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Abstract: The salinization of groundwater is an issue in coastal areas because it causes the deterioration
of freshwater resources, significantly impacting human livelihoods and ecosystems. This study
integrated isotopic geochemical measurements with high-throughput sequencing of 165 rRNA gene
amplicons to evaluate the source of groundwater salinity and the influence of hydrogeochemical
variations on microbial communities under different salinity gradients in the Pearl River Delta of China.
Results showed that the groundwater salinity in this area varied from fresh water in the inland area
to brackish water, and then to saline water close to the southeast shoreline. The major ions (Na*, K,
CaZt, Mg2+, Cl~,NO;~,S042~, and HCO3 ™) and isotope analyses (*H, %H, 180, and '*C) indicated that
the groundwater in the confined aquifer was recharged by local precipitation and seawater. A further
14C analysis showed that the salinity of the groundwater was likely attributed to the Holocene
transgression. Analysis of the microbial community showed that y-proteobacteria were frequently
observed in all the groundwater samples, while the other main microbial community at class level
varied greatly, from S-proteobacteria in the freshwater wells to e-proteobacteria in the brackish wells and
to Bacilli in the saline wells. Exiguobacterium and Acinetobacter were dominant in saline water and the
brackish water sample of Q144, while Sulfuricurvum dominated in the brackish water sample of Q143.
Aeromonas, no rank Gallionellaceae, no rank Methylophilaceae, Acidovorax, and Comamonas unevenly
thrived in the freshwater samples collected from different locations. Therefore, the distribution of
microbial communities reflected the salinity and hydrogeochemical characteristics of a groundwater
aquifer, and can be regarded as a potential environmental indicator in the groundwater.

Keywords: isotope geochemistry; seawater intrusion; environmental indicators; 165 rDNA
gene sequencing

1. Introduction

Many coastal cities are affected by salinization of groundwater because of various sources of
induced salinity, including domestic and industrial wastewater [1], fossil seawater [2], as well as
modern seawater intrusion [3]. In order to explore the source of groundwater salinity and the impacts of
groundwater salinization on human livelihoods and ecosystems, some studies have been conducted to
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investigate the hydrogeochemical processes and variations of microbial communities in areas of seawater
intrusion [2-4]. The research has demonstrated that seawater intrusion caused groundwater pollution
and changes in microbial communities [5,6]. Moreover, the microorganisms in the groundwater
ecosystems are sensitive to environmental changes and can be useful indicators for biomonitoring the
chemical/biochemical pollutants [7]. Some researchers analyzed the relationships between microbial
communities and hydrological chemistry, and concluded that the microbial analysis was a potential
tool for monitoring the groundwater quality [3,4]. However, the microbial communities, distribution,
and activity are greatly influenced by various aquifer conditions [8,9]. Therefore, understanding
the composition of microbial assemblages, hydrological chemistry, and the relationship between
biological activity and environmental condition would significantly improve our understanding of the
complicated groundwater system and biogeochemical processes.

Seawater intrusion is a serious problem in China, which has a relatively long coastline (up to
18,000 km); almost 45% of the total population live in coastal areas [5]. The increasing demand for
freshwater and over-exploitation of groundwater has significantly decreased the groundwater level
and exacerbated the extent of seawater intrusion [10]. Many studies have simulated the influence of
microbial community composition and biogeochemical processes affected by seawater intrusion in
laboratory experiments [11,12]. However, the response of aquifer microbial communities to seawater
intrusion has not been studied extensively in China [5]. Marina Hery [4] studied the bacterial
community structure in the salt-fresh water mixing zone created by seawater intrusion and concluded
that the bacterial community structure of the aquifer at different depths had significant differences,
and salinity was one of the most important driving factors. Therefore, it is of great significance
to clarify the diversity and community structure of microorganisms in the aquifer to understand
the distribution characteristics of subsurface microorganisms and the response to environmental
disturbance of seawater intrusion.

The plain of the Pearl River Delta (PRD) is one of the most populous and economically dynamic
regions in China, supplying water to 50 million people, but the groundwater in almost half of the
area is saline [13,14]. Although water is available, not all of it is suitable for consumption due to
groundwater pollution [15] and the continuing saltwater intrusion into the Pearl River Estuary [16].
However, the source of groundwater salinity is a much debated issue. Some studies indicated
that the groundwater salinity probably originated from paleo-seawater [2,17] due to the Holocene
transgression [18]. The application of isotope analysis technology has made it possible to reconstruct
paleo-climate, trace subsurface flow regimes, and determine the directions of chemical or biological
reactions [2,19]. For instance, the analysis of heavier 180 and 2H isotopes of water in regional water
cycle has been broadly applied in many respects, such as moisture origin [20], precipitation recharge to
groundwater [21], and transport process [22].

