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Abstract
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Abstract: The microbial community structures and arsenite-oxidizing bacteria in the groundwater,
surface water, and soil within and surrounding a gold mining area were explored using high-
throughput sequencing of the 16S rRNA gene and cloning-ddPCR of the aioA gene. Metagenomic
analysis revealed that although Proteobacteria (13-99%) were commonly detected across all
analyzed samples, the microbial diversity in the soil was relatively higher than that in the
groundwater and surface water. The majority of the soil and surface water microbiomes were
Proteobacteria, Actinobacteria, Bacteroidetes, and Chloroflexi, whereas the groundwater
microbiomes were dominated exclusively by the classes Betaproteobacteria and
Alphaproteobacteria. Each sample harbored unique bacterial taxa, and cluster analyses showed that
habitat primarily governed the community structures. Geochemical factors that potentially influenced
the microbial structure in the groundwater were As, residence time, and groundwater flowrate, while
those showing a positive correlation to the microbial structure in the surface water were TOC, ORP,
and DO. The analysis of the aioA gene showed that arsenite-oxidizing bacteria retrieved from
groundwater, surface water, and soil were associated with Alphaproteobacteria, Betaproteobacteria,
and Gammaproteobacteria. The ddPCR results indicated that arsenite-oxidizing bacteria were
widespread at low abundance in all samples with low As concentrations. This study provides insights
into the groundwater, surface water, and soil microbiomes within and surrounding a gold mine and
expands the current understanding of the diversity and abundance of arsenite-oxidizing bacteria,

playing a vital role in global As cycling.
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oxidizing bacteria
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Final report content:

1.

Abstract

The microbial community structures and arsenite-oxidizing bacteria in the groundwater,
surface water, and soil within and surrounding a gold mining area were explored using
high-throughput sequencing of the 16S rRNA gene and cloning-ddPCR of the aioA gene.
Metagenomic analysis revealed that although Proteobacteria (13-99%) were commonly
detected across all analyzed samples, the microbial diversity in the soil was relatively
higher than that in the groundwater and surface water. The majority of the soil and
surface water microbiomes were Proteobacteria, Actinobacteria, Bacteroidetes, and
Chloroflexi, whereas the groundwater microbiomes were dominated exclusively by the
classes Betaproteobacteria and Alphaproteobacteria. Each sample harbored unique
bacterial taxa, and cluster analyses showed that habitat primarily governed the
community structures. Geochemical factors that potentially influenced the microbial
structure in the groundwater were As, residence time, and groundwater flowrate, while
those showing a positive correlation to the microbial structure in the surface water were
TOC, ORP, and DO. The analysis of the aioA gene showed that arsenite-oxidizing
bacteria retrieved from groundwater, surface water, and soil were associated with
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. The ddPCR results
indicated that arsenite-oxidizing bacteria were widespread at low abundance in all
samples with low As concentrations. This study provides insights into the groundwater,
surface water, and soil microbiomes within and surrounding a gold mine and expands the
current understanding of the diversity and abundance of arsenite-oxidizing bacteria,

playing a vital role in global As cycling.

Executive summary

The microbial community structures in the groundwater, surface water, and soil from the
gold mining area, including the upstream and downstream areas of the mine, were
explored using MiSeq sequencing of the 16S rRNA gene. As concentrations were low
across all sampling locations, possibly due to an effect of the wet season. The phylum
Proteobacteria was highly represented in all analyzed samples. The soil and surface
water microbiomes were mainly composed of the phyla Proteobacteria, Actinobacteria,
Bacteroidetes, and Chloroflexi. Oxyphotobacteria, members of the phylum
Cyanobacteria, were dominant in surface waters but not in soil or groundwater. The

groundwater microbiomes were dominated exclusively by Proteobacteria, especially the



classes Betaproteobacteria and Alphaproteobacteria. The heatmap of the most abundant
OTUs revealed unique bacterial taxa in each sample. Limnohabitans, unclassified
Rhodocyclaceae, Hydrogenophaga, and Ferriphaselus were dominant in L1-GW, L3-GW,
L5-GW, and L6-GW, respectively. Novosphingobium was dominant in L2-GW and L4-
GW. Cyanobium_PCC-6307 was dominant in L1-SW, whereas MWH-
UniP1_aquatic_group was dominant in L2-SW and L6-SW. The three microbial
assemblages predominant in L1-S, L2-S, and L6-S were Pseudarthrobacter, Microvirga,
and uncultured Hydrogenophilaceae, respectively. These dominant bacterial taxa likely
play roles in the carbon, nitrogen, and sulfur cycles. Cluster analyses showed that habitat
primarily governed the microbial structures in the analyzed samples. The environmental
factors that potentially influenced the microbial structure in the groundwater were As,
residence time, and groundwater flowrate, while those affecting the microbial structure in
the surface water were TOC, ORP, and DO. Arsenite-oxidizing bacteria in the
groundwater, surface water, and soil samples were retrieved by cloning-sequencing of
the aioA gene. All analyzed aioA sequences were closely related to Proteobacteria,
indicating common arsenite-oxidizing bacterial taxa found in a mesophilic environment.
The aioA sequences recovered from soils were related to Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria. The majority of aioA sequences that
were detected in the soil and surface water samples were affiliated with
Alphaproteobacteria. The groundwater-associated arenite-oxidizing bacterial taxa were
Alphaproteobacteria and Betaproteobacteria. Together with the results of the ddPCR
analysis, the results suggested that arsenite-oxidizing bacteria were widespread at low
abundance across samples with low As concentrations. However, microbial community
structure and arsenite-oxidizing bacteria were monitored only in a single season, and
they should be further analyzed at different time points to better understand the effects of
spatial and temporal variations. Overall, this study provides insights into the groundwater,
surface water, and soil microbiomes within and surrounding a gold mine and expands the
current knowledge of the diversity and abundance of arsenite-oxidizing bacteria, which

could play a role in As transformation in impacted environments.

Result
3.1 Sample characteristics
Five groundwater samples (L1-GW to L5-GW) were collected from monitoring wells,

whereas one sample (L6-GW) was collected from a pumping well. When groundwater



was consumed, the pumping system continuously pumped the groundwater into a
storage tank. However, the groundwater in the monitoring wells was likely undisturbed.
Therefore, the characteristics of groundwater wells likely affected the hydraulic retention
time and groundwater flowrate. The groundwater residence time and groundwater
flowrate of the monitoring wells were longer and slower, respectively, than those of the
pumping wells. These characteristics may influence the indigenous groundwater
microbiome in the monitoring and pumping wells.

Geochemical parameters indicated that temperature, TKN, and TP were comparable
among the six groundwater and three surface samples (Table 1). Most of the analyzed
water samples were neutral to slightly acidic, except for L5-GW (moderate acidic) and
L6-SW (slightly basic). The concentrations of TOC were relatively low across almost all
water samples; however, the TOC concentration was considerably high in L6-SW. DO
values showed that the groundwater was less oxic than the surface water. The ORP
measurements also indicated that the groundwater conditions were relatively reduced
compared to the surface water conditions (Table 1). Although the concentrations of As
were low and comparable in all water samples, the speciation of As heavily relied on pH
and ORP (Smedley, 2008). In this study, the geochemical model PHREEQC was applied
to predict the dominant species of As found in groundwater and surface water with

different geochemical conditions.

Table 1. Geochemical parameters of 6 groundwater (GW) and 3 surface water (SW)

samples
Temp. DO ORP TOC TKN TP Total As
sample 1D pH o ! ! ! ) )
CC | mgt™y | (mv) | (mgl") | (mgI™ | (mgl") | (Mgl
L1-GW 6.50 29.20 3.87 212.20 1.24 0.30 0.02 3.97
L2-GW 6.87 32.30 2.84 59.40 1.34 0.40 0.02 3.52
L3-GW 6.39 30.50 3.29 115.40 3.24 0.10 0.05 4.45
L4-GW 6.70 31.80 2.95 88.90 1.40 0.30 0.06 3.50
L5-GW 4.90 31.00 2.92 296.90 1.22 0.10 0.01 3.12
L6-GW 7.21 32.30 479 149.50 1.43 0.50 0.04 2.05
L1-SW 6.34 31.00 7.63 390.30 4.19 0.10 0.05 2.29
L2-SW 6.98 33.40 7.14 308.10 2.92 0.50 0.02 2.31
L6-SW 8.22 34.00 7.19 269.10 16.62 0.30 0.03 2.66




3.2 Prediction of As speciation by using the geochemical model PHREEQC

The PHREEQC model revealed that As® was the dominant species found in all
analyzed groundwater and surface water samples (Table 2). H,AsO, was the dominant
form detected in groundwater and surface water collected from locations L1 to L5,
whereas HAsO,* was the major form of As®* in samples taken from location L6 (Figure 1
and Table 2). These predicted forms are commonly found in natural surface and
groundwater environments (Pal, 2015). The concentrations of DO across all analyzed

water samples indicated slightly to highly oxic conditions, which potentially led to the

predominant of As®".
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Figure 1. Map showing the sampling locations (L1-L6). GW, SW, and S refer to the

groundwater, surface water, and soil samples, respectively.



