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Abstract

Abandoned nonferrous metal(loid) tailings sitesart#hiropogenic, and represent unique
and extreme ecological niches for microbial commesi Tailings contain elevated and toxic
content of metal(loid)s that had negative effectdazal human health and regional
ecosystems. Microbial communities in these typiadihgs undergoing natural attenuation
are often very poorly examined. The diversity amférred functions of bacterial
communities were examined at seven nonferrous (f@tgltailings sites in Guangxi (China),
which were abandoned between 3 and 31 years agaaditlity of the tailings sites rose over
31 years of site inactivityDesulfurivibrio, which were always coupled with sulfur/sulfide
oxidation to dissimilate the reduction of nitrai&ite, were specific in tailings with 3 years
abandonment. However, genus beneficial to planwtirdRhizobium), and
iron/sulfur-oxidizing bacteria and metal(loid)-redd generaAcidiferrobacter and
Acidithiobacillus) were specific within tailings abandoned for 2&nsgeor more. The
increased abundance of acid-generating iron/sottigizing and metal(loid)-related bacteria
and specific bacterial communities during the retattenuation could provide new insights
for understanding microbial ecosystem functionmgnine tailings. OTUs related to
ulfuriferula, Bacillus, Sulfurifustis, Gaiella, andThiobacillus genera were the main
contributors differentiating the bacterial commiestbetween the different tailing sites.
Multiple correlation analyses between bacterial camities and geochemical parameters
indicated that pH, TOC, TN, As, Pb, and Cu wererttaén drivers influencing the bacterial
community structures. PICRUSt functional explomatrevealed that the main functions were
related to DNA repair and recombination, importamictions for bacterial adaptation to cope
with the multi-contamination of tailings. Such infieation provides new insights to guide
future metagenomic studies for the identificatidkey functions beyond

metal-transformation/resistance. As well, our ressaffers novel outlooks for the
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management of bacterial communities during natattehuation of multi-contaminated

nonferrous metal(loid) tailings sites.
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nonferrous metal(loid) tailings
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1. Introduction

Mine tailings repositories are unwanted and unegoaonaterials from the
mineral processing deposited exposure in the ailings often contain elevated
concentrations of metal(loid)s, which are potehtitdxic (Lecumberri-Sanchez et al.,
2014; Hudson-Edwards, 2016). Abandoned nonferraetal(oid) tailings (i.e.,
facilities having no operator or successor) haceixed considerable attention around
the world because they represent a risk for the@mwent and human health
(Aleksandrovskii et al., 2015; COM, 2016). Guan@hina) is one of the
predominant nonferrous mining areas in the worldd@naekers et al., 2011). Itis a
karst landform with many ecologically sensitiveaa@nd is located upstream of the
Pearl River Basin (China’s third longest river aadond largest by volume) (Wang et
al., 2007). In Guangxi, different mining activitiedease waste that results in the
formation of tailings with heterogeneous composittontaining high concentrations
of metal(loid)s and flotation reagents (Liu et 2D18). Such level of
multi-component contamination is probably more@esithan many other areas in the
world (Zhu et al., 2018).

Biotic and abiotic processes modify the speciatibmetal(loid)s and
physical-chemical characteristics in tailings (Yale, 2017a; Ye et al., 2017b), which
facilitate metal(loid)s permeation into soil, swéarunoff, and air transportation
(Deng et al., 2009; COM, 2016; Jiang et al., 20dit al., 2016; Yuan and Liu,
2016). Natural attenuation occurs when naturalgsses (including pedogenesis) are
managed to recover an ecosystem to a point whereriiinal fauna and flora are
replicated (Clewell, 2000). Natural attenuatiomigre economical for re-purposing
tailings compared to physical remediation, reclapmaprocesses, or activated biochar

addition on remediation (Lima et al., 2016, Yelet2019). However, natural
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attenuation is a slow process that can take mare 100 years (Bradshaw, 1997;
Ciarkowska et al., 2016; Lima et al., 2016). Withd, microbial colonization follows
the modification of physical-chemical parametergd@aux et al., 2013) due to
bio-geochemical processes (Haferburg and Kothe7 2@howledge of the
colonization of microbial communities during nafusitenuation in mine tailings is
limited (Bruneel et al., 2008; Volant et al., 20F4#an and Sun, 2014; Chao et al.,
2016), particularly in the Guangxi area where dhhge tailings sites (Pb-Zn and Mn
sites) have been investigated (Jin et al., 201beLial., 2014; Li et al., 2015). Recent
results show that the distribution of bacterial commities in Guangxi nonferrous
metal(loid)s tailings was best correlated with ¢benbination of pH, Cu, Pb, and Mn,
suggesting that these parameters influence theajeon of bacterial communities
(Liu et al., 2018). However, the modification ofcherial communities during natural
attenuation in undisturbed nonferrous metal(loajrtgs is still uninvestigated.