There have been several studies on the groundwater of PRD that included hydrogeochemical
characteristics [17,23], microbial communities, and biogeochemical function [24]. However, the complex
hydrogeochemical conditions of subsurface environments have made it difficult to completely
understand the microbial assemblages and geochemical processes from just one subject. In recent
years, multidisciplinary approaches have been applied to study the complicated underground
environment [19,25,26]. For instance, Kim et al. [25] integrated methodologies of hydrogeology,
molecular microbiology, and isotopic analysis to investigate the microbial community in an underground
nitrogen pollution area, and concluded that comprehensive multidisciplinary research was a useful tool
for tracing pollution sources and microbial processes. Though some microbial investigations on diversity
and abundance have been managed in the Pearl River [27], riparian soil [28], and an aquifer-aquitard
system [14], few multidisciplinary studies (e.g., molecular microbiology and hydrogeochemistry) have
been conducted to determine the influence of hydrogeochemical variations on microbial communities
under different salinity gradients in the PRD aquifers.

The primary purpose of this study was to explore the response of groundwater microbes to
hydrogeochemical changes along freshwater to saline water gradients, and the potential role of
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microbial assemblages as an environmental indicator in hydrogeochemical investigations. To achieve
this objective, groundwater samples were collected at several locations along a salinity gradient from
inland to the South China Sea. Isotopic analyses, including ?H, 3H, and 80 in groundwater and
14C in dissolved organic carbon (DIC), were conducted to trace the sources of salinity and identify
groundwater recharge characteristics. Furthermore, variations in diversity indices and the structure
of microbial communities were estimated by a high-throughput DNA sequencing analysis. Finally,
the relationships between microbes and the environment were investigated by combining the genetic
profile results with various physicochemical parameters.

2. Materials and Methods

2.1. Site Description

The studied area is located at the PRD area, Guangzhou City, the southern area of south China
(Figure 1). PRD belongs to a subtropical monsoon climate, with an annual average temperature of
21.9 °C. The average annual precipitation is around 1836 mm, mainly from March to November,
accounting for 79.8-88.3% of the whole year’s precipitation [29]. Similar to the higher precipitation,
the annual evaporation averages 1738.5 mm [29]. In general, the groundwater was recharged by
surface waters and infiltration of precipitation [18]. Geologically, the PRD was formed during the
Tertiary and Quaternary periods [30], with a groundwater flow direction from northwest to southeast
towards the South China Sea [18]. The investigated lithostratigraphic groups belong to the Quaternary
and the groundwater samples collected were from confined aquifers.
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Figure 1. Geographical map of sampling locations in six boreholes.
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2.2. Sample Collection and Physicochemical Analysis

Multiple boreholes were drilled in the study area to trace the groundwater recharges and resources.
Six of them were selected to collect samples, on 10 May 2017, including two saline monitoring wells
(S) with TDS (Total dissolved solids) > 10 g/L, two brackish monitoring wells (B) with 1 g/L < TDS <
10 g/L, and two freshwater monitoring wells (F) with TDS < 1 g/L from the inland areas to the South
China Sea, as shown in Figure 1. Three well volumes of groundwater were removed with an electric
submersible pump before sampling.

Cations (K*, Ca®?", Na*, and Mg?"), anions (NO;~, Cl~, and SO,?7), total nitrogen (TN),
total phosphorus (TP), total organic carbon (TOC), and isotopes (*H, 3H, 180, and *C) were analyzed.
Specific analysis procedures are described in the Supplementary Materials.

2.3. Microbial Community Characterization

For each monitoring well, approximately 5 L of groundwater was filtered through a sterile 0.2-um
nitrocellulose membrane filter (Millipore, Sigma, Burlington, MA, USA) to collect biomass for microbial
DNA. Protocols for molecular analyses of water samples are described in the Supplementary Materials.
All sequences reported in this study were submitted to the NCBI Sequence Read Archive (SRA) under
the accession number SRP118856.

