
lable at ScienceDirect

Environmental Science and Ecotechnology 10 (2022) 100163
Contents lists avai
Environmental Science and Ecotechnology
journal homepage: www.journals .elsevier .com/environmental -science-and-

ecotechnology/
Original Research
Overlying water fluoride concentrations influence dissolved organic
matter composition and migration from pore water in sediment via
bacterial mechanisms

Xiang Zhu a, 1, Zibo Wang b, 1, Yidan Luo a, c, Yushen Ma a, c, Zhipeng Xu a, c,
Longmian Wang a, *, Fuquan Peng a, Qingqing Pang a, Yiping Li c, Fei He a, **, Bin Xu a

a Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment, Nanjing, 210042, PR China
b China National Environmental Monitoring Centre, No8-2 Anwai Dayangfang, Chaoyang District, Beijing, 100012, PR China
c College of Environment, Hohai University, Nanjing, 210098, PR China
a r t i c l e i n f o

Article history:
Received 11 September 2021
Received in revised form
23 February 2022
Accepted 23 February 2022

Keywords:
Fluoride fluctuation
Dissolved organic matter
Fluorescent components
Bacterial abundances
Enzyme variation
* Corresponding author.
** Corresponding author.

E-mail addresses: wlmian@sina.com (L. Wang), he
1 Co-first authorship.

https://doi.org/10.1016/j.ese.2022.100163
2666-4984/© 2022 The Authors. Published by Elsev
Academy of Environmental Sciences. This is an open
a b s t r a c t

Fluoride (F�) is widespread in aquatic environments; however, it is not clear whether the fluctuation of
F� concentrations in overlying lake water affects the composition and migration of dissolved organic
matter (DOM) from sediment. A case study was presented in Sand Lake, China, and an experiment was
conducted to analyze the influence of different F� concentrations in overlying water on DOM charac-
teristics. Diffusion resulted in similarities in DOM components between overlying and pore waters, and
bacterial activities and enzyme variation resulted in differences between them. Higher F� concentrations
in overlying water resulted in a higher pH of pore water, which favored the enrichment of protein-like
substances. Higher F� concentrations caused lower DOM concentrations and lower maximum fluores-
cence intensities (Fmax) of protein-like components in pore water. The F� concentrations had significantly
negative correlations with Shannon indexes (P < 0.05). Thiobacillus influenced the migration of tyrosine-
like substances by decreasing the pH of pore water. Trichococcus and Fusibacter altered the Fmax of
protein-like, humic-like, and fulvic-like substances. The F� concentrations affected the DOM composition
and migration due to the response of functional bacterial communities, which were positively correlated
with the relative abundance of Thiobacillus and negatively correlated with the relative abundances of
Trichococcus and Fusibacter. The high F� concentrations influenced the biosynthesis and degradation of
protein-like substances by shifting the abundances of the relevant enzymes. The results of this study may
provide ideas for investigating DOM cycling under the influence of F�, especially in lakes with fluctua-
tions in F� concentrations.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dissolved organic matter (DOM) plays a vital role in aquatic
ecosystems, and its content and composition influence biogeo-
chemical processes, including bacterial activities, nutrient cycling
and pollutant transport [1,2]. Sediments act as an important source
of DOM in the water column, especially in shallow lakes [3]. Hy-
drolysis and depolymerization of particulate organic matter (POM)
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and lysis of benthic bacterial cells in sediments are the main rea-
sons for DOM release into pore water, which leads to orders of
magnitude higher concentrations of DOM in pore water than in
overlying water [4,5]. The transport of DOM from pore water to
overlying water is mainly driven by diffusion [6], which together
with biogeochemical processes results in differences in DOM
composition and fluorescence characteristics between pore water
and the overlying water column.

Compared to DOM in overlying water, DOM in pore water usu-
ally has higher molecular formula richness and more humic-like
fluorescent components [4]. A large amount of the DOM released
from the sediments can be mineralized at the sediment-water
interface [7]. Many environmental and biological factors affect
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Fig. 1. Location of Sand Lake and sampling sites.
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DOM transformation processes. pH is an important factor control-
ling DOM solubility, and increasing alkalinity is well known to
cause DOM desorption with increasing charge density for DOM
[8,9]. Redox conditions and bacterial degradation also cause
changes in DOM composition and release rate [1,10].

