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Abstract. The KilianstollenMarsberg(Rhenish Massif, Germanyias been extensively mined for copper ores, dating from
Early Medieval Period till 1945. The exposed orgaitib alum shale rockmfluenced by the diverse mine drainagesn
ambi ent temperature of 10 AC c oul hkavynmetaluresisthnt microbiotahis ch bi ogeochemi cal ly di stir
ampliconsequencebasedstudy evaluates the microbially colonizesiibterranean rocksf the abandoned copper mine
Kilianstollen to characterize the colonization patterns and biogeochemical pathways of individablaingmoupsUnder

the selective pressure of the heavy metal contaminated environment at illuminateZhimeslexi (Ktedonobacteripand
Cyanobacteria (Oxyphotobacterip build up whitishgreenish biofiims. In contrastProteobacteria Firmicutes and
Actinobacteriadominate rocks around the uncontaminated spring water streamsad@iiteonal metagenomic analysis
revealed that the heavy metal resistant microbiome was evidently involved in redox cycling of transitiorOmeZais Co,

Ni, Mn, Fe, Cd, Hj). No deposition of metals or minerals, though, was obsdyyetiansmission electron microscopy in
Ktedonobacteriabiofilms which may be indicative for the presence of different detoxification pathways. The underlying
heavy metal resistance mechanisnssrevealed by analysis of metagenemssembled genomes, were mainly attributed to
transition metal efflux pumps, redox enzymes, volatilization of rHethylated intermediates of &sand reactive oxygen
species detoxification pathways.
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1. Introduction

The historic copper mining area Marsbésgsituated on the nortastern edge of the Rhenish Schiefergebirge (Rhenish
Massif) which is composed of Variscan folded rocks of Devonian and Carbonifero(idrlage et al., 1995)The Marsberg

Upper Devonian sequence mainly consists of metamorphic clay shales, sandstones, siltstones and carbonate rocks, whilst the
Lower Carboniferous rocks contain a copper rich black shale $8reggmund et al., 2002)nvestigations of the Marsberg

copper ore deposits revealed insights in their geology, ore formation and remeneraizations(Stribrny, 1987) The
copperrich sediments formed about 380 million years ago in the Devonian on the southern edge of the Laurussia continent
(America and Europe). The Marsberg copper deposit originated from tectonic emdsemfich caused disintegration of the

Lower Carboniferous Alum Shales and lydites and exposed the Upper Devonian rocks, resulting in fissures, faults and
breccia rich in metals (e.g.;I6% Cu), sulphides (0-3.8%), carbonate carbon (0-3%4 3%), and anic carbon (0-3

2.5%) (Urban et al., 1995)in rock samples, mean contentscopper (841277 ppm) are found to be higher than those of

other metals (Pb 3817, Zn 78660, Co 3463, Ni 79450, V 49160, and Cr 4893 ppm)(Urban et al., 1995)The Upper
Devonian to Lower Carboniferous rocks are completely exposed in Marsberg Kilianstollen copper mine, offering conditions
for formation of diverse secondary mirlerand mine drainages. The most important sulphide ore minerals present in fault
and faultrelated breccia zones are described as chalcopyrite, neodigenite, chalcocite, bornite, and 8titeliite 187).

These minerals in the sediments all shape the prevailing biogeochemical conditions in the Marsberg mine waters. The
biological and atmospheric oxidation of sulphides from pyrite {Fe6chalcopyrite (CuFe$ could mobilize transition
metals(Amin et al., 2018) The reduced transition metals (Cu, Fe, Mn) from faalind breccias and black alum shales are
oxidised, resulting in coppeich acidic mine waters with high concentrations of copper and iron |dubther dissolved

ions (Fig 1, green color). In additiokarsticgroundwaterenters the Killianstolleflowing in NE direction}hatis enriched

in calcium hydrogencarbonatdrom the Upper Permian Zechstein limestone, while sulphate is derivedgfpsum and
anhydrite of the same formation group (Flg blue color). The calcium and sulphate levels in these mine waters can be
higher than in fresh water, up to 2/3 of the values for sea water. These naturally flowing water streams of the Kilianstollen
mine ranging from fresh water to heavy metal enriched acidic leachate offer unique subsurface cold heavy metal enriched
habitas to study the colosed microbial communities under influence of various mine waters.
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Figure 1. Simplified geological secti@f the Kilianstollen (Marsberg) and formation of different ground waters. Folded
DevonianCarboniferous lydites, shales, and nodular limestones of the Variscan Basement are unconformably overlain by
Upper Permian carbonates and evaporites of the Zecl@teup. The reduced transition metals (Cu, Fe, Mn) from-fault

