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Abstract

Bacterial communities in human-impacted rivers and streams are exposed to multiple
anthropogenic contaminants, which can eventually lead to biodiversity loss and function.
The Wonderfonteinspruit catchment area is impacted by operational and abandoned gold
mines, farms, and formal and informal settlements. In this study, we used 16S rRNA gene
high-throughput sequencing to characterize bacterial communities in the lower Wonderfon-
teinspruit and their response to various contaminant sources. The results showed that com-
position and structure of bacterial communities differed significantly (P<0.05) between less
(downstream) and more (upstream) polluted sites. The taxonomic and functional gene dis-
similarities significantly correlated with each other, while downstream sites had more distinct
functional genes. The relative abundance of Proteobacteria, Bacteroidetes and Actinobac-
teria was higher at upstream sites, while Acidobacteria, Cyanobacteria, Firmicutes and Ver-
rucomicrobia were prominent at downstream sites. In addition, upstream sites were rich in
genera pathogenic and/or potentially pathogenic to humans. Multivariate and correlation
analyses suggest that bacterial diversity was significantly (P<0.05) impacted by pH and
heavy metals (cobalt, arsenic, chromium, nickel and uranium). A significant fraction (~14%)
of the compositional variation was explained by a combination of anthropogenic inputs, of
which mining (~6%) was the main contributor to bacterial community variation. Network
analysis indicated that bacterial communities had non-random inter- and intra-phyla associ-
ations and that the main taxa showed both positive and negative linkages to environmental
parameters. Our results suggest that species sorting, due to environmental parameters,
was the main process that structured bacterial communities. Furthermore, upstream sites
had higher relative abundances of genes involved in xenobiotic degradation, suggesting
stronger removal of polycyclic aromatic hydrocarbons and other organic compounds. This
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study provides insights into the influences of anthropogenic land use on bacterial community
structure and functions in the lower Wonderfonteinspruit.

Introduction

Increasing anthropogenic disturbances (e.g., mining, urban and rural settlements, sewage
works, and agriculture) on freshwater systems accelerate deterioration of water quality and
ecosystem health. Given these detrimental effects, there is an urgent need to address nonpoint
source water pollution (NPS) and to assess the state of such water sources for both immediate
and future uses.

Bacterial communities in freshwaters play key roles in biogeochemical cycles. They are
responsible for breaking down organic material and remineralizing nutrients, which in turn
affect energy flux and circulation of material in the system [1, 2]. Bacterial diversity and species
abundance are in turn associated with nutrient availability and the physical environment [3,
4]. Changes in nutrient sources and the environment may have major repercussions on com-
munity composition and species abundance, affecting overall water quality [5, 6]. Determining
which chemical and physical factors correlate with community changes will reveal how micro-
organisms react to different perturbations and increase our understanding of microbial ecol-
ogy and their effects on pollution [7, 8]. By combining this approach with animal and plant
ecology, specialists may be able to develop an effective remediation strategy for polluted waters
[9].

The recent development of high-throughput sequencing technologies, taxonomic reference
databases and bioinformatics tools provide great opportunities to explore bacterial communi-
ties in aquatic ecosystems and their responses to perturbations [10, 11]. However, relatively lit-
tle is known about the associations between contaminants and the resident microbiome, nor
the latter’s role in the functioning and service of such systems [12, 13]. Examining co-occur-
rence patterns has the potential to identify ecological processes that structure bacterial com-
munities and how communities respond to perturbations [14, 15]. Patterns of inter-taxa
associations may reveal the niche spaces shared by community members, or even more direct
symbioses between community members given that closely related taxa may share ecological
traits and life styles [14, 16].

The lower Wonderfonteinspruit (WFS) River receives high contamination loads from
nearby gold mines, domestic wastewater treatment plants (WWTPs), urban and informal set-
tlements, and agricultural runoff [17, 18]. Due to excessive pollution, including microorgan-
isms, the water quality of the river has degraded markedly and continues to deteriorate.
Polluted stream water and/or mine effluent (adjacent canals) are often used by communities
for domestic purposes, or watering of livestock and commercial crops [19]. Extensive research
has covered the effects of gold mining on the water quality of the WFS and its tributaries, in
particular uranium [18, 20]. However, little data exist on the bacterial diversity and commu-
nity composition (BCC) in the WES in relation to the above-mentioned anthropogenic inputs.
In this context, the aim of the study was to assess the impacts of anthropogenic disturbances
on the BCC in the lower WFS. Water samples were collected along the longitudinal profile of
the river that reflected point and non-point sources of water pollution. Bacterial communities
were analysed with 16S rRNA gene amplicon pyrosequencing and correlated with environ-
mental parameters to achieve the following goals: (i) to evaluate how bacterial communities
respond to different pollution inputs; (ii) to determine the driving forces in shaping the
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bacterial community distributions; and (iii) to explore co-occurrence patterns in bacterial
communities along the river.

Methods and methods

Study sites

The Wonderfonteinspruit Catchment Area (WCA) originates in the southern part of Krugers-
dorp on the Witwatersrand ridge (Gauteng Province) (Fig 1). From there the river flows in a
south-easterly direction through municipal and mining areas before confluence with the Mooi
River upstream of the city of Potchefstroom (North West Province) [17, 18]. The upper section
of the WCA is situated in the Gauteng Province and the lower part of the catchment is in the
North West Province [17].

This study was conducted in the lower WCA in spring and summer of 2012 (October—
December). Samples were collected from seven sites to represent a wide range of water quality
data and assess the effects of anthropogenic activities on the water resource (Fig 1; S1 Table).
Study sites included: Site 1—Carletonville area (gold mining activities, formal and informal
settlements), 26°18’57.0"S 27°22’56.9"E; Site 2—Welverdiend (formal settlement), 26°22°01.9"S
27°16’14.1"E; Site 3—Department of Water Affairs and Forestry (DWAF) monitoring point
C2H069 (downstream of Welverdiend and all major discharge points from gold mines in the
area), 26°22’12.1"S 27°14’57.8"E; Site 4—Kkarst spring from the Turffontein dolomitic eye and
farming community, 26°24°34.2"S 27°10°38.7"E; Site 5—Muiskraal (farming community), 26°
26'11.3"S 27°09°05.1"E; Site 6—Kkarst spring from the Gerhard Minnebron dolomitic eye and
farming community, 26°2847.3"S 27°09°05.8"E; Site 7—point downstream of the confluence
with the Mooi River, 26°30'52.4"S 27°07°28.3"E. No specific sampling permissions were
required for locations accessible to the general public (site 1-3 & 7), while permission was
granted by private land owners to conduct sampling on site (site 4-6). Field studies did not
involve endangered or protected species.

Sample collection

Freshwater samples were collected in autoclaved sterilized 2 L glass containers and placed at
4°C in the dark until filtration, normally within 8 h after collection. Samples were taken in
duplicate from each sampling site to determine bacterial community composition, chemical
water quality, and heavy metals. Physico-chemical parameters measured in situ included tem-
perature, pH and electrical conductivity (EC). Selected chemical and heavy metal elements
were analysed by Eco-Analytica Laboratory, South Africa. Chemical parameters included chlo-
ride (CI"), nitrate (NO3"), phosphate (PO), sulphate (SO,%), and bicarbonate (HCO; ).
Trace metals measured included manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper
(Cu), chromium (Cr), zinc (Zn), selenium (Se), lead (Pb), cadmium (Cd), mercury (Hg), arse-
nic (As), and uranium (U).

DNA isolation and PCR amplification

Total DNA from water samples was isolated immediately following filtration as described pre-
viously [21]. Briefly, DNA was isolated from 0.2 pm nitrocellulose membrane filters by homog-
enization and enzymatic cell lysis using a lysozyme (1 mg/mL) and proteinase K (1 mg/mL)
solution. Following lysis, total genomic DNA was captured and purified from the crude lysate
on silica membranes in a spin column format (PeqGold Bacterial DNA Kit; PEQLAB Biotech-
nologie GmbH, Erlangen, Germany). The quality and quantity of the isolated nucleic acids
were determined using the Nanodrop ND1000 (NanoDrop Technologies, Wilmington, DE,
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Fig 1. Geographical map of the lower Wonderfonteinspruit. Illustrated is the general location of the study site in the North West Province, with a detailed view of
the sampling sites examined for bacterial community composition.

https://doi.org/10.1371/journal.pone.0216758.9001

USA) and agarose electrophoresis [21]. The isolated DNA was stored at —20°C until further
analysis.

The V6—V8 region of the 16S rRNA gene was amplified using the bacterial-specific primer
pair reported elsewhere [22]. PCR reactions (50 uL) contained: 5uL Q5 reaction buffer (New
England BioLabs Inc., Ipswich, MA, USA), 0.2 mM of each dNTP, 0.2 pM of each primer, 1 U
of Q5 High-Fidelity DNA polymerase (New England BioLabs), PCR-grade water, and 1-3 puL
of template DNA. Three separate DNA dilutions were used for each sample: 1, 0.5 and 0.1X
(concentrations ranged between 0.5 and 52 ng). Cycling conditions were as follows: initial
denaturation at 98°C for 30 s; 30 cycles of denaturation at 98°C for 10 s, annealing at 55°C for
30 s, and extension at 72°C for 30 s; followed by a final extension at 72°C for 2 min. Triplicate
reactions for each sample were pooled and purified using Agencourt AMPure beads (Beckman
Coulter Inc., Brea, CA, USA). The quality of pooled samples was evaluated using the Agilent
DNA 7500 Chip Kit (Agilent Technologies Inc., Santa Clara, CA, USA) and Agilent 2100 Bioa-
nalyzer (Agilent Technologies Inc.).
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454-pyrosequencing

To characterise BCC along the lower WES, pyrosequencing of the above PCR products was
performed at the IBIS/Université Laval Plate-forme d’Analyses Génomiques (Québec, Canada)
using the Roche 454 GS-FLX Titanium chemistry. Data analysis was conducted with mothur
v.1.39.5 [23]. Raw sequence data was quality trimmed and checked for chimeras, the singletons
were removed. Final high-quality sequences were assigned to operational taxonomic units
(OTUs) at 97% identity and rarefaction curves were constructed to determine whether sam-
pling depth was sufficient to accurately characterize the BCC. Taxonomic classification was
based upon the Greengenes reference database [24] with a 97% bootstrap confidence
threshold.