3. Results and Discussion

3.1. Hydrochemical Characterization

The physicochemical variations are summarized in Table 1. We used the classification of salinity
as a criterion, based on total dissolved solids (TDS) of 0-1 g/L (freshwater = F), 1-10 g/L (brackish =
B), and 10-100 g/L (saline = S) [31]. Based on the salinity standard, six groundwater samples were
separated into three groups: freshwater (F) included two boreholes (Q130 and Q132) with a salinity
ranging from 0.41 to 0.74 g/L, indicating a freshwater environment; brackish water (B) included two
boreholes (Q143 and Q144) with a salinity ranging from 3.52 to 3.61 g/L, indicating a slightly salty
environment; and saline water (S) included two boreholes (Q146 and Q149) with a salinity ranging
from 10.79 to 15.30 g/L, indicating a saltwater environment. The results showed that the salinity
gradually increased from the inland areas to the southeast shoreline (Table 1; Figure 1).
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Table 1. Physicochemical parameters and isotopic geochemical results in the groundwater samples.

Geochemical Type Parameter Q132 Q130 Q143 Q144 Q146 Q149
Depth (m) 11-14.1 13-15.2 12.2-15 36-55 63-66 36-40
Longitude (°) 113.37 113.24 113.32 113.39 113.48 113.53
Latitude (°) 23.10 23.06 22.85 22.81 22.81 22.68
Tem?,ecr;‘t“re 245 25.8 24.95 25.1 25.1 26
TOC (mg/L) 3.53 0.3 0.53 2.01 2.85 3.08
TN (mg/L) 32.42 47.59 1.37 3.78 1.27 87.27
TP (umol/L) 2.58 0.56 0.68 0.56 1.04 0.8
NO,™ (ug/L) 27.69 28.43 6.74 6.44 7.25 2.33
Physiochemical Cl™ (mg/L) 92.518 228.19 2089.1 2484.6 9451.7 13441.8
characterization DO (%) 60.8 28.5 49 55.2 28.8 1.4
pH 7.26 6.88 6.97 7.09 7.04 7.68
ORP(mV) -30.6 71.2 29.1 325 -100.7 -220.1
TDS (g/L) 0.41 0.74 3.52 3.61 10.79 15.3
NO;3~ (mg/L) 0.01 0.66 0.06 0.07 0.03 0.01
S04~ (mg/L) 2.458 1.19 3375 14 137 57
HCO5;~
(mmol/L) 6.4 9.39 7.98 2.27 0.18 0.26
K* (mg/L) 15.6 8.01 48.36 36.34 65.27 121.59
Na* (mg/L) 104.87 158.35 1252.29 538.25 2060.74 2456.13
Ca%* (mg/L) 47.68 158.94 286.51 831.53 1754.09 849.48
Mg2+ (mg/L) 32.65 37.29 128.48 127.44 382.72 539.06
SD(%o0) —43.25 -32.18 -33.21 -32.25 -28.13 -18.84
Isotopic geochemical 3180(%o0) —-6.33 —4.56 —5.54 -5.79 —-4.28 -3.07
characterization SH(T.U) <1.3 <1.3 <13 <1.3 <1.3 <1.3
14C(BP) - 1750 + 15 - - 4720 + 80 8820 + 40
water type confined water  confined water confined water confined water confined water  confined water

ND, not detected. TOC: Total Organic Carbon; TN: Total Nitrogen; TP: Total Phosphorus; ORP: Oxidation-Reduction Potential; TDS: Total Dissolved Solids.
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The other hydrochemical parameters are also presented in Table 1. The water temperature did
not vary greatly (24.5-26 °C) and the pH ranged from 6.88 to 7.68, showing a neutral environment.
The oxidation reduction potential (ORP) ranged from —220.1 to 71.2, indicating a highly variable
redox condition in the geochemical niches, which may have a great effect on microbe-mediated redox
reactions [19]. The concentrations of main ions (K*, Ca?*, Na*, Mg?*, NO;~, HCO;~, Cl~, and SO,27)
ranged from 0.01 to 13,441.8 mg/L. The highest values of K*, Na*, Mg?*, and Cl~ were obtained from
sample Q149 (the highest salinity). Notably, the concentration of SO42~ was highest from sample
Q143. The substances (TOC, TN, and TP) varied greatly at different sampling sites, from 0.02 to
87.27 mg/L. According to the Schukalev classification [32], the groundwater chemistry type varied from
HCOs3-Cl-Na-Mg to Cl-Na (Figure 2; Table 1), reflecting the evolution of groundwater geochemistry
from freshwater to saltwater. In general, the results indicate that different groundwater chemical types
have considerably variable environments, which may have a potential influence on microbial growth.
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Figure 2. Sketch map of sampling depths (chimney filter) and displaying hydrochemistry type.

