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Abstract This study monitored changes in bacterial and fun-
gal structure in a mine water in a monthly basis over 4 months.
Over the 4-month study period, mine water samples contained
more bacteria (91.06 %) compared to fungi (8.94 %). For
bacteria, mine water samples were dominated by
Proteobacteria (39.14 to 65.06 %) followed by Firmicutes
(26.34 to 28.9 %) in summer, and Cyanobacteria (27.05 %)
in winter. In the collected samples, 18 % of bacteria could not
be assigned to a phylum and remained unclassified suggesting
hitherto vast untapped microbial diversity especially during
winter. The fungal domain was the sole eukaryotic microor-
ganism found in the mine water samples with unclassified
fungi (68.2 to 91 %) as the predominant group, followed by
Basidiomycota (6.9 to 27.8 %). The time of collection, which
was linked to the weather, had higher impact on bacterial
community than fungal community. The bacterial operational
taxonomic units (OTUs) ranged from 865 to 4052 over the 4-
month sampling period, while fungal OTUs varied from 73 to
249. The diversity indices suggested that the bacterial com-
munity inhabiting the mine water samples were more diverse
than the fungal community. The canonical correspondence
analysis (CCA) results highlighted that the bacterial commu-
nity variance had the strongest relationship with water tem-
perature, conductivity, pH, and dissolved oxygen (DO)

content, as compared to fungi and water characteristics, had
the greatest contribution to both bacterial and fungal commu-
nity variance. The results provided the relationships between
microbial community and environmental variables in the stud-
ied mining sites.

Keywords Bacteria . Fungi . Acidminewater . Microbial
diversity . Pyrosequencing

Introduction

Water is the most important of all elements sustaining life and
without which nothing will live. However, the quality of this
precious resource is function of both natural and human influ-
ences (Kamika and Momba 2014). The decline of the quality
of water has become a global concern due to fast population
growth, drastic industrial and agricultural activities, as well as
climate change (Kamika et al. 2014). In South Africa, as else-
where in the world, human activities such as mining have
disrupted natural environment by releasing large amount of
pollutants into surface and ground water (Xiao et al. 2009).
This became alarming as over 80 % of polluted wastewater
from both industrial and domestic sources is discharged un-
treated into water bodies (Corcoran et al. 2010).

Mining activities have long been reported to cause dramat-
ic impacts on water quality (Sekar et al. 2014). This mine
water effluent at its acidic form has dramatically increased
the level of toxic metals to at least 100 times more than natural
sources for lead, cadmium, and zinc (Roane and Peper 2000).
Public complaints have often been heard about mining activ-
ities causing pollution and public health concerns to both
humans and animals (Kamika and Momba 2014). However,
the severity of this pollution is highly variable and dependent
on many factors such as the nature of the ore body and
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associated geological strata, climate, and mining engineering
constraints (Johnson and Hallberg 2003).

While this acidic mine water tend to be toxic to most living
beings, a number of microorganisms have been found able to
grow in such environments as they have developed several
adaptive mechanisms to such environment (efflux, complex-
ation, etc.) (Nies and Silver 1995). These adaptive mecha-
nisms have enabled the microorganisms to colonize a large
range of environments by being directly or indirectly involved
in many chemical alterations and mineral decompositions
(Sánchez-Andrea et al. 2014). However, their diversity is in-
fluenced by the prevailing physicochemical conditions of each
mine water restricting them to a fewer prokaryotic species
(Johnson and Hallberg 2005). Of these microorganisms, some
have been reported to increase the rate of the formation of acid
mine water (Silverman and Ehrlich 1964), while others are
indirectly or directly involved in the deposition/precipitation
of minerals from acid mine drainage (Bai et al. 2013).
According to Johnson and Hallberg (2003), mine waters are
mostly populated with bacteria and Archaea having
Acidophiles as the most dominant microorganism.
Acidophilic microorganisms have been reported to play an
important role in processes such as bioleaching (He et al.
2007). Even though extensive investigations have been car-
ried out on the microbial community of various mines around
the world (Goebel and Stackebrandt 1994; Baker and Banfield
2003; Johnson and Hallberg 2003; Amaral-Zettler et al. 2011;
Kuang et al. 2013), to the best of our knowledge, no study has
been carried on bacterial and fungal community of gold mine
water in South Africa.