Bacteria can modulate the quantity and quality of DOM in
sediment and ultimately influence carbon cycling in lake systems
[11]; the mechanisms mainly include biodegradation, desorption
stimulation, and metabolism [5,12,13]. It was reported that bacte-
rial compositions and abundances are associated with DOM
composition [14]. The alpha diversity of bacteria was strongly
correlated with the bulk concentrations and molecular numbers of
DOM [15]. Benthic bacterial communities produce fresh DOM
compounds via the usage of organic matter in sediment as energy
and carbon sources [16], and different bacterial species affect the
specific DOM components. Trichococcus is considered to participate
in protein decomposition [17]. Cloacimonetes and Marinimicrobia
have versatile roles in DOM degradation [18]. F� is widespread in
aquatic environments and causes approximately 200 million peo-
ple to suffer from dental and skeletal fluorosis [19]. F� has been
demonstrated to be toxic to bacteria [20] and affects biocenosis in
soil and groundwater [21,22]. The toxicity of F� is broadly mediated
via four mechanisms: protein inhibition, organelle disruption, pH
alteration, and electrolyte imbalance [23]. Therefore, the main hy-
pothesis of this study was that the F� concentrations influence
bacterial communities and the relevant enzymes in sediment and
then cause the variation in DOM composition in both overlying
water and pore water.

High levels of F� in lake ecosystems are common in semiarid
areas [24], and the F� enrichment environment and artificial
management probably resulted in fluctuations in F� concentrations
[25]. However, whether the fluctuations of F� concentrations in-
fluence the DOM cycling in the lake system has not been deter-
mined. Herein, a case study was presented in Sand Lake, a typical
lake in a semiarid area whose F� concentrations have fluctuated
from 0.78 mg L�1 to 1.59 mg L�1 in recent years [26]. This study
makes one of the first attempts to ascertain (1) the variation in pH
and fluorescence characteristics of DOM in both overlying water
and pore water under different F� concentrations; (2) the response
of bacterial communities and enzymes related to DOM trans-
formation in sediment to F� stress in lake water; and (3) the
interaction among the DOM fluorescence characteristics, F� con-
centrations, pH and bacterial community characteristics in pore
water. The results of this study may provide ideas for investigating
DOMmigration and cycling under F� stress, especially in lakes with
fluctuations in F� concentrations.

2. Materials and methods

2.1. Site description

Sand Lake (106�180 E, 38�450 N) is a famous tourist attraction in
Shizuishan city, Ningxia Hui Autonomous Region, China (Fig. 1).
Sand Lake has a surface area of 13.96 km2 and a mean depth of
2.2 m [27]. The climate of this region is characterized by arid or
semiarid conditions with intense evaporation. Sand Lake is located
in an area suitable for F� enrichment, the total F� concentrations of
the soil around the lake were reported to range from 443 to
2790 mg kg�1, and the total F� concentrations of the lake sediment
were reported to range from 936 to 1682 mg L�1 [25].

2.2. Sample collection and analysis

Sediment and lake water samples were collected in November
2020. As shown in Fig. 1, the sampling site (106�21019.600
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E,38�4902.300 N) is far from the tourist area and possible pollution
sources (including the hotel, sand dune, and bird habitats). Before
water sampling, the sampling bottles were rinsed 2e3 times with
deionized water and lake water. The water samples were collected
at a depth of 30 cm below the water surface, transferred to the
laboratorywithin 24 h, and stored at 4 �C for further analysis within
48 h. Surface sediment samples were collected by a gravity collector
and stored at�80 �C via dry ice during sampling and transport. The
sediment was used for the experiment immediately after arriving at
the laboratory. The physical and chemical parameters of lake water
and sediment were analyzed in triplicate, the mean values of which
are shown in Table 1 and Table 2, respectively. The analytical
methods and their corresponding resources, equipment, and
detection limits are listed in Table A1 and Table A2.
2.3. Experimental processes

The experiment was conducted in polyvinyl chloride (PVC)
cylinders in the dark. The diameter and height of each cylinder
were 9 cm and 60 cm, respectively. Before the experiment, 20 cm of
sediment was laid at the bottom of the cylinders. The simulated
lake water was prepared as the overlying water based on the
analysis of lake water (Table 1), the depth was 30 cm, and the
preparation method is shown in Table A5.