Table 2. As speciation calculated by using the geochemical model PHREEQC

As* As® Dominant form Dominant form
Sample ID

(g I (ug I'"Y | (speciation model) | (Hfo-As sorption model)
L1-GW 0.00 3.97 H,AsO, H,AsO,"
L2-GW 0.08 3.45 H,AsO, H,AsO,"
L3-GW 0.06 4.40 H,AsO, H,AsO,"
L4-GW 0.03 3.47 H,AsO, H,AsO,"
L5-GW 0.00 3.12 H,AsO, H,AsO,"
L6-GW 0.00 2.05 HAsO,* hfo_wOHAsO,*
L1-SW 0.00 2.29 H,AsO, hfo_ wOHAsO,>
L2-SW 0.00 2.31 H,AsO, hfo_ wOHAsO,>
L6-SW 0.00 2.66 HAsO,* HAsO,>

Since sorption plays an important role in As speciation, a sorption model was also
considered in this analysis. Due to the strong sorption capacities of As on amorphous
iron oxides, the Hfo-As sorption model was selected for predicting whether the presence
of iron oxides (As, Fe, Mn, and SO,*) influenced As mobility in the analyzed samples
(Smedley, 2008). Groundwater conditions associated with the presence of As species
were illustrated by the Hfo-As sorption model. As with the resulting speciation model,
H,AsO, and HAsO,> were dominant in samples L1-GW to L5-GW and L6-SW,
respectively (Table 2). However, hfo_wOHAsO43' was found to be the major form
detected in L6-GW, L1-SW, and L2-SW. The As forms under oxic conditions are related
to electrostatic repulsion from the negative charge of the oxide surface, resulting in Hfo
instability and dissolution (Smedley, 2008). The strong sorption tendency of iron oxides
around a neutral pH range in oxic conditions is one of the major causes of low As
concentrations in most natural groundwater (Smedley, 2008). However, Fe
concentrations in this study were relatively similar; thus, Hfo sorption might not be the
major factor controlling the As concentration in groundwater. On the other hand,
dissolved As associated with S-species occurs in highly reducing conditions where the
As-S mineral limits the dissolved As concentration in high sulfide concentrations

(Smedley, 2008).



3.3 Microbial community structures in groundwater, surface water, and soil across low
arsenic concentrations

The alpha diversity of the groundwater, surface water, and soil across low arsenic
concentrations was revealed by the observed OTUs, Shannon, and Chao1. Rarefaction
curves showed that microbial richness in soils was relatively higher than that in
groundwater and surface water (Figure 2). Microbial richness was the highest in L1-S,
followed by L2-S, and it was the lowest in L6-GW. Among the water samples, L2-GW
and L3-GW showed higher microbial richness, which were comparable to L6-S (Figure
2). Microbial richness in other analyzed water samples, both groundwater and surface

water, were comparable in the range of 100-500 observed OTUs.

L1-5

L2-5

L2-GW
L6-5
L3-GW

Number of OTUs

Mumber of sequences

Figure 2. Rarefaction curves based on the number of OTUs of the bacterial 16S rRNA
gene in groundwater (GW), surface water (SW), and soil (S) from 6 sampling locations

(L1-L86).

Microbial compositions in groundwater, surface water, and soil from the gold mining
area with low arsenic concentrations were determined by the MiSeq lllumina sequencing
of the 16S rRNA gene. The resulting microbial abundance at the phylum level indicated
that the phylum Proteobacteria was common in all samples, accounting for 13-99% of the

total microbial abundance (Figure 3). The microbial community structure in groundwater,



L1-GW to L6-GW, was dominated by the phylum Proteobacteria, accounting for 65-95%
of the total microbial abundance. The four major phyla that were found in the surface
water, L1-SW, L2-SW, and L6-SW, were Proteobacteria (13-66%), Cyanobacteria (13-
36%), Actinobacteria (7-28%), and Bacteroidetes (6-19%). Microbial compositions in soil
samples, L1-S, L2-S, and L6-S, were mainly composed of the phya Proteobacteria (25-
59%), Actinobacteria (9-35%), Acidobacteria (5-14%), and Chloroflexi (8-9%). The results
indicated that microbial community structure was closely associated within each sample

type, whereas it changed from one sample type to another (Figure 3).
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Figure 3 Abundance of microbial compositions at the phylum level in groundwater (GW),

surface water (SW), and soil (S) from 6 sampling locations (L1-L6).

Overall, the resulting microbial abundance at the phylum level revealed six major
phyla that were detected across all sample types: Proteobacteria (13-99%),
Actinobacteria (0-35%), Cyanobacteria (0-36%), Acidobacteria (0-14%), Bacteroidetes (0-
19%), and Chloroflexi (0-9%). To better understand the dynamics of microbial structure in
groundwater, surface water, and soil, the 16S rRNA gene sequences associated with
these six phyla were examined at the class level (Figure 4). The phylum Proteobacteria

was noticeably dominant across the groundwater samples; it was also highly represented



in the surface water and soil samples. The five detected classes belonging to the phylum
Proteobacteria were Betaproteobacteria (5-98%), Alphaproteobacteria (1-46%),
Gammaproteobacteria (0-14%), Deltaproteobacteria (0-8%), and Zetaproteobacteria (0-
3%) (Figure 4a). The phylum Actinobacteria was highly represented in the surface water
and soil samples but not in groundwater. The detected phylum Actinobacteria was
dominated by three classes: Actinobacteria, Thermoleophilia, and Acidimicrobiia (Figure
4b). The phylum Cyanobacteria was affiliated with the class Oxyphotobacteria and was
dominant only in surface waters (Figure 4c). The phylum Acidobacteria was highly
detected in the soil samples and was mainly composed of four classes: Subgroup 6,
Blastocatellia, Aminicenantia, and Holophagae (Figure 4d). Although the phylum
Bacteroidetes was highly represented in the surface water samples, it was slightly
detected in the soil and groundwater samples. The three major classes belonging to the
phylum Bacteroidetes were Bacteroidia, Ignavibacteria, and Rhodothermia (Figure 4e).
The phylum Chloroflexi was highly represented in the soil samples and was composed of
the classes Anaerolineae, Chloroflexia, KD4-96, Ktedonobacteria, TK10, and

Dehalococcoidia (Figure 4f).



(a) Protecbacteria (d) Acidobacteria

100 20
- -
0 I 18
BO 16
To || 14
h
60 I | B others 1 [
W Zetaprotecbacteria
50 10 W Subgroup_6
B Gammaprotecbacteria
W Holophagae
40 Deltagrotecbactera 8
Aminicenantia
B Betaproteshactenales
30 - ] W Blastocatelia
— W Alphaprotecbaciens
2 y l
10 — 2 I I
o o [ | —
. (b) Actinobacteria a0 (e) Bacteroidetes
15 . 18
16
=
e 14
8 W others 12
[= Themolecphiva B others
g W Rubrobacteria 10 B Rhodothermia
g MB-AZ-108 8 W /gnavibactena
g W Actinobacteria & I Bacteroidia
B Acidimicrobia
4 ||
‘ 1
[1]
@ (c) Cyanobacteria 0 (f) Chloroflexi
15 9
. ]
30 -,
7 -
25 I . M others
& Dehalscocesidia
. K10
s B cthers 5 I -
B Oxyphotobacteria 4 ; tera
15 e W kD495
3 - W Chiorofiexia
o 2 Anaerolineas
“ - i
IRz oz =z 9 b~ s s = E = ! PRI
335 5 3% 5 5 5 5 8 2383 12 EE B 5 FEEEE EEE
A A A A A A - T

JJJJJJJJJJJJJJJJJJ

Figure 4. Abundance of microbial compositions at the class level associated with six
major phyla (a-f) detected in groundwater (GW), surface water (SW), and soil (S) from 6

sampling locations (L1-L6).

To elucidate the dominant microbial assemblages detected in each sample, a
heatmap was calculated based on the presence of OTUs that were more than 2%
abundant (Figure 5). The resulting dendrogram revealed that the microbial structures in
each sample type or habitat were closely related. The microbial assemblages that were
highly associated with surface water were Cyanobium_PCC-6307, hgcl_clade, and
MWH-UniP1_aquatic_group, belonging to the phyla Cyanobacteria, Actinobacteria, and
Proteobacteria, respectively. Microbial community structures in L1-S and L2-S were
relatively similar but were different from those in L6-S. Microvirga sp., uncultured
Xanthobacteraceae, Pseudarthrobacter sp., and Streptomyces sp. were highly detected
in L1-S and L2-S, while uncultured Hydrogenophilaceae, Thiobacillus sp., Dyella sp., and

Acidothermus sp. were highly represented in L6-S (Figure 5). Novosphingobium sp. was



commonly found in the groundwater samples, except for L6-GW. Instead, the dominant
microbial assemblage detected in L6-GW was related to Ferriphaselus sp. Those
associated with Limnohabitans sp., Rhodocyclaceae, and Hydrogenophaga sp. were

found at high proportions in L1-GW, L3-GW, and L5-GW, respectively (Figure 5).
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Figure 5. Clustering of the samples using a heatmap based on the presence of OTUs
that were more than 2% abundant. The color intensity shows the proportion of a genus

found in each sample.