bound breccias and black shales are egzitli resulting in coppeich acidic mine water§Emmerich, 1987) draining

towards the adit entrance in SW direction. Some of the mine waters (flowing in NE directicenrighed in calcium,
hydrogencarbonate, and sulphate ions, depending on the rocks (limestone and gypsum) in contact. The geological section is
basedof { skar and William, 1936 ; Farrenschon geahdaaunpublish2do O 8 ;
mining map. The red pins mark the location of the sampling sites along the mine drainage system for both water and
biological samples collections. The biological samples were further grouped into three groups based on their origin and

nearby waters.

An ambient temperature of 10 AC, a relati ve-l0Wumitedlimy of
shale, theeorganicrich copper shales also provide microscale spaces for microbial colonization and aromatic compounds
catabolism, perhaps because of their high content of kerogen, providing partially complex organic biodegradable compounds
such as longhain andpolycyclic aromatic hydrocarbons, esters, organic acids, thiophenes and metallopoiiizyeiwit

et al., 2015) The availability ofthe soluble sulphate and transition metals ions from the neatpluric watersources

(Silver and Walderhaug, 1992ye important in shaping an epilithic but also heavy metal and/oitaerdnt bacterial
community. Nevertheles the emissions of the operational Marsberg mine railway diesel engine also provide another
resource of organic compounds and the regular visits of tourists, artificial ventilation and illumination are semslenan
impacts on the native microbial consom.

In our previous studyenrichment cultures froralushy, iron and manganesgch secondary minerals from Kilianstollen,
Marsberg were setp toobservethe bioleachingfrom thecopper slgs Thesewere eventually enriched inon and sulfur

oxidizing Acidithiobacillus ferrivoransor Leptospirillum indicatingthe presence ofnetaloxidizing communitieAmin et
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al., 2018) In this study, prokaryotic communities associated with the rocks around the Marsberg Kilianstollen mine waters
were evaluatethased on 18 rRNA geneamplicon sequencintp observe whether the mine waters enrichedainsition
metals may be toxic to microbial inhabitants or, conversely, support unique forms of metal respiration and enrich resistant
80 microbial consortia under oligotrophic conditio® elucidate further key processes involved in their resistance against
high transition metal concentration and metabolism of the aromatic compoundgtdyEnomically assembled genomes
(MAGS) from a biofilm (MB1)abundant inChloroflexi (Ktedonobacteripnearby the coppeich acidic mine waters were
assembled and analysed for the genetic targets related to toaiedHgs compounds reduction, Caxidation, heavy metal
ions extrusion, dehalogenation, and hydrocarbon compounds catabolism. Understandieledfive pressure exerted by
85 heavy metals on microbes and corresponding microbial resistance mechanisms could unveil their biogeochemical

consequences and applications.

2. Materials and Methods

2.1Sampling site

90 The rock samples colaad with soft bomass/biofilm aroundnine drainages of the Kilianstollen, Marsberg, Germany
(51.453502AN, 8.861703AE) we Hanmerand thisa weesdlisinfedttelith T0%®thaeal i | e precauti ons
prior to use andloves were worn during sampling in ordemréduce risks of contamination (Fig S1). The samples were
taken from two locations in the alum shale region where mining activity was particularly high. For statistical analysis, the
samping sitesshown in Fig 2 [(MBS1-MBS4); (MB1-MB6, and MBS18); (MBS10,11,13) were divided into spring water
95 leachateandunconsolidated rocks group®spectivelybased on the nearby drainage water bodies. A detailed description of
the biological features and origin of the collected samples has beeshpdbfireviouslyArif et al., 2021b) Biofilm and
water samplegrouped as spring watesampleSMBS1-MBS4) were taken along small karstground water streanthat
springs up in a cased basin and tmeturaly flows inside theKilianstollen main gallery. Stream waters aygpically
enriched in calciunand hydrogercarbonatéons, andfurther downstream also sulphate ionsvherewaterstreamsfrom
100 crosscuing adis enters the maistream(Fig. 1). The biological samples under the influence of copiphracidic leachate
waters grouped as leachate samp(E®. 1, 2), were takerfrom themine outflow streanclose tathe entrance (MBSJ)&nd
from the i mmediate vicinity o fKu a f eromplpadr biofiphs).e@d® Bdpperat i on fl ume O6Zement
precipitation flume is an iron plate which is continuously flooded byppetrich acidic leachateeepageand the copper is
being deposéd electrochemically. The other samples from a wooden plank (MBS10) next to mine unconsolidated rocks
105 (MBSL11, 13) (Fig2) were grouped as unconsolidated sam@@emples collected for microscopic analysis were refrigerated
until preparationFor extractio of genomic DNA freshly collected samples were stored2@AC t i | | Thert her use.
samples (0.4 g each in triplicates) g@mmomicDNA extraction were obtained by scratching the biofilms of the rock piece
and wooden plank with a sterile scalpel.
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Figure 2. Kilianstollen biological samples. Samples were taken from sites in the vicinity of a copper precipitation flume (a

