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Abstract: Regional-scale nitrate and organic contaminants in the shallow groundwater were
investigated in the Piedmont region of Taihang Mountains (PRTM), but the information of the
microbial communities is limited. However, microorganisms provide a dominated contribution
to indicate and degrade the contaminants in the aquifer. Therefore, this study investigates the
microbial diversity and contamination microbial indicators of groundwater samples with different
contaminated types to better understand the contamination in the PRTM. Seventy-six samples
were collected between two rivers in the Tang-Dasha River Basin covering 4000 km? in the PRTM.
High-throughput sequencing was employed to determine the samples” DNA sequences. The samples
were divided into four groups: background (B), nitrate contamination (IN), organic contamination (O)
and organic-nitrate contamination (O_N) based on the cumulative probability distribution and the
Chinese groundwater standard levels of NO;-, COD and DO concentrations. Then, the microbial
diversity and contamination microbial indicators were studied in the four groups. The results showed
that the O group exhibited lower diversity than other groups. Bacteria detected in these four groups
covered 531 families, 987 genera, and 1881 species. Taxonomic assignment analysis indicated that
Rhodobacter, Vogesella, Sphingobium dominated in the O_N group, N group, and O group, and accounted
for 18.05%, 17.74%, 16.45% in each group at genus level, respectively. Furthermore, these three genera
were identified as contamination microbial indicators to the three types of contamination, respectively.
The results provide a potential molecular microbiological method to identity contamination in shallow
groundwater, and established a strong foundation for further investigation and remediation in
the PRTM.

Keywords: piedmont region of Taihang Mountains; shallow groundwater; nitrate contamination;
organic contamination; molecular biotechnologies

1. Introduction

Groundwater is the major source of drinking water around the world. In the Middle East and
North Africa, about 80% of drinking water is groundwater sourced. In Europe, 60% of drinking
water is from groundwater [1,2]. In the Piedmont region of Taihang Mountains (PRTM), groundwater
provides more than a half of the population with drinking water [3]. The shallow groundwater also
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significantly supplies the agricultural and industrial requirements [4,5]. Due to the important status of
groundwater in the PRTM, its quality has been extensively observed. The preliminary investigation of
the groundwater chemical and physical properties indicated that the regional shallow groundwater
had been continuously contaminated by nitrogen and organic pollutants [6,7], which may pose health
risks to residents in the PRTM [8].

The contaminated groundwater could be considered as a sick ecosystem. Microorganisms are
the key curative force in this kind of ecosystem, as groundwater microorganisms utilize the redox
reactions to degrade organic pollutants, using inorganic elements such as oxygen, nitrates, sulfates
and iron, etc., and obtain the energy for survival [9-12]. Therefore, it is important to understand the
microbial communities’ status in the polluted aquifer systems, which will enable us to uncover and use
the relationship between microorganisms and contaminants in the groundwater to remediate pollution.

At present, in most countries, including China, groundwater survey works have almost entirely
overlooked microbiological communities. According to the Chinese specification for regional
groundwater contamination survey [13], only the content of Escherichia coli is in the routine monitoring
list, as it is an index of faecal contamination. In recent years, an increasing number of studies have been
conducted to fulfil the necessity of evaluating microbial parameters in contaminated groundwater,
including microbial diversity and its relationships with water quality indices and hydro-geological
conditions at the site scale [14-17]. However, according to our knowledge, the indigenous microbial
diversity and the microbial indicators related to the groundwater contamination have never been
systematically investigated at the regional scale. The regional investigation of microbial communities
in groundwater is necessary and crucial due to the fact that most of the biochemical cycles on the
earth are strongly influenced by microbial communities [18]. In the groundwater ecosystem, any
change of the contaminants would cause a corresponding transformation in the microbial communities’
diversity and structure [19]. High-throughput sequencing has been considered as a conventional
molecular microbiological method to characterize the structure and diversity of microbial communities.
Then the community composition and its relationships with water quality parameters could provide
an interesting approach to identify potential microbial indicators for contamination degradation [20].