3.4 Factors that impacted the microbial distribution patterns of the groundwater, surface
water, and soil

Ordination analysis based on a Bray-Curtis distance matrix showed that the microbial
communities in each habitat (groundwater, surface water, and soil) grouped together but
were distinct from one another (Figure 6). Jaccard and Theta YC ordination analyses

were in accordance with the Bray-Curtis ordination analysis. The microbial communities



in the six groundwater samples (L1-GW to L6-GW) grouped together but differed from
those in the surface waters and soil samples. As with the groundwater, the microbial
communities in the surface water (L1-SW, L2-SW, and L6-SW) were unique and closely
related within their habitat (Figure 6), although the arrangement of microbial communities
in the soil samples (L1-S, L2-S, and L6-S) were relatively similar. The microbial
communities in soil samples L1-S and L2-S were closely related, but they were apart

from L6-S.
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Figure 6. Principal coordinate analysis (PCoA) of microbial compositions in groundwater
(GW), surface water (SW), and soil (S) across 6 sampling locations (L1-L6) based on the

Bray-Curtis dissimilarity matrix.

A canonical correlation analysis (CCA) was conducted to investigate the relationships
between geochemical factors (i.e., total As, TKN, TP, TOC, pH, temperature, DO, and
ORP) and microbial distribution patterns. The results demonstrated that total As
influenced the microbial community structures in groundwater samples L1-GW to L5-GW,
with the exception of L6-GW (Figure 7). However, TOC, ORP, and DO showed a positive
correlation with the microbial structures in the surface water samples (L1-SW, L2-SW,

and L6-SW).
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Figure 7. Canonical correspondence analysis (CCA) of microbial structures and
geochemical parameters. Arrows indicate the correlation and magnitude of geochemical

parameters associated with bacterial community structure.

3.5 Occurrence of arsenite-oxidizing bacteria in groundwater, surface water, and soil
samples across low arsenic concentrations

By targeting the functional gene arsenite oxidase (aioA), the presence and
abundance of arsenite-oxidizing bacteria were examined using PCR cloning-sequencing
and ddPCR, respectively. All 12 samples showed positive amplifications of the aioA
gene. After 257 clones from 12 libraries were sequenced, representative sequences of
each library based on 97% OTU clustering were included in the phylogenetic analysis.
The aioA-based phylogenetic tree was constructed using 86 representative OTUs from
12 libraries, including cultured and uncultured bacteria with aioA genes that were
retrieved from the GenBank database as reference sequences (Figure 8). The results
demonstrated that all analyzed aioA sequences found in this study showed 88-100%
identity to previously reported aioA sequences recovered from As-contaminated
environments, including groundwater (Hassan et al., 2015), surface water (Quémeéneur et
al., 2010), soils (Quéméneur et al., 2008; Hu et al., 2015; Sanyal et al., 2016), and

sediments (Heinrich-Salmeron et al., 2011; Yamamura et al., 2014).



Phylogenetic analysis showed that all arsenite-oxidizing bacteria that were detected
in the groundwater, surface water, and soil samples across low arsenic concentrations
were closely related to Proteobacteria (Figure 8). All aioA sequences retrieved from L4-
GW and L6-GW were phylogenetically related to only the Betaproteobacterial-like cluster;
however, those recovered from L1-GW, L2-GW, L3-GW, and L5-GW fell into both the
Betaproteobacterial-like and Alphaproteobacterial-like clusters. The majority of aioA
sequences recovered from the surface water were affiliated with the
Alphaproteobacterial-like  cluster, although those closely related to the
Betaproteobacterial-like cluster were only found in L6-SW (Figure 8). Among these three
sample types, soil harbored the most diverse arsenite-oxidizing bacteria. Most of the
aioA sequences retrieved from the soil were associated with the Alphaproteobacterial-like
cluster, followed by the Betaproteobacterial-like and Gammaproteobacterial-like clusters,
respectively. The Gammaproteobacterial-like cluster was only detected in L2-S and L6-S
(Figure 8).

The proportion of aioA to 16S rRNA genes was in the range of 0.07-4.49% (Table 3).
This indicated that arsenite-oxidizing bacteria were a minor assemblage found in all
samples. However, the proportion of aioA to 16S rRNA genes was relatively high in the
groundwater from the mining area (L2-GW, L3-GW, and L4-GW). The resulting ddPCR
was in accordance with the heatmap analysis, showing that arsenite-oxidizing bacteria,

such as Hydrogenophaga sp., were detected at low abundance (Figure 5).

Table 3. The proportion of aioA to 16S rRNA genes estimated by ddPCR

Sample ID aioA gene copies/16S rRNA gene copies (%)
L1-GW 0.18
L2-GW 4.49
L3-GW 1.71
L4-GW 2.34
L5-GW 0.09
L6-GW 0.61
L1-SW 0.12
L2-sW 0.07
L6-SW 0.27

L1-S 0.54
L2-S 0.22
L6-S 0.41
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Figure 8. Neighbor-joining phylogenetic tree of aioA gene sequences retrieved from
groundwater (GW), surface water (SW), and soil (S) across 6 sampling locations (L1-L6).
The tree was constructed with 1,000 bootstrap replicates, and only bootstrap
values >50% are shown. Bold text and color indicate aioA sequences recovered from

each habitat: groundwater (blue), surface water (green) and soil (brown).

Discussion

Groundwater, surface water, and soil samples were collected in the wet season from
the gold mining area, including the upstream and downstream of the gold mine; however,
As concentrations were low across all sampling locations. Low arsenic concentrations
may result from the seasonal effect. The wet season could lead to the dilution of As in
natural water. The seasonal effects on As concentration in the groundwater samples
were observed; however, the relationship between the season and As concentration was
unclear (Biswas et al., 2014; Savarimuthu et al., 2006; Thundiyil et al., 2007). The
speciation and sorption models predicted that As® was dominant in all analyzed
samples. Previous surveys reported that As®* was a dominant species found in water
affected by mines, including surface water and groundwater collected from mining areas
in Thailand (Williams et al., 2001).

Metagenomic analysis revealed that Proteobacteria (13-99%) were commonly
detected at high abundance in the groundwater, surface water, and soil samples
analyzed in this study. Previous studies also reported that Proteobacteria were dominant
in the groundwater of Assam, India (62.6%); groundwater of Rayong, Thailand (37-93%);
groundwater of the Nakdong River Bank, South Korea (64-98%); soils from Bangladesh,
China, and the United Kingdom (29-38%); heavy metal-contaminated soils from a Pb-Zn
mine in Iran (38-49%); and water and sediments from the Apies River in South Africa
(69.8%) (Das et al., 2017; Sonthiphand et al., 2019; Lee et al., 2018; Gu et al., 2017;
Hemmat-Jou et al., 2018; Abia et al., 2018).

Among these three sample types, the microbial diversity in the soil was the highest,
while the diversities in the groundwater and surface water were comparable (Figure 2).
Alpha diversity calculations of samples collected from Alaska, USA, showed that bacterial
diversities in soil waters and headwater streams were the highest, whereas those in lake
water were the lowest (Crump et al., 2012). Metagenomic analysis of samples from a
cold lake in China revealed that microbial diversity in sediments was much higher than

that in water (Fang et al., 2015). The study of the microbial diversity in sediments and



water from the Apies River in South Africa demonstrated the higher microbial diversity in
sediments (Abia et al., 2018). The analysis of microbial communities of samples from
groundwater aquifers in China also showed that the microbial diversity in high As-
contaminated sediments was higher than that in high As-contaminated groundwaters (Li
et al., 2015). The higher microbial diversity in the soils/sediments, compared to the
diversity in the surface water/groundwater, was possibly due to the higher biomass and
higher sample complexity.

The soil microbiomes harbored a variety of taxa, such as Proteobacteria,
Actinobacteria, Acidobacteria, Chloroflexi, and Bacteroidetes (Figure 4). The relative
abundances of these detected taxa were comparable to those of soils from various
environments such as forests, vineyards, and grasslands (Castafieda & Barbosa, 2017;
Janssen, 2006).

The microbiomes from the surface water samples mainly contained Proteobacteria,
Cyanobacteria, Actinobacteria, Bacteroidetes, and Chloroflexi (Figure 4). These detected
taxa were also found in other surface water environments (Crump, et al., 2012; Fang et
al.,, 2015). Oxyphotobacteria, members of the phylum Cyanobacteria, were highly
detected, particularly in surface water (Figure 4c). A high relative abundance of
Oxyphotobacteria was found in water from a water purification facility (Stamps et al.,
2018). Members of the class Oxyphotobacteria are oxygenic phototrophs (Shih et al.,
2016). Together with the DO concentrations of the surface water analyzed in this study,
the results of the class Oxyphotobacteria show that it may play an important role in
photosynthesis within surface water. Overall, except for the high abundance of
Cyanobacteria, the major microbial compositions of the surface waters were almost
similar to those of the soils. It is possible that surface water microbiomes may be built
upon initial inocula from soil microbiomes (Crump et al., 2012).