Generally, major ions (e.g., Na*, K*, Mg?*, Ca?*, CI~, NO3~, SO4%~, and HCOj3"~) in groundwater
are used to trace geological events and the evolution in fluid systems [19]. In these major ions, chloride
(CI7) is considered a “hydrologically and chemically inert element” that can hardly be absorbed by
clay or precipitated with other ions [33]. The increase of ClI~ concentration in groundwater is generally
attributed to evaporation in arid or semi-arid regions or seawater intrusion in coastal areas [34].
The study area is located in the subtropical PRD region, which belongs to the subtropical monsoon
climate, with abundant rainfall throughout the year [30]. Hence, the increase of ClI~ concentration in
groundwater is mainly caused by seawater intrusion. According to the Pearson correlation analysis
(Table S1), the sea elements of Na*, K*, and Cl~ had a significantly positive correlation with each other
and were correlated positively with salinity (TDS) (P < 0.05), indicating a significant influence of the
marine environment on the groundwater. The concentrations of Ca?* and Mg?* were significantly
positively correlated with Na*, K*, C1~, and salinity (P < 0.05). Generally, Ca?* and Mg2+ are major ions
in freshwater, and are related to the dissolution of gypsum (CaSO4-2H,0) and dolomite (CaMg(COs3);).
In coastal aquifers, the Ca?* and Mg?* have ion exchanges with Na* and K* from seawater, which
enhance the dissolution of gypsum and dolomite [35]. Hence, the positive relationships among
them showed Ca?" and Mg?* (r = 0.89, P < 0.05) were mainly affected by seawater and subjected
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to ion-exchanging processes (Table S1). HCO3~ was significantly negatively correlated with Ca?*
(r=-0.83, P < 0.05) and had no significant relationship with other seawater ions, suggesting that the
bicarbonate may be generated after the deposition of the sediments [2]. Hence, the concentration and
correlation of main ions (e.g., Na*, K*, Ca?*, Mg?*, Cl-, NO;~, SO4%~, and HCOj3~) can also reflect the
influence of the marine environment on the groundwater to a certain extent.

3.2. Isotopic Geochemical Characterization

Both §2H and 5'80 values can be used to identify the sources of groundwater salinity from
precipitation or seawater sources [36]. The 6D values in groundwater are highly variable between
—43.25% and —18.84%, and 5'80 values ranged between —6.33% and —3.07% (Table 1). The most 5'80-
and §D-depleted samples had a low salinity off the coastline, while the §'80 and 8D enriched samples
had a high salinity located close to the South China Sea. The §'80 and D values for groundwater
samples generally increased towards the sea (Figure 3; Table 1), indicating that the enrichment of
isotopes may be related to the effect of seawater. The Hong Kong meteoric line, which is considered
to be the representative local meteoric water line (LMWL), is based on the following equation [37]:
8D = 8.13 x §'80 + 11.39. As demonstrated in Figure 3, the $D-5'30 isotope values of the groundwater
samples were compared with the LMWL and a conservative mixing line between precipitation and
seawater. The majority of §D-5'30 isotope data were between the LMWL and the conservative
mixing line, suggesting that the investigated groundwater was recharged by the infiltration of local
precipitation and seawater. The saline water samples (S) are closely aligned with the seawater and
the freshwater samples (F) accompanying the precipitation. It can be concluded that the difference in
groundwater salinity was attributed to the extent of mixing between seawater and precipitation from
northwest to southeast.

-10 Local Meteoric Water Line ¢ seawater

y=8.13x+11.39 N B river
A precipitation
F (Fresh water)

Precipitation and seawater
conservative mixing line

L 4

B (Brackish water)

e § (Salie water)

60
8.0 -6.0 ~4.0 -2.0 0.0
& 1#O (%o)

Figure 3. 5°H versus §'80 values of the analyzed groundwater samples compared with the local
meteoric water line and a conservative mixing line between precipitation and seawater.