It should also be mentioned that regardless of the fact that
fungi have long been recognized as active participants in
heavy metal removal from sulfide-rich environments, their
diversity from acidic mine water has received less attention
when compared to other eukaryotic organisms and prokaryot-
ic organisms (Gross and Robbins 2000; Das et al. 2009). In
addition, more studies are still needed as microorganisms in
such environment are known to show nonrandom distribution
patterns across different habitats at different geographical lo-
cations (Kuang et al. 2013). It is widely accepted that approx-
imately 95 % of microorganisms with high physiological and
metabolic importance are yet to be discovered and explored in
such environment (Hennecke et al. 2013). Recent molecular
advances have shown more accuracy in estimating microbial
diversity from any environment including acidminewater and
this has significantly promoted our understanding of the eco-
logical distribution of multiple genes of several taxonomic
groups (Kembel et al. 2011). Therefore, the present study
assessed the bacterial as well as fungal composition of acid
mine water from a gold mine in South Africa using high
throughput pyrosequencing. This was carried out in order to
understand the microbial compositions and structures in the
East Rand Goldfield environment, South Africa.

Materials and methods

Chemicals

Bacterial DNA isolation kits were supplied by Epigenetics,
USA. DreamTaq Green Master Mix for PCR and DNA
markers were purchased from Fermentas (Thermo Fisher
Scientific, Pittsburgh, PA, USA). TAE and molecular grade
agarose were taken from Sigma-Aldrich (Steinheim,
Germany).

Sample collection and physicochemical characteristics
analysis

Acidic mine water samples (1 L each) were collected in sterile
plastic sampling bottles at the month of March, April, June,
and July 2014 from the mining effluent of East Rand
Goldfield environment, South Africa, and immediately placed
in a cooler box (4 °C) for transportation to the laboratory for
physicochemical analyses and microbial diversity studies. No
specific permit was needed for the collection of the acidic
mine water samples in the described sample area and this
study did not involve endangered or protected species. For
some physicochemical parameters such as dissolved oxygen
(DO), pH, electrical conductivity (EC), and temperature were
determined on site using multimeter probes (HACH,
Germany) while chemical oxygen demand (COD), PO4

−3,
NO3

−1 and other metal contents were determined in the labo-
ratory. The mine water samples were first homogenously
mixed and filtered using No.1 filter papers (Whatman) prior
for the analysis of oxygen demand (COD), nitrate, phosphate
and metal contents. The closed reflux method was used to
determine COD concentration (APHA 2001), while the con-
centrations of PO4

−3 and NO3
−1 were determined using stan-

dard methods such as method 424f and sodium salicylate
method, respectively (Monteiro et al. 2003). Metal contents
however, were determined using the inductively couple plas-
ma optical emission spectrometer (ICP-OES) (Spectro Ciros
CCD, Spectro Analytical Instruments, Kleve, Germany).

Metagenomic DNA extraction, amplification,
and pyrosequencing of bacterial 16S/18S rRNA genes

