
the species found on each plot, S; is the total number of
individuals on plot i, and S; is the total number of
individuals on plot j.

RESULTS AND DISCUSSION
Presence of Bacterial Phylum in Soils
In analysing bacterial diversity among types across 18 sites,
it was found that the most prevalent phyla were
Proteobacteria (ranging from 19.3 % to 46.8 %), Firmicutes
(ranging from 8.5 % to 5 2%), Actinobacteria (ranging from
7.6 % to 30.5 %), and Acidobacteria (ranging from 3.6 % to
15.8 %). Based on the data collected, we constructed
diagrams illustrating the distribution of phyla in the humic
horizon of soils (Fig. 3).

The phylum Proteobacteria is dominant in facies
1 (359 %), 2 (36.3 %), 7 (46.8 %), 10 (35.2 %), and
12 (36.2 %), while Firmicutes dominates in facies 3 (34.5 %),
4 (38.7 %), 5 (52 %), 6 (50.9 %), 9 (50.5 %), 13 (34.6 %),
15 (30.3 %) and 18 (45.6 %). In facies 8, 11, and 17,
Proteobacteria and Firmicutes are equally prevalent
(27.3 % and 30 % in facies 8; 33 % and 29.9 % in facies
11; and 31.2 % and 30.2 % in facies 17). In facies
16, Actinobacteria and Firmicutes are equally dominant
(30.5 % and 27.2 %, respectively).

The content of Proteobacteria is lowest in facies
5 and 6 (20.5 % and 19.3 %, respectively), and the number
of phylum Firmicutes decreases sharply in facies 7 (up to
8.5 %), also in this area the lowest content of bacteria of
the phylum Actinobacteria (7.6 %), but there is an
increased content of Planctomycetes (149 %),
Thermotogae (2.4 %) and Verrucomicrobia (2.7 %). The
least Acidobacteria was found in facies 4 (3.6 %), and the
most in facies 3 (15.8 %). The highest amount of
Cyanobacteria is observed in facies 7, 11 and 15 (5,1 %,
7,8 % 5,3 %). The phylum Caldiserica is specifically present
in small numbers in facies 10, 15 and 17, the phylum
Candidatus Cloacimonetes in facies 2 and 10, Candidatus
gracilibacteria in facies 5, Candidatus Micrarchaeota in

facies 3, Kiritimatiellaeota in facies 8 and 12. The phylum
Armatimonadetes is specifically absent in facies 6,
Candidatus Saccharibacteria and Euryarchaeota in facies
facies 7, Chlorobi in facies 5, 7, 9. Cyanobacteria in facies
16, Deferribacteres in facies 2 and 9, Dictyoglomi in facies
5.

Bacterial Diversity in Soils

Based on the acquired data, we constructed diagrams
displaying the distribution of dominant and fluctuating
subordinate species (Fig.4).

Upon analysing the bacterial diversity across 18 sites,
calculating relative abundances, and identifying dominant,
subdominant, secondary, and rare species, it was found
that Acidisphaera sp. G45-3 is a dominant species in facies
7 (13.3 %) (and also a subdominant species in 6 facies and a
secondary species in 9 facies). Aneurinibacillus soli is
dominant in facies 9 (18.8 %) and absent in facies 3. It is a
secondary species in facies 2 and 7, and subdominant in
the remaining facies. Candidatus Koribacter versatilis is
dominant in facies 3 (11.3 %), 5 (10.4 %), 8 (10.3 %),
11 (11.5 %), and 15 (12.1 %). It is a secondary species in
facies 7 (0.7 %) and subdominant in the other facies.
Candidatus Solibacter usitatus is dominant in facies 1
(13.4 %), 2 (10 %), 3 (14.2 %), 7 (15 %), 8 (14.9 %), 10
(12.8 %), 12 (12 %) and 17 (11.1 %), and is subdominant in
the remaining facies. Cutibacterium acnes is dominant in
facies 2 (16.4 %) and is subdominant in facies 6. It is a
secondary species in the remaining facies. Rhodoplanes sp.
Z2-YC6860 is dominant in facies 4 (11.3 %) and is
subdominant in the other facies. Scytonema sp. HK-05 is
dominant in facies 11 (12.1 %), is subdominant in facies
8 and 16 and is absent in facies 3, 5, and 6. Luteitalea
pratensis is subdominant, except in facies 7 where it is a
secondary species (0.2 %). Mahella australiensis is
subdominant in facies 10 and 16, and is secondary or rare
in the other facies. Methylobacterium sp. 4-46,
Singulisphaera acidiphila, and Planctopirus limnophila are
subdominant in facies 7 and are secondary or rare in the
others. Moraxella osloensis is subdominant in facies 11,
and is rare or secondary in the others. Mycoplasma
wenyonii is subdominant in facies 2 and17 and is absent in
facies 3, being rare or secondary in the others.
Paeniclostridium sordellii is subdominant in facies 5, 6, and
18 and is absent in facies 3, 7, 9, and 13. Planctomyces sp.
SH-PL62 is subdominant in facies 7 and absent in facies 3.
Prevotella intermedia is subdominant in facies 6 and either
absent or rare in the others. Sphaerochaeta globosa is
subdominant in facies 15. Thermanaeromonas toyohensis is
subdominant in facies 12 and 13. Jeotgalibacillus
malaysiensis is subdominant in facies 3 (2.6 %) and
secondary in facies 5 and has not been found in the other
facies. Lysinibacillus sp. Marseille-P5727 is subdominant in
facies 5 and rare in facies 3 and has not been found in the
other facies.