DNA sequences were submitted to the GenBank database as BioProject PRINA275052.

Statistical analysis

All statistical analyses were performed with R software version 3.3.3 (http://www.r-project.
org). One-way analysis of variance (ANOVA), with Tukey’s post hoc test (P<0.05), was per-
formed on environmental parameters to determine significant differences of the parameters
by sampling location.

Statistical analyses on community data were performed using rarefied (3774 sequences per
sample), log;o(x+1)-normalized data unless otherwise indicated. A range of diversity indices
were calculated using the vegan package. Specifically, we estimated richness (i.e. observed
OTUs), Shannon index, Inverse Simpson index and Pielou’s evenness as measures of alpha-
diversity. Beta-diversity analyses involved clustering of samples using the Bray-Curtis distance
metric, while overlap in membership between communities was estimated using the Jaccard
index. The resulting distance matrices were visualized using non-metric multidimensional
scaling (NMDS) with ggplot2. Analysis of molecular variance (AMOVA, [25]) was applied in
mothur to test whether the spatial separation of the sampling locations visualized in the
NMDS plots was statistically significant. Calculations were based on both Bray-Curtis and Jac-
card distance metrics, 1000 permutations and a false discovery rate (FDR) of 0.05. To examine
changes in beta-diversity, we performed homogeneity of the group variances using beta-dis-
persivity tests (PERMDISP) and permutational multivariate analysis of variance (PERMA-
NOVA) with the functions betadisper and adonis (vegan package), respectively. Tukey’s HSD
(honest significant difference) was used as a post hoc test to determine which of the groups
(upstream vs. downstream) and/or sites differed in variance.

Forward selection of Hellinger transformed community data and standardized environ-
mental parameters were performed, using function ordistep (vegan package), to find the set of
parameters that could best explain the variation in BCC. Distance-based RDA (db-RDA; caps-
cale function in the vegan package) was then used to evaluate the effects of environmental
parameters on community composition. Spearman-rank correlations were used to identify
correlations between individual taxa and environmental parameters. Correction for multiple-
testing of the P-values was performed according to the Benjamini-Hochberg method [26]. The
respective contributions of anthropogenic activities (i.e. mining, urban, informal settlements,
agriculture, bacterial pathogens and heavy metals) and environmental variables to microbial
community variations were further evaluated with variance partitioning analysis (varpart
function in the vegan package; [27]). To avoid redundancy and multicollinearity in variation
partitioning, the importance of factors and variables were first tested with RDA using forward
selection and 1000 permutations. Only variables with a VIF<5 and P<0.05 were selected for
further analysis. For each data set of variables, forward selection was performed separately
including anthropogenic inputs (anthropogenic source, type of pollution and potential
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pathogens), heavy metals, and environmental parameters. All heavy metal and environmental
data were respectively log;o-normalized and z-score standardized prior to analysis.

Microbial metabolic pathways were estimated based on the 16S rRNA gene data using
PICRUSt [28]. The OTU data set generated in mothur was used to prepare biom files format-
ted as input for PICRUSt v.1.1.0 [28] with the make.biom script available in mothur. OTU
abundances were mapped against the Greengenes (v13.8) database at a 97% identity level. The
rarefied OTU table was used to normalize the 16S rRNA gene copy number and KEGG Ortho-
logs (KOs; [29, 30]) were predicted from the normalized data. Predicted metagenomes were
then inferred to KEGG Pathways and gene counts were normalized to relative abundance
using predicted functional trait settings. The accuracy of metagenome predictions was esti-
mated using the Nearest Sequenced Taxon Index (NSTI) scores [28]. A pairwise statistical
comparison of the relative metabolic functions between upstream and downstream sites was
carried out using STAMP [31], two sided G-test (w/Yates’) + Fisher’s statistical test with the
DP: asymptotic-CC confidence interval method with the Benjamini-Hochberg FDR multiple
test correction using a P-value of <0.05 [32]. To simplify analysis any non-microbial catego-
ries, for example ‘Human Diseases’, were excluded from further analysis. Mantel tests were
performed to assess correlations between functional and taxonomic community dissimilarity
matrices based on Bray-Curtis distance and visualized in NMDS plots. PERMANOVA was
used to test whether upstream and downstream bacterial communities harbour significantly
different metagenomes.

Co-occurrence networks were generated comprising of consistently-detected and highly-
abundant OTUs (i.e., the “core” community): the community data were filtered by using only
those OTUs with a relative abundance >0.2%. This filtering step removed poorly represented
OTUs and reduced the network complexity [14], resulting in a core community of 385 OTUs.

Non-random co-occurrence patterns of OTUs were first tested with the checkerboard score
(C-score) under the null hypothesis of random community assembly [33], where 50,000 matri-
ces were randomly generated from the filtered community data (function oecosimu with nes-
tedchecker and quasiswap in the bipartite package). Standardized effect size (SES) was used as a
measure of OTU segregation as previously described [34].

Using the filtered OTU data set (absolute abundances) and z-score-standardized environ-
mental parameters, all possible Spearman correlations and corresponding P values were calcu-
lated. Correction for multiple-testing of the P-values was performed according to the
Benjamini-Hochberg method [26]. Spearman correlations were sorted for statistical signifi-
cance (P<0.05) with coefficient (p) > 0.6 [35]. Significant relationships were then selected
and translated into networks in Cytoscape 3.5.1 [36]. The topological properties of the network
were subsequently analysed with the NetworkAnalyzer tool [37]. Modular structure and
groups of highly interconnected nodes were identified using the MCODE application [38]
with standard parameters. Taxa with the highest degree (>>10) and betweenness centrality val-
ues (>0.02) were considered as keystone taxa [39].

Results
Physico-chemical analysis

Physico-chemical parameters and trace metals are summarized in Tables 1 and 2. Amongst the
seven sampling locations, site 1 had significantly (P<0.05) higher values for temperature, pH,
SO4*, NOj3, CI', Co, Cu and As than those at other sites. No significant differences were found
for the remainder of the environmental parameters at the sampling locations. Sulphate levels
for the December samples increased considerably (>200 mg/L) and exceeded the target water
quality range (TWQR) for domestic use, although the water is not directly used for domestic
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Table 1. Physico-chemical variables measured in the lower Wonderfonteinspruit.

Temp pH EC PO*> oY NO; Ccl HCO;
(&9) (mS/m) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Sitel 23.07 + 3.66 8.29 +0.07 91.50 + 1.14 25.40 + 40.70 220.46 + 95.27 10.44 + 0.98 59.16 + 7.26 91.88 + 108.92
Site2 21.47 + 4.80 7.90 +0.21 88.50 + 4.12 1.37 £0.22 193.26 +71.93 2.60 +2.63 61.89 + 6.92 95.49 + 116.01
Site3 20.83 + 3.67 7.76 +0.04 95.13 +2.39 0.84 + 0.43 225.22 +109.29 217 +£1.72 73.50 + 9.40 98.67 + 118.92
Site4 20.20 + 0.44 7.17 +0.03 75.93 + 0.06 0.03 + 0.04 100.17 + 42.74 12.04 + 0.95 39.54 + 4.13 115.30 + 155.31
Site5 20.30 +2.25 7.80 +0.25 77.90 + 0.85 0.32 + 0.54 119.34 + 51.20 7.25+1.70 44.71+2.93 113.71 + 151.60
Site6 21.23 +0.40 7.33 +0.03 77.17 £ 0.49 0.01 +0.0 113.40 + 30.61 9.72 +5.63 44.75 + 7.56 99.15 + 127.43
Site7 2130+ 1.56 7.80 + 0.07 71.50 + 3.63 0.01+0.0 111.66 + 72.60 7.13 + 4.43 39.20 +10.72 115.43 + 160.17

Values are given as the mean of three replicates + standard deviation

https://doi.org/10.1371/journal.pone.0216758.t001

purposes (52 Table) [40]. Bicarbonate reached maximum and minimum levels in November
and December, respectively. November was associated with exceptionally hot and dry weather
that could have caused accumulation of bicarbonate levels in the river, while December experi-
enced heavy rainfall and flushed a large quantity of bicarbonate ions. Nitrate concentrations at
sites 1, 4, 5 and 6 were at all times above the TWQR for domestic use. Although EC remained
relatively constant throughout the sampling period, concentrations of dissolved salts were
above the TWQR for domestic use. Heavy metals were consistently higher at the upstream
sites (sites 1-3), but were within the TWQR for domestic use, irrigation and livestock watering,
with the exception of Fe. Iron levels were at all times above the recommended TWQR for
domestic use and reached a maximum concentration of 0.68 mg/L.

Bacterial community composition across sampling locations

A total of 157,073 reads were obtained from the seven sampling sites. Following quality filter-
ing and processing, 30,764 reads were used for further analysis. Reads for site 4 (October) were
removed from the total data set before equalising and re-merging the bar-coded files. The
number of quality trimmed sequences for this site in October was markedly low and therefore
the sample was omitted to prevent a major loss of data which might have given an inaccurate
representation of the BCC. The quality filtered and chimera-free reads from the sample librar-
ies were clustered into 5,969 OTUs at a 97% sequence identity cut-off using the average-neigh-
bour clustering method for the entire dataset. None of the rarefaction curves reached
saturation at a 97% identity level, indicating that the full extent of taxonomic diversity was not
surveyed (S1 Fig).