The radioactive isotopes of *H and “C were used to quantitatively estimate the groundwater
age [38]. The ®H values in the groundwater samples were all less than 1.3 TU, indicating a similar
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source of water (Table 1). According to the definition for groundwater age dating by Clark and
Fritz [39], it can be inferred that the studied groundwater was recharged by a mixing between ancient
water before 1952 when tritium released from hydrogen bomb tests carried out in the 1950s and modern
water. According to the *C measurements, the dating result was 1750 + 15 BP in Q130, 4720 + 80 BP in
146, and 8820 + 40 BP in Q149, which was almost in line with previous research that showed that the
age of groundwater in PRD ranged between 2.2 and 9.3 ka BP [13,18]. During the Holocene period,
the PRD experienced two large-scale transgressions, reaching its culmination at 5.9-7.4 ka BP [13,18],
resulting in a prolonged interaction between paleo-seawater and groundwater. The measured *C
ages may be slightly different from previous research [13,18]. Many geochemical processes including
matrix diffusion of *C, dissolution and exchange of carbonate, sulfate reduction, and methanogenesis
will partly disturb C activity in DIC in the groundwater system [21]. Hence, it will be quite difficult
to acquire the actual age of the groundwater. Nevertheless, the results of isotope analysis (2H, 3H,
180, and !*C) indicated that the salinity of aquifers of PRD was recharged by the infiltration of local
precipitation and paleo-seawater.

3.3. Alpha Diversity of the Microbial Assemblages

In the present study;, a total of 222,763 high-quality microbial sequences (294 bp average lengths)
were obtained from six groundwater samples. After clustering and alignment, a total of 411 OTUs
(Operational taxonomic unit) were obtained on a 97% threshold across all samples with a range of
237-308 OTUs (Table 2). Microbial richness reflected by the Chao and ACE, between 271.93 and 341.51
for ACE index, as well as between 264.13 and 343.36 for Chao index with similar trends. Microbial
evenness, reflected by Heip, varied between 0.02 and 0.12. In general, the freshwater samples contained
a relatively higher richness and evenness (Table 2). As determined by the Shannon and Simpson index,
the diversity of the microbial assemblages varied along the salinity gradient, between 1.85 and 3.54 for
Shannon and between 0.06 and 0.26 for Simpson. In general, the richness (Chao and ACE), evenness
(Heip), and diversity (Shannon and Simpson) all indicated that the o-diversity of microbial assemblages
was relatively higher in freshwater samples than in saltwater samples (Table 2). Some studies of
microbial communities in aquatic environments also indicated that a higher diversity accompanied
lower salinity [40,41]. Therefore, salinity may have a great influence on microbial richness, evenness,
and diversity, which generally decrease with increasing salinity. Good’s coverage, which reached over
99% of all samples, reflects an excellent estimate of sampling completeness (Table 2).

Table 2. Diversity indices of the analyzed groundwater microbial assemblages.

Samples Ol())s;{}r:d Shannon Simpson ACE Chao Heip Co;r;/eor)age
Q130 283 3.31 0.07 314.31 312.22 0.09 99.83
Q132 288 3.54 0.06 310.27 307.50 0.12 99.86
Q143 267 248 0.24 291.99 290.76 0.04 99.84
Q144 308 2.60 0.18 341.51 343.36 0.04 99.80
Q146 237 1.85 0.26 271.93 264.13 0.02 99.81
Q149 243 2.15 0.21 279.99 278.78 0.03 99.80

3.4. Taxonomic Composition of Microbial Assemblages

Sequences were clustered into different taxonomic levels, including 29 phyla, 54 classes, 101 orders,
144 families, and 235 genera. The taxonomic composition of microbial assemblages at the phylum
level (relative abundance > 1% at least one sample), class level (relative abundance > 1% at least one
sample), and genus level (top 50) are demonstrated in Figure 4. In accordance with earlier studies
in groundwater or coastal marine ecosystems [4,42,43], the majority of sequences were assigned
to Proteobacteria (56.1-86.9%); Firmicutes had the second-highest proportion (7.4-43%), followed by
Bacteroidetes (0.1-5.8%) and Cyanobacteria (0-1.2%). In general, there was a higher abundance of
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Firmicutes in the saltwater samples than freshwater samples (Figure 4A; Table S2), which may be
related to the physiological function to produce spores to resist extreme conditions [44]. Moreover,
Firmicutes are typically gut microbes [45], such as Lactococcus, Streptococcus, and Enterococcus. These
genera were found in some groundwater samples, though they accounted for a lower percentage
(abundance < 1%), indicating the possible fecal contamination of the groundwater. The phylum
Bacteroidetes was dominant in freshwater samples (Figure 4A; Table S2), and has the ability to degrade
organic matter [46]. Interestingly, Cyanobacteria was absent from saline water monitoring wells (S)
with TDS > 10 g/L (Figure 4A; Table S2), which can be related to limited photosynthesis because of
reduced sunlight exposure with depth. According to the sample depth (Table 1), the saline water wells
are much deeper than the freshwater wells. Additionally, it is possible that Cyanobacteria, which are
known to live within soil [47,48], have spread into aquifers through the soil.
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Figure 4. The composition of microbial communities in groundwater samples (A) at the phylum level
(relative abundance > 1% at least one sample), (B) at the class level (relative abundance > 1% at least
one sample), and (C) at the genus level (top 50).