Bacterial community alpha-diversity in soil

According to the Margalef richness index, facies 1 and 16
exhibit the highest species richness (10.6 and 10.51,
respectively). The lowest species richness is observed in
facies 7 and 11 (both 8.6). The remaining facies show
intermediate values ranging from 9.1 to 10.1. The highest
Shannon index values are recorded in facies 10 (3.88),
12 (3.86), 17 (3.92), and 18 (3.85), while the lowest value is
found in facies 7 (3.13). Simpson's index exhibits its lowest
value in facies 7, aligning with Margalef's and Shannon's
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indices, while its highest value is seen in facies 18,
consistent with the Shannon index. Based on Pielou's
evenness, the lowest evenness is found in facies 7, while

FACIES 1, PHYLUMS

FACIES 2, PHYLUMS

FACIES 9, PHYLUMS

FACIES 13, PHYLUMS

FACIES 18, PHYLUMS

W Acidobacteria

M Bacteroidetes

W Cyanobacteria

M Proteobacteria

Figure 3. Content of major bacterial phylum in soil
PucyHok 3. CogeprraHve 0CHOBHbIX GUNymMoB 6akTepuii B noyuse

Bacterial community beta-diversity in soils
Upon calculating the Jaccard similarity index, it was found
that the most distinct bacterial communities are those of
facies 3 (0.51 £ 0.01) and facies 5 (0.56 + 0.02). The most
similar communities are those of facies 10 and 17 (0.99), as
well as facies 2 and 10 and facies 8 and 16 (0.98).

For facies 1, the closest community is that of
facies 16 (0.95), for facies 2, it is facies 10 (0.98), 12 (0.96),

B Gemmatimonadetes

the highest evenness is observed in facies 10, 12, 17, and
18. Table 3 presents calculated alpha-diversity indices for
bacterial communities.

FACIES 3, PHYLUMS FACIES4, PHYLUMS

FACIES12, PHYLUMS

M Actinobacteria
W Chloroflexi

M Firmicutes

B Planctomycetes

M others

and 17 (0.95). Considering its significant difference from
other points, facies 3 is most similar to facies 5 and
17 (0.53). Facies 4 is most similar to facies 8 (0.96) and
12 (0.95). Both facies 5 and 3 exhibit notable differences in
species composition with all studied facies, with facies 7, 9,
and 13 (0.58) being the closest among the investigated
sites. Facies 6 is most similar to facies 16 (0.91) and
12 (0.9), facies 7 to 2 and 12 (0.91), facies 8 to 16 (0.98),
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12 (0.97) and 4 (0.96) and facies 9 to facies 4 and 8 (0.94).
Facies 10 exhibits the highest index values among all
studied points and is most similar in species composition to
facies 17 (0.99) and 2 (0.98). For facies 11, the closest
communities are facies 18 (0.9), 4 and 12 (0.88). Facies 12
shows the greatest similarity with facies 8 and 16 (0.97)
and also with facies 2 (0.96). Facies 13 is most similar to