To address this research gap, we examined nongemme tailings sites with
different periods of abandonment (from 3 to 31 ggar the Guangxi mining area
(Fig. 1 and Table S1), which have different geodieahtharacteristics. We
hypothesize that temporal changes in biogeocherf@ctirs, and bacterial diversity
and metabolic functions are part of the naturaratation process occurring in these
tailings. The present study offers the possibtlitgxamine the ecological changes,
such as primary succession of microbial commundigsng natural attenuation. The
objectives of this study were to: (1) investigdte structure of the microbial
community (by MiSeq sequencing of 16S rRNA genesl) gredict the metabolic
functions in mine tailings, and (2) analyze the bamd effects of geochemical
factors including pH, total organic carbon (TO®}at nitrogen (TN), total

phosphorus (TP), and metal(loid)s content on tloéebial community structure. This
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study will provide a better understanding of migablvariations in nonferrous mine
tailings, and useful information for the managenwdriacterial resources during

natural attenuation of nonferrous metal(loid) tegh.

2. Materialsand methods

2.1 Sitedescription and sampling

Sampling was performed around Hechi City of Guari@kxina) (Fig. 1), which
has a subtropical monsoon climate (Bi et al., 20%6yen tailings sites with different
composition and ages (ranging from three to 31syelt) were sampled to evaluate
changes in bacterial communities during the natttahuation (Fig. 1). The
abandonment periods were determined using taipogsl records from the local
Environmental Protection Agency. The types of ¢aihd at these seven tailings sites
were mainly from Sb, Pb-Zn, and Sn mining and smglihdustries (Table S1).
These tailings were not treated with amendmenggremediation technology.
There was no visible plant growth in all of thedsad sites.

Surface samples (0-10 cm) with 3-10 subsamplesdoh site were collected in
June 2016, using a wooden shovel according to Edyniational guideline (Hansen et
al., 2007). All samples were directly placed intaspic pipes in cooler boxes (at 4°C)
and transported to laboratory at the Universitoience and Technology Beijing
within 2 d of sampling. After thorough homogenipati the samples were split into
two parts. Approximately 500 g for each sample thas stored at -20°C until DNA
extraction. The remaining samples were used foclygmical analyses, and were
stored at 4°C.

<insert Fig. 1 >
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2.2 Analysis of geochemical factors

Samples were air-dried and analyzed accordinggdethnical specifications for
soil analysis for determination of pH, total organarbon (TOC), total nitrogen (TN),
and total phosphorus (TP) as defined by the Chimi#oNal Agricultural Technology
Extension Center (2006). The operating conditi@angtie TOC solid sample module
(SSM-5000A, Shimadzu) were: the oven temperati@@;®, and the gas flow of
high purity oxygen in TOC-V and SSM-5000A secti@B0 and 500 mL/min,
respectively. Samples were extracted with a satupionitric, hydrochloric, and
hydrofluoric acids (5:3:2, v/v/v) in a microwaveiuto determine the total
metal(loid)s content (T-M). The acid soluble fractiof metal(loid)s (H-M) were
analyzed using the Chinese method HJ/T299-200%. fféction of H-M represents
the leachable compartment that could be releasedhe environment. The leaching
solution was prepared by adding 0.09 mL of a sotutf sulfuric and nitric acids (2:1,
v/v) and taken up to 1 L with ultra-pure water (M@ Academic Lab Water System,
Millipore, USA). Certified reference materials afilssamples (GBW 07405 (GSS-5))
and polymetallic ore samples (GBW 07162 (GSO-1yewesed for quality control.
The limit of detection (LOD) for T-Ms was > 0.10xiéng/kg (Liu et al., 2018) and
for H-Ms was > 0.10 mg/kg (Wang, 2018), accordimghte China Environmental
Monitoring Technical guideline (HJ 168-2010). Tleewveries were between 85% -
110%. Samples were placed into 20 mL of leachihgtism (pH 3.20 + 0.05) and
shaken for about 20 h. Induced coupled plasmaalpiission spectrometry
(ICP-OES) (iCAP 7000 SERIES, Thermo Scientific) wased to determine the
metal(loid)s concentrations. The operating condgiwere: auxiliary gas flow, 0.5
L/min; plasma gas stable time, 10 min; ICP RF pow&60 W; and pump rate, 45

rpm. All the samples were sieved at 100-mesh §iZe190 mm, US standard) to
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determine the geochemical factors. The analyses penformed in duplicate to

evaluate precision.