In this study, the typical shallow groundwater from the PRTM was selected as the study subject.
Seventy-six samples were collected along the rivers in the middle-upper part of the alluvial-proluvial
fan of the Tang-Dasha River Basin, covering 4000 km? in the PRTM. High-throughput sequencing
was used to determine the DNA sequences. Combined with NO3-, COD and DO concentrations,
the samples were divided into four groups, based on their cumulative probability distribution and by
referring to the groundwater quality standard. Following this, we compared the bacterial community
of the samples in the four groups. Then, the contamination microbial indicators related to the nitrate
and organic contamination were found. We sought to find the characterization of the microbial
communities” response to shallow groundwater contamination at the regional scale and provide a
molecular microbiological method for the further regional groundwater survey and remediation in
the PRTM.

2. Materials and Methods

2.1. Study Area

The study site is located in the middle-upper part of alluvial-proluvial fan of the Tang-Dasha
River Basin in the PRTM (Figure 1). The length of the river section within the study site is ~100 km,
covering an area of ~4000 km?. The Tang River and the Dasha River, which belong to the Daqing River
System in the Haihe River Basin, originate in Shanxi, flow from west to east through Quyang, Xingtang,
Xinle, Dingzhou, Anguo and Boye in the central south part of Hebei Province, and discharge into the
Baiyang Lake after merging into the Zhulong River. From west to east of the Tang-Dasha River Basin,
the thickness of the underground aquifer gradually increases and the lithology gradually becomes finer,
along with decreasing water volume but increasing salinity. The shallow groundwater tested in this
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study mainly occurs in the Holocene (Q4) and Upper Pleistocene (Q3) strata. The lithology is dominated
by coarse sand and medium sand, with gravel in the lower part. Medium-fine sand is distributed
between the fans and in the marginal zones, with poor water-bearing capability. Coarse sand is present
at the axial part, the paleochannel, and both sides of the present riverbed, with high water-bearing
capability. The water chemistry type is dominated by calcium bicarbonate and calcium-magnesium
bicarbonate, with salinity being no more than 1 g/L. Groundwater is recharged from vertical infiltration
of natural precipitation and lateral runoff of groundwater, along with field irrigation and riverway
infiltration. Groundwater discharge is mainly based on artificial mining, which has formed a cone of
depression, with a groundwater table of ~30 m [21]. Agriculture, livestock, and small-scale industries
are relatively developed along the banks of these two rivers, causing groundwater contamination in
the surroundings [22].
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Figure 1. The distribution of shallow groundwater sampling points.
2.2. Sampling Procedure

From July to August 2018, a total of 76 groundwater samples were collected along the direction
of groundwater flow in the middle-upper part of the Tang-Dasha River’s alluvial-proluvial fan.
The distribution of sampling points followed two principles: (1) Cover most areas in the middle-upper
part of the Tang-Dasha River’s alluvial-proluvial fan, in order to obtain data reflecting the overall
microbial diversity characteristics in this region; and (2) increase the sampling point density surrounding
farms, contiguous croplands and factories in order to characterize the nitrate and organic contamination
in this area. The distribution of the sampling points is shown in Figure 1.

The sampling wells were generally irrigation wells of croplands or self-supply wells of farms and
factories, with sampling depths of 30-60 m. Before the sampling, well flushing and on-site testing
were performed according to the Chinese standard of regional groundwater contamination survey
and evaluation [13]. Sampling was carried out after the water quality indexes such as DO, EC, pH,
ORP, water temperature became stable. For sampling, 5 L ultra-pure water plastic buckets from Nestle
were chosen. The ultra-pure water was discarded at sampling, and the bucket was rinsed three times
with the groundwater to be collected, then filled and sealed. The collected samples were placed in
a 4 °C incubator and transported to the laboratory within 1-2 days of collection, where they were
pre-treated by suction filtration using high-temperature sterilized polytetrafluoroethylene microporous
membranes with a pore size of 0.22 pm and a diameter of 50 cm. Each membrane was used to filter 2 L
of sample, then kept in a disposable sterile petri dish and stored at —86 °C before subsequent DNA
extraction and other analysis.
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2.3. High-Throughput Sequencing and Chemical Analyses