Four experimental groups were set up, whose F� concentrations
in the overlying water were 0.5 times (0.345 mg L�1, designated as
0.5F), 1 time (0.69 mg L�1, designated as 1F), 2 times (1.38 mg L�1,
designated as 2F), and 4 times (2.76 mg L�1, designated as 4F) that
of the raw water. The F� concentrations were regulated by sodium
fluoride. A sterilized group was set up, the F� concentration in the
overlying water of which was 0.69 mg L�1 (sign as 1F#). The
sediment in the sterilized group was irradiated with 60Co g-rays at
a dose of 30000 Gy at 0 �C. Before the experiment, the sediments
were incubated in the dark for 3 days. The overlying water and pore
water subsamples were collected at 0 d, 1 d, 2 d, 3 d, 5 d, 7 d, 10 d,
15 d, 20 d, and 30 d. The overlying water (5 ml each time) was



Table 1
The physical and chemical characteristics of lake water.

Number Parameters Concentrations Number Parameters Concentrations

1 pH 8.83 8 Cl� 256.6
2 COD 26 9 SO4

2e 272.4
3 TP 0.02 10 HCO3

� 96.1
4 TN 0.9 11 Naþ 155.0
5 NO3

�-N 0.33 12 Kþ 8.1
6 NH4

þ-N 0.17 13 Ca2þ 41.9
7 F� 0.69 14 Mg2þ 68.1

Units: dimensionless for pH, and mg L�1 for others.

Table 2
The physical and chemical characteristics of sediment.

Parameters Organic Matter Moisture content TN TP Total F� Water-souble F�

Concentrations 3.1 69.4 2751.5 549.9 1417.0 8.3

Units: % for organic matter and moisture content, and mg kg�1 for others.
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sampled at a depth of 10 cm below the water surface, and the pore
water (5 ml each time) was sampled at a depth of 5 cm below the
sediment-water interface. The overlying water and pore water
subsamples were collected by a syringe and Rhizon sampler (FLEX,
Rhizosphere, Netherlands), respectively, and filtered through a
0.45 mm cellulose membrane filter. The simulated raw water was
slowly replenished along the column wall after sampling. Before
and after the experiment, sediment subsamples were collected for
high-throughput sequencing analysis.
2.4. DOM spectroscopic measurements and parallel factor analysis
(PARAFAC)

The samples of overlying water and pore water (three analytical
replicates) were measured, the numbers of which were both 150.
The pore water samples were diluted 5 times before measurement.
Absorption spectra were scanned from 200 to 800 nm at 1 nm
intervals by an ultraviolet visible spectrometer (UV-2550, Shi-
madzu, Japan). Fluorescence excitation-emission matrices (EEMs)
were obtained by a fluorescence spectrophotometer (F-7000,
Hitachi, Japan). The excitation wavelengths ranged from 200 nm to
450 nm in 5 nm intervals, and the emission wavelengths ranged
from 250 nm to 600 nm in 1 nm intervals. PARAFAC was conducted
in MATLAB (MathWorks, USA). The primary and secondary Ray-
leigh scattering regions were eliminated, and the inner-filter effects
were corrected.

Several parameters were calculated by ultraviolet absorption
spectra and corrected EEMs. The absorption coefficient represents
the abundance of dissolved organic carbon, and the formula is as
follows [28,29]:

að355Þ¼2:303ðODÞ=r (1)

a(355) is the absorption coefficient at awavelength of 355 nm,OD is
the optical density at a wavelength of 355 nm, and r is the path
length (m).

The humification index (HIX) represented the degree of DOM
humification, which was calculated by the ratio of the emission
spectra integral value between 435e480 nm and 300e345 nm
when excitation equals 254 nm [30]. The biological index (BIX)
represented the autochthonous contribution of DOM, which was
calculated by the ratio of the emission fluorescence intensity of
380 nme430 nm when excitation equals 310 nm [31]. The
maximum fluorescence intensities (Fmax) were used to estimate the
relative abundances of components identified from PARAFAC.
3

2.5. High-throughput sequencing analysis

The original sediment and the sediment subsamples of each
group after the experiment were measured by high-throughput
sequencing analysis in duplicate, and the total number of samples
was 11. Total genomic DNA samples were extracted by an Omega
Soil DNA Kit (D5625e01, Omega bio TEK, USA) from 0.25 g sedi-
ment samples, and DNA quantity and quality were detected by
spectrophotometry (NanoDropND-1000, ThermoFisher, USA) and
1.2% agarose gel electrophoresis, respectively. The V3eV4 regions of
16S rRNA were amplified by PCR using forward primer 338F (5'-
ACTCCTACGGGAGAGGCAGCA-3') and reverse primer 806R (5'-
GGACTACHVGGGTWTCTAAT-3'). The PCR amplification conditions
were as follows: predenaturation for 5 min at 98 �C, 25 cycles of
denaturation for 30 s at 98 �C, annealing for 30 s at 53 �C, extension
for 45 s at 72 �C, and final extension for 5 min at 72 �C. The PCR
amplicons were purified by Vazyme VAHTSTM DNA Clean Beads
(Vazyme, China) and quantified by a Quant-iT PicoGreen dsDNA
Assay Kit (Invitrogen, USA). Sequencing was performed using the
Illumina MiSeq platform and MiSeq Reagent Kit v3 by Personal
Biotechnology Co., Ltd. (Shanghai, China). The sequences generated
in this study were deposited in the National Centre for Biotech-
nology Information under accession number SRP321026.
2.6. Data analysis and plotting