The bacterial communities at the seven sampling locations were primarily dominated by
Proteobacteria (58.85£1.99%) followed by Bacteroidetes (21.26+£1.97%), Actinobacteria (5.2
+0.72%), Verrucomicrobia (3.4+0.28%), Firmicutes (1.44+0.35%), Cyanobacteria (1.35+0.47%)
and Acidobacteria (1.3310.28%) (Fig 2A). The Proteobacteria were distributed between sites
(in order of abundance) as Betaproteobacteria (26.87+2.01%), Alphaproteobacteria (16.99
+1.04%), Gammaproteobacteria (9.38+1.41%), Deltaproteobacteria (3.67+0.52%), and Epsilon-
proteobacteria (0.35£0.10%) (Fig 2B). The relative abundance at the phylum level varied across
the different sampling locations (Fig 2A). Notable differences included higher relative abun-
dances of Acidobacteria, Cyanobacteria, Firmicutes and Verrucomicrobia at the downstream
sites (site 4-6), while Bacteroidetes was prominent at more polluted sites (site 1). The rare pro-
portion of bacterial communities, which made up less than 1% of the total BCC, belonged to a
diverse range of phyla including Armatimonadetes, AC1, BRC1, Caldiserica, Caldithrix, Chla-
mydiae, Chlorobi, Chloroflexi, Elusimicrobia, FBP, FCPU426, Fibrobacteres, Fusobacteria,
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Fig 2. Taxonomic compositions of bacterial communities. Composition is based on all sequences detected at the different sampling locations at (A) phylum- and (B)

Proteobacteria class level.

https:/doi.org/10.1371/journal.pone.0216758.g002

GNO02, GN04, GOUTA4, Gemmatimonadetes, H-178, KSB3, LD1, Lentisphaerae, NC10,
NKB19, Nitrospirae, OC31, OD1, OP11, OP3, OP8, PAUC34f, Planctomycetes, SC4, Spiro-
chaetes, TM6, TM7, TPD-58, Tenericutes, Thermi, WPS-2, WS1, WS3, WS4, WWEI1 and ZB3
(Fig 2A). Seven OTUs of the classes Alphaproteobacteria, Betaproteobacteria, Gammaproteo-
bacteria and Flavobacteriia (Bacteroidetes) were detected in all samples and were among the
most abundant OTUs for each of the sampling locations. All of the seven OTUs were success-
fully classified at family level as Rhodobacteraceae, Comamonadaceae, Aeromonadaceae and
Flavobacteriaceae.

Genera that represented >1% each of the total BCC included Rhodobacter (5.69+0.67%),
Flavobacterium (3.91+£1.04%), Polynucleobacter (2.37+0.43%), Sediminibacterium (2.15£0.3%),
Fluviicola (1.46%0.32%), Aeromonas (1.37+0.70%), Pseudomonas (1.14+0.29%) and Rhodo-
ferax (1.03£0.40%). As expected, several human opportunistic pathogens were identified
throughout the stream, with site-to-site variations in relative abundances. Potential pathogens

Anova, p=0.11 €57 Anova,p=008

el b

Observed OTUS

ferse Simpson Index

Pielou's Evenness
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Fig 3. Alpha diversity indices grouped per sampling location. Analyses were performed using the 97% identity level
OTU table rarefied to 3774 sequences per sample. The samples are grouped and coloured coded by location interval.

https://doi.org/10.1371/journal.pone.0216758.g003
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with moderate to high relative abundance (>0.4%) included Flavobacterium, Sphingopyxis,
Aeromonas, Pseudomonas, Achromobacter, Rhodoferax, Ralstonia and Acinetobacter. Overall,
site 1 had the highest abundance of potential pathogens during all three sampling periods fol-
lowed by sites situated in farming communities.

Alpha- and beta-diversity of bacterial communities

Alpha-diversity, calculated at the 97% identity level using a range of indices including richness
(i.e. observed OTUs), Shannon- and Inverse Simpson indices, and Pielou’s evenness, are
shown in Fig 3. Overall, alpha-diversity for the downstream sites (site 4-6) was richer, more
diverse, and more even as compared to the upstream sites (site 1-3). Strikingly, lower richness,
diversity and evenness were also observed for site 7 and may be attributed to the effects of
wash-out dynamics on bacterial communities due to the confluence of the two water bodies.
Consistently, the average number OTUs (992+145), Shannon index (5.8+0.5), Inverse Simp-
son index (148+85) and Pielou’s evenness (0.84+0.05) were highest for site 5. In contrast, site 7
exhibited the lowest average richness (611+42), diversity (Shannon: 4.5+0.2; Inverse Simpson:
21£2) and evenness (0.69+0.02). In light of the observed location-specific differences, we
assessed whether the variation in alpha-diversity was significant within any given sampling
location. The ANOVA results indicated significant differences (P<0.05) in bacterial diversity
(Shannon index) and evenness between site 5 and 7, while no significant differences (P>0.05)
were observed in bacterial community richness, diversity and evenness for the other sites.
Beta-diversity ordination plots (Fig 4) indicated that upstream and downstream sites had
different taxonomic communities, with a stronger clustering observed for the Bray-Curtis met-
ric (Fig 4A) as compared to the Jaccard metric (Fig 4B). The AMOVA and beta-dispersivity
results showed significant differences between upstream and downstream locations and
depended on the type of beta-diversity metric being used, i.e. community structure (Bray-Cur-
tis) or community membership (Jaccard). Overall, the majority of changes in beta-diversity
using AMOV A were observed for community membership (p = 0.02) rather than for commu-
nity structure (p = 0.046). In the case of the PERMANOV A and beta-dispersivity test, our
results suggest that the sampling locations (upstream vs. downstream) differed in dispersion
when both community structure (PERMANOVA, F = 1.77, p = 0.045; PERMDISP, F = 5.24,
p =0.034) and community membership (PERMANOVA, F = 1.37, p = 0.008; PERMDISP,
F = 6.46, p = 0.02) were considered.
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Fig 4. Non-metric Multidimensional Scaling (NMDS) plots of bacterial communities at all sampling locations.
Plots were generated using (A) structure-based Bray-Curtis distance and (B) membership-based Jaccard distances.

https://doi.org/10.1371/journal.pone.0216758.9004
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Fig 5. Distance-based redundancy analysis (db-RDA) bi-plot of bacterial communities at all sampling locations
with environmental parameters. Only pH and cobalt (Co) significantly explained variability in bacterial community
structures and are fitted to the ordination (blue arrows).

https://doi.org/10.1371/journal.pone.0216758.9005

Associations between physico-chemical water characteristics, trace metals
and BCC

The distanced-based redundancy analysis with forward selection (db-RDA; Fig 5) revealed
that pH (F = 1.88, p = 0.009), together with cobalt (F = 1.85, p = 0.007), had a significant influ-
ence on BCC. However, these parameters only accounted for 10% of the total variation, sug-
gesting that other unmeasured factors were important in driving the community dynamics.

The combined effects of anthropogenic inputs (i.e. mining, agriculture, heavy metals and
potential pathogens from sewage sources) on BCC significantly (P<0.05) explained a small
portion of the variation in community composition (Fig 6). Together, all components
explained 14.97% of BCC variation. Mining only accounted for ~6% of the variation, while
agriculture, potential pathogens and heavy metals explained 3.3%, 0.6% and 0.9% of the varia-
tion, respectively. The interactions between the different anthropogenic inputs were moderate
(2-5%), indicating that their effects were to a certain extent dependent on each other. More
than 80% of the community variation could not be explained by the four components.

The extent of individual environmental variables on taxon distribution was also assessed by
Spearman correlations with multiple test correction. Alphaproteobacteria (OTU-20, 129, 164,
313, 1508) had strong positive correlations with both pH and cobalt. In addition, pH was posi-
tively correlated with Betaproteobacteria (OTU-1329) and Actinobacteria (OTU-1266), while
cobalt showed positive correlations with Bacteroidetes (OTU-416, 555), Nitrospirae (OTU-
229) and Gammaproteobacteria (OTU-786). Interestingly, many of the physico-chemical and
heavy metal parameters were positively correlated with several individual taxa although RDA
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Fig 6. Variation partitioning results of BCC explained by anthropogenic inputs. Values indicate the percentage of
variation explained (R?,4;). A forward selection procedure was used to select the best variables in each data set
important to BCC variation.

https://doi.org/10.1371/journal.pone.0216758.9006

suggested they were not key drivers in community dynamics. For example, sulphate, phos-
phate and nitrate were positively correlated with Alphaproteobacteria (OTU-210, 875, 1508,
874), Betaproteobacteria (OTU-131, 1329, 675) and Bacteroidetes (OTU-9, 312, 448, 271, 565,
948, 1384, 2200). Furthermore, these groups, together with Gammaproteobacteria, had strong
correlations with arsenic, chromium, nickel and uranium. These findings suggest that the Pro-
teobacteria and Bacteroidetes play a pivotal role in nutrient cycling and heavy metal resistance
or absorption in the WFS.

PICRUSt predicted metabolic characterization of upstream and
downstream sites

The NSTI scores for all samples ranged between 0.187 and 0.188 with an overall mean of

0.19 £ 0.000125 s.d.; which is comparable to NSTI values reported for microbial communities
in aquatic environments [32, 41]. Predicted metabolic functions did not differ significantly
between upstream and downstream communities (PERMANOVA, F = 1.50, p = 0.31),
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Fig 7. Bray-Curtis dissimilarities of (A) the relative abundance of functional genes predicted by PICRUSt using
NMDS analysis and (B) Mantel tests showing the relationship between the functional genes and OTU
dissimilarities. Red dots and line denote upstream sites. Blue dots and line denote downstream sites. Pearson
correlation coefficient (r), statistical significance (p) and adjusted R-squared (Rzadi) of linear regression are indicated.
Grey lines indicate 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0216758.g007
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although noticeable differences were evident between sites 1, 4 and 5 from NMDS analysis
(Fig 7A). Mantel correlation tests revealed significantly positive correlations between the taxo-
nomic and functional dissimilarities in upstream (R* = 0.56, p<0.01) and downstream (R =
0.26, p<0.01) communities (Fig 7B). Moreover, the slope of the linear relationships was
smaller in the upstream sites than in the downstream sites.