The groundwater microbiomes were dominated solely by Proteobacteria (65-95%),
particularly the classes Betaproteobacteria and Alphaproteobacteria (Figure 4a). Using
metagenomic analysis of the 16 rRNA gene, the classes Betaproteobacteria,
Alphaproteobacteria, and Gammaproteobacteria were highly represented in alluvial
groundwater in South Korea (Lee et al., 2018) and As-contaminated groundwater in
Thailand and India (Sonthiphand et al., 2019; Das et al., 2017).

The heatmap of the most abundant OTUs showed that the most dominant taxa of
each sample were unique (Figure 5). These findings imply that different geochemical

parameters and environmental conditions may shape the indigenous microbial structures



in each habitat. Heatmap and PCoA analyses revealed that sample types or habitats
primarily governed the microbial structures in the analyzed samples. The microbial
structures of the same habitat were closely clustered but were distant from one another
(Figure 6). Using metagenomics and statistical analyses, previous studies demonstrated
that microbial community structures in groundwaters and sediments were significantly
different (Li et al.,, 2015). Distinct microbial clusters were also observed when the
microbial structures of waters and sediments were compared (Fang et al., 2015; Abia et
al., 2018). Clustering analysis revealed that the microbial community compositions in
soils clustered together, distant from lake waters (Monard et al., 2016).

Total As concentrations influenced all the groundwater microbiomes (L1-GW to L5-
GW) collected from the monitoring wells. However, one groundwater microbiome (L6-
GW) that was collected from the pumping well showed a unique pattern that was distinct
from those retrieved from the monitoring stations (Figure 7). The groundwater residence
time and flowrate of the pumping well were shorter and higher, respectively, compared to
the monitoring well. These characteristics possibly accounted for the unique pattern of
the groundwater microbiome in L6-GW. Hydrological characteristics, including residence
time, flow system, and pumping, influenced the microbial community structure in the
groundwater (Ben Maamar et al., 2015). The analysis of the 16S rRNA gene sequences
revealed that intensive groundwater pumping was responsible for the absence of taxa in
the analyzed sample (Ben Maamar et al., 2015). Flowrate and water residence time also
affected the microbial community structures in river water (Read et al. 2015; Wang et al.,
2016a). In addition to the effect of hydrodynamics on the groundwater microbial
community, As concentration appeared to be a major factor that differentiated the
groundwater microbial community in the low-As and high-As assemblages (Wang et al.,
2016b). The As concentration was one of the geochemical parameters that influenced
the microbial community in the groundwater of Inner Mongolia, China (Li et al., 2015).

While As, residence time, and groundwater flowrate potentially influenced the
microbial structure in the groundwater, TOC, ORP, and DO showed positive correlations
with the microbial structure in the surface waters (Figure 7). TOC was found to be one of
the geochemical factors affecting the microbial communities in groundwaters (Li et al.,
2015; Wang et al., 2016b). By denaturing gradient gel electrophoresis (DGGE) and 16S
rRNA gene sequencing, the microbial community in surface water of the Jiulong River,
China, was correlated with water temperature, conductivity, PO,-P, and TN/TP instead of

with TOC (Liu et al., 2013). By next generation sequencing analysis of the 16S rRNA



gene, it was found that ORP and DO impacted the microbial community in the
subsurface groundwater of the Nakdong River Bank in South Korea (Lee et al., 2018). In
addition, ORP was one of the geochemical parameters influencing the microbial
community in the groundwater of the Hetao Plain in Inner Mongolia (Wang et al., 2016b).

Although the total As concentrations were relatively low across all sampling stations,
arsenite-oxidizing bacteria were detected. All retrieved arsenite-oxidizing bacteria were
closely related to Proteobacteria (Figure 8). Arsenite-oxidizing bacteria belonging to
Proteobacteria have been exclusively detected in mesophilic environments, including
groundwater, surface water, and soil (i.e., Hassan et al., 2015; Inskeep et al., 2007;
Quémeéneur et al.,, 2008; Quéméneur et al., 2010). A mesophilic environment may
enhance the presence of arsenite-oxidizing bacteria belonging to Proteobacteria, and it
may be considered a common niche for this group of bacteria. As with the alpha diversity
analysis, the soil samples harbored the most diverse arsenite-oxidizing bacteria that were
affiliated with Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria.
Although arsenite-oxidizing bacteria associated with Alphaproteobacteria were commonly
found in all analyzed samples, they were dominant in the soil and surface water
samples. The aioA sequences related to Alphaproteobacteria, Betaproteobacteria and
Gammaproteobacteria were previously discovered in As-contaminated soil and surface
water (Quéméneur et al., 2008; Quéméneur et al., 2010). The most dominant arsenite-
oxidizing bacteria found in As-contaminated soil belonged to the Alphaproteobacteria
(Sun et al.,, 2017). However, the arsenite-oxidizing bacteria found in the groundwaters
analyzed in this study were dominated by Alphaproteobacteria and Betaproteobacteria.
The cooccurrence of arsenite-oxidizing bacteria related to Alphaproteobacteria and
Betaproteobacteria was observed in other groundwaters in Bangladesh (Hassan et al.,
2015) and Taiwan (Das et al., 2013).

The quantitative data showed a low abundance of arsenite-oxidizing bacteria across
all samples. The numbers of aioA genes ranged from 0.80-49.56 copies per ng of
genomic DNA. Although the information on the abundance of aioA gene copies detected
in natural environments is limited, the resulting gPCR survey showed that the
abundances of the aioA gene in surface water and groundwater upstream and
downstream of disused mines in France were in the range of 8.1 x 10° to 1.6 x 10°
copies per ng of genomic DNA (Quéméneur et al., 2010). The abundance of the aioA
gene in samples from geothermal areas in China ranged from 1.63 x 10" to 7.08 x 10°

copies per ng of genomic DNA (Jiang et al., 2014). To account for biases caused by



different biomass, background bacterial abundance, and DNA extraction, the abundance
of aioA gene copies was normalized to that of the bacterial 16S rRNA gene copies. The
ratios of aioA to total bacterial 16S rRNA gene copies across samples analyzed in this
study ranged from 0.07-4.49. Previous studies reported the ratios of aiocA to total
bacterial 16S rRNA gene copies in surface water and groundwater ranging from 0.01 to
0.14 (Quéméneur et al., 2010). Another study showed that the ratios of aioA to total
bacterial 16S rRNA gene copies across samples from geothermal areas ranged from
less than 0.10-15.10 (Jiang et al., 2014). Although the numbers of aioA genes detected
across the samples analyzed in this study were relatively low, the ratios of aioA to total
bacterial 16S rRNA gene copies were comparable to those of previously reported
studies. The ratios of aioA to total 16S rRNA gene copies were relatively high in
groundwaters from the mining area, potentially indicating that the gold mine may

enhance the presence of arsenite-oxidizing bacteria in the analyzed groundwater.
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Abstract

The arsenic speciation, the abundance of arsenite-oxidizing bacteria, and microbial community
structures in the groundwater, surface water, and soil from a gold mining area were explored
using the PHREEQC model, cloning-ddPCR of the aioA gene, and high-throughput sequencing
of the 16S rRNA gene, respectively. The analysis of the aioA gene showed that arsenite-
oxidizing bacteria retrieved from groundwater, surface water, and soil were associated with
Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. In groundwaters from
the mining area, there were relatively high ratios of aioA/total 16S rRNA gene copies and the
dominance of As>*, which indicated the presence and activity of arsenite-oxidizing bacteria.
Metagenomic analysis revealed that the majority of the soil and surface water microbiomes
were Proteobacteria, Actinobacteria, Bacteroidetes, and Chloroflexi, whereas the groundwater
microbiomes were dominated exclusively by Betaproteobacteria and Alphaproteobacteria.
Geochemical factors influencing the microbial structure in the groundwater were As, residence
time, and groundwater flowrate, while those showing a positive correlation to the microbial
structure in the surface water were TOC, ORP, and DO. This study provides insights into the
groundwater, surface water, and soil microbiomes from a gold mine and expands the current
understanding of the diversity and abundance of arsenite-oxidizing bacteria, playing a vital role

in global As cycling.

Keywords: microbial community, gold mine, arsenic, aioA gene, arsenite-oxidizing bacteria
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Introduction

Microbial communities in natural environments play important roles in biogeochemical
cycles and in degrading pollutants; however, they are directly impacted by anthropogenic
activities such as mining, agriculture, and wastewater treatment operations [1,2,3]. Among
anthropogenic activities, gold mining operations have generated significant amounts of
pollutants in the surrounding environments [4,5]. Tailings that contain high levels of heavy
metals (i.e., As, Pb, and Cu) are considered the major source of wastes released from gold
extraction. These heavy metals possibly leach out and subsequently contact surrounding
groundwater, surface water, and soil. Leaching of heavy metals from gold mine tailings not
only adversely affects human health but also influences the diversity, abundance, and activity
of microorganisms [5]. Waste pollution from gold mine tailings affects microbial dynamics in
sediment and water samples by enhancing the growth of Holophagal Acidobacteria, green
sulfur bacteria, and Alphaproteobacteria and decreases the overall productivity, biomass, and
microbial biodiversity [6].