For molecular analysis, the collected acidic mine water sam-
ples were pre-filtered on site through a 1.6-μm GF/A filter in
order to remove impurities. As bacterial size vary from 0.3 to
5 μm, further filtration of approximately 1-L pre-filtered acid
mine water were done through a 0.22-μm polyethersulfone
membrane filter using a peristaltic pump as required to harvest
microbial cells. Attached cells from the polyethersulfone
membrane filter were suspended in 50 mL 1× PBS buffer,
vigorously shacked and centrifuged at 10,000×g for 5 min at
4 °C to collect the cell pellets. Cell pellets were re-suspended
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in 1× TE buffer (pH 8.0), homogenously mixed, and fungal
and bacterial DNA was extracted using the ZR Fungal/
Bacterial DNA Kit™ (Zymo Research, Pretoria, South
Africa) according to the procedures provided by the manufac-
turer. Finally, the metagenomic DNAwas eluted in 50 μL of
MilliQ water then after integrity and purity of the
metagenomic DNA assessed on the 1.0 % agarose gel and
measured using a NanoDrop spectrophotometer (NanoDrop
2000, Thermo Scientific, Japan). The metagenomic DNA
samples were amplified in triplicate using the universal primer
27F and 518R amplifying approximately the 500 bp of 16S
ribosomal RNA (rRNA) gene sequence targeting variable re-
gion V1 to V3 of the 16S rRNA gene of bacteria species and
pooled out to avoid PCR bias (Sekar et al. 2014). Each 50-μL
PCR reaction system containing 25 μL of 2X Dream Taq
green Master Mix (DNA polymerase, dNTPs, and 4 mM
MgCl2), 22μL of sterile Nuclease-free water, 1 μL of forward
primer (0.2 μM) and 1 μL of reverse primer (0.2 μM), and
1 μL of metagenomic DNA (50–100 ng/μL). In order to con-
trol nuclease contamination, negative control was included at
every reaction. The following PCR reaction was performed:
an initial denaturation step at 94 °C for 5 min, followed by 30
cycles of denaturation at 94 °C for 1 min, annealing at 55 °C
for 30 s and extension at 72 °C for 1 min 30 s, and a final
extension at 72 °C for 10 min, followed by cooling to 4 °C.
For fungal metagenome, DNAwas amplified using ITS1f and
ITS4 encoding the internal transcribed spacer region 2 as re-
ported by Amend et al. (2010). Briefly, an initial denaturation
stepwas set at 95 °C for 10min, followed by 34 PCR cycles of
denaturation at 95 °C for 1 min, annealing at 51 °C for 1 min,
extension at 72 °C for 1 min, and a final extension at 72 °C for
5 min. The PCR product (10 μL) was loaded in 1 % (m/v)
agarose gel (Merck, SA) stained with 5 % of 10 mg/mL
ethidium bromide (Merck, SA) and visualized under ultra vi-
olet Trans illuminatior (InGenius Bio Imaging System,
Syngene, Cambridge, UK). The correct PCR amplicons of
both bacteria and fungi were pooled together for the respective
samples and purified using the DNA Clean & Concentrator
Kits (Zymo Research Corporation, USA). The purified DNA
samples were then quantified using a NanoDrop spectropho-
tometer and sequenced at Inqaba Biotechnology Industries,
South Africa, on Roche 454 sequencing platform. All exper-
iments were performed in triplicate for each sample.

Pyrosequencing data processing

Prior to be used, raw reads were processed for quality in order
to remove artificial replicate reads and low-quality reads using
Mothur pipeline (Schloss et al. 2009). Good quality reads
were further pre-screened for ribosomal identity (at approxi-
mately 70 % identity) using Qiime-uclust. Ribosomal reads
were further screened for the presence of chimeric reads using
UCHIME according to de novo method (Edgar et al. 2011).

The rRNA non-chimeric reads were later used for further
analysis using RDP pyrosequencing pipeline at a confidence
threshold of 97 % for microbial classification, and genetic
distance was also determined. Reads with similarity more than
97 % were clustered within the same operational taxonomic
unit (OTU) and rarefaction curves were also determined
(Wang et al. 2007; Cole et al. 2014). The Shannon diversity
index and richness estimator Chao1 were performed to esti-
mate the microbial diversity and richness from each water
samples. The relative abundance (%) of individual taxa within
each community was calculated by comparing the number of
sequences assigned to a specific taxon against the number of
total sequences obtained for that sample. The similarity and
dissimilarity in bacterial community structure within both
wastewater treatment plants were analyzed using the Jaccard
index (Cole et al. 2014) and rarefaction curve (Legendre and
Legendre 1998), respectively. Generated data was later made
publicly available at the DDBJ Sequence Read Archive
(DRA) under the accession number.

PRJDB4552.

Additional statistical analysis

Statistical package Stata computer software (version: STATA
V10, STATA Corp. LP, 2009) was used to analyze the gener-
ated data. The one-way analysis of variances (ANOVA) was
also used to compare microbial population between both sea-
sons as well as the environmental variables. An additional test
to determine the relationship between environmental variables
was carried out using the Pearson correlation test and the
interpretation was performed at a two-sided 95 % confidence
limit.