A total of 233 pathways (excluding human-related and/or poorly categorized) were indi-
cated at the three-tier level of functional categories defined by the PICRUSt hierarchy. In gen-
eral, upstream communities had higher relative abundances for genes associated with
environmental information processing, while downstream assemblages showed higher relative
abundances for genes essential to metabolism, cellular processes and signalling, and genetic
information processing (S2A Fig). At the functional subcategory level (level two), upstream
communities were enriched with genes involved in membrane transport, metabolism (glycoly-
sis, fermentation, amino acid and lipid metabolism) and biodegradation of xenobiotics (S2B
Fig). Genes involved in xenobiotics degradation included benzoate and aminobenzoate, capro-
lactam, naphthalene, ethylbenzene, polycyclic aromatic hydrocarbons, nitrotoluene and the
degradation of terpenoids and polyketides. In contrast, predicted functional capacities for
downstream communities included energy metabolism (oxidative phosphorylation and photo-
synthesis), cell motility and membrane structure, signal transduction, metabolism (enzymes,
cofactors and vitamins, glycan biosynthesis, nucleotides), replication and repair of nucleotides,
and folding, sorting and degradation of proteins. Higher resolution analysis of the predicted
metabolic pathways showed that downstream assemblages have the potential to metabolize
sulphur and nitrogen. Additionally, both upstream and downstream assemblages show poten-
tial to fix carbon in prokaryotes and/or photosynthetic organisms, although communities at
upstream sites had a stronger carbon metabolism than in downstream sites.

Bacterial co-occurrence patterns

Following the stringent conditions set for network construction (i.e. statistically significant
(P<0.05) Spearman correlations with p > +0.6), 334 bacterial OTUs and 6 environmental
parameters were used for subsequent analysis. Non-random co-occurrence patterns were
detected by the C-score test using the filtered OTU data set. The observed C-score indicated
that bacterial OTUs were not randomly distributed among the sampling locations (C-

score = 12.80, p<<0.001) and exhibited segregated patterns (SES = 75.67).

The complete bacterial network (Fig 8A) consisted of 340 nodes and 1941 edges (posi-
tive = 1776, negative = 165). The average network distance between all pairs of nodes (charac-
teristic path length) was 4.15 edges with a diameter of 10 edges. The network had a clustering
coefficient of 0.39, a density value of 0.034 and a modularity index of 0.55. Overall, the network
was comprised of highly connected nodes structured among modules and forming a highly
clustered and modular topology.

The nodes in the network were assigned to 8 bacterial phyla and 17 classes. Among these, 5
taxa (Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria and
Bacteroidetes) were widely distributed, accounting for ~ 72% of all nodes. Based on centrality
scores (betweenness centrality>0.02 and degree>10) the top taxa identified as keystone taxa
included Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Gemmatimonadetes and
Proteobacteria (Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and Deltapro-
teobacteria). It is worth noting that many of the keystone taxa had a high relative abundance
and did not show habitat preference. Instead, they were largely dispersed between sites (S3
Fig). As such, the majority of bacterial OTUs showed to be distributed throughout the river
(54 Fig). However, certain bacterial phylotypes were restricted to only upstream (e.g.
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Fig 8. Network analysis of bacterial core OTUs (i.e. OTUs with relative abundance >0.2%) and environmental
parameters. Co-occurrence patterns were based on significant (P<0.05) Spearman correlations with p > +0.6 showing either
(A) the entire network or (B) modules of MCODE clustering of the complete network with default parameters. Modules are
numbered from I-XIV. Each node (circle) in the network, representing a unique OTU, is coloured by phylum and the size is
proportional to node degree. Each edge (connection) represents a strong and significant correlation (P<0.05), while the
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colour relates to the type of interaction: positive (grey solid lines) or negative (red dashed lines). Environmental parameters
are presented by white rectangles.

https://doi.org/10.1371/journal.pone.0216758.9008

Lacibacter spp.) or downstream (e.g. Elstera spp.) sites suggesting niche-based preferences.
Although the network was dominated by edges between bacterial OTUs, connections between
OTUs and environmental parameters were detected. For example, Co, pH and SO,* were
amongst the most connected environmental nodes, illustrating their importance in the net-
work. Other examples of strong linkages between OTUs and environmental variables include
heavy metals (U and Cr) and PO,*.

The MCODE algorithm generated 14 modules (I-XIV) of nodes which included OTUs
belonging to numerous taxa and with varying abundances (Fig 8B). The primary module (mod-
ule I) consisted of 68 nodes and 1006 edges, most of which were related to the downstream sites.
Furthermore, we observed strong intra- and inter-phyla positive co-occurrence patterns (indica-
tive of co-presence/mutualism) between keystone taxa within the primary module. Many of these
associations were between: (i) phylotypes within the Bacteroidetes (e.g., Paludibacter with Bacter-
oides, Flavobacterium and Runella); (ii) Cyanobacteria and Bacteroidetes (e.g., Phormidium and
Runella); (iii) Firmicutes and Bacteroidetes (e.g., Pelosinus with Bacteroides, Flavobacterium and
Runella); and (iv) Proteobacteria (Alpha- and Deltaproteobacteria) with Bacteroidetes (e.g., Mag-
netospirillum and Desulfovibrio with Runella). Although the primary module consisted mainly of
positive co-occurrences, several negative associations were also observed (indicative of mutually
exclusive interactions). These were related to associations between Bacteroidetes with Proteobac-
teria (Alphaproteobacteria and Betaproteobacteria) and Cyanobacteria. Modules IV-VI and VIII
structured around physico-chemical variables and heavy metals showed largely positive associa-
tions with keystone taxa, in particular Bacteroidetes (Lacibacter and Cyclobacteriaceae spp.),
Alphaproteobacteria (Sphingopyxis), and Betaproteobacteria (Oxalobacteraceae spp.). Interest-
ingly, cobalt was the only heavy metal that showed a negative co-occurrence with Proteobacteria
(Gammaproteobacteria) and Gemmatimonadetes. For the remainder of the modules Alpha, Beta-
and Gammaproteobacteria showed strong intra-phyla associations, the majority of which were
positive, although negative co-occurrences also existed.

Discussion

Our aim was to evaluate the impacts of anthropogenic activities on BCC in the lower WES
using a combination of approaches such as high-throughput sequencing and network analysis.
The data set presented in this study is the first to taxonomically characterize bacterial commu-
nities in the WES. As expected, pollutant levels varied along the longitudinal profile of the
river and reflected point and non-point sources of water pollution. Many of the large active
gold mines discharge fissure and process water into the WFS [17]. In addition, the stream
receives discharge effluent from numerous point and diffuse sources such as old and/or aban-
doned mines, deposits of mining/milling slimes dams, wastewater treatment works, formal
and informal settlements, peat mining, other industries and agriculture [18]. As a result, the
water quality of the WFS and underlying dolomitic groundwater compartments have been
substantially polluted by radionuclides, heavy metals, sulphates, organic constituents and bio-
logical material [42]. According to combined environmental and pyrosequencing data, site 1
had the greatest contamination loads. In general, the physico-chemical and heavy metal levels
were significantly higher at this site as compared to the other sites. Furthermore, our results
revealed high diversity and relative abundance of potential pathogens, many of which are asso-
ciated with human stool, animal faeces (particularly swine and cattle) and domestic WWTP’s
(e.g., Corynebacterium, Microbacterium, Bacteroides, Clostridium, Aeromonas, Enterobacter,
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Enterococcus). Lowest pollutant levels were found at sites located in farming communities,
although the impacts of dry land agriculture were evident in the water quality. Our results
appear to be well supported by the fact that gold mines in the “Far West Rand”, comprising of
mines in Bekkersdal, Westonarea and Carletonville, contribute significantly to the pollution
levels in the WES [19, 43]. Moreover, sewage works at Carletonville and Khutsong (informal
settlement) discharge sewage effluents to the WES between Harry’s dam and the C2H069
monitoring point.

Bacterial diversity patterns in this study were similar to those previously observed in other
16S rRNA gene sequencing studies of freshwater ecosystems impacted by anthropogenic activ-
ities, in particular heavy metals [44-46]. These included a total of 52 phyla, but most samples
were dominated by Proteobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia, Firmicutes,
Cyanobacteria and Acidobacteria, with site-to-site variation in relative abundance. As
expected, bacterial diversity was lower for the upstream sites, particularly site 1, where pollu-
tion was the greatest. Even though bacterial diversity in the WES may be underestimated to a
certain extent because rarefaction curves did not reach a plateau, it is still higher than what was
obtained in streams impacted by anthropogenic activities [46, 47].To date, it is generally
accepted that simple systems are vulnerable to perturbations, so bacterial communities require
relatively high diversity, through spatial and temporal variability, to maintain their functions
[48]. Also, previous studies have demonstrated that increased concentrations of organic and
inorganic nutrients can stimulate bacterial growth resulting in higher bacterial diversity and
community composition [49, 50]. However, our results do not support these findings, but
comply with similar studies that demonstrated lower bacterial in heavily contaminated fresh-
water systems [44, 46, 51]. The lower bacterial diversity could be explained by the high abun-
dance of generalists accompanied by the loss of the most sensitive species. Microbial
communities often adapt to permanent stress events, such as metal contamination, by either
selective growth (generalists) or introduction of metal-resistant species [52]. This natural pro-
cess of selection will reserve species with the ability to adapt and survive, and eliminate sensi-
tive species [53].

Distance-based redundancy analysis revealed that BCC was significantly affected by pH and
heavy metal levels (cobalt). In addition, Spearman correlations indicated strong positive asso-
ciations between pH with Alpha- and Betaproteobacteria and Actinobacteria. The relatively
strong relationship to pH is not an unexpected finding. Previous studies have demonstrated
that pH is an important environmental factor that influences and shapes community composi-
tion over a spatial gradient [54-56]. In fact, several studies have reported that pH was linearly
correlated with the relative abundance of the main phyla [57-59].