Since high-throughput sequencing technologies have been developed, the
understanding of microbial community structures in various environments has been widely
extended. However, the microbial community structures in environments affected by a gold
mine have not yet been extensively studied. Metagenomic analyses of the microbial community
structures in freshwater habitats showed that Proteobacteria, Firmicutes, Bacteroidetes,
Planctomycetes, Actinobacteria, Verrucomicrobia, and Nitrospirae were commonly detected
[1,3,7,8,9]. A variety of microbial taxa, such as Chloroflexi, Actinobacteria, Acidobacteria,

and Ktedonobacteria, was found in soils [2,10]. Previous studies reported that heavy metals
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such as Cd, Pb, Zn, As, and Fe influenced microbial community structures in impacted
environments [2,11,12,13].

Although arsenic (As) is released from gold mining activities, As release can also occur
naturally. Exposure to As, even at low concentrations, can cause serious health problems [14].
There is evidence suggesting that microorganisms play key roles in As redox transformations.
Arsenite oxidation is the microbial process responsible for reducing the toxicity, solubility and
mobility of As in contaminated environments [15]. Arsenite oxidation is mediated by arsenite-
oxidizing bacteria using the key enzyme arsenite oxidase (aio) [16]. Molecular surveys of the
aioA gene have revealed that arsenite-oxidizing bacteria are diverse and have been detected in
various environments, including soils [17], gold mines [18], groundwater [19], and geothermal
regions [20].

The study site was located in the vicinity of a gold mine in Phetchabun and Pichit
Provinces, Thailand. The majority of the land in this area was used for paddy cultivation. This
study aimed to examine a potential role of arsenite-oxidizing bacteria in mediating arsenite
oxidation within a gold mining area through analyzing the microbial community and abundance
of arsenite-oxidizing bacteria using PCR-cloning-sequencing and droplet digital PCR (ddPCR)
of the aioA gene, respectively, together with the prediction of arsenate (As®*), the product of
arsenite oxidation, using the geochemical PHREEQC model. In addition, this study also aimed
to investigate the microbial community structures of groundwater, surface water, and soil
within and surrounding the gold mining area and to reveal environmental factors that
potentially influenced the analyzed microbiomes. The microbiomes of groundwater, surface
water, and soil within and surrounding the gold mining area were explored using an Illumina

MiSeq platform targeting the V3 and V4 regions of the 16S rRNA gene. Together with insight
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into the microbial communities, the correlations of geochemical factors and the microbial

structures of groundwater, surface water, and soil were elucidated.

Results
Sample characteristics

Five groundwater samples (L1-GW to L5-GW) were collected from monitoring wells,
whereas one sample (L6-GW) was collected from a pumping well (Fig. S1). When groundwater
was consumed, the pumping system continuously pumped the groundwater into a storage tank.
However, the groundwater in the monitoring wells was likely undisturbed. Therefore, the
characteristics of groundwater wells likely affected the hydraulic retention time and
groundwater flowrate. The groundwater residence time and groundwater flowrate of the
monitoring wells were longer and slower, respectively, than those of the pumping wells. These
characteristics may influence the indigenous groundwater microbiome in the monitoring and
pumping wells.

Geochemical parameters indicated that temperature, TKN, and TP were comparable
among the six groundwater and three surface samples (Table 1). Most of the analyzed water
samples were neutral to slightly acidic, except for L5-GW (moderate acidic) and L6-SW
(slightly basic). The concentrations of TOC were relatively low across almost all water
samples; however, the TOC concentration was considerably high in L6-SW. DO values showed
that the groundwater was less oxic than the surface water. The ORP measurements also
indicated that the groundwater conditions were relatively reduced compared to the surface
water conditions (Table 1). Although the concentrations of As were low and comparable in all

water samples, the speciation of As heavily relied on pH and ORP [21]. In this study, the
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geochemical model PHREEQC was applied to predict the dominant species of As found in
groundwater and surface water with different geochemical conditions.
Prediction of As speciation by using the geochemical model PHREEQC

The PHREEQC model revealed that As®* was the dominant species found in all
analyzed groundwater and surface water samples (Table 2). H2AsO4 was the dominant form
detected in groundwater and surface water collected from locations L1 to L5, whereas HAsO4>
was the major form of As®* in samples taken from location L6. These predicted forms are
commonly found in natural surface and groundwater environments [22]. The concentrations of
DO across all analyzed water samples indicated slightly to highly oxic conditions, which
potentially led to the predominant of As®*.

Since sorption plays an important role in As speciation, a sorption model was also
considered in this analysis. Due to the strong sorption capacities of As on amorphous iron
oxides, the Hfo-As sorption model was selected for predicting whether the presence of iron
oxides (As, Fe, Mn, and SOs?*) influenced As mobility in the analyzed samples [21].
Groundwater conditions associated with the presence of As species were illustrated by the Hfo-
As sorption model (Fig. S2). As with the resulting speciation model, H2AsO4~ and HAsO4*
were dominant in samples L1-GW to L5-GW and L6-SW, respectively (Table 2). However,
hfo_ wOHAsO4* was found to be the major form detected in L6-GW, L1-SW, and L2-SW.

The As forms under oxic conditions are related to electrostatic repulsion from the
negative charge of the oxide surface, resulting in Hfo instability and dissolution [21]. The
strong sorption tendency of iron oxides around a neutral pH range in oxic conditions is one of
the major causes of low As concentrations in most natural groundwater [21]. However, Fe

concentrations in this study were relatively similar; thus, Hfo sorption might not be the major
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factor causing difference in As speciation among the samples. On the other hand, dissolved As
associated with S-species occurs in highly reducing conditions where the As-S mineral limits
the dissolved As concentration in high sulfide concentrations [21].
Occurrence of arsenite-oxidizing bacteria in groundwater, surface water, and soil
samples across low arsenic concentrations

By targeting the functional gene arsenite oxidase (aioA), the presence and abundance
of arsenite-oxidizing bacteria were examined using PCR-cloning-sequencing and ddPCR,
respectively. All 12 samples showed positive amplifications of the aioA gene. After 257 clones
from 12 libraries were sequenced, representative sequences of each library based on 97% OTU
clustering were included in the phylogenetic analysis. Phylogenetic analysis showed that all
arsenite-oxidizing bacteria that were detected in the groundwater, surface water, and soil
samples across low arsenic concentrations were closely related to Proteobacteria (Fig. 1). All
aioA sequences retrieved from L4-GW and L6-GW were phylogenetically related to only the
Betaproteobacterial-like cluster; however, those recovered from L1-GW, L2-GW, L3-GW, and
L5-GW fell into both the Betaproteobacterial-like and Alphaproteobacterial-like clusters. The
majority of aioA sequences recovered from the surface water were affiliated with the
Alphaproteobacterial-like cluster, although those closely related to the Betaproteobacterial-like
cluster were only found in L6-SW (Fig. 1). Among these three sample types, soil harbored the
most diverse arsenite-oxidizing bacteria. Most of the aioA sequences retrieved from the soil
were associated with the Alphaproteobacterial-like cluster, followed by the
Betaproteobacterial-like and Gammaproteobacterial-like clusters, respectively. The

Gammaproteobacterial-like cluster was only detected in L2-S and L6-S (Fig. 1).
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The abundances of the aioA and 16S rRNA genes were quantified by ddPCR. The
numbers of the aioA and 16S rRNA genes were in the range of 8.0x10+7.3x1072 to
5.0x10%+1.0x10° and 1.3x10%+1.5x10° to 6.3x10%+1.7x10? copies per ng of genomic DNA,
respectively (Table S1). The proportion of aioA to 16S rRNA genes was in the range of 0.07-
4.55%. This indicated that arsenite-oxidizing bacteria were a minor assemblage found in all
samples. However, the proportion of aioA to 16S rRNA genes was relatively high in the
groundwater from the mining area (L2-GW, L3-GW, and L4-GW). The resulting ddPCR was
in accordance with the heatmap analysis, showing that arsenite-oxidizing bacteria, such as
Hydrogenophaga sp., were detected at low abundance (Fig. 3).

Microbial community structures in groundwater, surface water, and soil across low
arsenic concentrations

The alpha diversity of the groundwater, surface water, and soil across low arsenic
concentrations was revealed by the observed OTUs, Shannon, and Chaol (Table S2).
Rarefaction curves showed that microbial richness in soils was relatively higher than that in
groundwater and surface water (Fig. S3). Microbial richness was the highest in L1-S, followed
by L2-S, and it was the lowest in L6-GW. Among the water samples, L2-GW and L3-GW
showed higher microbial richness, which were comparable to L6-S (Fig. S3).