Data analyses were conducted using Microsoft Excel 2019. One-
way analysis of variance (ANOVA) was conducted using R 3.6.3 [32].
Pearson’s correlation analysis and redundancy analysis were per-
formed and plotted by R 3.6.3. Other graphs were constructed using
Origin 2017.
3. Results

3.1. pH variation of overlying water and pore water

The pH variation of overlying water and pore water is shown in
Fig. 2. The pH decreased with time in both overlying water and pore
water. The pH of the overlyingwater ranged from 6.7 to 7.0 after the
experiment, and their values in the 0.5F group were lower than
those in the other groups. The pH of pore water ranged from 6.7 to
7.5, and their values in the 0.5F group were significantly lower than
those in the other groups except for 1F# (P < 0.05).



Fig. 2. pH of overlying water (a) and pore water (b). Different letters in brackets
indicate significant differences at P < 0.05 according to Tukey's test.

X. Zhu, Z. Wang, Y. Luo et al. Environmental Science and Ecotechnology 10 (2022) 100163
3.2. Fluorescence characteristics of DOM

As shown in Fig. 3a and d, the a(355) of overlyingwater and pore
water both increased over time in each group. The a(355) values of
2F and 4F were obviously lower than those of the other groups in
overlying water and pore water, which represented lower DOM
concentrations. The HIX of overlying water was higher than that of
pore water, and its values in the sterilized group were higher than
those of the other groups. The BIX values in overlying water were
higher than those in pore water. There were no significant differ-
ences in BIX among the groups in either overlying water or pore
water (P > 0.05).

3.3. PARAFAC of DOM

Four different fluorescent components were identified from the
overlyingwater (Fig. 4), named C1, C2, C3, and C4. The four different
fluorescent components affirmed in pore water were named C1p,
C2p, C3p, and C4p. (Fig. 5). The results of PARAFAC were based on
the split-half validation procedure and analysis of residuals. The
Fig. 3. Fluorescence characteristics of DOM: a, a(355) of overlying water; b, HIX of overlying
pore water.
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fluorescence characteristics of the four components are shown in
Table A3, and the temporal variation in Fmax is shown in Fig. A1 and
Fig. A2. In overlying water, the Fmax values of C1, C3 and C4 in the
sterilized group were significantly higher than those in the other
groups (P < 0.05), and there were no significant differences be-
tween the groups without sterilization. It is worth noting that the
mean Fmax of C4 in group 4F was higher than that in the other
groups without sterilization, especially after 7 days (Fig. A1). The
proportions of C2 and C3 in group 4F were closer to those in the
sterilized group. In pore water, the Fmax of C1p in group 2F was the
lowest, which was significantly lower than that in the sterilized
group (P < 0.05) and had no significant differences from those in
the other groups. The Fmax of C2p in group 2Fwas the lowest, which
was significantly lower than that in group 0.5F (P < 0.05) and was
not significantly different from those in the other groups. The Fmax
of C4p in the sterilized group was the highest, with the values in
group 4F being higher than those in other groups without sterili-
zation over the course of the experiment. There were no significant
differences in the proportions of identical components among the
groups without sterilization. As shown in Fig. A2, the Fmax of C1p
and C3p in each group tended to decrease over time. The decline in
the Fmax of C1p in group 4F was higher than that in the other
groups, and the decline in the Fmax of C2p and C3p in groups 0.5F
and 4F was higher than that in the other groups. The Fmax values of
DOM components in groups 1F and 4F were significantly different
in the early stage of the experiment (Fig A1 and A2) and became
similar in the late stages of the experiment.
3.4. 16S rRNA gene sequencing of sediment bacteria

The alpha diversity indexes of sediment bacteria are presented
in Table A4, where “Original” means the original sediments before
the experiment. The Chao1 index represents bacterial species
water; c, BIX of overlying water; d, a(355) of pore water; e, HIX of pore water; f, BIX of



Fig. 4. PARAFAC of DOM in overlying water: a, C1; b, C2; c, C3; d, C4.
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richness, and the Shannon index is used to characterize species
diversity. The Chao1 and Shannon indexes of group 1F# were
obviously lower than those of the other groups. The Chao1 and
Shannon indexes of group 0.5F were close to those of 1F and 2F and
obviously higher than those of group 4F.