Variation partitioning analysis in this study showed that mining was the main contributor
to BCC variation, implicating the devastating impacts of gold mining not only on the water
quality in the WES, but also the composition and structure of microbial communities. The
large proportion of unexplained variation by the four components is comparable to other com-
prehensive biogeographic studies [60, 61]. The result may also be attributed to additional fac-
tors not measured in this study, such as total heavy metal concentrations in sediments, organic
nutrients, or other biotic factors. Moreover, sampling effects and ecological stochasticity (evo-
lutionary, demographic, compositional or neutral processes) may further contribute to the
unexplained proportion of microbial community variation [62, 63]

Cobalt concentration was another important source of variation in this study, which has
been implicated in a limited number of studies on aquatic bacterial communities [45, 64, 65].
In addition, several individual taxa displayed positive associations with arsenic, chromium,
nickel and uranium. These positive correlations may imply that specialized species are
required in terms of biogeochemical functions in the WES. Of particular importance are the
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genera Aeromonas, Pseudomonas, Rhodoferax, Sphingopyxis, Flavobacterium, Hydrogenophaga
and Dechloromonas, which were observed in high abundance. These genera have been reported
to exhibit a high degree of metal tolerance or reducing/oxidizing capability, in particular cobalt,
arsenic, iron, chromium and mercury [66-69]. Moreover, these genera have been isolated from
extreme environments such as metal-contaminated freshwaters and soil [70-72]. Given that
our findings are based on phylogenetic and taxonomic classification of bacterial communities
and that whole transcriptome changes across contamination loads were not measured in this
study, our results do not reflect information on metal-resistant genes or any processes involved
in metal oxidation/reduction. Future metagenomics research is required to determine metal-
resistance genes in species to ascertain for the observed influence of cobalt on BCC.

Relatively little functional differences between upstream and downstream bacterial commu-
nities were inferred from PICRUSt analysis. However, variation in specific functional traits
was observed between sites 1 and 4-5, which differ greatly with respect to location and degree
of urbanization. Previous studies of aquatic bacterial communities found that the degree of
urbanization had significant impacts on both community composition and functionality [73,
74]. These studies identified a link between specific taxa present and the community’s ability
to utilize various carbon and nitrogen sources, suggesting functional variation may be attrib-
uted to both community membership and the influence of various land cover types [41]. In
our study, both upstream and downstream sites had significant positive linear relationships
between OTU and functional gene dissimilarities. The high linear regression slope for the
downstream sites suggested that communities had more distinct functional genes, and thus
higher functionality, than in upstream sites. Bacterial assemblages in upstream sites shared
more functions like core resources metabolism and degradation of xenobiotics, indicating
functional gene redundancy. This may be indicative that intense anthropogenic impacts can
reduce functional diversity [74, 75]

Network analysis was used to explore interactions among OTUs, as well as specific associa-
tions with environmental parameters to identify key drivers of BCC in the WES. Our ecologi-
cal network suggests that environmental filtering (species sorting by local environmental
conditions) affects community assembly in the lower WEFS. The dominant taxa/generalists
were assembled to an extent by environmental factors, indicating stronger species-sorting pro-
cesses during the assembly of common taxa with evenly-distributed abundances [76].

The complete network, as well as the modules (IV-VI and VIII) constructed around the
environmental parameters, showed that several OTUs were directly positively related to most
variables. These included OTUs assigned to metal-resistant organisms (Fluviicola, Nitrospira),
nitrifying and denitrifying bacteria (Sphingopyxis), phosphate removers (Lacibacter), sulfur
oxidizers and/or sulfate reducers (Cytophagales, Flavobacteriales, Burkholderiales), and taxa
involved in the degradation of complex organic polymers (Fluviicola). The negative associa-
tions between taxa and heavy metals are most likely due to the associated toxicity of the high
metal concentrations. While some metals (e.g., iron, copper, zinc) are essential for normal bac-
terial growth and reproduction, high concentrations can cause adverse effects on bacterial
communities such as a decrease in microbial biomass [77], changes in diversity [78], shifts in
the dominant species [79], modulation of enzyme activities and the introduction of metal-
resistant genes [80]. Furthermore, high metal concentrations might lead to suppressed micro-
bial activities and element cycling processes [81, 82].

Although bacterial OTUs had strong associations with the environmental parameters, rela-
tionships among microbes dominated the network. For example, in module I, Bacteroidetes
were positively connected with phylotypes within the phylum itself, as well as other prominent
taxa (Cyanobacteria, Firmicutes and Proteobacteria). Strong positive linkages were also found
(module IT and IV) between Proteobacteria and Bacteroidetes, and between phylotypes within
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each respective taxon. This may indicate that some OTUs respond similarly to specific envi-
ronmental factors rather than interacting directly and outcompeting others [83], some associa-
tions may be the result of substrate interdependencies [14], or it may indicate possible
cooperation between species to cope with stress conditions [84]. Previous studies on aquatic
microbial communities have demonstrated that closely-related taxa have coherent temporal
dynamics and share similar ecological niches [85-87]. Conversely, negative associations
between and within keystone taxa existed (e.g., Alpha- to Gammaproteobacteria, Bacteroidetes
to Proteobacteria and Cyanobacteria, and Betaproteobacteria to itself). These may be indicative
of non-overlapping niches, competitive behaviours, differences in growth constraints among
taxa, or unique roles within the ecosystem [86, 88].

In conclusion, our results offer vital evidence that anthropogenic land uses, in particular
mining, negatively impacted the water quality in the lower WFS and caused taxonomic and
functional differences between upstream and downstream bacterial communities. Assemblages
from more upstream sites (more polluted) have significantly different features than those pre-
sented by downstream sites (less contaminated). In terms of potential function, anthropogenic
influenced upstream sites had higher relative abundances of genes encoding for core resource
metabolism (carbohydrates, amino acids and lipids) and xenobiotic biodegradation compared
to downstream sites that displayed greater functionality. The data recovered agreed with the
expected assemblage of organisms thriving in freshwaters, metal-rich and sewage contaminated
environments. Furthermore, our results indicated that pH and heavy metals were the major
environmental parameters to significantly impact BCC and selective taxa in the lower WFS. The
co-occurrence patterns presented here provide an initial glimpse of potential trait associations
and mechanisms that drive community structure within this ecosystem. Overall, our results sug-
gest that bacterial associations are more consistent with environmental filtering. Finally, a num-
ber of potential limitations and proposed furtherance need to be considered. (i) This study only
measured the soluble fraction of heavy metals in the water column. Although informative,
assessing heavy metal concentrations in sediments would reflect more accurately the pollution
status of the WEFS. Sediments are important sinks for various pollutants and metals, or can act
as a non-point source to release pollutants and sediment-bound metals back to the overlying
water column [89]. (ii) The time-series was too short to observe temporal changes in communi-
ties. Future studies should focus on longer time-series or seasonal-scale sampling to predict the
dynamic patterns in BCC. (iii) The absence of functional data (metagenomics & metatranscrip-
tomics) allowed us to only characterize BCC in terms of their taxonomy and phylogeny. Addi-
tional work on the WEFS should characterize the metagenome- and metatranscriptome to
elucidate the active metabolic pathways associated to this particular environment. (iv) A more
complete physico-chemical data set is recommended since many parameters (e.g., DOC and
biotic variables) known to impact BCC have not been measured in this study. (v) Co-occurrence
patterns incorporating both generalist and specialists could be noteworthy as much of the unex-
plained variation in BCC could be attributed to specialists. It could also be possible that special-
ists were to a greater extent affected by environmental parameters not measured in this study.
Such an extensive study may create a more comprehensive representation of the impacts of
anthropogenic disturbances on water quality and bacterial communities in the WEFS.

Supporting information

S1 Fig. Rarefaction curves for all sequences at all sampling locations estimating the num-
ber of bacterial OTUs at the 97% identity level.
(TIF)
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S2 Fig. Stacked column bar graph representing the predicted metabolic attributes between
upstream and downstream sites against the KEGG database implemented in PICRUSt at
(A) tier level-1 and (B) tier level-2. The mean Nearest Sequenced Taxon Index (NSTI) value
for all samples was 0.188 + 0.000125 s.d.

(TIF)

S3 Fig. Heat map and cluster analysis of bacterial core 97% identity OTUs between the dif-
ferent sampling locations. Samples were grouped using hierarchical clustering (complete
linkage) based on the Bray—Curtis distance matrix calculated from the relative abundances (in
percent) of the OTUs. The colour code goes from blue (not detected) to yellow (low abun-
dance) to orange (medium abundance) to red (high abundance) on a logarithmic scale to
improve visualization between low and medium abundance.

(TIF)

$4 Fig. Network analysis of bacterial core OTUs (i.e. OTUs with relative abundance
>0.2%) and environmental parameters. Co-occurrence patterns were based on significant
(P<0.05) Spearman correlations with p > +0.6 showing the entire network structured accord-
ing to site (upstream, downstream and/or both). Each node (circle) in the network represents
a unique OTU and the size is proportional to node degree. Each edge (connection) represents
a strong and significant correlation (P<0.05), while the colour relates to the type of interaction:
positive (grey solid lines) or negative (red dashed lines). Environmental parameters are pre-
sented by purple rectangles.

(TIF)

S1 Table. Summary of the sampling area, anthropogenic activities performed in the lower
WES and associated contaminants.
(PDF)

S2 Table. Recommended Target Water Quality Range (TWQR) for the lower Wonderfon-
teinspruit.
(PDF)

Acknowledgments

The authors kindly thank IBIS/Université Laval Plate-forme d’Analyses Génomiques for 454-
pyrosequencing and support, especially Dr. Brian Boyle, as well as Marie-Eve Beaulieu (man-
ager of DPK’s laboratory). We also acknowledge the Unit for Environmental Sciences and
Management (UESM), and David Hamman for assistance with sampling.

Author Contributions

Conceptualization: D. P. Khasa, C. C. Bezuidenhout.

Data curation: K. Jordaan.

Formal analysis: K. Jordaan.

Funding acquisition: D. P. Khasa, C. C. Bezuidenhout.
Investigation: K. Jordaan.

Methodology: A. M. Comeau, D. P. Khasa, C. C. Bezuidenhout.
Project administration: D. P. Khasa, C. C. Bezuidenhout.

Resources: D. P. Khasa.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 19/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216758.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216758.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216758.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216758.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216758.s006
https://doi.org/10.1371/journal.pone.0216758

@ PLOS|ONE

Anthropogenic impacts on bacterial diversity in the Wonderfonteinspruit

Supervision: D. P. Khasa, C. C. Bezuidenhout.
Validation: A. M. Comeau, D. P. Khasa.

Visualization: K. Jordaan.

Writing - original draft: K. Jordaan.

Writing - review & editing: A. M. Comeau, D. P. Khasa, C. C. Bezuidenhout.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Xu J. Microbial ecology in the age of genomics and metagenomics: concepts, tools, and recent
advances. Mol Ecol. 2006; 15(7):1713-31. https://doi.org/10.1111/j.1365-294X.2006.02882.x PMID:
16689892

Lin S, Wang Y, Lin J, Quan C. Response of planktonic and benthic microbial community to urban pollu-
tion from sewage discharge in Jilin reach of the second Songhua River, China. Clean Soil Air Water.
2014; 42(10):1376-83.