High-throughput sequencing: Total DNA was extracted from the samples using the MP Fast
DNA™ Spin Kit for Soil. To do this, a filter membrane was thawed on ice, cut into small pieces with
sterile scissors, and placed into the bead-milling centrifuge tube provided by the kit. DNA extraction
was performed following the manufacturer’s instructions. The quality of DNA extracts was checked
by 1% agarose gel electrophoresis, and DNA concentration was measured using Nano Drop 2000. PCR
amplification and subsequent sequencing were performed using the 165 rDNA amplification primer
sequences recommended by the Earth Microbiome Project [23], as their target fragments cover both
bacteria and archaea. The upstream primer was 515FB (5-GTGYCAGCMGCCGCGGTAA-3’) and the
downstream primer was 806RB (5'-GGACTACNVGGGTWTC TAAT-3"). PCR reactions were carried
out using the GeneAmp® 9700 (Life Applied Biosystems), in a total volume of 20 L. Amplicons were
recovered, purified, and sequenced on an Illumina Miseq platform by Shanghai Majorbio Bio-pharm
Technology Co., Ltd. (Shanghai, China).

Water quality index determination: Conventional water quality indexes, including dissolved
oxygen (DO), nitrate (NOj3-), and chemical oxygen demand (COD), were determined according to the
sanitary standard examination methods for drinking water in China (GBT 5750.6. 2.1-2006). This was
done by the groundwater, mineral water, and environmental monitoring center, the Ministry of Natural
Resources of China.

2.4. Data Analysis

Grouping scheme of different contamination: According to the DO, NOs-, and COD concentrations
determined by water chemical analysis, the samples were divided into four groups. The selection of
grouping thresholds was mainly based on the inflection point of cumulative probability curve for each
index [24,25]. In the case of multiple inflection points, the Chinese groundwater quality standard [26]
was taken into account for threshold selection.

Reliability test of sequencing results and grouping scheme: The PE reads obtained by Miseq
high-throughput sequencing were spliced based on their overlap relationships. Meanwhile, the reads
were quality-controlled and filtered, then resampled by the minimum number of reads per sample [27].
Then, the reliability of the sequencing results was tested by a rarefaction analysis [28]. The reliability of
the grouping scheme was tested by an Anosim analysis based on the Bray—Curtis distance algorithm [29].
Further, a hierarchical clustering analysis was used for taxonomic assignment of the sample groups
at the operational taxonomic unit (OTU) level, with the distance algorithm of Bray—Curtis and the
hierarchical clustering method of average [30].

Analysis of microbial community structure and diversity: Alpha diversity and beta diversity
analyses were performed at the OTU level. The alpha diversity analysis mainly involved the coverage
index reflecting sequencing Coverage, the Chao, ACE and sobs indexes reflecting community richness,
and the Shannon and Simpson indexes reflecting community diversity [31]. For the beta diversity
analysis, the principal coordinate analysis (PCoA) based on the Bray—Curtis distance algorithm
was used [32]. Representative sequences of OTUs at a 97% similarity level were taxonomically
assigned using the RDP classifier with the Bayesian algorithm. Species classification was based on the
silval28/16S database, and the classification confidence was set to 0.7. Building on this classification, a
Venn diagram analysis was performed at the OTU level [33].

Analysis of microbial response indicator microorganisms: First, a representative species analysis
was performed, including a community composition analysis and a test of significant difference
between groups. The community composition analysis was performed by summing the species
abundance for each group. Difference between groups was identified by the Kruskal-Wallis H test [34].
This test of significant difference was done at the genus level using the FDR (false discovery rate)
method for multiple testing correction of the significance level (p-value) and the Scheffe method for
CI calculation. Second, a heatmap analysis was performed on the grouped samples using Spearman
correlation coefficients [35], aiming to uncover the relationship between representative species and
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contamination-related environmental factors, and to identify the functional indicator microorganisms.
Finally, the role of functional indicator microorganisms in indicating groundwater contamination was
verified through comparing with existing studies. The above analyses were completed on the I-sanger

Cloud Platform [36].

3. Results

3.1. Grouping Scheme of Different Contamination

The cumulative probability curves of DO, NO3-, and COD concentrations in 76 samples are shown

in Figure 2.
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Figure 2. Cumulative probability curve analysis of dissolved oxygen (DO), nitrate (NOj3-), and chemical
oxygen demand (COD) concentrations in shallow groundwater.