The relative abundances of the sediment bacterial communities
at the phylum level are expressed in Fig. 6a. Firmicutes, whose
relative abundance was 80.0%, was the dominant phylum in the
sterilized group. Proteobacteria, Firmicutes, and Chloroflexiwere the
dominant phyla in the nonsterilized groups, similar to those in the
original sediment. The relative abundance of Proteobacteria in
group 4F was lower than that in groups 0.5F, 1F, and 2F. The relative
abundance of Firmicutes in group 4F was similar to that in the
original sediment and was higher than that in groups 0.5F, 1F, and
2F.

To clarify the differences between bacterial composition within
the groups, the relative abundances at the genus level were
investigated (Fig. 6b). The main dominant genera in the original
sediments were Thiobacillus (23.1%), Paenisporosarcina (13.8%),
Anaerolineaceae_uncultured (6.6%), and SBR1031 (4.4%), which in
group 1F# were Sedimentibacter (40.4%), Exiguobacterium (10.7%),
Anaerovorax (5.4%), and Sulfurospirillum (4.7%). Thiobacillus, Anae-
rolineaceae_uncultured, and SBR1031 were the dominant genera in
the other groups. The relative abundances of Fusibacter in groups 2F
and 4F were higher than those in the other groups. Trichococcus
(4.8%) was the dominant species in group 4F but was relatively rare
in the other groups.
5

4. Discussion

4.1. The composition and migration of DOM fluorescent components
in overlying water and pore water

The spectra of C1 were characterized by excitation peaks at 225
and 275 nm with emission at 345 nm, similar to those of
tryptophan-like substances [33]. C2 had a primary fluorescence
peak at an Ex/Em wavelength pair of 275/300 nm and a secondary
peak at 225/300 nm, representing the presence of protein-like
structures similar to tyrosine [34]. C3 (Ex/Em ¼ 235,315/395 nm)
resembled microbial humic-like substances, which were linked
with relatively aliphatic and low molecular weight compounds
[35]. C4 had a primary fluorescence peak at an Ex/Em wavelength
pair of 265/450 nm and a secondary peak at 350/450 nm, was
assigned to humic-like compounds with relatively high molecular
weights [36,37]. C1p (Ex/Em ¼ 225,275/345 nm) was similar to C1
in overlying water and was identified as a tryptophan-like sub-
stance. C2p and C3p are tyrosine-like substances [38], similar to C2.
C4p was composed of two peaks with excitation maxima at 250 nm
and 310 nm at 425 nm emission, which were categorized as a
mixture of humic-like and fulvic-like substances [35]. The HIX
values of all the samples were lower than 4, which corresponded to
weak humification and autochthonous origin [31].

The similarities in DOM fluorescent components between pore
water and overlying water indicated the intense exchange of sub-
stances at the water-sediment interface. Protein-like substances



Fig. 5. PARAFAC of DOM in pore water: a, C1p; b, C2p; c, C3p; d, C4p.
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were the dominant components in both pore water and overlying
water. Pore waters have been demonstrated to be a source of
protein-like substances to overlying water, and bacteria are the
major contributors to protein-like substances via their biological
activities, such as metabolism [7,13]. The BIX values of most sam-
ples were higher than 1, representing the predominantly autoch-
thonous origin of DOM [39], which emphasized the important role
of bacteria on the DOM compositions in both pore water and
overlying water. The protein-like fractions in pore water had
decreasing trends over time (Fig. A2), which in overlying water had
obvious increasing trends in the initial 5 days of the experiment
since diffusion resulted in the transport of protein-like fractions
from pore water to overlying water. Moreover, protein-like frac-
tions are considered to be preferentially consumed during
biodegradation processes [1]. The conversion of humic-like sub-
stances into low-molecular-weight substances was reported to be
an important process during biodegradation [40,41], which prob-
ably occurred in this experiment, as higher HIX values were
observed in the sterilized group, suggesting that the degradation of
humic-like substances was inhibited when the bacterial activities
were decreased. Bacterial degradation is one of the critical reasons
for the differences in fluorescent components between overlying
water and pore water. Fulvic-like substances in pore water are
considered intermediate biodegradation products of humic-like
substances [42]. Microbial humic-like substances only existed in
overlying water because they were further degraded by bacteria in
pore water [43] but were reserved in overlying water due to the
lower bacterial activities.
6