Leff LG, Brown BJ, Lemke MJ. Spatial and temporal changes in bacterial assemblages of the Cuyahoga
River. Ohio J Sci. 1999; 99(3):44-8.

Hahn MW. The microbial diversity of inland waters. Curr Opin Biotech. 2006; 17(3):256—61. https://doi.
org/10.1016/j.copbio.2006.05.006 PMID: 16704930

Lemke MJ, Brown BJ, Leff LG. The response of three bacterial populations to pollution in a stream.
Microbial Ecol. 1997; 34(3):224-31.

Zarraonaindia |, Smith DP, Gilbert JA. Beyond the genome: community-level analysis of the microbial
world. Biol Philos. 2013; 28(2):261-82. https://doi.org/10.1007/s10539-012-9357-8 PMID: 23482824

Stabili L, Cavallo RA. Microbial pollution indicators and culturable heterotrophic bacteria in a Mediterra-
nean area (Southern Adriatic Sea Italian coasts). J Sea Res. 2011; 65(4):461-69.

Schultz G, Kovatch JJ, Anneken EM. Bacterial diversity in a large, temperate, heavily modified river, as
determined by pyrosequencing. Aquat Microbial Ecol. 2013; 70(2):169-79.

Tumanov AA, Krest'yaninov PA. Combined effects of heavy metal ions on bacteria and the determina-
tion of heavy metals by bioassay. J Anal Chem. 2004; 59(8):788—-94.

BaiY, Qi W, Liang J, Qu J. Using high-throughput sequencing to assess the impacts of treated and
untreated wastewater discharge on prokaryotic communities in an urban river. Appl Microbiol Biot.
2014; 98(4):1841-51.

Bricheux G, Morin L, Le Moal G, Coffe G, Balestrino D, Charbonnel N, et al. Pyrosequencing assess-
ment of prokaryotic and eukaryotic diversity in biofilm communities from a French river. Microbiologyo-
pen. 2013; 2(3):402—14. https://doi.org/10.1002/mbo3.80 PMID: 23520129

Nogales B, Lanfranconi MP, Pina-Villalonga JM, Bosch R. Anthropogenic perturbations in marine
microbial communities. FEMS Microbiol Rev. 2011; 35(2):275-98. https://doi.org/10.1111/j.1574-6976.
2010.00248.x PMID: 20738403

Sun MY, Dafforn KA, Johnston EL, Brown MV. Core sediment bacteria drive community response to
anthropogenic contamination over multiple environmental gradients. Environ Microbiol. 2013; 15
(9):2517-31. https://doi.org/10.1111/1462-2920.12133 PMID: 23647974

Comte J, Lovejoy C, Crevecoeur S, Vincent WF. Co-occurrence patterns in aquatic bacterial communi-
ties across changing permafrost landscapes. Biogeosciences. 2016; 13(1):175-90.

Connor N, Barberan A, Clauset A. Using null models to infer microbial coocurrence networks. PLoS
ONE. 2017; 12(5):e0176751. https://doi.org/10.1371/journal.pone.0176751 PMID: 28493918

Barberan A, Bates ST, Casamayor EO, Fierer N. Using network analysis to explore co-occurrence pat-
terns in soil microbial communities. ISME J. 2012; 6(2):343-51. https://doi.org/10.1038/ismej.2011.119
PMID: 21900968

Barthel R. Radiological impact assessment of mining activities in the Wonderfonteinspruit Catchment
Area, South Africa. In: Merkel B, Schipek M, editors. The New Uranium Mining Boom: Challenge and
lessons learned. Heidelberg: Springer-Verlag; 2012. p. 517-527.

Department of Water Affairs (DWA). Wonderfonteinspruit Catchment Area: Remediation Plan. Van
Veelen M, editor. ILISO Consulting (Pty) Ltd, South Africa. 2009a.

Winde F. Uranium pollution of the Wonderfonteinspruit, 1997-2008 Part 2: uranium in water—concentra-
tions, loads and associated risks. Water SA. 2010; 36(3):257-78.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 20/24


https://doi.org/10.1111/j.1365-294X.2006.02882.x
http://www.ncbi.nlm.nih.gov/pubmed/16689892
https://doi.org/10.1016/j.copbio.2006.05.006
https://doi.org/10.1016/j.copbio.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16704930
https://doi.org/10.1007/s10539-012-9357-8
http://www.ncbi.nlm.nih.gov/pubmed/23482824
https://doi.org/10.1002/mbo3.80
http://www.ncbi.nlm.nih.gov/pubmed/23520129
https://doi.org/10.1111/j.1574-6976.2010.00248.x
https://doi.org/10.1111/j.1574-6976.2010.00248.x
http://www.ncbi.nlm.nih.gov/pubmed/20738403
https://doi.org/10.1111/1462-2920.12133
http://www.ncbi.nlm.nih.gov/pubmed/23647974
https://doi.org/10.1371/journal.pone.0176751
http://www.ncbi.nlm.nih.gov/pubmed/28493918
https://doi.org/10.1038/ismej.2011.119
http://www.ncbi.nlm.nih.gov/pubmed/21900968
https://doi.org/10.1371/journal.pone.0216758

@ PLOS|ONE

Anthropogenic impacts on bacterial diversity in the Wonderfonteinspruit

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Winde F. Peatlands as filters for polluted mine water?—A case study from an uranium-contaminated
karst system in South Africa part IV: Quantifying the chemical filter component. Water. 2011; 3(1):391—
423.

Jordaan K, Bezuidenhout CC. Bacterial community composition of an urban river in the North West
Province, South Africa, in relation to physico-chemical water quality. Environ Sci Pollut R. 2016; 23
(6):5868—-80.

Comeau AM, Li WKW, Tremblay J-E, Carmack EC, Lovejoy C. Arctic ocean microbial community
structure before and after the 2007 record sea ice minimum. PLoS ONE. 2011; 6(11):e27492. https:/
doi.org/10.1371/journal.pone.0027492 PMID: 22096583

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol. 2009; 75(23):7537—41. https://doi.org/10.1128/AEM.01541-09
PMID: 19801464

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimera-
checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. 2006;
72(7):5069-72. https://doi.org/10.1128/AEM.03006-05 PMID: 16820507

Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred from metric distances
among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics. 1992; 131
(2):479-91. PMID: 1644282

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to mul-
tiple testing. J R Statist Soc B. 1995; 57(1):289-300.

Legendre P. Studying beta diversity: ecological variation partitioning by multiple regression and canoni-
cal analysis. J Plant Ecol. 2008; 1(1):3-8.

Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, et al. Predictive functional
profiling of microbial communities using 16S rRNA marker gene sequences. Nat Biotechnol. 2013;
31:814-21. hitps://doi.org/10.1038/nbt.2676 PMID: 23975157

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000;
28:27-30. https://doi.org/10.1093/nar/28.1.27 PMID: 10592173

Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M. Data, information, knowledge
and principle: back to metabolism in KEGG. Nucleic Acids Res. 2014; 42:D199-D205. https://doi.org/
10.1093/nar/gkt1076 PMID: 24214961

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of taxonomic and func-
tional profiles. Bioinformatics. 2014; 30:3123-24. https://doi.org/10.1093/bioinformatics/btu494 PMID:
25061070

Koo H, Mojib N, Hakim JA, Hawes |, Tanabe Y, Andersen DT, et al. Microbial communities and their pre-
dicted metabolic functions in growth laminae of a unique large conical mat from Lake Untersee, East
Antarctica. Front Microbiol. 2017; 8:1347. https://doi.org/10.3389/fmicb.2017.01347 PMID: 28824553

Caruso T, Chan 'Y, Lacap DC, Lau MCY, McKay CP, Pointing SB. Stochastic and deterministic pro-
cesses interact in the assembly of desert microbial communities on a global scale. ISME J. 2011; 5
(9):1406—13. https://doi.org/10.1038/ismej.2011.21 PMID: 21368908

Heino J, Grénroos M. Does environmental heterogeneity affect species co-occurrence in ecological
guilds across stream? Ecography. 2013; 36(8):926-36.

Milici M, Deng ZL, Tomasch J, Decelle J, Wos-Oxley ML, Wang H, et al. Co-occurrence Analysis of
Microbial Taxa in the Atlantic Ocean Reveals High Connectivity in the Free-Living Bacterioplankton.
Front Microbiol. 2016; 7:649. https://doi.org/10.3389/fmicb.2016.00649 PMID: 27199970

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13(11):2498—
504. https://doi.org/10.1101/gr.1239303 PMID: 14597658

Doncheva NT, Assenov Y, Domingues FS, Albrecht M. Topological analysis and interactive visualiza-
tion of biological networks and protein structures. Nat Protoc. 2012; 7(4):670-85. https://doi.org/10.
1038/nprot.2012.004 PMID: 22422314

Bader GD, Hogue CW. An automated method for finding molecular complexes in large protein interac-
tion networks. BMC Bioinformatics. 2003; 4:2. https://doi.org/10.1186/1471-2105-4-2 PMID: 12525261
Martin Gonzalez AM, Dalsgaard B, Olesen JM. Centrality measures and the importance of generalist
species in pollination networks. Ecol Complex. 2010; 7(1):36—43.