Results

Community species richness and diversity indices

The present study analyzed the microbial community
structure and species richness in the 16S rRNA as well
as ITS genes of acid mine water collected from summer
(March and April) and winter (June and July). The 454
pyrosequencing generated high bacterial reads (1865 to
4052 reads) when compared to fungal reads (105 to 373
reads) (Table 1). However, samples collected from sum-
mer contained more reads for both bacterial and fungal
communities compared to winter samples. RDP pyrose-
quencing pipelines were used to determine microbial
community structure by assigning the read tags to differ-
ent operational taxonomic units (OTUs) at 3 % nucleotide
cutoff with a threshold of 97 %. A range of 620–1192
OTUs for bacteria and 73–249 OTUs for fungi were re-
covered from the collected samples. For bacterial

Appl Microbiol Biotechnol (2016) 100:6069–6079 6071



community, the March sample appeared to have the
highest OTUs (1192) followed by June, April, and July.
Regardless of the fact that the April samples had a high
number of reads when compared to June samples, its
OTU number was, in a contrary, lower than those of
June. For fungal community instead, the April sample
appeared to have the highest OTU number at 249 follow-
ed by March, June, and July. The species richness of bac-
teria appeared to be slightly higher with no significant
difference (p > 0.05) whereas fungi were higher
(p < 0.05) for summer samples compared to winter sam-
ples (Table 1). Furthermore, Shannon diversity index and
evenness (E) were determined in order to assess the com-
plexity of individual microbial population within samples.
The Shannon diversity index indicated higher microbial
diversity in samples collected in summer over those col-
lected in winter with March (6.22) and April (5.2) having
the highest value for bacteria and fungi, respectively. The
evenness values of bacterial samples (0.86 to 0.88) ap-
peared to be lower than those of fungal samples (0.92 to
0.98). No statistical difference (p > 0.05) was noted

between summer and winter samples in terms of their
evenness for both bacterial and fungal population.

The species richness of the collected samples for both
bacterial and fungal communities was also assessed using
rarefaction techniques (Fig. 1). The results revealed a short
slight plateau on the bacterial samples (Fig. 1a) indicating
that a reasonable number of species have been considered
from each individual samples. However, for fungal samples
(Fig. 1b), the absence of plateau revealed that sequencing
depth was still not enough to cover the entire fungal diver-
sity and a large fraction of the different species remains to
be discovered. A pairwise community similarity between
samples was assessed based on the absence and presence
of each OTU using a Jaccard index (Fig. 2, Table S1). The
Jaccard index exhibited low or no similarity between all
bacterial samples ranging with values from 0.766 to 0.994
with the pair June and July bacterial community showing a
slight similarity (0.766). In contrast, for fungal samples, a
high and moderately high similarity was exhibited between
the pair samples of June/March (0.125) and April/March
(0.579).

Table 1 Diversity indices of
eight samples collected from East
Rand Goldfield at different
months (n = 3)

Month No. of seq No. of non-
chimeric seq

OTU Chao1 Shannon index E

Bacteria March 4052 3882 1192 2138.66667 6.22228 0.87843

April 3827 3766 920 1466.94413 5.86686 0.85969

June 3488 3421 1110 2041.54902 6.10093 0.87006

July 1865 1837 620 1126.51938 5.50634 0.85639

Fungi Macrh 372 357 214 524.0263 4.97636 0.92739

April 373 368 249 892.5333 5.20089 0.94263

June 134 133 116 651.6 4.6787 0.98425

July 105 101 73 223.2727 4.08373 0.95182

Fig. 1 Rarefied taxon (OTU) accumulation curves of the four bacterial (a) and fungal (b) communities obtained by 454 sequencing
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Microbial community structure in acid mine water