2.3 MiSeq sequencing and data processing

Genomic DNA was extracted using the SoilGen DNA(KiYWBio, Bejing,
China). DNA extraction kits allow to obtain highajity DNA for PCR amplification
and sequencing (Bordenave et al., 2004; Bordenaale, 2008). The potential
damage during DNA extraction are prevented by aituimetal(loid)s and eliminating
them in the first steps of the procedure allowinglenular analyses of highly
contaminated samples such as acid mine draina¢md€@ix et al., 2010). The
universal primer set 338F/806R amplified the V3+€gdion of the bacterial 16S
rRNA gene, and an 8 bp-tag was used for the sai@hdification (Liu et al., 2016).
Polymerase chain reaction (PCR) amplification {f2Ppwas conducted in triplicate
and contained 10 ng DNA templateyd of 5 x FastPfu Buffer, 2L of 2.5 mM
dNTPs, 0.21M of each primer, 0.4L FastPfu Polymerase, Ou2 bovine serum
albumin, and double-distilled water. PCR was sthvtéh an initial denaturation (3
min at 95°C), followed by 28 cycles of denaturat{80 s at 95°C), annealing (30 s at
55°C), and extension (45 s at 72°C), and a fingresion (10 min at 72°C).
Sequencing using a MiSeq platform was performedammercial facility
(Shanghai Majorbio Bio-Pharm Technology Corporati®hanghai, China).

All the 16S raw data were trimmed and filtered gsimimmomatic software
(Manual v0.32), by trimming the average base quatigion below 20 bp (Trujillo et
al., 2014). The paired-end reads were merged UdiAg$H software. The sequences
assigned to chloroplasts, mitochondria or eukasyoiere removed in the

pretreatment of raw reads. Bacterial operationalriamic units (OTUs) were



191  clustered with 97% similarity using Usearch versio (http://drive5.com/uparse/)
192  based on Silva Release128 (http://www.arb-silva.@@xonomy was assigned to

193  OTUs using Qiime (http://giime.org/scripts/assigaxdnomy.html) and ribosomal
194  database project pipeline classification algorithith & 70% confidence threshold
195 (Nakayama, 2010). Alpha diversity indices (ace,fdloa, Simpson evenness and
196  Boneh) and hierarchical clustering were calculated Qiime. Circos-0.67-7 was

197  used to perform the bacterial composition of eachpde, and the distribution ratio of
198  dominant bacteria in different samples. Functigarabiction of bacterial

199 communities was determined using PICRUSt, a wetlidtented tool to assign

200  sequencing information based on 16S input dataveal the functions encoded in
201  bacterial communities (Langille et al., 2013; Mahaet al., 2013). Kyoto

202  Encyclopedia of Genes and Genomes (KEGG) datafesesue cut-off 15) were

203  used for functional annotation and metabolism as&dyMchardy et al., 2013;

204  Kanehisa et al., 2014, Vrutika et al., 2016). Theghted nearest sequenced taxon
205 index (NSTI) was calculated to assess the accwbPYCRUSt analysis (Langille et
206 al., 2013).

207

208 2.4 Statistical analyses

209 One-way ANOVA was applied to test the differencegenchemical factors; a
210  level ofp < 0.05 was considered significant. The relatiopsHietween geochemical
211  factors and alpha-diversity indexes were analyzguSpearman correlation (SPSS
212 v21). SIMPER analysis based on Bray-Curtis sintjaneasurement was used to test
213 microbial differences in the tailings. Non-metriciitidimensional scaling (NMDS)
214 and distance-based redundancy analysis (db-RDAysisavere conducted to test the

215 correlation between bacterial communities and gewadtal factors of tailings sites
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based on weighted normalized unifrac distance dhgor The significance of
geochemical factor was tested with Monte Carlo pgatons (permu = 999).
Correlations of each bacterial community and eatlgemical factor were
calculated withp-values < 0.05 and plotted as a heatmap. Netwalkysis was used
to reflect the relationship between tailings séed genera. After detection for genera
(Gephi software), each module was represented toyonle correlation shared values
of abundance profile by using modularity analyBKDENV analysis was used to
determine the combined effects of geochemical faata the metabolic pathways of
bacterial communities. All the analyses were dasiagIR software (v 3.4.1) unless

otherwise stated.

3. Results and discussion

3.1 Geochemical parameters of nonferrous minetailings samples

The pH in the seven studied tailings (Table S1yessed with the period of
abandonment, notably around pH 7.3 at the yoursitest (from T_3Y to T_15Y),
weakly acidic (pH 6.4) at site T_23Y, and extrematydic (pH 2.6) at site T_31Y.
This is consistent with other reports showing thatpH decreased in mine tailings
undergoing more than 30 years of natural attenndktimang et al, 2011; Zhan and
Sun, 2014; Ciarkowska et al., 2016). The graduidifazation of tailings could be
caused by microbial mediated oxidative dissolutbpyrite (Fe$) and other sulfide
minerals exposed to air and water during natutahaation (Huang et al., 2016). The
low nutrient concentrations of C/N/P could nevelgke support the observed growth
of microorganisms (described below), at least dutire early phases of natural
attenuation (Oudjehani, et al., 2002).