Figure 4B shows the compositions of microbial communities at the class level. y-proteobacteria
was the most abundant class in all analyzed samples (42.2-57.7%), except the sample of Q143 (25.1%)
(Table S3). The class y-proteobacteria was enriched in most marine environments [49,50], indicating
that the groundwater was affected by seawater. In other class taxons, the microbial community
assemblages changed regularly: p-proteobacteria was enriched in freshwater samples Q132 (29.9%)
and Q130 (39.9%), which were heavily recharged by the infiltration of local precipitation (Figure 3;
Table 1). This was consistent with previous research that showed that g-proteobacteria was predominant
in various freshwater ecosystems on a global scale [51,52]; as the salinity increased, e-proteobacteria
was ubiquitous in brackish water sample Q143 (47%), which was common in deep-sea hydrothermal
vents and can absorb energy from chemolithotrophic processes [53]. As the salinity continued to
increase, Bacilli were significantly dominant in brackish water sample Q144 (36.3%) and saline water
samples Q146 (43.0%) and Q149 (37.8%), which were heavily recharged by paleo-seawater (Figure 3;
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Table 1). We calculated the ratios between y-proteobacteria and S-proteobacteria, which go down gradually
from saline water (51.54 and 56.12) to brackish water (2.57 and 10.33), and then to freshwater (1.06
and 1.54). To some extent, the proportion of saltwater and freshwater species probably reflects the
seawater/freshwater mixing ratio. Other dominant classes included a-proteobacteria, Sphingobacteriia,
and Cyanobacteria.

The hierarchical heat-map at the genus level (top 50) revealed that groundwater samples could
be divided into three main groups (Figure 4C; Table S4): group I included two freshwater samples,
Q130 and Q132; group Il included one brackish water sample, Q143; group III was composed of three
samples that included one brackish water sample, Q144, and two saline water samples, Q146 and
Q149. The differences and similarities among the microbial communities may be attributed to the
physicochemical variations or the similarity of the aquatic environment. Similar to the distribution of
microbial communities in other aquatic environments, the microbial taxa of subsurface water were
distinct: B-proteobacteria dominated in freshwater systems [51,52], Firmicutes dominated in alkaline
lakes [54], y-proteobacteria dominated in most marine environments [49,50], and -proteobacteria and
Bacteroidetes dominated in moraine lake water [55].