and b) that is drained actively with the leachate water, from a wooden plank (d) located just right to the copper flume,

directly from the outflow stream (c) near the opening and from rocky mine walls (e and f) exposekiatsttiser and pit

water stream at the rear end crosscut of the Kilianstollen.

2.2Hydro-chemical analysis

Mine drainage water around sampling sites was aedlps site using a WTW Multi 3430 device equipped with a WTW
Tetracon 925 conductivity probe, a WTW FDO 925 probe for dissolyeth@®a WTW Sentix 940 electrode for temperature
and pH (Xylem, Rye Brook, NY, USA). Calibration was performed with pH buffe€d$0 and 10.010 (HI6007, HI6010,

Hanna Instruments, RI, USA). Redox potential was measured using a WTW 340i device equipped with a Schott PT61 redox

electrodeTo determine the aniordcations, water samples were collected without headspaadyiethytene (PE) bottles

andfor total alkalinity in SchottDuran glass bottles (Schott, Mainz, Germa®gmples considered for cation analysis were

filtered in separate 50 mL ali

quots

t hr oug b(65%,Sdgagdey por e

Merck, Darmstadt, Germanyjotal alkalinity (TA) was determined by aeidse titration within 2 hrs after sampling using

a haneheld titration device and 1.6 N.8Q:car t ri dges
analysiswere processed within daysafter sampling.
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Main cations(Ca Mg, Na andK) and aniongCl, F, Br, SQ and NDJs) were analysed by ion chromatography with -non
suppressed and suppressed conductivity detection (Metrohm 820 IC, Metrohm 883 Basic IC; Metrohm, Herisau),
respectivelyMinor element concentrations (Sr, Ba, Li,,/) and trace metals were analysed eitheindyctively coupled

plasma optical emission spectrometry (1OES; Optima 3300 DV, PerkiBlmer) or inductively coupled plasma mass
spectrometry (ICRMS; ICAP-Q, Thermo Fisher, Waltham, MA, USA)sSee &undance gmzhsFable—S3
https://doi.org/10.25625/DFFZ9R)

2.3DNA extraction, 16S rRNA gene amplification and amplicon sequencing

The microbial genomic DNA (gDNA) from 0.4 g scratched samples were extracted by using the DNeasy PowerSoil kit

(Qiagen, Venlo, the Netherlands) asp manuf acturerds instructions. I'n brief, the total gDNA
treated for inhibitors removal and protein precipitation, then captured on and subsequently eluted from a silica membrane of

a spin column. Blanks were also processedddition to each sample to estimate DNA contamination. Following elution,

the extracted gDNA was visually observed with 0.8% agarose gel electrophoresis using TAE buffer, (@drt&8)ok and

Russell, 2001)and quantified using a Nanodrop NMIDOO spectrophotometer (PegLab, Erlangen, Germairy)gDNA

contamination was measured in the blanks following the DNA extraction.