As expected at nonferrous metal(loid) tailingsssitee total metal(loid)s
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contents (T-M) were higher compared with the regobthiling sites in other regions
around the world (Alakangas et al. 2010; Giloteatal., 2013; Bruneel et al., 2017).
The total arsenic content (T-As) was significarttyrelated with total contents of Cd,
Cr, and Zn (Spearman rho = from -0.82 to 0[88,0.04; Table 1). Similar
correlations between As, Zn, and Cd have been teghat mining- and
alumina-contaminated soils (Zachary et al., 2015).

The acid soluble fraction of metal(loid)s (H-M)presenting the leachable
fraction, was generally higher in tailing sitesw#l years abandonment (Table S1).
Significant differences were also observed amoegadilings sites, particularly for
H-Cd, H-Cr, and H-Cu (ANOVAp < 0.05, Table S1). Acid-soluble fraction in
surface tailings represents the elements releatizdtiean migrate laterally or
downwards via biotic and abiotic processes (Alakangt al. 2010; Volant et al.,
2014). The increased concentration of H-Ms andedesad pH with the age of
abandonment suggested that a release of thesdloidjalkas increasing over time,
which was reported for other tailings (Walder artth@z, 1995; Shu et al., 2001).

< Insert Table 1 >

3.2 Microbial community diversity and composition of nonferrous minetailings

To determine the bacterial dynamics in abandoniédgs, a total of 1,481
bacterial OTUs were identified of all quality 168NA bacterial sequences (265,487
in total) after removing singletons and chimeriquences (Tables S2 and S3). These
1,481 OTUs represent a high coverage (99.8 + 0.Idlle S2), indicating that the
sequencing data could reflect the vast majoritynadrobial diversity in the real
environment. Furthermore, the Shannon diversitgxed were between 2.88 - 4.80,

which were similar to an earlier report of a Pbfdiming site (Chen et al., 2013).
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266  Bacterial diversity showed a decreasing relatigmstith the age of abandonment
267  (Table S2 and Fig. S1). Nevertheless, the bacteciahess (Table S2) was up to eight
268  times higher than that reported in an abandonedrPioine tailing site (Epelde et al.,
269  2015), but no significant trend could be observét abandonment age. This could
270 be due to some more fundamental properties ohgglsuch as tailing matrix, mineral
271  phases, and chemical composition since the tailngg$rom different types of mining
272 and smelting industries (Fig. S1). In contrast, @éigal. (2016) reported clear

273  differences, as well as a time-dependent increadmcterial richness among REE
274 (Rare Earth Elementgilings sites that were abandoned for 3, 6, angekds. The
275 richness of bacterial communities had a significamtelation with PD (phylogenetic
276 diversity,rho = 0.972p = 0.0002; Table 1), which was statistically coaitet with

277 TP (tho=0.79,p = 0.036 Table 1). Overall, our results indicated a highaj&

278  diversity in the Guangxi nonferrous mine tailinges.

279 Over 98% of the OTUs could be assigned to a taxanphylum with 70%

280  confidence; while over 56% of sequences were gépadantified as no-rank or

281 unclassified genera (Table S3), which was lowen that in a Sb-rich tailings dump
282  (Xiao et al., 2016). Coupled with the high coveragd sequencing depth (99.8 £
283 0.1 %, Table S2), this low assigned rate suggeabkese tailings sites had vast

284  unidentified populations and microbial resourcdsede results were consistent with
285  an earlier report showing that 58% of the sequeitcasranadium- and 17% in a

286  gold- mine water from a South African mine, coutd he assigned to a particular
287  phylum (Keshri et al., 2015). Specifically, the sdthphyla of tailings sites were

288  Proteobacteria, Firmicutes, and Actionobacteriapanting for 76% of total

289  microbial community (Fig. 2), which confirmed retatudies by Liu et al. (2018) at

290  abandoned nonferrous metal tailings sites, andiao@t al (2016) at an abandoned
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REE tailings facility. These studies reported tAme or similar dominant bacterial
communities (at the phylum level), despite differesin pH and geochemical factors
of the tailings.
<insert Fig. 2 >