FACIES 1, SPECIES

FACIES 2, SPECIES

FACIES 6, SPECIES

.
9 .y

FACIES 9, SPECIES FACIES 10, SPECIES

FACIES 15, SPECIES

FACIES 18, SPECIES

M Luteitalea pratensis

W Scytonema sp. HK-05

Q

M Acidisphaera sp. G45-3

B Candidatus Koribacter versatilis

facies 16 (0.95), 8 and 17 (0.93). Facies 15 is most similar to
facies 4, 8, and 17 (0.91). Facies 16 is most similar to facies
8 (0.98), 12 (0.97) and 17 (0.96). Facies 17 has the highest
index value of 0.99 with facies 10 and also exhibits high
indices with facies 16 (0.96) and 2 (0.95). Facies 18 is
similar to facies 8 and 16 (0.95).

FACIES 3, SPECIES FACIES 4, SPECIES

—

FACIES 7, SPECIES FACIES 8, SPECIES

FACIES 16, SPECIES FACIES 17, SPECIES

W Aneurinibacillus soli
B Candidatus Solibacter usitatus
B Rhodoplanes sp. Z2-YC6860

other

Figure 4. Facies distribution of dominant species and a selection of subordinate species

with the most variable representation

PuUcyHOK 4. [inarpammebl pacnpegeneHus B paumnax BUA0B-AOMUHAHTOB M pAAa BUAOB-CY640MUHATOB

¢ Hanbonee N3MeHUYMBOW NPeaCTaBAeHHOCTbIO

This allows us to identify the most distinct communities in
terms of species composition for facies 3 and 5, as well as a
similar group of communities comprising facies 2, 4, 8, 10,

12, 16 and 17. Table 4 presents the most similar
communities based on species composition.
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A statistical inconsistency has been found between the
Jacard index and the Brey-Curtis index. While the
differences between facies 3, 5 and the rest remain
relatively high (0.51+0.08; 0.5+0.07), there are several
points where the differences are more pronounced,
whereas in previous calculations, the greatest differences
were observed when comparing facies 3 and 5 with the
overwhelming majority of facies. According to the Brey-

Table 3. Alpha-diversity indices for bacterial communities

Curtis index, the most distinct facies are 7 and 5, 7 and 9
(0.73), 7 and 16 (0.72), as well as there are very high
differences between facies 7 and 6, 7 and 11 (0.7), 7 and 2
(0.69). Consequently, the community of facies 7 is the most
variable, with an average Brey-Curtis index of 0.65+0.06
(p<0.05). The results of the Brey-Curtis index calculation
are presented in Table 5.

Tabauua 3. MiHgeKcbl anbda-pasHoobpasunsa bakTepuanbHbIX coobuiecTs

Facies Margalef index Shannon index Simpson index Pielou's evenness
[OFTIVE NHpekc NHAaeKkc MHpekc CumncoHa BbipaBHeHHOCTb MNueny
Mapraneda LLleHHOHa

1 10.60 3.84 0.96 0.83

2 9.89 3.68 0.95 0.81

3 9.69 3.48 0.94 0.76

4 10.06 3.71 0.96 0.81

5 10.14 3.55 0.95 0.78

6 9.20 3.77 0.96 0.84

7 8.58 3.13 0.93 0.70

8 9.55 3.69 0.95 0.81

9 9.42 3.54 0.94 0.79

10 9.30 3.88 0.96 0.86

11 8.61 3.57 0.95 0.80

12 9.62 3.86 0.96 0.85

13 9.32 3.72 0.96 0.82

15 9.14 3.73 0.96 0.83

16 10.51 3.76 0.96 0.82

17 9.51 3.92 0.97 0.86

18 9.44 3.85 0.97 0.85

Table 4. Similar communities identified through beta-diversity index calculations
Tabnuua 4. BoiasneHHble Npy pacyete MHAEKCOB 6eTa-pa3Ho06pasnsa cxoxme coobLiecTsa