The cumulative probability curve showed an inflection point of COD at 1.01 mg/L. Since this
value is very close to the threshold for grades I and II of Chinese groundwater quality standard
(1.0 mg/L) [26], 1.0 mg/L was selected as the threshold for determining organic contamination. As for
NOj3-, inflection points appeared at 88.62 mg/L, 107.7 mg/L and 143.7 mg/L. The first inflection point of
88.62 mg/L is close to the threshold for grades III and IV of Chinese groundwater quality standard,
namely, 88.57 mg/L. As the water beyond grade III is no longer suitable for drinking, the grade III
standard of 88.57 mg/L was selected as the threshold for determining nitrate contamination. The DO
curve showed an inflection point at 3.12 mg/L. The DO index is not listed in the Chinese groundwater
quality standard. It is generally believed that when DO is lower than 3.0 mg/L, there may exist
organic contamination. Thus, the value of 3.0 mg/L was selected as the threshold for DO. Organic
contamination was determined using the double indexes of COD and DO: COD > 1 and DO < 3
indicate organic pollutant was present and being degraded; COD > 1 and DO > 3 indicate organic
pollutant was present and not degraded; COD < 1 and DO < 3 indicate organic pollutant once occurred
but was already degraded; and COD < 1 and DO > 3 indicate organic pollutant was absent. When both
nitrate and organic contamination criteria were met, it was defined as organic-nitrate contamination.
The specific grouping rules are shown in Table 1.

Table 1. Grouping rules of different pollutant type (unit: mg/L).

COD > 1.0 COD < 1.0
DO>30 DO<30 DO>3.0 DO < 3.0

NO;- < 88.57 B e ¢) e

NO;- > 88.57 N O_N O_N O_N

3.2. Reliability Test of Sequencing Results and Grouping Scheme

By sequencing bacteria and archaea in the groundwater collected, a total of 3,986,079 raw sequences
were obtained from 76 samples. After filtering out low-quality sequences, 3,555,122 valid sequences
were obtained, with a mean of 46,778 sequences per sample, and the length of each read was 276.05 bp
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on average. To standardize the data, the sequences were subsampled by the lowest number of sample
reads as 30,024. Then, the valid sequences were taxonomically assigned, yielding 6201 OTUs for the
76 samples.

The samples were subjected to a rarefaction analysis to evaluate whether the sequencing data
were sufficient to cover all taxa. The Sobs and Shannon rarefaction curves for the 76 samples are shown
in Figure 3. The curves of all samples appear to level off; in other words, further increasing the size
of sequencing data did not contribute to the discovery of OTUs. This result indicates that the OTU
coverage of the samples was generally saturated, and that the size of sequencing data and the result of
resampling were reasonable, with very high reliability.
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Figure 3. Rarefaction curves of each sample at a cutoff level of 3% sequence dissimilarity: (a) Sample-based
rarefaction curves (Sobs) for four groups; (b) species richness estimators (Shannon) for four groups.

To test whether our grouping scheme used was reliable, the Anosim analysis based on the
Bray—Curtis distance was performed. This analysis could determine whether the difference between
groups was significantly larger than the difference within groups. Based on the Anosim analysis,
the R? value of 0.33 (p = 0.001) was obtained for the grouping scheme. This result suggests that the
difference between groups was significantly larger than the difference within groups (p < 0.05), with a
high degree of explanation (R? > 0.25). Thus, the grouping scheme had high reliability.

Based on the grouping, the samples were analyzed by hierarchical clustering (Figure 4). Samples
of group O were generally gathered in four clusters of the phylogenetic tree, those of group N were
gathered in two clusters, and those of group O_N were gathered in three clusters. The remaining
samples appeared in group B. Samples of groups O and N showed relatively distant phylogenetic
relationships. These results indicate that our grouping scheme distinguished samples with organic
contamination and nitrate contamination well and could therefore be used for subsequent correlation
analysis. The samples of group O and O_N are scattered on the OTU clustering tree; this may be related
to the wide variety of organic reactants and products from biochemical reactions on the regional scale.
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Figure 4. Hierarchical clustering tree on operational taxonomic unit (OTU) level.

4. Discussion

4.1. Characteristics of Microbial Diversity and Community Structure

First, alpha diversity analysis, beta diversity analysis, and Venn diagram analysis were performed
to clarify whether there existed a response relationship in microbial community structure and diversity
to organic contamination and nitrate contamination.

The analysis of alpha diversity indexes can display species diversity information such as community
coverage, richness, and diversity of the samples (Table 2). The coverage index reflects the community
coverage by the sequencing results. For all four groups, their mean coverage index was 0.989 or higher.
Our sequencing thus demonstrated high community coverage, and the data had high reliability.