Among the total 507 genera identified from the setadlings sites, 31 shared
genera (relative abundance > 1% of total sequesidegast in one tailing site) had
different abundance among the seven tailings gliglsle S4). The differences
observed were mainly due to different abundancé&siédriferula, Bacillus,
Sulfurifustis, Gaiella, andThiobacillus (Table 2).Sulfurifustis andThiobacillus were
the most abundant genera shared by tailings $isdsvere abandoned for < 15 years
(Table S4), indicating that these two genera masg ltantributed to sulfur- and iron
oxidation at these sites. To date only three stukdae detectefulfurifustis that
could be involved in sulfur oxidation (Kojima, dt,&2015; Kojima, et al., 2016;
Umezawa, et al., 2016)hiobacillusis capable of iron/sulfur-oxidization and
carbon/nitrogen fixation in the early stages ofdblification processes of tailings
(Yamanaka, 1996; Huang et al., 20IRglstonia, the most abundant genus in tailing
sites abandoned for up to 23 years (29%; TableiS4)ubiquitous inhabitant of soil,
freshwater and even ultrapure water in industgiateans (Gan, et al., 2012). This
genus carries metal resistant genes, suchkcgsesistance to cadmium, zinc, and
cobalt) andhece (cobalt and cadmium) (Mergeay, et al., 202@)dithiobacillus was
most abundant at the extremely acidic tailing @té = 2.0, Table S1) abandoned for
31 years (accounting for 29% of total communitieshle S4). This genus was found
to be able of carbon/nitrogen fixation, iron/suléixidation, and arsenic oxidation
(Huang et al., 2016Acidithiobacillus may play an important role in the iron and

arsenic oxidation in late acidification of the prestailing sites as reported for other
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tailings sites (Bruneel et al., 2005; Jorge et24l(Q8; Huang et al., 2016).

<insert Table 2 >

3.3 Structure of tailings microbial communities

Although the tailings sites shared bacterial pojpaies, the whole bacterial
structures were different (Fig. 3). Correlationlgsis of geochemical factors and
bacterial structure of tailings revealed four cdugjroups: i) OTUs in T_4Y, T_8Y,
and T_15Y correlated with TOC, ii) OTUs in T_6Y oelated with TN, T-As, and
H-Pb, iii) OTUs in T_23Y correlated with pH and H».Sand iv) OTUs in T_31Y
correlated with pH and TP (Fig. 3). These findimgse consistent with earlier studies
indicating that pH, total metal(loid)s, and aciddbable metal(loid)s were correlated
with microbial communities in tailings sites (Brwlet al., 2017; Gupta et al., 2017,
Hao et al., 2017). The acid leachable or bio-adbksBactions of metal(loid)s (such
as H-Pb) can easily migrate with applications ad aain or during natural
acidification, and this process can be acceleraydtie metabolic processes of
adapted microbial communities (Haferburg and KoR@€)7). For example, to survive
in aquatic and soil environments with?®bontamination, some microbes have
developed PB resistance, involved extracellular binding, ingtadar sequestration,
active transport, and exclusion by forming a peioteharrier (Pan et al., 2017).

<insert Fig. 3 >

Specific genera in each tailing site were also otesk(Fig. 4A), suggesting that
these tailings sites represent unique ecologicdles during tailing colonization and
natural attenuation. The distribution of these gemerrelated with a combination of
pH, TOC, H-Pb, and T-Ag = 0.80,p = 0.01; Fig. 4B; Table 3), indicating that

these four geochemical factors may play a keyirotbe distribution of microbial
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communities. In tailing sites with 3 years abandentyDesulfurivibrio were specific
(Fig. 4A), which always grow chemolithotrophicably sulfur/sulfide oxidation and
dissimilate the reduction of nitrate/nitrite ingdlt alkali environments (Sorokin et al.,
2008; Thorup et al., 2017). Although no plants wasserved at the tailings sites,
specificRhizobium genus, beneficial for plant growth (Sujkowska-Rylvk&ia and
Wazny, 2018), were observed in site T_23Y. This obaon could be explained by
aerial seeding by plants from the surrounding ar€las distribution of bacterial
communities in T_23Y was correlated with pH and beBntent (Fig. 3B). In the
extremely acidic T_31Y tailing site, most of theesific genera, such as
Acidithiobacillus andAcidiferrobacter, were related to sulfur/iron oxidation (Fig. 4A).
These genera had significant and negative coroelativith pH, and significant
positive correlations with H-As, H-Cr, and H-Cu ¢emts p < 0.001, Fig. 5). This
observation would be expected becafseliferrobacter andAcidithiobacillus

species participate in the metabolism of iron,wsularsenic, and organic matter (Fan
et al., 2016; Bruneel et al., 2017). In additiozidaphilic Acidithiobacillus-related
sequences can generate AMD waters, and oxidizietraus sulfate to immobilize
As’* in arsenic-contaminated soil (Huang et al., 20ddhg et al., 2017), suggesting
that this species may have an important ecologatalfor increasing metal sulfide
dissolution and controlling AMD production. Thedreently encountered distribution
and numerous dominance of iron/sulfur-oxidizing ametal-related genera in acidic
environments during the long process of naturahattion reflects their potential
role in the natural attenuation of metal(loid)s gederating AMD at tailings sites

(Chen et al., 2013; Huang et al., 2016).