Facies The most similar communities Average similarity
daumn Hanbonee cxoxue coobliecTsa CpefHAA CXOKeCTb
1 16 (0,95) 0,85+0,13
2 10 (0,98), 12 (0,96), 17 (0,95) 0,86+0,14
3 5,17 (0,53) 0,51+0,01
4 8(0,96), 12 (0,95) 0,85 +0,13
5 7,9,13(0,58) 0,56 + 0,02
6 16 (0,91) 1 12 (0,9) 0,82+0,12
7 2,12(0,91) 0,84+0,12
8 16 (0,98), 12 (0,97), 4 (0,96) 0,88 + 0,14
9 4,8(0,94) 0,85+ 0,12
10 17 (0,99), 2 (0,98) 0,86 +0,14
11 18 (0,9), 4, 12 (0,88) 0,82+0,11
12 8, 16 (0,97), 2 (0,96) 0,88 + 0,14
13 16 (0,95), 8, 17 (0,93) 0,86 £ 0,12
15 4,8,17 (0,91) 0,84 +0,13
16 8(0,98), 12 (0,97), 17 (0,96) 0,88+0,14
17 10 (0,99), 16 (0,96), 2 (0,95) 0,87+0,13
18 8, 16 (0,95). 0,86+0,13
DISCUSSION (Table 1). Members of this phylum are highly adapted to

It has been observed that the phylum Proteobacteria,
which includes methanotrophic bacteria [25], iron bacteria
comprising acidophilic aerobic iron oxidizers, neutralophilic
aerobic iron oxidizers, neutralophilic anaerobic iron
oxidizers, anaerobic photosynthetic iron oxidizers [26],
thiobacteria [27; 28] and denitrifying bacteria [29]
dominates in facies 1, 2, 7, 10 and 12 (Fig. 3A, 3B, 3G, 3J,
3L), which are characterized by soils composed of Devonian
(with the exception of facies 12, which belongs to Silurian
deposits) aleurite-argillites with fine-grained sandstones

carbon-rich conditions, enabling high metabolic activity,
rapid growth, and reproduction and are thus considered
copiotrophs or fast-growing microbes [30]. Consequently,
their abundance may increase in soil contaminated with
petroleum hydrocarbons, as proteobacteria are capable of
biodegrading them [31; 32]. Notably, some pathogenic
representatives of proteobacteria, such as the genus
Salmonella, exhibit enhanced survival in clay-rich soils
[33; 34]. Moreover, the lowest abundance of
Proteobacteria was observed in facies 5 (coarse sandy soil)
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and 6 (light loamy soil) (Fig. 3E), located in the
northeastern part of the study area (Fig. 2) and
characterised by the presence of thick weakly humus soils
on Devonian deposits (Table 1). Furthermore, the
abundance of Salmonella in soil can increase with
increasing soil moisture and location at the top of the slope
[35], but no significant correlations with these factors were
found. In facies 6, located on the periodically flooded

Table 5. Brey-Curtis index
Tabauua 5. MHaekc bpea-Keptuca

surface of the Fatala River floodplain, the phylum
Armatimonadetes, which metabolises various forms of
carbon [36], disappears (Fig. 3F). Previously, a decrease in
the abundance of this phylum was observed with the
transition from leptosols to luvisols, accompanied by an
increase in soil carbon content, water-stable aggregates,
porosity, moisture and acidity [37].

2 3 4 5 6 7 8

10 11 12 13 15 16 17 18

O 00 N O U1 A W N -

N e e e e =
N ot w N Rk O

0.24 050 045 044 042 064 031 048
0.52 052 054 047 069 043 0.52

0.55 055 053 061 031 o061

0.25 043 021 030 037 035 0.22 038
034 049 031 042 047 043 031 047
0.45 050 043 044 050 058 048 0.55

The Firmicutes type, which includes pathogenic and
industrially significant bacterial strains [38], dominates in
facies 3, 4, 5, 6,9, 13, 15, 18 (Fig.3C-3F, 31, 3M, 3N, 3Q). In
most of these facies, dense, tall, two-story forests (facies 3,
4, 5, 9) or dense, single-story floodplain forests (facies 6,
13) grow, with exceptions being facies 15, characterised by
grass communities with scattered shrubs and facies 18,
featuring sparse, open woodlands. These facies are
positioned in floodplain (facies 3, 6, 13) and slope (facies 4,
5, 9, 18) areas in the landscape (Table 1). It has been
previously established that bacteria of this type can
dominate in soils with less favourable ecological conditions,
as they help maintain the stability of the soil ecosystem
[39]. For instance, a representative of Paenibacillus
polymyxa enhances plant growth in an unfavorable
environment and provides protection against abiotic
stresses [38]. It has also been noted earlier that Firmicutes
are widely distributed in the soils of deciduous forests [40]
and meadows [29], which aligns with the findings of this
study.