Department of Water Affairs and Forestry (DWAF). South African Water Quality Guidelines, Field
Guide, 1st ed, vol 8. 1996.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 21/24


https://doi.org/10.1371/journal.pone.0027492
https://doi.org/10.1371/journal.pone.0027492
http://www.ncbi.nlm.nih.gov/pubmed/22096583
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1128/AEM.03006-05
http://www.ncbi.nlm.nih.gov/pubmed/16820507
http://www.ncbi.nlm.nih.gov/pubmed/1644282
https://doi.org/10.1038/nbt.2676
http://www.ncbi.nlm.nih.gov/pubmed/23975157
https://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1093/nar/gkt1076
https://doi.org/10.1093/nar/gkt1076
http://www.ncbi.nlm.nih.gov/pubmed/24214961
https://doi.org/10.1093/bioinformatics/btu494
http://www.ncbi.nlm.nih.gov/pubmed/25061070
https://doi.org/10.3389/fmicb.2017.01347
http://www.ncbi.nlm.nih.gov/pubmed/28824553
https://doi.org/10.1038/ismej.2011.21
http://www.ncbi.nlm.nih.gov/pubmed/21368908
https://doi.org/10.3389/fmicb.2016.00649
http://www.ncbi.nlm.nih.gov/pubmed/27199970
https://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1038/nprot.2012.004
https://doi.org/10.1038/nprot.2012.004
http://www.ncbi.nlm.nih.gov/pubmed/22422314
https://doi.org/10.1186/1471-2105-4-2
http://www.ncbi.nlm.nih.gov/pubmed/12525261
https://doi.org/10.1371/journal.pone.0216758

@ PLOS|ONE

Anthropogenic impacts on bacterial diversity in the Wonderfonteinspruit

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Staley C, Gould TJ, Wang P, Phillips J, Cotner JB, Sadowsky MJ. Core functional traits of bacterial com-
munities in the Upper Mississippi River show limited variation in response to land cover. Front Microbiol.
2014; 5:414. hitps://doi.org/10.3389/fmicb.2014.00414 PMID: 25152748

Department of Water Affairs (DWA). Adopt-a-river programme phase II: Development of an implemen-
tation plan. Water resource quality situation assessment. Hendriks H, Rossouw JN, editors. Depart-
ment of Water Affairs, Pretoria, South Africa. 2009b.

Winde F. Uranium pollution of water resources in mined-out and active goldfields of South Africa—a
case study in the Wonderfonteinspruit catchment on extent and sources of U-contamination and associ-
ated health risks. International Mine Water Conference; 2009 Oct 19-23; Pretoria, South Africa; ISBN
Number:978-0-9802623-5-3.

Drury B, Rosi-Marshall E, Kelly JJ. Wastewater treatment effluent reduces the abundance and diversity
of benthic bacterial communities in urban and suburban rivers. Appl Environ Microbiol. 2013; 79
(6):1897-905. https://doi.org/10.1128/AEM.03527-12 PMID: 23315724

Costa PS, Reis MP, Avila MP, Leite LR, de Araujo FM, Salim AC, et al. Metagenome of a microbial com-
munity inhabiting a metal-rich tropical stream sediment. PLoS ONE. 2015; 10(3):e0119465. https://doi.
org/10.1371/journal.pone.0119465 PMID: 25742617

Ibekwe AM, Jincai M, Murinda SE. Bacterial community composition and structure in an urban river
impacted by different pollutant sources. Sci Total Environ. 2016; 566— 567:1176-85.

Huang Y, Zou L, Zhang SY, Xie SG. Comparison of Bacteroiplankton communities in three heavily pol-
luted streams in China. Biomed Environ Sci. 2011; 24(2):140—45. https://doi.org/10.3967/0895-3988.
2011.02.008 PMID: 21565685

Midgley GF. 2012. Ecology. Biodiversity and ecosystem function. Science. 2012; 335(6065):174-5.
https://doi.org/10.1126/science.1217245 PMID: 22246761

Garnier J, Servais P, Billen G. Bacterioplankton in the Seine River, France: impact of the Parisian urban
effluent. Can J Microbiol. 1992; 38(1):56—64.

Gofi-Urriza M, Capdepuy M, Raymond N, Quentin C, Caumette P. Impact of an urban effluent on the
bacterial community structure in the Arga River, Spain, with special reference to culturable Gram-nega-
tive rods. Can J Microbiol. 1999; 45(10):826-32. PMID: 10907419

Li D, Jiang X, Wang J, Wang K, Zheng B. Effect of sewage and industrial effluents on bacterial and
archaeal communities of creek sediments in the Taihu Basin. Water. 2017; 9(6):373.

Turpeinen R, Kairesalo T, Haggblom MM. Microbial community structure and activity in arsenic-, chro-
mium- and copper-contaminated soils. FEMS Microbiol Ecol. 2004; 47(1):39-50. https://doi.org/10.
1016/S0168-6496(03)00232-0 PMID: 19712345

Jie §, LiM, Gan M, Zhu J, Yin H, Liu X. Microbial functional genes enriched in the Xiangjiang River sedi-
ments with heavy metal contamination. BMC Microbiol. 2016; 16:179. https://doi.org/10.1186/s12866-
016-0800-x PMID: 27502206

Lindstréom ES, Kamst-Van Agterveld MP, Zwart G. Distribution of typical freshwater bacterial groups is
associated with pH, temperature, and lake water retention time. Appl Environ Microbiol. 2005; 71
(12):8201-6. https://doi.org/10.1128/AEM.71.12.8201-8206.2005 PMID: 16332803

Yannarell AC, Triplett EW. Geographic and environmental sources of variation in lake bacterial commu-
nity composition. Appl Environ Microbiol. 2005; 71(1):227-39. https://doi.org/10.1128/AEM.71.1.227-
239.2005 PMID: 15640192

LiuS, Ren H, Shen L, Lou L, Tian G, Zheng P, et al. pH levels drive bacterial community structure in
sediments of the Quantang River as determined by 454 pyrosequencing. Front Microbiol. 2015; 6:285.
https://doi.org/10.3389/fmicb.2015.00285 PMID: 25941515

Chu H, Fierer N, Lauber CL, Caporaso JG, Knight R, Grogan P. Soil bacterial diversity in the Arctic is
not fundamentally different from that found in other biomes. Environ Microbiol. 2010; 12(11):2998—
30086. https://doi.org/10.1111/j.1462-2920.2010.02277.x PMID: 20561020

Shen C, Xiong J, Zhang H, Feng Y, Lin X, Li X, et al. Soil pH drives the spatial distribution of bacterial
communities along elevation on Changbai Mountain. Soil Biol Biochem. 2013; 57:204—11.

Yun'Y, Wang H, Man B, Xiang X, Zhou J, Qiu X, et al. The relationship between pH and bacterial com-
munities in a single karst ecosystem and its implication for soil acidification. Front Microbiol. 2016;
7:1955. https://doi.org/10.3389/fmicb.2016.01955 PMID: 28018299

Van der Gucht K, Cottenie K, Muylaert K, Vloemans N, Cousin S, Declerck S, et al. The power of spe-
cies sorting: local factors drive bacterial community composition over a wide range of spatial scales.
Proc Natl Acad Sci USA. 2007; 104(51):20404—20409. https://doi.org/10.1073/pnas.0707200104
PMID: 18077371

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 22/24


https://doi.org/10.3389/fmicb.2014.00414
http://www.ncbi.nlm.nih.gov/pubmed/25152748
https://doi.org/10.1128/AEM.03527-12
http://www.ncbi.nlm.nih.gov/pubmed/23315724
https://doi.org/10.1371/journal.pone.0119465
https://doi.org/10.1371/journal.pone.0119465
http://www.ncbi.nlm.nih.gov/pubmed/25742617
https://doi.org/10.3967/0895-3988.2011.02.008
https://doi.org/10.3967/0895-3988.2011.02.008
http://www.ncbi.nlm.nih.gov/pubmed/21565685
https://doi.org/10.1126/science.1217245
http://www.ncbi.nlm.nih.gov/pubmed/22246761
http://www.ncbi.nlm.nih.gov/pubmed/10907419
https://doi.org/10.1016/S0168-6496(03)00232-0
https://doi.org/10.1016/S0168-6496(03)00232-0
http://www.ncbi.nlm.nih.gov/pubmed/19712345
https://doi.org/10.1186/s12866-016-0800-x
https://doi.org/10.1186/s12866-016-0800-x
http://www.ncbi.nlm.nih.gov/pubmed/27502206
https://doi.org/10.1128/AEM.71.12.8201-8206.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332803
https://doi.org/10.1128/AEM.71.1.227-239.2005
https://doi.org/10.1128/AEM.71.1.227-239.2005
http://www.ncbi.nlm.nih.gov/pubmed/15640192
https://doi.org/10.3389/fmicb.2015.00285
http://www.ncbi.nlm.nih.gov/pubmed/25941515
https://doi.org/10.1111/j.1462-2920.2010.02277.x
http://www.ncbi.nlm.nih.gov/pubmed/20561020
https://doi.org/10.3389/fmicb.2016.01955
http://www.ncbi.nlm.nih.gov/pubmed/28018299
https://doi.org/10.1073/pnas.0707200104
http://www.ncbi.nlm.nih.gov/pubmed/18077371
https://doi.org/10.1371/journal.pone.0216758

@ PLOS|ONE

Anthropogenic impacts on bacterial diversity in the Wonderfonteinspruit

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Xiong J, Ye X, Wang K, Chen H, Hu C, Zhu J, et al. Biogeography of the sediment bacterial community
responds to a nitrogen pollution gradient in the East China Sea. Appl Environ Microbiol. 2014; 80
(6):1919-1925. https://doi.org/10.1128/AEM.03731-13 PMID: 24413606

Ramette A, Tiedje JM. Biogeography: an emerging cornerstone for understanding prokaryotic diversity,
ecology, and evolution. Microb Ecol. 2007; 53(2):197-207. https://doi.org/10.1007/s00248-005-5010-2
PMID: 17106806

Zhou J, Ning D. Stochastic Community Assembly: Does It Matter in Microbial Ecology? Microbiol Mol
Biol Rev. 2017; 81(4).

Obi CC, Adebusoye SA, Ugoji EO, llori MO, Amund OO, Hickey WJ. Microbial communities in sedi-
ments of Lagos Lagoon, Nigeria: elucidation of community structure and potential impacts of contami-
nation by municipal and industrial wastes. Front Microbiol. 2016; 7:1213. https://doi.org/10.3389/fmicb.
2016.01213 PMID: 27547200

Medeiros JD, Cantao ME, Cesar DE, Nicolas MF, Diniz CG, Silva VL, et al. Comparative metagenome
of a stream impacted by the urbanization phenomenon. Braz J Microbiol. 2016; 47(4):835-45. https://
doi.org/10.1016/j.bjm.2016.06.011 PMID: 27522532

Gachhui R, Chaudhuri J, Ray S, Pahan K, Mandal A. Studies on mercury-detoxicating enzymes from a
broad-spectrum mercury-resistant strain of Flavobacterium rigense. Folia Microbiol. 1997; 42(4):337—
43.