For lllumina MiSeq sequencind/3-V4 hypervariable regions of 16S rRNA genes were amplifiedoelgmerase chain

reaction (PCR) and tagged derined Wih thesaidrofiviSeql6Saathplicon BGR fosvarq uences (un

pri mer -TGATCGEGCAAGGCTCAGATGTGTATAAGAGACAECTACGGGNGGCWGCA&EB Nj and reverse pri mer

8 0 5 RGTETYGTGGGCTCGGAGATGTGTATAAGAGACAGA CTACHVGGGTATCTAATCG3 NjKlindworth et

al., 2012)see-supplementaigformation PCR reaction mixture (Amin et al., 2018) was modified to obtain a final volume of

50 ¢l idistilled oucléabéer e e wat er by mixing 5 T Phusion GC Buffer (10 el), 10 e¢M

rel

forw

(1.0 el each), 10 MMO d(NVT/Pws, (2.9 ell),, HC®% MM MgCl 2 (0.15 ¢l), 0.5 ¢l of 2 U/ el

polymerase (Thermb i sher Scienti fic Wal t ham, MA , USA) and 25 ng template DNA (2.0
preheating at 94 AC for 3 minAGofldrowed oy @22Fneyglcilrg atf ©&aACnfgomatds® s and
72 AC for 30 s. The reaction ended with a fi-thednplieohsongati on step at 72 AcC

were visually assessed with gel electrophoresis using 1.3% (w/v) agarnse 1 1 T AE b-kishér&cientific], pte r mo

8.3 (Sambrook and Russell, 2001), and photometrically quantified in a Nanodrdp@dDspectrophotometer (PeqLab).

The subsequent purification was performed with the GeneRead Size Selection Kit (Qiagenyue primers and PCR

reagents. After indexing of these PCR amplicons using the Nextera XT DNA library prep kit (lllumina, San Diego, CA,

USA), pairede nd sequencing was performed with an 1l lumina Mi Seq sequencer in
Genomis Laboratory.

el )
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2.3Amplicon sequencing data processing

The lllumina amplicon sequencing data was processed online by employing the automated pipeline for analysis MetaAmp
(http://ebg.ucalgary.ca/metaamfong et al., 2017)Using USEARCH softwarpackage, the demultiplexed Fastq format
sequence files were assembled as paretireadgEdgar, 201Q) The misaligned and mismatched reads and paired end
reads shorter than 350 bp length were discarded. Next, the primers were trimmed based on the Mothur software package
(Schloss et al., 2009pand the readsvithout primers or with mismatched primer regions were removed. To minimize
sequencing errors, the leguality reads were scrapped using USEARCH. Dereplication, removal of singletons and
chimeras, and clustering of pooled higihality reads into operatiahtaxonomic units (OTUs) on the basis of 97% identity

was done by UPARSE softwa(Bdgar, 2013) The taxonomic status of the OTUs was assigned via Mothur by using the
SILVA v138 as a referencé G| ° c k n e The taxdrbrhi® profile obtained from MetaAmp was further fed to the
Microbiome online Rbased server to plot respective graffmdt et al., 2012)Based on the Bra@urtis index, in principal
coordinates analysis (PCoA) the data representing similarities of complex micamialunities were plotted into 2D and

3D graphs. Amplicon sequencing data has been published to the Sequence Read Archive (SRA) as SRR12876542
SRR12876555 under the Project accession nuRIRENA670497as announced previouglrif et al., 2021b)

16S rRNA gene sequences related to already publighedonobacteriaand Actinobacteriastrains were included for
phylogenetic analysis. In a first step, sequences belongiigetionobacteriaor Actinobacteriarelated OTUs were aligned

with the already published sequences through MUSCLE, implemented in NE&Atware, by usinglefault settings

(Stecher et al., 2020Next, following the Kimura arameter model, phylogenetic analyses and molecular evolutionary
distances were calculated. The phylogenetic trees were constructed using the maximum likelihood algorithm and 1,000
boostrap samplings to test tree topology.

2.4Microscopy

The morphologicalfeatures of the sampled biofilms (ME) from the leachate group were observed using a Motic-SMZ

171 stereo microscope (Motic GmbH, Germany) equipped with a Canon A650 camera. Boristiam electron

microscopy (TEM), the biofilm MB2 specimens were washed with phosphate buffered saline (50 mM,i p13),7.0

foll owed by fixation in 2% (v/v) glutaraldehyde solution and incubation at
dehydratedn a series of 15%, 30%, 50%, 70%, 95%, and 100% (v/v) aqueous ethanol solutions each for at least 30 min.