The phyla Proteobacteria and Firmicutes are
equally dominant in facies 8, 11, and 17 (Fig. 3H, 3K, 3P),
which are gently sloping (1-2°) and low-angle (5-7°) slope
segments containing restored young (facies 11) and
low-stature forests (facies 17) or shrub thickets (facies 8)
(Table 1). These phyla, along with actinobacteria, share the
ability to degrade oxalate to obtain carbon and energy,
which is commonly found in natural environments as free
acid or in the form of salts [41].

Actinobacteria, on par with Firmicutes, dominates
in facies 16 (Fig. 30), located in the southwestern part of

the Fatala River basin (Fig. 2) and characterized by
medium-light clayey soil with floodplain two-story broad-
leaved dense forest dominated by palms (Table 1). The
disappearance of the nitrogen-fixing phylum Cyanobacteria
is noted. The lowest abundance of Actinobacteria and
Firmicutes, with an increase in Planctomycetes,
Thermotogae, Cyanobacteria, and Verrucomicrobia, and
the specific disappearance of the phylum Candidatus
Saccharibacteria and Euryarchaeota, is observed in facies 7
(Fig. 3G), located closer to the central part of the studied
territory (Fig. 2) and distinguished by a grass
monodominant community on thin, low-humus leptosols
(Table 1). Bacteria of the Planctomycetes phylum actively
interact with phototrophs and utilize carbon but have very
slow growth and may be outcompeted in this ecological
niche, potentially leading to the production of
antimicrobial substances to deter bacterial competitors
[42; 43], which may explain the decrease in the abundance
of Actinobacteria and Firmicutesphylum, as well as the
disappearance of Candidatus Saccharibacteria and
Euryarchaeotaphylum. The increase in Cyanobacteria and
Proteobacteriaphylum can be attributed to the absence of
competition with planctomycetes due to different
ecological niches.

Acidobacteria are least abundant in the soils of
facies 4 and most abundant in those of facies 3 (Fig. 3C),
both of which are located in the northeastern part of the
Fatala River basin (Fig. 2). However, there is a transition
from  medium-textured, low-humus, sandy-skeletal
leptosols on Devonian large quartz sandstone, gravel, and
conglomerate alluvium to a thick, weakly humified, sandy-
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silt soil on Devonian alluvium (Table 1). Previous studies
have shown a decrease in Acidobacteria populations when
leptosols are replaced by luvisols, accompanied by an
increase in porosity, moisture, acidity, and carbon content,
as well as water-stable aggregates [37]. Additionally,
Acidobacteria are known to possess a wide range of
transporters for the uptake of multiple substrates and can
easily adapt to oligotrophic conditions and complex
environments [42].

The highest abundance of Cyanobacteria, which
are nitrogen-fixing bacteria, is observed in facies 7, 11, and
15 (Fig. 3G, 3K, 3N), located on water divides and mid-slope
positions of low water divides with slopes ranging from
1° to 7° with thin, weakly humified sandy soils (Table 1).
The presence of Cyanobacteria in facies 11, located in the
vicinity of bauxite mining operations, can be explained by
their ability to enhance soil fertility and restore soil
properties [45,46]. Caldiserica, containing acetate-
degrading bacteria [47] and serobacteria [48], specifically
appears in facies 10, 15 and 17 (Fig. 3N, 3P). Candidatus
Cloacimonetes, containing a row of syntrophic bacteria
specialized in the anaerobic fermentation of propionate
[49] and also involved in nitrogen and carbon metabolism
cycles [50], arises in facies 2 and 10 (Fig. 3B, 3J). These
areas are characterised by the presence of forests on low-
humus soils, formed on Devonian aleuroliths and fine-
grained sandstones (Table 1). The heat-loving
chemoorganotrophic phylum Dictyoglomi [51] disappears,
while Candidatus Gracilibacteria, whose significance for
soils is poorly understood, arises in facies 5 (Fig. 3E) on the
water divide surface of the ridge (Table 1). Acidophilic
archaea Candidatus Micrarchaeota [52] arise in facies 3
(Fig. 3C), which is the surface of the high floodplain of the
Fatala River (Table 1). It is known that this phylum is widely
distributed in thermophilic and mesophilic acidic
environments [53].