The present study is the first one which comparatively analyzed
the bacterial and fungal diversity from acid mine water of South
Africa and comprehensively by high throughput sequencing
method. A total of six bacterial phyla including unclassified bac-
teria were observed in the acid mine water samples (Table S3).
Winter samples (June and July) were the only ones to contain all
six bacterial phyla, while samples collected from summer could
contain only three to five phyla for March and April, respective-
ly.Proteobacteriawas themost dominant phylum in all collected
samples followed by Firmicutes in summer samples (March and
April) and unclassified bacteria in winter samples.
Actinobacteria was considered as a rare phylum only found in
samples collected in winter season. In samples collected in sum-
mer time, Cyanobacteria (0.21 %) and Bacteroidetes (0.11 %)
were considered as rare phyla as they were found at a very low
concentration in April alone. It was also noted that the bacterial
community became highly diverse as the sequences were classi-
fied into lower taxonomic levels (Tables S3–7). Regardless of
their proportion in individual samples, results showed bacterial
community up to 15 classes, 31 orders, 54 families, and 99
genera. When considering individual samples, it was observed
that winter sampleswere themost diversewith 24 orders for June
and 25 July samples compared to summer samples (March = 12
orders and April = 16 orders). Furthermore, unique orders were
also observed in June sample (Lactobacillales and
Selenomonadales with 0.04 % each) and July sample
(Gammaproteobacteria_incertae_sedis, Nitrosomonadales,
Hydrogenophilales, Caulobacterales, Rhodocyclales,
Cytophagales with 0.13 % of the total population each except
Sphingobacteriales: 0.39 %) (Fig.3). In genus level, there were
38 rare genera that were observed in only one sample, and they
accounted for 4.38 % of total classified sequences with most of
them found in the July (2.42 %) and June samples (1.82 %).

In contrary to bacterial community, only four fungal phyla
were noted from all mine water samples with unclassified
fungi (68.2 to 91 %) being the predominant followed by
Basidiomycota (for April = 26.6 %, June = 27.8 %, and
July = 6.9 %) or by Ascomycota (for March = 6.7 %)
(Table S8). Chytridiomycota was only found in March
(0.56 %) and July (1.98 %) samples. Moreover, fungal com-
munity showed a very slight or no change of diversity as the
sequences were classified into a lower taxonomic level with a
total of 8 classes, 9 orders, 11 families, and 9 genera (Fig. 3,
Tables S8–12). When considering individual samples, the
March sample showed three phyla, six classes, six orders,
seven families, and five genera. Similar to the March sample,
the April mine water sample (two phyla, seven classes, six
orders, six families, and four genera); the June sample (two
phyla, six classes, five orders, five families, and four genera);
and the July sample (three phyla, four classes, three orders,
three families, and two genera) show a decrease in diversity as
the sequences were classified into a lower taxonomic levels.
The slight increase or decrease in fungal diversity can be ex-
plained by the fact that several sequences were found to be
unclassified as the sequences were being classified into a low-
er taxonomic level.

Physicochemical variables

Table 2 summarizes the physicochemical parameters of mine
water samples. Through the sampling period, samples ap-
peared to contain several chemical elements with NO3

−,
PO4

3−, Zn, Cu, Mn, Hg, As, U, and Fe not exceeding
10 mg/L. Besides sodium (4809.45–7263.48 mg/L) which
showed the highest concentration, Ni (19.47–39.01), V
(203.19–430.95), Ca (384.74–893.91), Mg (128.87–431.98),
K(216.81–346.83), Cr (13.73–28.15), Co (7.46–15.93), Pb
(4.91–15.93), and Fe(2.03–43.93) were also found to be the

Fig. 2 Heat map generated highlighting the Jaccard similarity index among the microbial population (bacteria (a) and fungi (b)) of the eight mine water
samples. The higher the color intensity, the higher the similarity between the pairs
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most abundant chemical elements in the mine water samples.
The present samples appeared to be highly acidic with pH
ranging from 2.46 to 3.11 and samples collected in March
having the highest pH value. As the samples were collected
during two different seasons (summer and winter), tempera-
ture of samples collected in March (21.3 °C) and April
(19.55 °C) was statistically different (p < 0.05) to those of
June (13.12 °C) and July (7.4 °C). The conductivity and the
DO of the samples had values ranging between 525 and
867 μ/Sm, and 3.98 and 5.68 mg/L, respectively, with winter

samples having the highest conductivity level. Based on the
fact that all chemical contents monitored in these individual
samples were considered to be independent, a one-way
ANOVA was used to test whether there were any significant
differences between the mean values of our individual mine
water samples. During the sampling period, no significant
difference (p > 0.05) was noted among all parameters except
EC that revealed significant difference (p < 0.05) with NO3

−,
PO4

3−, temperature, pH, DO, Ni, Zn, Cu, Mn, Hg, Cr, Co, As,
Pb, U, and Fe. Furthermore, Na appeared also to be
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significantly different (p < 0.05) with all parameters investi-
gated. A further statistical analysis revealed no significant
difference between specific physicochemical parameters of
samples collected in March, April, June, and July with excep-
tion of COD (where June had the highest COD levels and
March the lowest), temperature (March = highest and July =
lowest), conductivity (July = highest and March = lowest), Ca
(March = highest and April = lowest), Mg (July = highest and
April = lowest), Na (March = highest and April = lowest), and
Fe (July = highest and March = lowest).