<insert Fig. 4 >

<insert Fig. 5 >
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<insert Table 3 >

Chao et al(2016) showed that soil microbiota can vary sigatitly at different
abandoned REE tailing sites, by the co-developroemticrobial and plant
communities during natural attenuation. These sgigdhowed that site-specific
factors induced microbial changes within subgroafpbandoned sites, which is
consistent with our findings. However, the tailsgmples in the Chao et al. (2016)
contained vegetal material compared to the presady. Therefore, it is not known if
the microbial changes described in the Chao. atadly are related to site factors or
plant development, or both. Ridl et 016) demonstrated that plants, and not the
use of fertilizers, were the drivers of microbiahemunity structure in contaminated
soil, with the magnitude of effect depending ontipe of plant species. Based on
our study, in which plants were not observed, likisly that microbial changes were
caused by geochemical factors and the extremebvondble growing conditions

(such as low C/N/P contents and high metal(loidyscentrations).

3.4 Potential functional metabolism of bacterial communities

For successful survival and adaptation to a mualtitaminated environment,
which constitutes an evolutionary challenge foramigms, sophisticated resistance
strategies and mechanisms are required for midreb&ession (Guan et al., 2017).
PICRUSt analysis was used for exploring the possiitabolism pathways
associated with the detoxification of metal(loidjsd transport of geochemical
elements in tailings undergoing natural attenuafidgre NSTI (nearest sequenced
taxon index) values in the present study weretles 0.18 (except at site T_3Y)
indicating that the PICRUSt prediction analysis wasurate (Table S2). The

relationship between the KEGG pathways and batwsramunity structures
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revealed that each tailing site had its specificfional pathways (Fig. 6). KEGG
pathways related to DNA replication and repair, wbmbination proteins were
mainly clustered close to tailing sites with 31 ngeaatural attenuation (Fig. 6). As
well, the distribution of these predicted functibmeetabolic pathways was strongly
correlated with pH, TOC, TP, T-As, T-Zn, and H-€=(0.98, Table S7). It is known
that environmental stresses (such as pH, As, apddPbdirectly or indirectly damage
the structure of DNA, which results in the mismabémucleic acids, and DNA
degradation, thus affecting the diversity and stmecof microorganisms
(Amaral-Zettler et al., 2011; Bruneel et al., 20Glan et al., 2017; Hao et al., 2017).
These in turn could ultimately lead to microbiall @gury, protein degradation, and
gene mutation (Dai et al., 2013; Guan et al., 20t T3 possible that the DNA repair
system participated in the sensitive targets ofohial metal(loid)s toxicity observed
in our study, resulting in the adaptation of baatesommunities to the extreme
tailings environments.

SIMPER analysis using the KEGG database indicdtatthe metabolic
pathways directly related to ATP, methane, nitrogerd energy generation (such as
ABC transporters) also contributed to the diffeesnof bacterial community
structures in the seven tailings sites (Table $6%6). ABC transporters constitute
large amounts of membrane proteins and could toahspany diverse substrates,
such as metal(loid)s and secondary metabolitesodddou and Kerr, 2015). As
discussed above, metal(loid) oxidation-related gesfé\cidithiobacillus could also
encode the ABC transporter genes involved with mndransport (Hou et al., 2012).
Previous studies also confirmed that genetic espyasof iron/sulfur-oxidizing and
metal(loid) tolerance may propagate through hotiazlogene transfer (Sandoval et al.,

2004; Bouzat and Hoostal, 2013), which enablesgb@aticommunities to acquire a
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gene (or genes) favoring the adaptation of badtevimmunities to extreme
environments during natural attenuation. To betteterstand the mechanisms of
bacterial communities undergoing natural attenmationonferrous metal tailings,
further analyses combining geochemical parameseish(as inorganic C,
sulfides/sulfates/iron contents, and the neutratinecapacity) with

metatranscriptomic and metagenomic analyses valtige useful information.