Choudhary S, Sar P. Characterization of a metal resistant Pseudomonas sp. isolated from uranium
mine for its potential in heavy metal (Ni2+, Co2+, Cu2+, and Cd2+) sequestration. Bioresour Technol.
2009; 100(9):2482-92. https://doi.org/10.1016/j.biortech.2008.12.015 PMID: 19162475

Risso C, Sun J, Zhuang K, Mahadevan R, DeBoy R, Ismail W, et al. Genome-scale comparison and
constraint-based metabolic reconstruction of the facultative anaerobic Fe(lll)-reducer Rhodoferax ferrir-
educens. BMC Genomics. 2009; 10:447. https://doi.org/10.1186/1471-2164-10-447 PMID: 19772637

Lovley D. Dissimilatory Fe(lll)- and Mn(1V)-reducing prokaryotes. In: Rosenberg E, DeLong EF, Lory S,
Stackebrandt E, Thompson F, editors. The Prokaryotes—prokaryotic physiology and biochemistry. 4th
ed. Heidelberg: Springer-Verlag; 2013. p. 287-308.

Roosa S, Wauven CV, Billon G, Matthiis S, Wattiez R, Gillan DC. The Pseudomonas community in
metal-contaminated sediments as revealed by quantitative PCR: a link with metal bioavailability. Res
Microbiol. 2014; 165(8):647-56. https://doi.org/10.1016/j.resmic.2014.07.011 PMID: 25102022

Bruneel O, Volant A, Gallien S, Chaumande B, Casiot C, Carapito C, et al. Characterization of the active
bacterial community involved in natural attenuation processes in arsenic-rich creek sediments. Microb
Ecol. 2011; 61(4):793-810. https://doi.org/10.1007/s00248-011-9808-9 PMID: 21318282

Dell’Amico E, Mazzocchi M, Cavalca L, Allievi L, Andreoni V. Assessment of bacterial community struc-
ture in a long-term copper-polluted ex-vineyard soil. Microbiol Res. 2008; 163(6):671-83. https://doi.
org/10.1016/j.micres.2006.09.003 PMID: 17207985

Wang S-Y, Sudduth EB, Wallenstein MD, Wright JP, Bernhardt ES. Watershed urbanization alters the
composition and function of stream bacterial communities. PLoS ONE. 2011; 6:€22972. https://doi.org/
10.1371/journal.pone.0022972 PMID: 21857975

Qu X, Ren Z, Zhang H, Zhang M, Zhang Y, Liu X, et al. Influences of anthropogenic land use on micro-
bial community structure and functional potential of stream benthic biofilms. Sci Rep. 2017; 7:15117.
https://doi.org/10.1038/s41598-017-15624-x PMID: 29118402

Jung J, Philippot L, Park W. Metagenomic and functional analyses of the consequences of reduction of
bacterial diversity on soil functions and bioremediation in diesel-contaminated microcosms. Sci Rep.
2016; 6:23012. https://doi.org/10.1038/srep23012 PMID: 26972977

Székely AJ, Langenheder S. The importance of species sorting differs between habitat generalists and
specialists in bacterial communities. FEMS Microbiol Ecol. 2014; 87(1):102—12. https://doi.org/10.
1111/1574-6941.12195 PMID: 23991811

Gillan DC, Pernet P. Adherent bacteria in heavy metal contaminated marine sediments. Biofouling.
2007; 23(1-2):1-13. https://doi.org/10.1080/08927010601108725 PMID: 17453724

Sun MY, Dafforn KA, Brown MV, Johnston EL. Bacterial communities are sensitive indicators of con-
taminant stress. Mar Pollut Bull. 2012; 64(5):1029-38. https://doi.org/10.1016/j.marpolbul.2012.01.035
PMID: 22385752

Gough HL, Stahl DA. Microbial community structures in anoxic freshwater lake sediment along a metal
contamination gradient. ISME J. 2011; 5(3):543-58. https://doi.org/10.1038/ismej.2010.132 PMID:
20811473

Ryan RP, Ryan DJ, Dowling DN. Multiple metal resistant transferable phenotypes in bacteria as indica-
tors of soil contamination with heavy metals. J Soils Sediments. 2005; 5(2):95-100.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 23/24


https://doi.org/10.1128/AEM.03731-13
http://www.ncbi.nlm.nih.gov/pubmed/24413606
https://doi.org/10.1007/s00248-005-5010-2
http://www.ncbi.nlm.nih.gov/pubmed/17106806
https://doi.org/10.3389/fmicb.2016.01213
https://doi.org/10.3389/fmicb.2016.01213
http://www.ncbi.nlm.nih.gov/pubmed/27547200
https://doi.org/10.1016/j.bjm.2016.06.011
https://doi.org/10.1016/j.bjm.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27522532
https://doi.org/10.1016/j.biortech.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19162475
https://doi.org/10.1186/1471-2164-10-447
http://www.ncbi.nlm.nih.gov/pubmed/19772637
https://doi.org/10.1016/j.resmic.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25102022
https://doi.org/10.1007/s00248-011-9808-9
http://www.ncbi.nlm.nih.gov/pubmed/21318282
https://doi.org/10.1016/j.micres.2006.09.003
https://doi.org/10.1016/j.micres.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17207985
https://doi.org/10.1371/journal.pone.0022972
https://doi.org/10.1371/journal.pone.0022972
http://www.ncbi.nlm.nih.gov/pubmed/21857975
https://doi.org/10.1038/s41598-017-15624-x
http://www.ncbi.nlm.nih.gov/pubmed/29118402
https://doi.org/10.1038/srep23012
http://www.ncbi.nlm.nih.gov/pubmed/26972977
https://doi.org/10.1111/1574-6941.12195
https://doi.org/10.1111/1574-6941.12195
http://www.ncbi.nlm.nih.gov/pubmed/23991811
https://doi.org/10.1080/08927010601108725
http://www.ncbi.nlm.nih.gov/pubmed/17453724
https://doi.org/10.1016/j.marpolbul.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22385752
https://doi.org/10.1038/ismej.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20811473
https://doi.org/10.1371/journal.pone.0216758

@ PLOS|ONE

Anthropogenic impacts on bacterial diversity in the Wonderfonteinspruit

81.

82.

83.

84.

85.

86.

87.

88.

89.

Jose J, Giridhar R, Anas A, Loka Bharathi PA, Nair S. Heavy metal pollution exerts reduction/adaptation
in the diversity and enzyme expression profile of heterotrophic bacteria in Cochin estuary, India. Environ
Pollut. 2011; 159(10):2775-80. https://doi.org/10.1016/j.envpol.2011.05.009 PMID: 21665339

Mackintosh TJ, Davis JA, Thompson RM. Impacts of multiple stressors on ecosystem function: leaf
decomposition in constructed urban wetlands. Environ Pollut. 2016; 208:221-32. https://doi.org/10.
1016/j.envpol.2015.08.038 PMID: 26371988

Zhou J, Deng Y, Luo F, He Z, Yang Y. Phylogenetic molecular ecological network of soil microbial com-
munities in response to elevated CO2. Mbio. 2011; 2(4):e00122—11. https://doi.org/10.1128/mBio.
00122-11 PMID: 21791581

YinH, Niu J, Ren 'Y, Cong J, Zhang X, Fan F, et al. An integrated insight into the response of sedimen-
tary microbial communities to heavy metal contamination. Sci Rep. 2015; 5:14266. https://doi.org/10.
1038/srep14266 PMID: 26391875

Andersson AF, Riemann L, Bertilsson S. Pyrosequencing reveals contrasting seasonal dynamics of
taxa within Baltic Sea bacterioplankton communities. ISME J. 2010; 4(2):171-81. https://doi.org/10.
1038/ismej.2009.108 PMID: 19829318

Eiler A, Heinrich F, Bertlisson S. Coherent dynamics and association networks among lake bacterio-
plankton taxa. ISME J. 2012; 6(2):330—42. https://doi.org/10.1038/ismej.2011.113 PMID: 21881616

Lindh MV, Sjéstedt J, Casini M, Andersson A, Legrand C, Pinhassi J. Local environmental conditions
shape generalist but not specialist components of microbial metacommunities in the Baltic Sea. Front
Microbiol. 2016; 7:2078. https://doi.org/10.3389/fmicb.2016.02078 PMID: 28066392

Faust K, Raes J. Microbial interactions: from networks to models. Nat Rev Microbiol. 2012; 10(8):538—
50. https://doi.org/10.1038/nrmicro2832 PMID: 22796884

Wang S, JiaY, Wang S, Wang X, Wang H, Zhao Z, et al. Fractionation of heavy metals in shallow
marine sediments from Jinzhou Bay, China. J Environ Sci. 2010; 22(1):23-31.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216758 May 21,2019 24/24


https://doi.org/10.1016/j.envpol.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21665339
https://doi.org/10.1016/j.envpol.2015.08.038
https://doi.org/10.1016/j.envpol.2015.08.038
http://www.ncbi.nlm.nih.gov/pubmed/26371988
https://doi.org/10.1128/mBio.00122-11
https://doi.org/10.1128/mBio.00122-11
http://www.ncbi.nlm.nih.gov/pubmed/21791581
https://doi.org/10.1038/srep14266
https://doi.org/10.1038/srep14266
http://www.ncbi.nlm.nih.gov/pubmed/26391875
https://doi.org/10.1038/ismej.2009.108
https://doi.org/10.1038/ismej.2009.108
http://www.ncbi.nlm.nih.gov/pubmed/19829318
https://doi.org/10.1038/ismej.2011.113
http://www.ncbi.nlm.nih.gov/pubmed/21881616
https://doi.org/10.3389/fmicb.2016.02078
http://www.ncbi.nlm.nih.gov/pubmed/28066392
https://doi.org/10.1038/nrmicro2832
http://www.ncbi.nlm.nih.gov/pubmed/22796884
https://doi.org/10.1371/journal.pone.0216758