The phylum Kiritimatiellaeota, which includes
strains that can break down sulfated polysaccharides under
anaerobic conditions [54], has been discovered in facies 8
and 12 (Fig. 3H, 3L). These facies consist of sandy, highly
skeletal soils that have formed on rocky debris from
aleuritic-argillaceous rocks and fine-grained sandstones
(Table 1). Chlorobi is absent from facies 5, 7, and 9
(Fig. 3E, 3G, 3l) that contain low- and medium-humus,
skeletal, and highly skeletal soils (Table 1). Previous studies
have shown a correlation between the presence of this
phylum and soil texture, quality and organic carbon
content [55]. Deferribacteres disappears in facies 2 and 9
(Fig. 3B, 3l), which are located on steep slopes composed
of Devonian aleuritic-argillaceous rocks, argillites with
interbeds of fine-grained sandstones, and forests on
weakly humus soils (Table 1). It has been previously
observed that this phylum dominates in forests undergoing
restoration, a process that enhances ecosystem stability by
increasing the number of nitrogen and phosphorus cycling
species. This may indicate the involvement of these
bacteria in enhancing soil multifunctionality [56].

Upon analysing facies 7 (Fig. 4G), which is
characterised by a grass-dominated community on thin,
low-humus leptosols (Table 1), it was found that
Acidisphaera sp. G45-3 is the dominant species. The genus
Acidisphaera, belonging to the alpha-proteobacteria
phylum, consists of acidophilic chemoautotrophs that
thrive in acidic and strongly acidic environments and are
capable of photosynthesis [57]. They produce
bacteriochlorophyll-a in the presence of zinc sulfate [58].

Methylobacterium sp. 4-46, Singulisphaera acidiphila, and
Planctopirus limnophila are subdominants in this facies.
Methylobacterium sp. 4-46 belongs to the nitrogen-fixing
bacteria, but, unlike other members of this genus, it cannot
perform methylotrophy. The mechanism of their symbiotic
relationship with the host organism is not yet fully
understood [59]. Singulisphaera acidiphila bacteria are
moderately acidophilic, mesophilic planctomycetes that
can grow and degrade various biopolymers under acidic,
microaerobic and cold conditions [60]. One of their key
ecological roles is the ability to utilise chitin as a growth
substrate [61]. Planctopirus limnophila are planctomycetes
that produce bioactive molecules, form biofilms in water,
actively metabolise carbon and, like other Planctomycetes,
can synthesize their own antibiotics to compete with other
species in their niche [42; 62]. Luteitalea pratensis is a
secondary species in facies 7 (subdominant elsewhere), a
slow-growing psychrotroph and a chemoorganotroph [63].

Candidatus Solibacter usitatus is the dominant or
subdominant species across all studied sites (Fig. 4A-4Q). It
belongs to Acidobacteria, which are widely distributed in
soils and sediments [64] and play a role in soil organic
carbon cycling [65]. The enhanced competitiveness of this
bacterium in exploiting environmental resources, coupled
with its possession of a vast array of diverse genes that
enable a broad spectrum of metabolic and regulatory
functions [64], accounts for its dominance and
subdominance in virtually all points. Among the
acidobacteria is also the species Candidatus Koribacter
versatilis [66], which dominates in facies 3, 5, 8, 11, 15
(Fig. 4C, 4E, 4H, 4K, 4N), characterised by sandy (except for
facies 3) weakly humus soils (Table 1). Its ecological role is
to utilize soil carbon [65].