3.5. Phylogenetic Analysis of Main Phylum/Class Taxa within Different Salinity Groundwater

The OTUS that accounted for the highest relative abundance in saline water were most related
to Exiguobacterium spp. (36.5% in Q149 and 41.3% in Q146) (Table S5). Exiguobacterium spp. were
widely distributed in the permafrost of Siberia [56], hydrothermal vents on the sea floor [57], and plant
rhizosphere [58] (Figure 5), having resistance to extreme conditions such as heat, cold, alkali, and salt.
Though Exiguobacterium spp. were enriched in saline water, they also occupied a relatively high
proportion in other wells. Exiguobacterium sp. is a common environmental microbe, and may also be
involved in the remediation of various environmental pollutants [59,60], which could explain their
ubiquity in all investigated wells. Exiguobacterium sp. was also dominant in a moderate saltwater
sample, Q144 (34.5%), followed by Acinetobacter spp. (16.7% in Q144, 19.1% in Q146, and 15.6% in
Q149), which were frequently detected in the marine environment with an ability to degrade herbicides,
organophosphorus pesticides, and various petroleum hydrocarbon components [61,62]. Apart for
Exiguobacterium spp. and Acinetobacter spp., unclassified Enterobacteriaceae sp. also had a relatively
high percentage in salt water samples. The representative sequences of OTU402 had 99% similarity
with an Enterobacteriaceae bacterium clone from sewage sludge (MG804176.1), uncultured Klebsiella sp.
clone from skin (KT301757.1), and Citrobacter sp. clone from tar ponds (FM995511.1) (Figure 5). It is
worth noting that Marinobacter was enriched in saline water Q149 (Figure 4C). Some representative
OTU381 sequences had 99% similarity with Marinobacter hydrocarbonoclasticus from the Arabian Sea
(MH660340.1) and Marinobacter sp. from marine sediment (MH420597.1) (Figure 5). Marinobacter spp.
were known as halophilic microorganisms, which usually live in marine environments [63]. Hence,
the marine species sequence may be brought into coastal aquifers by seawater intrusion.
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Figure 5. Neighbor-joining tree showing phylogenetic analysis of the representative OTUs (abundance
> 1% at least one sample) in groundwater samples and reference 16S rRNA sequences from the NCBI
GenBank. The OTUs were represented by more than 1% reads from a single station and/or from
multiple stations within groundwater samples. The representative sequences obtained in this study
are indicated in bold. Scale bars indicate the estimated number of nucleotide changes per sequence
position. Bootstrap values of >50% (for 1000 iterations) are shown. Accession numbers of reference

sequences are indicated in parentheses on the right side.
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Microbial assemblages in Q143 varied greatly (Figure 4). The conspicuously dominant microbial
group was affiliated to Sulfuricurvum spp. (45.9%) (Table S4). Species of the genus have a variety of
energy metabolisms and adaptations to redox including denitrification, oxygen reduction, and sulfur
oxidation [19]. According to the physicochemical parameters (Table 1), it seems reasonable that these
sulfur-related metabolisms sequences were more abundant in well Q143 with abundant S04, low pH,
and low NO3~. The well Q143 was brackish water, indicating that the microbial assemblages were
related to the sulfur-related biochemical pathways in the transition zone from freshwater to saltwater.

In accordance with previous studies that p-proteobacteria had positive correlations with low
salinity [64], class B-proteobacteria accounted for 29.9-39.9% in freshwater samples (Table S3).
Most OTUs of p-proteobacteria were members of three orders, including Rhodocyclales, Nitrosomonadales,
and Burkholderiales (Table S6). Although the majority of sequences related to Rhodocyclales were
identified as uncultured Rhodocyclaceae bacterium (Figure 5), some genera were reported to have
the function of denitrification [65,66]. The order Nitrosomonadales were known as bacterial nitrifiers,
which play a vital role in the nitrification process [67]. The order Burkholderiales were also related to
nitrogen-fixing [68], and most representative sequences from this order were similar to Comamonas,
related to denitrifying the bacterium clone from a biofilm sample in drinking water (JN125789.1) and
Acidovorax (Figure 5). Hence, the relatively high abundance orders/genera related to the nitrogen
cycle in freshwater samples were reasonable due to the highest concentration of nitrite and nitrite
being available in fresh wells (Table 1). Except for the class -proteobacteria, Aeromonas spp. affiliated
with y-proteobacteria were also enriched in freshwater samples, both Q130 (19.3%) and Q132 (15.8%)
(Table S5). It is notable that some species of the genus Aeromonas are present within the gut flora [69].
Some other genera (e.g., Lactococcus, Streptococcus, and Enterococcus) were also identified in saline water,
as typically gut microbes accounted for a lower percentage (abundance < 1%). However, the species
and abundance of pathogenic microorganisms are different along the groundwater salinity gradient.
Other genera of B-proteobacteria included Gallionellaceae, Methylophilaceae, and Rhodocyclaceae with a
relatively high percentage in freshwater samples (Figure 5).

Collectively, at the OTU level (relative abundance > 1% at least one sample), the microbial taxa
were greatly different in wells of different salinity. Exiguobacterium and Acinetobacter were dominant in
saline water samples (S) and Q144, while Sulfuricurvum dominated in brackish water (Q143). Aeromonas,
no rank Gallionellaceae, no rank Methylophilaceae, Acidovorax, and Comamonas isolated from similar
environments unevenly thrived in the spatially different freshwater samples.