The Chao, ACE, and Sobs indexes are used to analyze a community’s species richness, and higher
index values indicate higher species richness contained in a sample. On the whole, group N was
ranked highest, while group O was the lowest for the Chao, ACE, and Sobs indexes among the four
groups. This result indicates that nitrate contamination increased microbial richness, while organic
contamination reduced it.

The Shannon and Simpson indexes reflect species diversity in a sample. These two indexes
not only reflect species richness, but also indicate species evenness. A higher Shannon index value
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(or smaller the Simpson index value) indicates a higher number and more uniform distribution of
species in a sample. The Shannon index is more sensitive to species richness, while the Simpson index
is more sensitive to species evenness. Comparing the four groups of samples, group B had the largest
Shannon index, while group O had the smallest value. With regard to the Simpson index, group O had
the largest value and group N had the smallest value.

Table 2. The alpha diversity of samples (mean + SD).

Groups Coverage Chao ACE Sobs Shannon Simpson
B 0.990 + 0.004 1054 + 352 1261 + 472 682 + 224 3.70 £0.63 0.087 = 0.10
@) 0.990 + 0.004 1044 + 488 1197 + 476 662 + 369 3.16 £1.05 0.16 £ 0.093
N 0.989 +0.004 1113 + 386 1359 + 483 687 + 253 3.67+0.52  0.084 + 0.046

O_N 0.989 + 0.005 1077 + 534 1294 + 588 687 + 380 3.60 = 0.69 0.085 + 0.050

Taking into account alpha diversity indexes, organic contamination reduced a microbial
community’s species richness.

Beta diversity analysis provides more microbial diversity results between groups than alpha
diversity analysis. Here, a PCoA analysis of beta diversity was performed using the Bray—Curtis
distance algorithm. This algorithm not only reflects the richness difference of various species, but
also includes the species differences between samples. As shown in Figure 5, samples of group N
(nitrate contamination) were mainly concentrated in quadrants I and IV, showing a considerable
difference compared with the diversity of groups B (background), O (organic contamination), and O_N
(organic-nitrate contamination). This difference suggests that group N harbored distinct species that
were considerably different from those in groups B, O, and O_N groups. Groups O, B, and O_N were
all distributed in quadrants II, III, and IV. However, the distribution range of group O was substantially
overlapped with that of group B, indicating that the microbial diversity of organic-contaminated
samples was similar to some background samples. Samples of group O_N were distributed at the
junction of groups B, N, and O, indicating that the microbial diversity of samples contaminated
by organic-nitrate was similar to samples of the background, nitrate contamination, and organic
contamination groups.
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Figure 5. Principal coordinate analysis (PCoA) scores plot of beta diversity.

In summary, contamination caused changes in the microbial diversity of communities in the
contaminated areas. Under nitrate contamination, the microbial diversity showed distinct changes
that were substantially different from the background group, while organic contamination caused
less change.
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According to the taxonomic assignment of 6201 OTUs, all species in the samples belonged to
58 phyla, 149 classes, 286 orders, 513 families, 987 genera, and 1881 species, with relatively rich species
composition. A Venn diagram was used to analyze the number of common and unique OTUs in
groups B, O, N, and O_N at the OTU level. The species composition of different groups was compared
and the results are presented in Figure 6. Groups B, O, N, and O_N contained 4178, 3596, 4468,
and 3416 microbial OTUs, including 448, 408, 517, and 242 unique OTUs, respectively. These four
groups shared 1787 common OTUs. According to these results, nitrate contamination resulted in
the richer microbial composition, with more species differing from the background group, whereas
organic-nitrate contamination resulted in fewer unique OTUs.

OTUs number of each group
4468

2234

B ON o) N

Figure 6. Venn diagram of representing the number on OTU level of groups B, N, O, and O_N.
4.2. Microbial Indicators Related to Contamination

Based on the above analysis, the samples were characterized by rich microbial community
structure and diversity. To use this information for the functional indication of groundwater
contamination, further analysis and selection would be needed. First, the representative microorganisms
in each group were identified; second, the indicative role of representative microorganisms in
groundwater contamination was determined according to their relationship with contamination-related
environmental factors; and finally, the indicative role was verified by comparing it with existing studies.
As such, the functional indicator microorganisms were identified for groundwater contamination.