Conclusions

Our study provides greater insight into the tempdyaamics of bacterial
communities during natural attenuation. Each tgiiite was identified as a unique
ecological niche. Tailings abandoned for < 15 yeae in a pre-acidification phase
and undergoing acidification. Tailings23 years abandonment had higher acid
soluble As concentrations and the metal(loid)s thay represent a risk for human
health and the environment (COM, 2016; Hudson-Ed;a2016). A gradual
succession of bacterial genera in the tailings sitas observed suggesting that the
bacterial communities become more acidophilic aethhresistant. Functional
metabolic pathways of DNA repair and recombinatizay be the main potential
mechanisms for the microbes to cope with oligotroind extreme tailings habitats.
The present study suggests that although natuesllettion may be a key strategy
towards sustainability, careful monitoring of abaned tailings sites should be
considered as early as possible, to enable théytrme@nagement of any potential

environmental risks present at these sites.
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Figurelegends

Fig. 1. Sample location map (top left) and aerial photpgréop right) of the seven
tailings sites (T_3Y to T_31Y) close to Hechi ofsyshown on map), Guangxi
(China), where the surface sampl@®; (  on aerialghatre collected for the present
study. Field photographs of tailing sample sitessdrown in the bottom panels (T_3Y
to T_31Y). As an example, T_3Y corresponds to #ileng sample code. T_3Y
means the tailing samples were taken from a theaesyold abandoned site

(not-used).

Fig. 2. Relative abundances of bacterial phyla in the s@m@mndoned tailings sites.
The relative abundances of Alpha-, Beta-, GammaklabProteobacteria, and

Actinobacteria classes are shown in the insert diagram.

Fig. 3. (A) Non-metric multidimensional scaling (NMDS) adysis of bacterial
communities in seven tailings sites at genus I Distance-based redundancy
analysis (db-RDA) of genus and selected geocherfactdrs in seven tailings sites.
Both NMDS and db-RDA analysis were based on thgkted normalized unifrac
distance algorithms. Direction and magnitude obwe indicate the correlation of

geochemical factors and genera.

Fig. 4. (A) Network analysis for the detected bacteriahonunities (genus level) in
different tailings sites. Color was coded by tajBrsites. Each node indicates one
genus. Colors of node represent the different majgta. The size the species-node
denotes abundance of species. Black nodes repedséietno_rank/un-classified

genera which were shared by tailings sites. Ligaeg nodes represented the
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no_rank/un-classified genera, which were speaifidifferent tailings sites. The
degree of node was assessed by the numbers of caalescted directly to that node.
The more lines on the node denotes the higher dagreorrelation between the sites
and other genera. (B) The sub-network analysisnedularity of genera. Colors of
node represent the different module. Node sizedpgational to the modularity class.
The nodes without labels represented the no_rarnitassified genera. B. P.,

Burkholderia-Paraburkholderia

Fig. 5. Correlation analysis based on the Pearson testisgdhe relation between
the geochemical factors and the relative abundahbacterial communities at the
phylum (A) and genus (B) levels. Only the top 3@tbaal communities are shown in
this figure. Color key for the correlation valuesshown on the right panel inset;
positive correlations are in red text, negative@ations are in green, non-significant

correlations are shown in white. * 0.0p< 0.05, ** 0.001<p < 0.01, *** p< 0.001

Fig. 6 Principal Components Analysis (PCA) for bacterianenunity structure and

KEGG metabolic functional pathways based on 16SARBuencing reads.
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Fig. 1. Sample location map (top left) and aerial photpgréop right) of the seven

tailings sites (T_3Y to T_31Y) close to Hechi ojsyshown on map), Guangxi
(China), where the surface sampl@®; ( on aerialg®vetre collected for the present
study. Field photographs of tailing sample sitessdrown in the bottom panels (T_3Y
to T_31Y). As an example, T_3Y corresponds to #ieng sample code. T_3Y
means the tailing samples were taken from a theaesyold abandoned site
(not-used).
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724  Fig. 2. Relative abundance of bacterial communities atyshyevel in the seven
725  abandoned tailings sites. Relative abundance dial|Beta-, Gamma-, Delta-
726  Proteobacteria-related andhctinobacteria classes are shown in the map inset.
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Fig. 5. Correlation analysis based on the Pearson testisg the relation between the geochemical facodsthe relative abundance of
bacterial communities at the phylum (A) and gerjdévels. Only the top 30 bacterial communities sinown in this figure. Color key for the
correlation values is shown on the right paneltinsesitive correlations are in red text, negatieerelations are in green, non-significant
correlations are shown in white. * 0.0p< 0.05, ** 0.001<p < 0.01, *** p< 0.001
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Fig. 6 Principal Components Analysis (PCA) for bacteriaimenunity structure and
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748 Tablel
749  Spearman correlation analysis for geochemical fa@dables and a-diversity index
750  (p< 0.05).