4.2. The influence of pH and F� on the DOM composition and
migration

Pore water was the main source of DOM in the overlying water
in this experiment; thus, Pearson’s correlation analysis between
alpha diversity indexes, environmental factors, and fluorescence
characteristics of DOM in pore water at 30 d were conducted to
investigate the influencing factors on the DOM composition and
migration, and the results are shown in Fig. 7. The pH of pore water
showed significant positive correlations with the Fmax of C1p
(P < 0.01), C2p (P < 0.05), and BIX (P < 0.05). The rise in pH
contributed to the hydrophilicity and solubilization of DOM
because of the deprotonation of weak acid functional groups in the
DOMmolecules and the increase in the charge density [8,9], which
promoted the release of DOM from sediment. The pH of pore water
had significant negative correlations with HIX (P < 0.01) and a(355)
(P < 0.01). The increasing release of protein-like components with
low molecular weight resulted in a decrease in HIX, accounting for
the negative correlations between pH and HIX.

The F� concentrations did not show significant correlations with
the fluorescence characteristics of DOM in pore water. The influ-
ence of F� concentrations was mainly on groups 2F and 4F, which
showed the lowest Fmax of tryptophan-like and tyrosine-like sub-
stances in group 2F. Moreover, the lower a(355) in groups 2F and 4F
and the proportions of DOM components in group 4Fwere different
from those in other groups in overlying water (Table A3), indicating
that F� concentrations influenced DOM migration. It was specu-
lated that high F� concentrations indirectly influenced the DOM



Fig. 6. Bacterial community compositions at the phylum level (a) and genus level (b) in sediments.

Fig. 7. Pearson’s correlations between alpha diversity indexes, environmental factors,
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composition and migration via the effect on bacterial activities. F�

was reported to inhibit bacterial abundances in aquatic environ-
ments [22], and it usually passes through the cell membrane of
bacteria in the form of HF, even under neutral conditions [44]. HF is
an effective transmembrane proton conductor [45]; therefore, the
toxicity of F� increases with decreasing pH. As shown in Fig. 2, the
pore water was alkaline at first and close to neutral after 5 days;
thus, the toxicity of F� to bacteria increased, resulting in a signifi-
cant decrease in the Fmax of C1p, C2p, and C3p after 5 days (Fig. A2).
The Fmax of humic-like substances in group 4F was lower than that
in group 1F# but was higher than that in other groups (Fig. A2),
suggesting that the influence of high F� concentrations on DOM
composition was similar to that of sterilization, that is, influencing
the bacterial communities. Sterilization and high F� concentrations
decreased the bacterial abundances to different extents and then
influenced the bacterial-derived products and biodegradation of
DOM. As shown in Fig. 7, the Shannon indexes had significant
negative correlations with F� (P < 0.01), indicating the repression of
F� on the diversity of bacterial communities. In addition, F� con-
centrations caused pH variation in pore water. The HCO3

� concen-
trations in pore water increased over time (Fig. A4), indicating that
the respiration of bacteria or DOM degradation produced CO2,
which stimulated a decrease in pH. The HCO3

� concentrations were
higher in group 0.5F and lower in groups 2F and 4F, which was
consistent with the differences in pH, indicating that high F� con-
centrations not only influenced the bacterial abundances (Fig. 7)
but also inhibited the respiration of bacteria. Direct or indirect F�

exposure was reported to damage the integrity of the mitochon-
drial membrane [46], reduce the overall activity of the mitochon-
dria, and inhibit cellular respiration [47]. In addition, the toxicity of
F� probably inhibited the processes of producing acids via some
bacteria, such as Thiobacillus, which had the highest relative
abundances in each group. The SO4

2e concentrations of pore water
are shown in Fig. A4. The SO4

2e concentrations had decreasing
trends over time because of sediment adsorption and sulfate
reduction via Desulfobacterium, Desulfobacca, etc. The lower pH in
7

group 0.5F promoted the above processes [48,49], resulting in the
lowest SO4

2e concentrations. Thiobacillus produced Hþ and SO4
2e via

sulfur oxidation [50]. The SO4
2e concentrations in group 4F were

lower than those in other groups except for group 0.5F, but the pH
values in group 4F were maintained at a high level, suggesting that
high F� concentrations inhibited acid production by Thiobacillus.
Therefore, the negative influence of F� on bacteria resulted in a
significantly lower pH in group 0.5F (P < 0.05).