Microbial compositions in groundwater, surface water, and soil from the gold mining
area with low arsenic concentrations were determined by the MiSeq Illumina sequencing of
the 16S rRNA gene. The resulting microbial abundance at the phylum level indicated that the
phylum Proteobacteria was common in all samples, accounting for 13-99% of the total
microbial abundance (Fig. S4). The microbial community structure in groundwater, L1-GW to

L6-GW, was dominated by the phylum Proteobacteria, accounting for 65-95% of the total
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microbial abundance. The four major phyla that were found in the surface water, L1-SW, L2-
SW, and L6-SW, were Proteobacteria (13-66%), Cyanobacteria (13-36%), Actinobacteria (7-
28%), and Bacteroidetes (6-19%). Microbial compositions in soil samples, L1-S, L2-S, and
L6-S, were mainly composed of the phya Proteobacteria (25-59%), Actinobacteria (9-35%),
Acidobacteria (5-14%), and Chloroflexi (8-9%). The results indicated that microbial
community structure was closely associated within each sample type, whereas it changed from
one sample type to another (Fig. S4).

To better understand the dynamics of microbial structure in groundwater, surface water,
and soil, the 16S rRNA gene sequences associated with these six phyla were examined at the
class level (Fig. 2). The phylum Proteobacteria was noticeably dominant across the
groundwater samples; it was also highly represented in the surface water and soil samples. The
five detected classes belonging to the phylum Proteobacteria were Betaproteobacteria (5-
98%), Alphaproteobacteria (1-46%), Gammaproteobacteria (0-14%), Deltaproteobacteria (0-
8%), and Zetaproteobacteria (0-3%) (Fig. 2a). The phylum Actinobacteria was highly
represented in the surface water and soil samples but not in groundwater. The detected phylum
Actinobacteria was dominated by three classes: Actinobacteria, Thermoleophilia, and
Acidimicrobiia (Fig. 2b). The phylum Cyanobacteria was affiliated with the class
Oxyphotobacteria and was dominant only in surface waters (Fig. 2c). The phylum
Acidobacteria was highly detected in the soil samples and was mainly composed of four
classes: Subgroup_6, Blastocatellia, Aminicenantia, and Holophagae (Fig. 2d). Although the
phylum Bacteroidetes was highly represented in the surface water samples, it was slightly
detected in the soil and groundwater samples. The three major classes belonging to the phylum

Bacteroidetes were Bacteroidia, Ignavibacteria, and Rhodothermia (Fig. 2e). The phylum
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Chloroflexi was highly represented in the soil samples and was composed of the classes
Anaerolineae, Chloroflexia, KD4-96, Ktedonobacteria, TK10, and Dehalococcoidia (Fig. 2f).
To elucidate the dominant microbial assemblages detected in each sample, a heatmap
was calculated based on the presence of OTUs that were more than 2% abundant (Fig. 3). The
resulting dendrogram revealed that the microbial structures in each sample type or habitat were
closely related. The microbial assemblages that were highly associated with surface water were
Cyanobium_PCC-6307, hgcl_clade, and MWH-UniP1_aquatic_group, belonging to the phyla
Cyanobacteria, Actinobacteria, and Proteobacteria, respectively. Microbial community
structures in L1-S and L2-S were relatively similar but were different from those in L6-S.
Microvirga sp., uncultured Xanthobacteraceae, Pseudarthrobacter sp., and Streptomyces sp.
were highly detected in L1-S and L2-S, while uncultured Hydrogenophilaceae, Thiobacillus
sp., Dyella sp., and Acidothermus sp. were highly represented in L6-S (Fig. 3).
Novosphingobium sp. was commonly found in the groundwater samples, except for L6-GW.
Instead, the dominant microbial assemblage detected in L6-GW was related to Ferriphaselus
sp. Those associated with Limnohabitans sp., Rhodocyclaceae, and Hydrogenophaga sp. were
found at high proportions in L1-GW, L3-GW, and L5-GW, respectively (Fig. 3). Among the
microbial assemblages detected in the groundwater, surface water, and soil analyzed in this
study, those related to Hydrogenophaga sp. are involved in As transformation. PCR cloning-
sequencing of the aioA gene also showed that the arsenite-oxidizing bacteria that were found
in these analyzed samples were related to Hydrogenophaga sp. (Fig. 1).
Factors that impacted the microbial distribution patterns of the groundwater, surface

water, and soil
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Ordination analysis based on a Bray-Curtis distance matrix showed that the microbial
communities in each habitat grouped together but were distinct from one another (Fig. 4).
Jaccard and Theta YC ordination analyses were in accordance with the Bray-Curtis ordination
analysis (Fig. S5). The microbial communities in the six groundwater samples grouped together
but differed from those in the surface waters and soil samples. As with the groundwater, the
microbial communities in the surface water were unique and closely related within their habitat
(Fig. 4), although the arrangement of microbial communities in the soil samples were relatively
similar. The microbial communities in soil samples L1-S and L2-S were closely related, but
they were apart from L6-S.

A canonical correlation analysis (CCA) was conducted to investigate the relationships
between geochemical factors and microbial distribution patterns. The results demonstrated that
total As influenced the microbial community structures in groundwater samples L1-GW to L5-
GW, with the exception of L6-GW (Fig. 5). However, TOC, ORP, and DO showed a positive
correlation with the microbial structures in the surface water samples (L1-SW, L2-SW, and

L6-SW).

Discussion

Groundwater, surface water, and soil samples were collected in the wet season from the
gold mining area, including the upstream and downstream of the gold mine; however, As
concentrations were low across all sampling locations. The speciation and sorption models
predicted that As®* was dominant in all analyzed samples. Previous surveys reported that As®*
was a dominant species found in water affected by mines, including surface water and

groundwater collected from mining areas in Thailand [23].
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Although the total As concentrations were relatively low across all sampling stations,
arsenite-oxidizing bacteria were detected. All retrieved arsenite-oxidizing bacteria were closely
related to Proteobacteria (Fig. 1). Arsenite-oxidizing bacteria belonging to Proteobacteria
have been exclusively detected in mesophilic environments, including groundwater, surface
water, and soil [17,24,25,26]. A mesophilic environment may enhance the presence of arsenite-
oxidizing bacteria belonging to Proteobacteria, and it may be considered a common niche for
this group of bacteria. As with the alpha diversity analysis, the soil samples harbored the most
diverse arsenite-oxidizing bacteria that were affiliated with Alphaproteobacteria,
Betaproteobacteria and Gammaproteobacteria. Although arsenite-oxidizing bacteria
associated with Alphaproteobacteria were commonly found in all analyzed samples, they were
dominant in the soil and surface water samples. The aioA sequences related to
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria were previously
discovered in As-contaminated soil and surface water [17,26]. The most dominant arsenite-
oxidizing bacteria found in As-contaminated soil belonged to the Alphaproteobacteria [13].
However, the arsenite-oxidizing bacteria found in the groundwaters analyzed in this study were
dominated by Alphaproteobacteria and Betaproteobacteria. The cooccurrence of arsenite-
oxidizing bacteria related to Alphaproteobacteria and Betaproteobacteria was observed in
other groundwaters in Bangladesh [24] and Taiwan [19].

The quantitative data showed a low abundance of arsenite-oxidizing bacteria across all
samples (Table S1). The numbers of aioA genes ranged from 8.0 x10 to 5.0x10* copies per
ng of genomic DNA. Although the information on the abundance of aioA gene copies detected
in natural environments is limited, the resulting gPCR survey showed that the abundances of

the aioA gene in surface water and groundwater upstream and downstream of disused mines in
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France were in the range of 8.1x10° to 1.6x10° copies per ng of genomic DNA [26]. The
abundance of the aioA gene in samples from geothermal areas in China ranged from 1.63x10!
to 7.08x10° copies per ng of genomic DNA [20]. To account for biases caused by different
biomass, background bacterial abundance, and DNA extraction, the abundance of aioA gene
copies was normalized to that of the bacterial 16S rRNA gene copies. The ratios of aioA to
total bacterial 16S rRNA gene copies across samples analyzed in this study ranged from 0.07-
4.55 (Table S1). Previous studies reported the ratios of aioA to total bacterial 16S rRNA gene
copies in surface water and groundwater ranging from 0.01 to 0.14 [26]. Another study showed
that the ratios of aioA to total bacterial 16S rRNA gene copies across samples from geothermal
areas ranged from less than 0.10-15.10 [20]. Although the numbers of aioA genes detected
across the samples analyzed in this study were relatively low, the ratios of aioA to total bacterial
16S rRNA gene copies were comparable to those of previously reported studies. The ratios of
aioA to total 16S rRNA gene copies were relatively high in groundwaters from the mining area
and the PHREEQC model predicted the dominance of As®* in the analyzed samples. These
results indicated that the gold mining activities may enhance the presence and activity of
arsenite-oxidizing bacteria in the analyzed groundwater.