Due to the fact physicochemical parameters play a major
role on microbial diversity of mine water, a canonical corre-
spondence analysis (CCA) was performed to establish the
relationship of these variables to the microbial diversity of
each individual sample (Fig. 4). In the present study, the
CCA diagram displayed 93.83 % of the variance in the
bacteria-environmental relationships at the first axis and
6.17 % of the variance at the second axis. It was also noted
that the variance of the first axis was more related to pH,
temperature, DO, EC, Fe, and Mg whereas Na, Ca, and Ni
were related to the variance of second axis. However, the
relationship between environmental factors and bacterial com-
munity (pyrosequencing data) was significant at both first and
second axis (p < 0.05). A strong correlation was noted be-
tween pH and Mg, temperature and Fe, and DO and EC. As
per CCA results, environmental parameters considered as var-
iables impacted the structure and function of bacterial and
fungal communities in acid mine water samples. It should be
mentioned that microbial community from summer (March
and April) were mostly affected by Mg, Ca, and pH since
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the latter revealed a strong correlation with bothMg and Ca. In
the winter samples (June and July), however, temperature,
DO, EC, and Fe appeared to have the most impact on the
microbial diversity. Regardless of the statistical difference re-
ported between Na and all other parameters, Na did not show
uneven impact on microbial communities from both summer
and winter periods. The lack of relationship between samples
from individual samples and other environmental parameters
suggest that these parameters played a major role in the dis-
similarity of microbial community.

Discussion

The tiny microbes dominate the planet and are ubiquitously
distributed all over the biosphere tolerating a wide range of
physicochemical stresses. Due to their widespread presence
and high abundance in almost all ecosystems, it makes them
as the most successful organisms on the planet. It is now
generally accepted that more than 95 % of microbes living
in the environment are yet to be discovered and explored
(Johnson 1998). Harsh environment such as acid mine drain-
age (AMD) have widely been reported to contain a large di-
versified microbial population (Bond et al. 2000; Johnson and
Hallberg 2005; Natarajan 2008; Kuang et al. 2013; Sánchez-
Andrea et al. 2014) regardless of the high content of pollutants
exceeding largely the maximum limit found in it (Table 2).
However, this microbial population is exclusively dominated
by unicellular microbes, especially bacteria (Johnson and
Hallberg 2005; Sánchez-Andrea et al. 2014). Beside the large
abundance of bacteria in AMD, fungal species have also been
reported from acid mine drainage (Colmer and Hunkle 1947).
But, very few studies have been conducted on fungal commu-
nity in acid mine drainage especially in South Africa regard-
less of its historical mine activities. Therefore, the present
study is the first one which monitored temporal changes in
bacterial and fungal community structures in mine water for a
period of 4 months using high throughput sequencing ap-
proach. The results revealed that the 454 pyrosequencing gen-
erated high bacterial reads (1865 to 4052 reads) when com-
pared to fungal reads (105 to 373 reads) (Table 1). Samples
collected during the period considered as summer (March and
April) appeared to have the most reads for both bacterial and
fungal populations when compared to the winter period (June
and July). While assigning the read tags to different OTUs,
findings showed a range of 620–1192 OTUs assigned to bac-
teria community and 73–249 OTUs for fungi (Table 1). In
contrary to number of reads, the highest OTUs were noted
in March (1192 OTUs) followed by June, April and July for
bacterial community, while for fungal community April sam-
ple showed the highest OTU number (249) followed by
March, June, and July. The high OTUs were also reported

by Keshri et al. (2015) when investigating the bacterial profil-
ing of both gold and vanadium mines from South Africa.