4.3. The response of bacterial community characteristics in
sediments to environmental factors and DOM

The richness and relative abundances are described as two key
response indicators of bacterial communities to analyze the
and fluorescence characteristics of DOM in pore water.
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relationship between sediment bacteria and environmental factors
and DOM composition. The Chao1 indexes were significantly
positively correlated with the Fmax of C3p (P < 0.05). Previous
studies [15,51] have found a positive correlation between bacterial
richness and DOM concentrations in both soil and water, revealing
that the accumulation of DOM fractions could benefit bacterial
abundances, since DOM components provided unique niches for
bacterial species to partition.

Among the bacterial phyla, Proteobacteriawas dominant, and its
relative abundance decreased under a 4-fold F� concentration; this
result was consistent with those of previous studies [12,22]. The
effect of the F� concentration on the relative abundance of Chlor-
oflexi was small. Firmicutes was the most abundant phylum in the
sterilized group, and its relative abundance was not inhibited by F�

addition. The relative abundance of Firmicutes was reported to be
limited by F� in vitro [52]. Chloroflexi and Firmicutes were the most
abundant phyla in hot water springs with high F� concentrations
[53]. Chloroflexi and Firmicutes probably have strong resistance to
the toxicity of F�.

To recognize the interaction between the dominant genera
relative abundances and DOM components, pH, and F� concen-
trations in porewater, redundancy analysis was performedwith the
data except for that of the sterilized group (Fig. 8). Thiobacillus
showed positive correlations with the Fmax of C3p and negative
correlations with pH and F� concentrations. It has been demon-
strated that 2 mg L�1 F� can be toxic to Thiobacillus and inhibit their
growth rates [54]. Few studies have focused on the effect of low F�

concentrations in lake systems on Thiobacillus, and the results of
this study suggested that lower F� concentrations in the natural
system also had an inhibitory effect on Thiobacillus abundances.
Thiobacillus is an autotrophic sulfur-oxidizing bacterium that de-
creases the pH during sulfur oxidation [50], which may affect the
release of tyrosine-like substances (C3p) indirectly. The genes for
tyrosine biosynthesis (EC 2.6.1.57 and 1.3.1.43) are missing in Thi-
obacillus ferrooxidans [55]; however, the extracellular activities of
bacteria and cell lysis produce proteins [56], including tyrosine-like
Fig. 8. Redundancy analysis between the dominant genera relative abundances and
DOM components, pH, and F� concentrations in pore water (except for group 1F#);
blue arrows represent environmental variables.
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components, becoming one of the major reasons for the positive
correlation between the Fmax of C3p and the abundances of Thio-
bacillus, the most dominant species in each group. Trichococcus and
Fusibacter showed positive correlations with F� concentrations,
suggesting their resistance to F�. Trichococcus and Fusibacter were
positively correlated with the Fmax of C2p and C4p and negatively
correlated with the Fmax of C1p. Trichococcus and Fusibacter have
the capability of decomposing complex organic matter into simple
organic matter [57,58], resulting in the retention of macromolec-
ular humic-like and fulvic-like substances (C4p). Trichococcus was
proven to be associated with protein degradation under anaerobic
conditions [17] and resulted in the accumulation of amino acids.
Moreover, Trichococcus can metabolize amino acids to produce
lactate [59]. In this study, Trichococcus probably mainly produced
tyrosine-like substances (C2p) via protein degradation and utilized
tryptophan-like substances (C1p) to produce lactate. Fusibacter
showed a similar protein degradation capability to Trichococcus
[60]; thus, its correlations with the protein-like components were
similar to those of Trichococcus. Clostridium_sensu_stricto 13 was
positively correlated with the Fmax of C4p and negatively correlated
with the pH and Fmax of C1p, suggesting that Clostridium_sensu_s-
tricto 13 participated in the biodegradation of DOM. A previous
study found that Clostridium_sensu_stricto adapted well to lower
pH conditions [61] andwas capable of labile DOM utilization and Fe
reduction [62], further affecting the composition and migration of
DOM. The 4-fold F� concentration inhibited the alpha diversity
indexes of bacteria but promoted the growth of some bacteria
associated with DOM transformation, such as Fusibacter and Tri-
chococcus, which probably accounted for the similarity in the Fmax
values of several DOM components between group 4F and group 1F
in the late stages of the experiment.
4.4. The influence of F� on the relative abundances of enzymes
associated with DOM transformation