Metagenomic analysis revealed that Proteobacteria (13-99%) were commonly detected
at high abundance in the groundwater, surface water, and soil samples analyzed in this study.
Previous studies also reported that Proteobacteria were dominant in the groundwater of Assam,
India (62.6%); groundwater of Rayong, Thailand (37-93%); groundwater of the Nakdong River
Bank, South Korea (64-98%); soils from Bangladesh, China, and the United Kingdom (29-
38%); heavy metal-contaminated soils from a Pb-Zn mine in Iran (38-49%); and water and

sediments from the Apies River in South Africa (69.8%) [1,3,7,27,28,29].
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Among these three sample types, the microbial diversity in the soil was the highest,
while the diversities in the groundwater and surface water were comparable (Fig. S3). Alpha
diversity calculations of samples collected from Alaska, USA, showed that bacterial diversities
in soil waters and headwater streams were the highest, whereas those in lake water were the
lowest [30]. Metagenomic analysis of samples from a cold lake in China revealed that microbial
diversity in sediments was much higher than that in water [31]. The analysis of microbial
communities of samples from groundwater aquifers in China also showed that the microbial
diversity in high As-contaminated sediments was higher than that in high As-contaminated
groundwaters [11]. The higher microbial diversity in the soils/sediments, compared to the
diversity in the surface water/groundwater, was possibly due to the higher biomass and higher
sample complexity.

The soil microbiomes harbored a variety of taxa, such as Proteobacteria,
Actinobacteria, Acidobacteria, Chloroflexi, and Bacteroidetes (Fig. 2). The relative
abundances of these detected taxa were comparable to those of soils from various environments
such as forests, vineyards, and grasslands [10,32].

The microbiomes from the surface water samples mainly contained Proteobacteria,
Cyanobacteria, Actinobacteria, Bacteroidetes, and Chloroflexi (Fig. 2). These detected taxa
were also found in other surface water environments [30,31]. Oxyphotobacteria, members of
the phylum Cyanobacteria, were highly detected, particularly in surface water (Fig. 2¢). A high
relative abundance of Oxyphotobacteria was found in water from a water purification facility
[33]. Overall, except for the high abundance of Cyanobacteria, the major microbial
compositions of the surface waters were almost similar to those of the soils. It is possible that

surface water microbiomes may be built upon initial inocula from soil microbiomes [30].
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The groundwater microbiomes were dominated solely by Proteobacteria (65-95%),
particularly the classes Betaproteobacteria and Alphaproteobacteria (Fig. 2a). Using
metagenomic analysis of the 16S rRNA gene, the classes Betaproteobacteria,
Alphaproteobacteria, and Gammaproteobacteria were highly represented in alluvial
groundwater in South Korea [27] and As-contaminated groundwater in Thailand and India
[3,7].

The heatmap of the most abundant OTUs showed that the most dominant taxa of each
sample were unique (Fig. 3). These findings imply that different geochemical parameters and
environmental conditions may shape the indigenous microbial structures in each habitat.
Heatmap and PCoA analyses revealed that sample types or habitats primarily governed the
microbial structures in the analyzed samples. The microbial structures of the same habitat were
closely clustered but were distant from one another (Fig. 4). Using metagenomics and statistical
analyses, previous studies demonstrated that microbial community structures in groundwaters
and sediments were significantly different [11]. Distinct microbial clusters were also observed
when the microbial structures of waters and sediments were compared [1,31]. Clustering
analysis revealed that the microbial community compositions in soils clustered together, distant
from lake waters [34].

Total As concentrations influenced all the groundwater microbiomes (L1-GW to L5-
GW) collected from the monitoring wells. However, one groundwater microbiome (L6-GW)
that was collected from the pumping well showed a unique pattern that was distinct from those
retrieved from the monitoring stations (Fig. 5). The groundwater residence time and flowrate
of the pumping well were shorter and higher, respectively, compared to the monitoring well.

These characteristics possibly accounted for the unique pattern of the groundwater microbiome
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in L6-GW. Hydrological characteristics, including residence time, flow system, and pumping,
influenced the microbial community structure in the groundwater [35]. The analysis of the 16S
rRNA gene sequences revealed that intensive groundwater pumping was responsible for the
absence of taxa in the analyzed sample [35]. Flowrate and water residence time also affected
the microbial community structures in river water [8,9]. In addition to the effect of
hydrodynamics on the groundwater microbial community, As concentration appeared to be a
major factor that differentiated the groundwater microbial community in the low-As and high-
As assemblages [36]. The As concentration was one of the geochemical parameters that
influenced the microbial community in the groundwater of Inner Mongolia, China [11].
While As, residence time, and groundwater flowrate potentially influenced the
microbial structure in the groundwater, TOC, ORP, and DO showed positive correlations with
the microbial structure in the surface waters (Fig. 5). TOC was found to be one of the
geochemical factors affecting the microbial communities in groundwaters [11, 36]. By
denaturing gradient gel electrophoresis (DGGE) and 16S rRNA gene sequencing, the microbial
community in surface water of the Jiulong River, China, was correlated with water temperature,
conductivity, PO4-P, and TN/TP instead of with TOC [37]. By next generation sequencing
analysis of the 16S rRNA gene, it was found that ORP and DO impacted the microbial
community in the subsurface groundwater of the Nakdong River Bank in South Korea [27]. In
addition, ORP was one of the geochemical parameters influencing the microbial community in

the groundwater of the Hetao Plain in Inner Mongolia [36].

Conclusions
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The abundance of arsenite-oxidizing bacteria and the microbial community structures
in the groundwater, surface water, and soil from the gold mining area, including the upstream
and downstream areas of the mine, were explored. Arsenite-oxidizing bacteria in the
groundwater, surface water, and soil samples were closely related to Proteobacteria, indicating
common arsenite-oxidizing bacterial taxa found in a mesophilic environment. Together with
the results of the ddPCR analysis, the results suggested that arsenite-oxidizing bacteria were
widespread at low abundance and corresponded with the low As concentrations. Nonetheless,
the PHREEQC model predicted that As®* was dominant in all analyzed samples, potentially
indicating the oxidation of As®* to As® by the activity of arsenite-oxidizing bacteria. The
phylum Proteobacteria was highly represented in all analyzed samples. The soil and surface
water microbiomes were mainly composed of the phyla Proteobacteria, Actinobacteria,
Bacteroidetes, and Chloroflexi. Oxyphotobacteria, members of the phylum Cyanobacteria,
were dominant in surface waters but not in soil or groundwater. The groundwater microbiomes
were dominated exclusively by Proteobacteria, especially the classes Betaproteobacteria and
Alphaproteobacteria. The heatmap of the most abundant OTUs revealed unique bacterial taxa
in each sample. These dominant bacterial taxa likely play roles in the carbon, nitrogen, and
sulfur cycles. Cluster analyses showed that habitat primarily governed the microbial structures
in the analyzed samples. The environmental factors that potentially influenced the microbial
structure in the groundwater were As, residence time, and groundwater flowrate, while those
affecting the microbial structure in the surface water were TOC, ORP, and DO. However,
arsenite-oxidizing bacteria and microbial community structure were monitored only in a single
season, and they should be further analyzed at different time points to better understand the

effects of spatial and temporal variations. Overall, this study provides insights into the
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groundwater, surface water, and soil microbiomes within and surrounding a gold mine and
expands the current knowledge of the diversity and abundance of arsenite-oxidizing bacteria,

which could play a role in As transformation in impacted environments.

Materials and methods
Sampling site description and sample collection

The study area was a gold mine located in Phetchabun (L1 to L2) and Pichit (L3 to L6)
Provinces, Thailand (Fig. 6, Table S3). The direction of groundwater flow was from L1 to L6.
Groundwater, surface water, and soil samples were collected from a gold mining area (L2-L5),
including upstream (L1) and downstream (L6) of the gold mining area. In a total of 12 analyzed
samples, six groundwater (GW) samples were collected from L1 to L6, together with three
surface water (SW) and three soil (S) samples from L1, L2, and L6 (Fig. 1 and Fig. S1). The
details of sample collection are shown in the supplementary information.
Geochemical analyses of groundwater and surface water

The geochemical parameters measured on site were temperature, dissolved oxygen
(DO), pH and oxidation-reduction potential (ORP). Temperature and DO were measured using
a portable meter (Hach, USA). ORP and pH were measured using a dissolved oxygen meter
(WTW, USA). Arsenic (As) concentrations were analyzed using atomic absorption hydride
(continuous) ZEEnit 700P (Analytik Jena AG, Germany) according to an atomic absorption
spectrometric method [38]. TOC was analyzed using a total organic carbon analyzer (TOC-
VCPH; Shimadzu, Japan) following a previously published protocol [39]. Total phosphorus

(TP) and total nitrogen (TKN) were analyzed by the ascorbic acid method and macro-Kjeldahl
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method, respectively [39]. The geochemical parameters of six groundwater and three surface
water samples are shown in Table 1.
Prediction of As speciation in groundwater using the geochemical model PHREEQC