Aneurinibacillus soli dominates at facies 9
(Fig. 41), found on the steep (40-45°) lower slope of the
northwest-facing Fatala River valley, underlain by Devonian
aleurolithic-argillites, argillites interbedded with fine-
grained sand with a two-story broad-leaved forest on
ferralitic soils of thick weakly humus medium-loamy
skeletal soils on rocky-blocky colluvium of Devonian
deposits (Table 1) and is absent at point 3 (Fig. 4C) — a
gently sloping (1-2°) high floodplain surface of the west-
northwest-facing Fatala River, underlain by Devonian
coarse quartz sandstones, gravels, and conglomerates with
a dense tall two-story forest on thick weakly humus light-
loamy fluvisols on the alluvium of Devonian deposits
(Table 1). This species possesses capabilities for the
biosynthesis of streptomycin, taxol, auxin and gibberellin
inactivation, which causes plant hormone degradation,
suggesting active interactions with plants [67].

The species Cutibacterium acnes, which is
pathogenic to humans and causes dermatological diseases
[68], predominates in facies 2 (Fig. 4B) in the northwest
part of the Fatala River basin (Fig. 2). The species
Rhodoplanes sp. Z2-YC6860, an anaerobic phototrophic
bacterium of the alpha-proteobacteria class [69],
dominates in the headwaters of the river (Fig. 2) — in facies
4 (Fig. 4D). This genus of bacteria is capable of degrading
pollutants such as polyaromatic hydrocarbons and
polybrominated diphenyl ethers [70] and is also able to
participate in nitrogen fixation [71]. The species Scytonema
sp. HK-05 is dominant, while Moraxella osloensis is
subdominant in facies 11 (Fig. 4K), which is located in an
area with a high concentration of aluminum ore mining
facilities. Scytonema sp. has been observed to produce
cyanobactins — peptides associated with cytoxicity, antiviral
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and antimalarial activity [72], as well as the ability to fix
nitrogen [73]. Moraxella bacteria produce an enzyme,
which degrades non-biodegradable plastics such as
polyethylene terephthalate and polyurethane, as well as
biodegradable synthetic polyethers such as
polycaprolactone, polyhydroxybutyrate, polybutyle-
nesuccinate and polylactic acid [74]. The relationship
between the genera Scytonema and Moraxella and
aluminum pollution is not yet studied.

Facies 7 (Table 3) has the lowest alpha-diversity,
as indicated by Margalef, Simpson and Shannon indices and
the least even species distribution in the bacterial
community. This facies is a gently sloping (1-2°) water
divide surface with a south-southwest exposure, composed
of Devonian aleurite-argillites and argillites with interlayers
of fine-grained sandstones, with a monodominant
grassland community on thin, low-humus, sandy-skeletal
leptosols over rocky-eluvial weathering of Devonian
deposits (Table 1). Decreasing alpha-diversity can be linked
to an increase in the abundance of planctomycetes
(Fig. 3G) on this site, which are capable of producing
antibiotics to outcompete other species that actively
consume carbon [42].

According to Shannon and Simpson indices, the
highest bacterial alpha-diversity is observed in facies 18
(Table 3) on the upper, gentle (4°) slope of a gentle, low hill
with a western aspect, composed of Ordovician large
quartz sandstones, gravelites and conglomerates with
sparse woodland on ferralitic soils, moderately thick,
weakly humic, medium-loamy loess on the deluvium of
Ordovician deposits (Table 1). The most even species
distribution is observed in bacterial communities of facies
10, 12, 17, and 18 (Table 3).

Based on calculations of Jaccard (Table 4) beta-
diversity indices, it was found that the most distinct in
terms of species composition are the communities of facies
3 and 5 and a group of communities with similar species
composition was also identified, including facies 2, 4, 8, 10,
12, 16, and 17. Facies 3 is a high floodplain surface of the
Fatala River, covered with a dense, multi-layered, tall forest
on powerful, weakly humus, light loamy fluvisols, overlying
Devonian large quartz sandstone, gravelite, and
conglomerate alluvium (Table 1). Facies 5, on the other
hand, is a water divide surface of a ridge with a dense,
multi-layered, tall forest on powerful, weakly humus,
sandy, strongly skeletal ferralitic soils, developed on the
eluvium and colluvium of Devonian large quartz sandstone,
gravelite, and conglomerate (Table 1). Facies 2, 4, and 12
are characterized by the presence of forests of different
ages on thin to moderately thick leptosols with low to
moderate humus content and sandy loam texture. Facies
10 and 16 consist of periodically flooded, gently undulating
surfaces of the first floodplains of the Fatala River,
supporting a two-story broad-leaved forest in the fluvisol,
thick, low-humus soil (Table 1). The Brey-Curtis index
distinguishes a narrower group of points with similar
species composition — facies 10, 12, and 17 (Table 5).
Furthermore, based on the calculations, facies 7 (Table 5)
stands out as the most distinct, being a gently sloping
water divide surface with a grass-dominated
monodominant community (Table 1). On this site,
Planctomycetes (Fig.3G) dominate, producing antimicrobial
substances to compete against other species [42; 43],
which likely accounts for the striking differences in
bacterial diversity observed.