The present study revealed a total of six bacterial phyla
containing 99 genera throughout the sampling period with
theMarch sample having three phyla, the April sample having
five phyla, and the June and July samples having six phyla.
Furthermore, only three phyla (Proteobacteria and
Firmicutes) including unclassified bacteria were shared in all
collected samples with Proteobacteria as the most abundant
phylum. This was also true at a lower taxonomic level were
most of the genera belonged to Proteobacteriawith exception
of July samples where genera belonging to Cyanobacteria
phylum were the most dominant and suggesting that most of
the bacteria belonging to Proteobacteria phylum could not be
classified at a lower taxonomic level. Several findings have
also reported that Proteobacteria is the dominant phylum in
acid mine water (Bond et al. 2000; Bruneel et al. 2006; Keshri
et al. 2015). Due to their abilities to widely adapt in any en-
vironment, Preteobacteria was found to be well distributed
across the surface of the earth (Yergeau et al. 2012; Chao
et al. 2012; Kamika et al. 2014). As also revealed by the
present study, their abundance and diversity depend on several
environmental factors including weather (Fig. 3, Tables S3–
7). The present study shows that winter samples were having
the highest number of phyla compared to summer samples. It
was also noted that the bacterial community become highly
diverse as the sequences were classified into lower taxonomic
levels (Fig. 3, Tables S3–7) (Keshri et al. 2015). In addition,
parametric analyses such as the Shannon index and evenness
were also performed to determine an estimated diversity of
bacteria indicating no significant shift (p > 0.05) between
the summer and winter samples for bacteria (Table 1). This
was also confirmed when performing the Chao1 species rich-
ness estimator and revealed a very low species richness dif-
ference between both the winter and summer samples
(Table 1, Fig. 1).

It has been reported that acidminewater is one of the extreme
environment that harbors rare or unique bacteria species and this
is also seen by the number of unclassified bacteria present in
such environment (Keshri et al. 2015). In this study, unique
orders were also observed in the June samples (Lactobacillales
[Streptococcus] and Selenomonadales [Veillonella] with 0.04 %
each) and July sample (Gammaproteobacteria_incertae_sedis
[Thiohalobacter], Nitrosomonadales [Nitrosomonas],
Hydrogenophilales [Thiobacillus], Caulobacterales
[unclassified_Hyphomonadaceae] , Rhodocyclales
[unclassified_Rhodocyclaceae], Cytophagales with 0.13 % of
the total population each and Sphingobacteriales at 0.39 %).
Similar to the present f inding, Lactobaci l la les ,
Hydrogenophilales, and Cytophagales were also found in acid
mine drainage at very low concentration (Schrenk et al. 1998;
Bond et al. 2000). These rare/unique orders have also been
observed in cow rumen (Patil et al. 2012), seawater (Zeng

6076 Appl Microbiol Biotechnol (2016) 100:6069–6079



et al. 2014), and Earth-Cave (Zhou et al. 2007). This study
disagreed with Baker and Banfield (2003) who stated that
Acidithiobacillus, Thiobacillus, Thiomonas, and Leptospirillum
were the most dominant genera in acid mine water. The study
further disagreed with Kamika and Momba (2014), who re-
vealed that the genusMarinobacterwas the most predominant
genus in mine water while in this study, Alcaligenes or
unclassified_Cyanobacteria were the most dominant genera
depending on the samples. ThoughAcidobacteria has been report-
ed to populate acid mine water with pH ranging between 3.0 and
6.0 (Baker and Banfield 2003), in this study, their presence were
not noted.

Unlike bacteria community, fungal species showed a very
low population with only four phyla and unclassified fungi
occupying a range of approximately 60 to 90 % of the all
community followed by Ascomycota, Basidiomycota, and
Chytridiomycota (Fig. 3, Table S3). This also corroborates
with Ferreira and Goncalves (2010), who stated that streams
found in highly contaminated environments such as mine
areas usually contain lower fungal diversity and species
richness compared to others. Regardless of lower diversity
due to the conditions of the environment, Baker et al. (2004)
reported higher diversity of fungi than the one reported in the
present study. The high abundance of unclassified fungi in the
present study suggests that these samples may contain more
novel species (Table S3). Furthermore, the diversity of the
population appeared to be slightly higher as the sequences
were classified in a lower taxonomic level. This was also
confirmed by the Shannon diversity index, evenness, and
Chao species richness estimator that showed no significant
shift (p > 0.05) in diversity and species richness between sum-
mer and winter samples (Table 1). However, this diversity
decreases from summer (six classes, six orders, seven fami-
lies, and five genera for March, and seven classes, six orders,
six families, and four genera for April) to winter periods (six
classes, five orders, five families, and four genera for June,
and four classes, three orders, three families, and two genera
for July). In addition, rare order was only found in the June
sample (unclassified Microbotryomycetes). Rare genera such
as Neophaeosphaeria, Epicoccum, and Rhodotorula belong-
ing to the phyla Ascomycota and Basidiomycota, respectively,
were noted in all collected samples.