3.6. Linking the Distribution of Microbial Assemblages to the Hydrogeochemical Characteristics

The analysis relating to microbial communities and physicochemical characteristics was conducted
as in Figure 6. Physicochemical characteristics clustered closely according to the salinity of groundwater
(Figure 6A). The two saline water samples (Q146 and Q149) were separated from the other samples.
The two brackish water samples (Q143 and Q144) clustered closely and the two freshwater samples
(Q130 and Q132) clustered closely. According to the *H and §'®0 measurements, the varying extent
of mixing between seawater and freshwater shaped the distinct salinity gradient from northwest to
southeast. Hence, the influence of seawater decreased from fresh water in the inland area to saline
water close to the southeast shoreline.
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Figure 6. (A) The tree figure of groundwater physicochemical properties based on Euclidean distance;
(B) and hierarchical clustering tree of microbial communities based on the unweighted Unifrac distance.

A hierarchical clustering tree showed similarities among microbial communities (Figure 6B).
In terms of salinity, samples from different boreholes were completely separate: two branches included
freshwater and saltwater. Two saline water samples (Q146 and Q149) clustered closely, two brackish
water samples (Q143 and Q144) clustered closely, and two freshwater samples (Q130 and Q132)
clustered closely. The clusters of microbial communities and hydrochemical characteristics were
similar. According to the results, physicochemical properties have an impact on the distribution of
microbial communities. Some OTUs were more abundant in certain groundwater, indicating that
the environmental factors determined some microbial presence. Except for the widely distributed
y-proteobacteria within the given groundwater samples, the other main microbial community differed
significantly, changing from B-proteobacteria in freshwater to e-proteobacteria in brackish water Q143,
and Bacilli in saline water. Therefore, these spatial distribution patterns of microbial assemblages may
reflect the hydrogeochemical evolutions (e.g., salinity) along the generalized groundwater flow path.
However, the deeper nodes are different between the groundwater physicochemical properties and
the microbial communities. In Figure 6A, Q130, Q132, Q143, and Q144 are in a single cluster, distinct
from the Q146-Q149 pair, while in Figure 6B, Q144, Q143, Q146, and Q149 are clustered together,
separate from the Q130-Q132 pair. So, there is also a big difference in that chemically, the brackish
samples are most similar to the freshwater samples, while biologically, the brackish samples are most
similar to the saline samples. Except for the main physicochemical factors listed (Table 1), there are
too many abiotic factors that could affect the habitat-based microbial community structures, such
as spatial and temporal distances, hydrochemical processes, and environmental variations. Other
ecological mechanisms may also play a role, such as deterministic and stochastic processes, dispersal
limitation, and disturbances [70-73]. We should also be aware of some OTUs that may not be sensitive
to environmental variations, such as Exiguobacterium: though enriched in saline water, they were still
common in all wells. Even so, the microbial communities and physicochemical properties between
saline wells (S) and freshwater wells (F) are completely separate. To unravel the interaction between
microbial characteristics and groundwater geochemistry, the genetic diversity of microorganisms needs
to be studied further.

4. Conclusions

In this study, we integrated different methodologies of hydrochemistry, isotopic analysis, and
microbiology to study the hydrogeochemical features and microbial communities induced by saltwater
intrusion in the aquifer of PRD. The hydrochemical and isotopic measurements indicated that the
salinity of the aquifer originated from seawater during the Holocene transgression period. The varying
salinity was attributed to the extent of mixing between seawater and precipitation. The microbial
community composition varied greatly with the groundwater salinity and the most abundant phylum
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in the aquifer of PRD area was Proteobacteria, followed by Firmicutes, Bacteroidetes, and Cyanobacteria.
B-proteobacteria was enriched in the freshwater samples, which were heavily recharged by the infiltration
of local precipitation. Bacilli dominated in the brackish water sample Q144 and saline water samples,
which were heavily recharged by the paleo-seawater. Based on the further analysis of the OTU levels
(relative abundance > 1% at least one sample), the microbial taxa were very different in all the variant
salinity samples and freshwater samples from distinct locations.

The results also indicated that the variations of microbial assemblages in the groundwater were
a consequence of the hydrogeochemical and isotopic fluctuations. Furthermore, the data suggest
that the differences in microbial community structure in different water bodies were possibly caused
by precipitation, paleo-seawater, and other hydrochemical processes. Therefore, information on
microbial communities is capable of reflecting the characteristics of hydrochemistry of groundwater
and indicates a change of water source or quality. Although this research focused on the area of PRD,
China, our results and conclusions are extendable and can provide useful information and tools for
similar research areas with seawater intrusion problems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/4/804/s1.
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