The analysis of representative microorganisms included a community composition analysis and a
test of significant difference between groups. The samples’ community composition at the genus level is
shown in Figure 7. The information mainly covered: (1) Genus composition of microorganisms in different
groups; (2) relative abundance of microorganisms in each group. The unclassified_f _Comamonadaceae was
widely distributed in different groups, and its abundance by group was ranked as O_N > B > N > O.
Vogesella was more abundant in group N, amounting to 17.74% within the group. The abundance of
Rhodobacter, Flavobacterium and Pseudomonas was higher in group O, accounting for 16.45%, 9.41% and
4.85% within the group, respectively. Sphingobium showed a higher abundance in group O_N, accounting
for 18.05% within the group. Novosphingobium, Brevundimonas, Acidovorax, and Flavobacterium were found
in all groups, though their abundances were low. These results suggest that nitrate contamination
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promoted the growth of Vogesella, organic contamination facilitated the growth of Rhodobacter, whereas
organic-nitrate contamination contributed to the growth of Sphingobium. Despite their relatively high
abundance, whether these genera were representative between groups and could distinguish between
groups needs to be verified by a test of significant difference between groups.

1 -
0.75
025 ] [—
] T

0 = B 0 =

Pereent of community abundance on Genus level
y
L

(6] N B O N
Samples
M unclassified_f _Comamonadaceae W yogesetia M Riodobacter Novesphingobinm Brevundimonas
Sphingobinm M dcidovorax Flavobacterinm W Scdiminibacterium M Pscudomonas
W norank_f _Sphingomonadaceae Thiobacillus W orhers

Figure 7. Comparison of bacteria groups on genus level (abundance > 5%) of groups B, N, O, and O_N.

The test of significant difference between groups can evaluate the significance level of difference
in species abundance, and therefore obtain the representative microorganisms between groups. Here,
the Kruskal-Wallis H test was used to examine significant difference between groups and identify
representative microorganisms (Figure 8).

unclassified [ _Comamonadaceae L_l * 0.04
Mo
Rhodobacter F = 0.004 [ BN
[t
Vogesella P =% ().00001 5N
Sphingobium h wx+ 0.0002
]
Novosphingobium 0.44
! by
=
) s
Flavobacterium 0.54 ®
Brevundimonas ? =+ 0.002
o [ w0003
Pseudomonas ! 0.31
Sediminibacterium k 0.74

Mean proportions(%)

Figure 8. The tests of statistically significant differences between groups. The ten most abundant genera
are shown. The length of corresponding columns denotes the mean relative abundance of a genus in
different groups; the p-value of significance is shown on the right side, *, 0.01 < p < 0.05;**, 0.001 < p < 0.01;
** p < 0.001.
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In group O, the abundance of Rhodobacter was highest and showed a significant difference to
other three groups (p = 0.004). The abundance of Vogesella in group N appeared to be highest, and its
abundance was significantly different to other three groups (p = 0.00001). In addition, the abundance of
Sphingobium in group O_N was highest and significantly different to the other three groups (p = 0.0002).
These microorganisms were identified as representatives of corresponding groups. The remaining
genera with relatively high abundance but low difference, such as unclassified_f Comamonadaceae, could
not be used as representative microorganisms to distinguish between various groups. Although
Brevundimonas and Acidovorax showed significant differences, their abundance was relatively high
in more than two groups, and therefore could not be used to distinguish between different groups.
As for Novosphingobium, Flavobacterium, Pseudomonas, and Sediminibacterium, despite their relatively
high abundance, no significant differences were observed between groups and these were not taken as
representative microorganisms.

To analyze whether the representative microorganisms selected from each group were
functional indicator microorganisms, we first determined the relationship between representative
microorganisms and contamination-related environmental factors and clarified whether the
representative microorganisms in the samples played an indicative role for environmental changes.
Next, we explored the roles of these representative microorganisms in purifying the ecosystem and
identified representative microorganisms that were indicators of contamination and had self-purification
effects as functional indicator microorganisms.

The relationship between representative microorganisms and groundwater contamination-related
environmental factors was revealed using a correlation heatmap (Figure 9).