Variablesused Correlated variables

in analysis [rhol>0.75 rho p-value
TOC H-Cr 0.786 0.036
T-As T-Cd 0.786 0.036
T-Cr -0.821 0.023
T-Zn 0.857 0.014
T-Cd T-Cu 0.786 0.036
T-Zn 0.929 0.003
H-Cr -0.893 0.007
T-Pb H-Cd 0.821 0.023
H-Pb 0.821 0.023
T-Zn H-Cr -0.893 0.007
H-Cd H-Cu 0.929 0.003
H-Zn 0.929 0.003
H-Cu H-Zn 0.929 0.003
ace PD 0.964** 0.0004
PD TP -0.786* 0.036

751 TOC, total organic carbon; TN, total nitrogen; T®al phosphorus; T-(metal), total content of
752  metal(loid)s; H-(metal), the acid extraction of alébid)s; ace, microbial richness; PD,

753  phylogenetic diversity;ho, Spearman coefficient of product-moment corretatio
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Main genus contributed to the differences betwea#ardnt bacterial communities of

tailings sites with different abandoned time. Takative abundances of genera at

least at one tailing site are shown.

Genus Contrib (%)

a&b a&c a&d a&e b&c b&d b&e c&d c&e
Dissi 68.3 68.4 59.2 73.5 52.7 56.9 83.2 49.6 78.5
Acidibacillus - - - 3.65 - - 3.15 - 2.98
Acidiferrobacter - - - 2.52 - - 2.17 - 2.06
Acidithiobacillus - - - 3.78 - - 3.27 - 3.09
Acinetobacter 0.93 0.69 0.75 0.97 - 0.70 1.56 0.73 1.37
Alicyclobacillus - - - 2.81 - - 2.43 - 2.30
Bacillus 7.34 - 0.67 0.40 8.17 7.89 5.36 0.71 -
Bdellovibrio 2.37 1.81 2.18 2.47 - - - - -
Burkholderia-Par - - - 1.63 - - 1.59 - 1.28
DS 100 - 1.59 1.34 - 2.04 1.38 - 1.04 1.37
Enterococcus 151 0.96 - - - 1.87 1.14 1.43 0.76
Erysipelothrix 3.04 2.70 3.33 1.96 - - 0.68 - -
Gaidla - 4.48 5.01 - 4,59 4.01 0.78 1.79 3.73
Gemmatimonas 0.58 - 1.12 0.90 1.22 1.79 - 0.60 1.11
lamia 0.82 2.75 0.67 - 2.56 - 0.47 2.88 2.12
Lactococcus 4.89 - - - 2.68 5.45 3.75 - -
Meiothermus 3.54 0.59 2.09 1.57 3.23 2.39 4.11 2.13 1.78
Nitrospira 1.18 0.98 - 2.77 - 0.75 2.40 0.68 2.27
Ralstonia 0.81 - - - - - 3.68 - 3.11
Rhodococcus - - - 1.35 - - 1.29 - 1.22
Rubellimicrobium - - 1.09 0.44 - - - - -
Rubrobacter 3.91 2.66 3.16 3.54 1.02 1.13 - - 0.68
Fphingomonas - 0.65 3.91 1.42 1.18 - 0.98 - 1.70
Sulfobacillus - - - 3.27 - - 2.82 - 2.67
Sulfuriferula 8.46 8.20 10.3 7.57 - 0.96 0.91 - 0.86
Sulfurifustis 5.39 7.09 5.18 0.44 2.93 1.92 4.57 3.74 6.25
Sulfurirhabdus 1.69 1.12 1.11 1.53 - 3.01 - - -
Thermithiobacillus 2.84 2.52 3.11 2.56 - - - - -
Thiobacillus 1.97 3.53 0.65 5.07 2.27 1.53 2.84 3.87 1.20
Thiobacter - 2.40 - - 2.46 - 0.41 2.59 2.00

Contrib, the contribution of each genus to theeddhces of bacterial communities of tailings sites;
a, T 3Y;b, T 4Y;c, T 6Y;d, T 8YandT_15Y;e,ZBY and T_31Y; “-", the contribution data

<0.4.
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761 Table3

762  Correlation analysis of modules eigengenes in #wdoial community network (Fig.

763  4) and selected geochemical factors by BIOENV asiglgnd Monte-Carlo test.

Combination of geochemical factors Modulel Module2 Module3
T-As rM 0.51 0.29 0.54
p 0.07 0.28 0.10
TOC + H-Pb rM 0.32 0.58 0.59
p 0.20 0.03 0.07
pH + TOC + H-Pb rM 0.84 0.33 0.26
p 0.01 0.11 0.19
TOC + H-Pb + T-As rM 0.37 0.53 0.62
p 0.16 0.06 0.08
pH + TOC + H-Pb + T-As ™ 0.80 0.37 0.48
p 0.01 0.10 0.13
TOC + H-Pb + T-As + H-Sb M 0.27 0.69 0.51
p 0.23 0.08 0.13

764



Highlights:
» Specific bacterial communities were observed according to tailing age
» S/Fe-oxidizing and metal (loid)-rel ated bacteria abundance increased with
tailings age
» Generabeneficia to plant growth were detected
» Bacterial communities harbored adaptive DNA repair and recombination

functions