This study further investigated the bacterial and fungal
similarity between the collected samples using a pairwise
community similarity test such as Jaccard index and revealed
a low or no similarity between all bacterial samples ranging
with values from 0.766 to 0.994 (Table S2) with the pair June
and July bacterial community showing a slight similarity
(0.766). In contrast, for fungal samples, a high and moderately
high similarity was exhibited between the pair samples of
June/March (0.125) and April/March (0.579), respectively.
According to both Ranjard et al. (2003) and Somboonna
et al. (2012), the microbial abundance as well as diversity in

aquatic environment can vary and influence by sampling
methods and environmental parameters, including anthropo-
genic activities. This study showed that the collected samples
were highly polluted with metals and metalloids (Table 2).
The presence of these chemical elements such as Cd, Cu,
and Zn has been reported to play a significant role in similarity
and diversity of both bacteria and fungi (Miersch et al. 1997;
Jaeckel et al. 2005). This was confirmed while performing the
canonical correspondence analysis (CCA) in order to establish
the relationship of these variables to the microbial diversity of
each individual samples. This study showed that the relation-
ship between environmental factors and bacterial community
(pyrosequencing data) was significant at both first and second
axis (p < 0.05). Moreover, a strong correlation was also noted
between pH and Mg, temperature and Fe, and DO and EC.
The lack of relationship between samples from individual
samples and other environmental parameters suggested that
these parameters played a major role in the dissimilarity of
microbial community. Several reports revealed that electrical
conductivity (EC) is a significant parameter as it regulates
microbial composition and diversity in a particular ecosystem
(Lozupone and Knight 2007; Liu et al. 2008; Mohamed and
Martiny 2011; Wang et al. 2012). Same as EC, pH, tempera-
ture, and DO have also been seen as an important factors as
they regulate the overall bacterial diversity and composition in
the ecosystem (Fierer and Jackson 2006; Wang et al. 2012).
This finding is in agreement with the results of Siggins et al.
(2011) who reported that temperature is one of the most im-
portant parameter influencing microbial composition in the
environment. This study also corroborates to Frey et al.
(2013) who reported that soil microorganisms depend largely
on both temperature and substrate quality to efficiently use
organic matter. Castro et al. (2010) also revealed that factors
such as rising CO2, rising temperature (ambient, +3 °C), pre-
cipitation considered as climate change drivers and their inter-
actions may cause changes in bacterial and fungal overall
abundance.

In conclusion, the present study provided an insight into the
bacterial and fungal community structure from acid mine wa-
ter over summer and winter months period using a high
throughput sequencing approach. In summary, bacterial com-
munity was mostly dominated with Proteobacteria phylum
while fungal community had unclassified fungi as the most
abundant. This trendwas similar as the reads were classified to
lower taxonomic groups expect in July samples were
Cyanobacteria became the most abundant phylum. The esti-
mated and observed diversity revealed that bacteria were more
diverse than fungi the mine water with winter samples (June
and July) more diverse than summer samples (March and
April). Further, environmental factors such as temperature,
conductivity, dissolved oxygen, pH, and other chemical con-
tents played a major role in species richness, diversity, and
similarity between microbial communities from mine water
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collected in the present study. Although microbial diversity
appeared to be high in the winter period, their abundance
decreased from the summer to the winter periods. The present
study revealed several rare bacterial genera in the mine water
samples. The high number of unclassified reads for both bac-
teria and fungi showed that mine water harbors several novel
species. This result can also extend our knowledge about the
fungal community in acid mine water which has received less
attention compared to their counterparts. Fungal community
structure in mine water can also be explored further for their
role in bioremediation and environment management. The
results provided the relationships between microbial commu-
nity and environmental variables in mining sites.
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