- -- Rh”do’"”er(() o

0.112 0.037 ~0.073 unclassified_f Comamonadaceae
- -0.003 Sphingobium( )
=K Pseudomonas
-0.073 Flavobacterium
—0.016 Novosphingobium
0.2
-0.084 0.002 0.066 Sediminibaterium

0.1

Vogesella(N group)

-0.1

Brevundimonas

Acidovorax

COD NO,

3

DO

Figure 9. Heatmap plot for the first 10 dominant genera. Numbers in the table are the R value, the right
legend is the color interval of different R values. A p-value of more than 0.01 and less than 0.05 is
marked as the superscript of numbers with an *.
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In group O, Rhodobacter was positively correlated with COD and negatively correlated with
NOs- and DO; these relationships indicate that Vogesella is an anaerobic and not related to nitrate
contamination. In group N, Vogesella had a good correlation with NOs-, while it was also significantly
positively correlated with DO and significantly negatively correlated with COD. These relationships
suggest that Vogesella is aerobic and not related to organic contamination. In group O_N, Sphingobium
was positively correlated with COD and NOs-, but not correlated with DO; these relationships
indicate that Sphingobium comprises pollutant-degrading microorganisms in the organic-nitrate
contamination area.

Previous studies have shown that the representative microorganisms of group O, Rhodobacter,
could degrade organic compounds such as petroleum hydrocarbons [37] and pesticides [38] in the
ecosystem. Members of Rhodobacter mainly produce biosurfactants to promote the degradation of
organic compounds. The representative microorganisms of group N, Voesella, are a group of denitrifying
bacteria capable of reducing nitrate to nitrite [39]. This genus has also been isolated in spring water,
where it plays a role in aerobic denitrification [40]. Therefore, Voesella does have indication and
purification effects on nitrate contamination. The representative microorganisms of group O_N,
Sphingobium, are widely found organic-degrading bacteria, which can degrade polycyclic aromatic
hydrocarbons [41], aromatic hydrocarbons [42], and hexachlorobenzene [43], as well as perform aerobic
denitrification [44,45]. These findings clearly demonstrate the indicative and self-purifying roles that
Sphingobium plays in organic-nitrate contamination. Based on the above analysis, we identified the
functional indicator microorganisms to be Rhodobacter in group O, Vogesella in group N, and Sphingobium
in group O_N. These three groups of microorganisms can be used for subsequent studies on molecular
biodiagnosis of groundwater contamination in this region.

For the microorganisms present in the shallow groundwater of the Tanghe-Dasha River Basin,
group N showed the highest diversity while group O had a relatively low diversity. The possible
mechanism may be that the microbial community structure responded to groundwater contamination,
that is, microorganisms differing from the background occurred in the ecosystem. Those genera with
significant differences in this area and significant dominance in a particular contamination group can
serve as indicators for groundwater contamination.

In this study, an attempt was made to standardize the number of samples in each group. However,
the number of samples in each group did not match the expectations due to the complexity of
groundwater hydrogeology, the heterogeneity of strata lithology, and the nonlinearity of contamination
diffusion. Although this discrepancy would not affect the analyses of microbial community structure and
functional indicator microorganisms, it might lead to deviations in the quantitative analysis of relevant
microorganisms between groups. Therefore, regional hydrogeological features should be combined
more fully in the future when designing the distribution of sampling points. Here, the indicators of
organic and nitrate contamination—NOj3-, COD, and DO—were selected as environmental factors and
used as representatives to analyze the response of microbial community structure. In the groundwater
ecosystem, there exist many environmental factors related to the contamination process. In-depth
studies on the response relationship between microbial community structure and other environmental
variables should be carried out to reveal a more comprehensive response mechanism of microorganisms
to groundwater contamination.

5. Conclusions

1. The grouping of samples using the cumulative probability distribution method, and the
acquired inflection point, were close to the thresholds in the Chinese standard for groundwater quality.

2. The O group exhibited lower diversity than other groups. Community structure analysis
indicated that Rhodobacter, Vogesella, and Sphingobium dominated in the O_N group, N group, and O
group, respectively, and accounted for 18.05%, 17.74%, 16.45% in each group at genus level, respectively.

3. The functional indicator microorganisms related to organic contamination, nitrate contamination
and organic-nitrate contamination were Rhodobacter, Vogesella and Sphingobium, respectively.
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