After embedding samples with 66.6% LR White resin (London Resin CO Ltd., UK)
incubation in 100% resinat®4C, t he sampl es were pol yi0Bemiltmatbidsedtianswereut h at 55 AC. The 80
with diamond knives (DDK, Wilmington, DE, USA) in Reichert Ultracut E ultramicrotome (Leica Biosystems, Wetzlar,

Germany). The sections stabilized by formeaatd 300 mesh copper grids (Plano GmbH, Wetzlar, Germany) were stained

with Uranyl Acetate Replacement Stain (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min. Images were

captured with a Gatan Orius 4 K camera attached to a Jeol 1011 electroscope (Jeol GmbH, Munich, Germany) and
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processed with the 314 Gatan Digital Micrograph software (Gatan Inc., Pleasanton, USA) and Adobe CS2 Photoshop
(Adobe Systems Inc., San Jos®, Cal ., USA).

2.5 Metabolic profiling based on Metagenoméssembled Genomeg (MAGS)

Extracted DNA fronone ofthe leachatebiofilm sample, MB1 abundant irktedonobacterigsee fig. 4 as a representative

of leachate grouplass ubmi tt ed t o the G°ttingen Genomi cs Theadiianaleat or y
behind selecting MB1 biofilm was to investigate the survival mechanisms that contributed to the high abundance of
Ktedonobacteriaaround the toxic coppeich leachate streanThe gDNA extraction followed by quality and quantity
assessment wgperformed as described above. lllumina paged sequencing libraries were prepared using the Nextera
DNA sample preparation kit and subsequently sequenced on a MiSeq system with the reagent kit v3 with 600 cycles
(llumina). For preprocessing of sequeing data, quality control, peead quality pruning, read filtering, adapter trimming,

and base correction fastp v.0.19.4&Chen et al., 2018jvas used. The assembly of short read metagenomic data into
metagenomic scaffolds was carried out by the metagensseenller metaSPAdes v.3.14Nurk et al., 2017with kmers-

k 21, 33, 55Subsequently, bins were determined using MaxBin v.Z\&{ et al., 2015)CheckM v.1.1.2 was used to
evaluate the MAGs quality by providing robust estimates of genome completeness and contaififast®et al., 2015)

Each highquality MAG was then annotated using PROKKA v1.1&8emann, 2014)Genome wide orthologous clusters
across multiple species were detared with a web server: OrthoVenn (Ru et al., 2019) which assigned the protein
sequence data to a hitpvel summary of functional categories such as biological process, molecular function, and cellular
component with GOSIlim annotation and UniProt search. Finally, the PROKKA output was analysed by using the
PathoLogic(Karpe et al., 20I) component of the Pathway Tools software v.2K&rp et al., 2015pnd the MetaCyc
datdase v.23.5Casp et al., 2019) The MAGs were classified taxonomically using GTDB v.1.0.2 and the Genome
Taxonomy Database (GTDB) (release @haumeil et al., 2020; Parks et al., 2019)e raw sequencing and assembly data

have been already published in the SRA (SRR12886061) and Genbank (JADEYI000000000 and JADMIG060000000
JADMNO00000000) under the Project accession nurRBEINAG670497 (Arif et al., 2021a) The pathways maps of these

MAGSs showing their metabolicpetnt i al s and annotations can also be assessed

https://doi.org/10.25625/W9PWCX

3. Results
3.1Physiochemical parameters of Kilianstollen mine waters

The physiochemidgarametergpH, electri@al conductivity, redoxpotentia) and ion concentrations were determined for the
spring water samples (spring basin; sourcekafkt water), and after the intermixing ofianfluent flow also rich in
calcium/hydrogen carbonate dsi adit 1), where a solid sinter crust was formed in the stream bed. Two other records of

parameters were taken irsilestream rich in calcium/sulphate ions (side adit 2, "gypsum karstic water"), and after mixing
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with the karstic water of thenairstream Further, two samples were taken from a copper flume leachate and a copper
sulphate leachatsutflow, drainingtowards the adit mouth (Fid). The concentration @dns from transition metalse, Cu,

Zn, and Mnas well asCa, Na, CI,SQZ were higher in these samples than in karst water sar(ffitgs3). The highest [Formaned: Superscript

concentration ofons fromNi, Co, Fe, Cu, Zn, and Mn (0.62, 0.46, 35, 85, 2, and K. )gwas observed in the acidic

copper flume leachate (pH 4.8) along wliigh concentrégons ofSOZ, Ca, Na, Cl and N@ (1950, 403, 415, 499, and 188 [Formaned: Superscript

mglLY) (Fig. 3a). Due to the metal precipitation, the concentrations of these transition metals towards the adit leachate

outflow stream dropped to 0.2, 0.1, 2.9, 0.005, 0.8 and 1I8 mgespectively, and pH raised to 7.26. The heavy metal

content inthespring watestreamwas consi der ably | ower , U™ Theeffluxdbfthe trahsgionr ange of 0
metal ions from the adit crosscut 2 drainage raised the heavy metahtation of thestreamwaterto the range of 3.8 to