The As speciation in groundwater was calculated by using the geochemical model
PHREEQC [40,41]. The geochemical parameters included in the model were total As, pH,
ORP, temperature, and DO (Table 1). Other than these analyzed geochemical parameters, the
concentrations of Fe?*, Mn?*, and SO4%", which are the secondary data from the previous study
[42], were also included (Table S4). All these parameters were loaded into the PHREEQC
geochemical model using the WATEQA4F.dat database. The thermodynamic data, including
dissolution values, enthalpy, and dissociation equation, were provided by the program [43]. To
determine the effect of iron oxides on As sorption in natural environments, the Hfo-As sorption
model was calculated by Phreeplot extension through the geochemical model PHREEQC
[40,41].
DNA extraction

Genomic DNA of water and soil samples was extracted using a FastDNA™ SPIN Kit
for Soil (MP Biomedicals, USA), following the manufacturer’s protocol. For groundwater and
surface water samples, the filters (Sigma-Aldrich, USA) were cut into very tiny pieces before
placing into a bead-beating tube provided by the extraction kit. The quantity and quality of
extracted DNA were examined by a NanoDrop spectrophotometer ND-100 (Thermo Fisher
Scientific, USA) and agarose gel electrophoresis, respectively. The extracted DNA of each
sample was subsequently diluted to 5 ng pl™ to use as a PCR template.

aioA gene clone library construction
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Twelve samples (6 groundwater, 3 surface water, and 3 soil samples) were screened for
the presence of the aioA gene using specific primers aoxBM1-2F-ND and aoxBM2-1R-ND
[26]. Positive aioA amplicons of 550 bp were generated using a T100™ Thermal Cycler
(Biorad, USA). The details of aioA gene amplification are shown in the supplementary
information. PCR products were subsequently verified using agarose gel electrophoresis.
Before ligation, PCR products were purified to remove impurities using a NucleoSpin® Gel
and PCR Clean-up kit (Macherey-Nagel, Germany), according to the manufacturer's protocols.
The purified PCR products were ligated and cloned into pPGEM®-T Easy Vector Systems
(Promega, USA) and XL1-Blue supercompetent cells (Agilent, USA), respectively, according
to the manufacturer's protocols. Approximately 20-25 white colonies were randomly selected
for sequencing at Macrogen Inc., South Korea (ABI 3730XL sequencer). Nucleotide sequences
reported in this study were deposited in the GenBank database under accession numbers
MK751216-MK751301.

Phylogenetic analysis

All analyzed aioA sequences were searched against the GenBank database with BLAST
to obtain closely related reference sequences. Then, all sequences from each library were
clustered at 97% operational taxonomic units (OTUs) using a CD-HIT program [44]. Each
representative OTU of each library, reference aioA sequences, and an outgroup (Synechocystis
sp. NR076327) were included in the phylogenetic tree construction using the MEGA package,
version 7.0.21 [45]. All analyzed sequences included in the phylogenetic analysis were aligned
using MUSCLE [46]. Neighbor-joining tree with 1,000 bootstrap replicates was constructed
using the maximum composite likelihood model.

Droplet digital PCR (ddPCR)
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The abundance of arsenite-oxidizing bacteria and total bacteria was estimated through
the quantification of the aioA and 16S rRNA gene copies, respectively, using the ddPCR
approach. Two primer sets, aoxBM1-2F-ND/aoxBM2-1R-ND [26] and 341f/518r [47], were
used to estimate the numbers of aioA and 16S rRNA genes, respectively. The details of ddPCR
mixture and ddPCR condition are shown in the supplementary information. All amplifications
were conducted in triplicate in a TL00™ Thermal Cycler (Biorad, USA). Clone with the aioA
gene fragment and purified bacterial genomic DNA were included as positive controls for the
aioA and 16S rRNA genes, respectively. After the amplification process, the numbers of
detected genes across all samples were analyzed by QuantaSoft analysis software (Bio-Rad,
USA).

IHlumina MiSeq library preparation

Extracted genomic DNA of 12 samples was amplified in triplicate for each sample
using a T100™ Thermal Cycler (Biorad, USA). The V3 and V4 regions of the 16S rRNA gene
were amplified with the previously published primers [48]. The detail of PCR condition is
shown in the supplementary information. For each sample, approximately 400 ng pl? of
purified PCR product was used for the Illumina library preparation using the MiSeq Reagent
Kit V3, 600 cycles (2x300 bases; Illumina, USA), following the manufacturer’s protocol. Raw
sequence data were deposited in the Sequence Read Archive (SRA) under the BioProject
accession PRINA528471.

Bioinformatic, statistical and multivariate analyses

After retrieving the raw 16S rRNA (V3-V4) metagenomic reads, adapters and primer

sequences were removed using Trimmomatic version 0.38 [49]. The amplicon-based

metagenomic analysis was performed using mothur version 1.41.1 [50]. Paired-end reads were
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first merged into contiguous contigs. Contaminated sequences, including ambiguous
sequences, nontargeted amplicon size, homopolymers, chimeric sequences, and off-target
sequences were removed. The qualified contigs were de novo clustered into operational
taxonomic units (OTUs) based on 97% sequence similarity. Singleton and doubleton OTUs
were considered sequencing errors and were removed. The taxonomy of the derived OTUs was
assigned based on the SILV A database version 132 [51]. Taxonomic profiles were drawn using
relative abundance at different taxa levels. To compare the metagenomic profiles between
samples, OTU abundances were normalized using the scaling method. Rarefaction curves were
calculated based on normalized abundance to observe species richness in the analyzed samples.
The Shannon index was used to measure community diversity within a sample. A heatmap was
generated using the seaborn Python package representing the quantification of diversity
between samples. Principal coordinates analysis (PCoA) was performed based on the Bray-
Curtis dissimilarity metric for estimating microbial compositions between samples. Canonical
correspondence analysis (CCA) was analyzed using the vegan R package [52] to determine the
dominant environmental parameters that were correlated with a linear relationship to the

microbiome. In-house Python and R scripts were used for visualization.
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Figure Legends

Fig. 1. Neighbor-joining phylogenetic tree of aioA gene sequences retrieved from
groundwater (GW), surface water (SW), and soil (S) across 6 sampling locations (L1-L6).
The tree was constructed with 1,000 bootstrap replicates, and only bootstrap values >50% are
shown. Bold text and color indicate aioA sequences recovered from each habitat:
groundwater (blue), surface water (green) and soil (brown).

Fig. 2. Abundance of microbial compositions at the class level associated with six major
phyla (a-f) detected in groundwater (GW), surface water (SW), and soil (S) from 6 sampling
locations (L1-L6).

Fig. 3. Clustering of the samples using a heatmap based on the presence of OTUs that were
more than 2% abundant. The color intensity shows the proportion of a genus found in each
sample.

Fig. 4. Principal coordinate analysis (PCoA) of microbial compositions in groundwater
(GW), surface water (SW), and soil (S) across 6 sampling locations (L1-L6) based on the
Bray-Curtis dissimilarity matrix.

Fig. 5. Canonical correspondence analysis (CCA) of microbial structures and geochemical
parameters. Arrows indicate the correlation and magnitude of geochemical parameters
associated with bacterial community structure.

Fig. 6. Map showing the sampling locations (L1-L6). GW, SW, and S refer to the

groundwater, surface water, and soil samples, respectively.
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Tables

Table 1. Geochemical parameters of 6 groundwater (GW) and 3 surface water (SW) samples

sample H Temp. DO ORP TOC TKN TP To;a;

ID P CO) | (mgI™) | (MmV)| (mgl*) | (mglI¥| (mgl?) (ug I')
L1-GW 6.50 29.2 3.87 212.2 1.24 0.3 0.02 3.97
L2-GW 6.87 32.3 2.84 59.4 1.34 0.4 0.02 3.52
L3-GW 6.39 30.5 3.29 115.4 3.24 0.1 0.05 4.45
L4-GW 6.70 31.8 2.95 88.9 1.40 0.3 0.06 3.50
L5-GW 4.90 31.0 2.92 296.9 1.22 0.1 0.01 3.12
L6-GW 7.21 32.3 4.79 149.5 1.43 0.5 0.04 2.05
L1-SW 6.34 31.0 7.63 390.3 4.19 0.1 0.05 2.29
L2-SW 6.98 33.4 7.14 308.1 2.92 0.5 0.02 2.31
L6-SW 8.22 34.0 7.19 269.1 16.62 0.3 0.03 2.66

Table 2. As speciation calculated by using the geochemical model PHREEQC

Sample ID As® As®* Dominant form Dominant form
(ug I (ug I'Y) | (speciation model) | (Hfo-As sorption model)

L1-GW 0.00 3.97 H2AsO4 H2AsO4
L2-GW 0.08 3.45 H>AsO4 H2AsO4
L3-GW 0.06 4.40 H2AsO4 H2AsO4
L4-GW 0.03 3.47 H>AsO4 H2AsO4
L5-GW 0.00 3.12 H2AsO4 H2AsO4
L6-GW 0.00 2.05 HAsO4> hfo wOHAsO,*
L1-SW 0.00 2.29 H>AsO4 hfo WOHAsO*
L2-SW 0.00 2.31 H2AsO4 hfo wOHAsO,*
L6-SW 0.00 2.66 HAsO4> HAsO4>
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