CONCLUSIONS

Based on the research conducted, several correlations
between soil bacterial composition and soil characteristics
have been identified. The dominant phyla were
Proteobacteria, Firmicutes, and Actinobacteria. Meanwhile,
reduced levels of the Proteobacteria phylum were
observed on areas with thick, low-humus soils (facies 5 and
6), while Actinobacteria dominated in the medium-light
clay soil (facies 16), with the disappearance of the
Cyanobacteria phylum. The decrease in Actinobacteria and
Firmicutes and the increase in Planctomycetes,
Thermotogae, and Verrucomicrobia, as well as the absence
of phyla Candidatus Saccharibacteria and Euryarchaeota
and the dominance of the species Acidisphaera sp. G45-3 is
likely due to the presence of a grass-dominated
monoculture on thin, low-fertility leptosols (facies 7).

The highest abundance of the phylum
Cyanobacteria was recorded on poorly and weakly humus
leptosols on water divide surfaces and yellow earths on
interfluve slopes (facies 7, 11, 15). The prevalence of this
phylum in an area with a high concentration of bauxite
mining enterprises (facies 11) can be preliminarily
explained by the ability of cyanobacteria to restore soil
fertility and quality. Across a vast number of facies, the
species Candidatus Solibacter usitatus dominates, owing to
its enhanced competitiveness, which is facilitated by its
possession of genes that confer an expanded repertoire of
metabolic and regulatory functions. In several weakly
humified sandy and loamy soils with varying topographic
positions (facies 3, 5, 8, 11, and 15), the species Candidatus
Koribacterversatilis dominates. At the lower slope of the
Fatala River valley (facies 9), the dominant species
Aneurinibacillus soli has been identified, which is
completely absent from the high floodplain surface (facies
3). In the northwest-north part of the Fatala River basin
(facies 2), Cutibacterium acnes is the dominant species. In
the headwaters of the Fatala River (facies 4), Rhodoplanes
sp. Z2-YC6860 is the dominant species. In an aluminum-rich
area (facies 11), the species Scytonema sp. HK-05 is
predominant.

The lowest bacterial diversity and poor species
evenness are observed in thin, low-humus sandy, strongly
skeletal leptosols with grass monodominant vegetation
(facies 7), with the acidophilic species Acidisphaera sp.
G45-3 being dominant. The decrease in alpha-diversity is
presumably associated with an increase in Planctomycetes,
which are capable of producing antimicrobial compounds
to eliminate competitor species that actively consume
carbon. The highest bacterial diversity is observed in thick,
weakly humified, medium-loamy ferralitic soils with sparse,
open forest (facies 18).

Beta-diversity analysis revealed that the most
distinct facies are several in the northern part of the basin,
namely: facies 3 — high floodplain surface composed of
large Devonian quartz sandstones, gravelites and
conglomerates with dense, tall two-story forests growing
on thick, weakly humified, easily clayey fluvisols over
Devonian deposits; facies 5 — water divide surface on the
ridge composed of large Devonian quartz sandstones,
gravelites and conglomerates with dense, tall two-story
forests growing on thick, weakly humified, sandy, strongly
skeletal ferralitic soils over Devonian eluvium and
colluvium; facies 7 — gently undulating water divide surface
composed of Devonian aleurolites and argillites with layers
of fine-grained sandstones, featuring a grass-dominant
monodominant community on thin, weakly humified,
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sandy, strongly skeletal leptosols over Devonian rocky and
bouldery eluvium. Despite their differences in vegetation
cover and topographic position, several facies (10, 12, 17)
exhibit a great similarity in their bacterial composition.
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