262LL'69 particul arly for Zn, Mn , L To undenstand tNe coppe? todcjty adds , 4 4 and
homeostasis with respect to microbial consortia, biofilms growing at the rocky mine walls were investigated nearby these

water bodies.
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Eigure 3. Heavy metal content in Marsberg drainage mine waters. The cammerdgfanajor ions related to alkali and

halogen groups (a) and heavy metals (b) have been compared. The insert shows the pH of each mine water, in the same order
as depicted for major ions. The copper flume heavy metal measurements were separatebsptutedpper and iron ion
concentrations were exceptionally higlhe $ring basin stream continues to the sinter crust stiedine NE directionThe
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adit crosscut 2 mine drainage mixed with the sinter crust stream to form the mixture outflow Bireaopper flume and
leachate outflow streams flow SW direction.

3.2 Alpha and beta diversity

The Shannon diversitylpha-diversity-index-Chacihdicated that unique OTUs (richness) were abundant in the MBS1
spring water stream samples, followed thy MBS10,11,13 unconsolidated rocks and MBIMBS18 leachate group
samples [{=0.025p<0.0003ANOVA) (Fig. 4). TheShannen-diversitalpha diversity index Chadfidex showed the same
pattern when the sampling groups were statistically compareédo25p<0.0003ANOVA, Table S1). Alpha diversity is

high in the MBS14 samples, possibly due to moisture and neutral conditions from the adjacent spring water stream. With
respect to the leachate samples group, low diversity indexes were observed as only atésln@deobes could colonize,
indicating aselectve pressurelue to extreme environmental conditions (5a).

The principal coordinates analysis (PCoA) showed that the microbial communities of spring water, leachate, and
unconsolidated rocks samples revedistinct to each other (Figic, d). According to the Unifrac weighted algorithm
(Lozupone et al., 20113nd analysis of molecular variance (AMOVA) nonpararoetniethod (Table S2)Mengoni and
Bazzicalupo, 2002)the spring water and leachate samples were phylogenetically distinct to eachpotite®34),
conversely, the unconsolidated rocks microbiome was similar to both spring water and leachate pyreip97).
Conelusively Tthe unconsolidated rocks groomy bés the intermediate between the other groups in terms of diversity and
the diverseenvironmental conditions led gelectionof different microorganisms. The hypotheses that the low pH and the
high heavy metal concentration of mine water contributed té&tb@onobacterieand Actinobacterianatural selection was
further analysedenfirmed with the camecialcanmical correspondence analysis (Fi§2). The representative of leachate
groups (MB1, MBS18) cluster closely with the low pH, high heavy metal concentratidftesiohobacteriambundance as
compared to the spring water samples which sholwat dfter mixing with the adit leachate, the major abundant taxa
Proteobacterig MBS1-2) shifted towardeas-replaced-witlctinobacterig(MBS3).

12



260

~

Alpha Diversity Measure

Axis2 [19.9%]

MBS11 &
MBSB“Q‘M3510 i

PC2(19.9%)

Arisd [248%)

4.5 b
4.0
35
3.0
& &
o &
\Q:DQ &

—— S
o4 | | T ] [
o3| | 21 | L=
0.2 p—td | MB? I
0.1

N -
o MH5 |
-0.1
0.2 —1"1"1 —
0.2 ——1"T"1 F1 I —
T +—rt
0.4 —1 |
-0.5
Sioes =L
¢ 3 — T C:%
PC1(24.8%) N

PC2(11.9%)

[Formatted: Font: 12 pt, Bold




Figure4. Alpha and beta diversity. Shannon diversity index (a) and boxplots (b) depict that the spring water samples have

the highest alpha diversity. The PCoA 2d (c) and 3d (d) graphs indicated the unconsolidateg-+orksigrobial [Formaned: Font: Bold, Font color: Light Green

communities share similarityith both the spring water* ) and mine leachate(—) samples microbiome. [ Formatted: Font: Bold, Font color: Dark Blue

265

14