The main components of DOM were protein-like substances;
thus, the relative abundances of the main enzymes associated with
the biosynthesis and metabolism of tryptophan and tyrosine are
shown in Fig. 9 and Fig. 10. As shown in Fig. 9, EC:4.1.99.1 (trypto-
phanase) and EC:4.2.1.20 (tryptophan synthase) mainly partici-
pated in the biosynthesis and metabolism of tryptophan. The
relative abundances of tryptophanase in groups 2F and 4F were
higher than those in groups 0.5F and 1F. Tryptophanase is an
enzyme linked to tryptophan degradation. It has been proven that
over 85 bacterial species, including the bacteria in Sand Lake
sediment such as Burkholderia sp., Clostridium sp., and Desulfito-
bacterium sp., can produce indole from tryptophan by the catalysis
of tryptophanase [63]. The relative abundances of tryptophan
synthase in group 4F were higher than those in groups 0.5F and 1F.
Fig. 9. The relative abundances of the main enzymes associated with the biosynthesis
and metabolism of tryptophan.



Fig. 10. The relative abundances of the main enzymes associated with the biosynthesis
and metabolism of tyrosine.
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The results suggested that the high F� concentrations inhibited the
biosynthesis and promoted the degradation of tryptophan-like
substances (C1p) by changing the abundances of the relevant en-
zymes. F� has long been known to act as an enzyme inhibitor
through competition with Mg2þ [64], but it can occasionally stim-
ulate enzyme activity, depending on the type of enzyme [65].

As shown in Fig. 10, EC:2.6.1.1 (aspartate transaminase),
EC:2.6.1.9 (histidinol-phosphate transaminase), and EC:2.6.1.57
(aromatic-amino-acid transaminase) mainly participated in the
biosynthesis and metabolism of tyrosine. Aspartate transaminase
and histidinol-phosphate transaminase were associated with the
mutual transformation of tyrosine and 4-hydroxyphenylpyruvate.
The relative abundance of aspartate transaminase in group 0.5Fwas
lower than that in the other groups. The relative abundance of
histidinol-phosphate transaminase in group 4F was lower than that
in the other groups except for group 1F#. Aromatic-amino-acid
transaminase can catalyze the biosynthesis of tyrosine and the
degradation of tyrosine to homogentisate and induce the tyrosine
metabolism processes of Clostridium sp. [66], one of the dominant
bacteria in the Sand Lake sediments. The relative abundance of
aromatic-amino-acid transaminase in group 4Fwas lower than that
in the other groups except for group 1F#. It was speculated that the
above enzymes primarily acted as catalysts of tyrosine biosynthesis
in this study, and the inhibition of aromatic-amino-acid trans-
aminase and histidinol-phosphate by 4-fold F� concentrations and
the decrease in aspartate transaminase caused by 0.5-fold F� con-
centrations accounted for the dramatic decrease in tyrosine in
groups 0.5 F and 4F over time.

The relative abundances of dominant bacteria and enzymes
linked with the transformation of the main DOM components in
Sand Lake were influenced by the F� concentrations; therefore,
measures should be taken to limit the increase in F� concentrations
in lakewater; otherwise, there is a risk of changing the DOM cycling
processes and thus threatening the ecosystem balance, especially in
lakes in semiarid regions with fragile aquatic ecosystems.
5. Conclusions

An experiment was performed to ascertain whether and how
the fluctuations of F� concentrations in overlying water affect the
composition and migration of DOM from sediment in Sand Lake.
The main conclusions are as follows:

(1) Diffusion existed at the water-sediment interface, which
resulted in protein-like and humic-like substances in both
overlying water and pore water. The higher HIX values in the
sterilized group indicated the vital role of bacterial activities
in DOM composition. Bacterial activities caused microbial
9

humic-like components in overlying water and fulvic-like
components in pore water.

(2) The lowest F� concentrations in overlying water led to the
lowest pH of pore water and overlying water, which was not
conducive to DOM release from sediments. Higher F� con-
centrations influenced the DOM composition, which caused
lower Fmax values of tryptophan-like and tyrosine-like sub-
stances in pore water. The lower a(355) in groups 2F and 4F
indicated that F� concentrations influenced DOM migration.

(3) Thiobacillus, Trichococcus, and Fusibacter were dominant in
Sand Lake sediment and played important roles in DOM
composition. Thiobacillus has the capability to indirectly
affect the release of tyrosine-like substances by decreasing
pH. Trichococcus and Fusibacter were positively correlated
with the Fmax of humic-like and fulvic-like components and
negatively correlated with the Fmax of tryptophan-like sub-
stances. The increase in F� concentrations resulted in a
decrease in the relative abundance of Thiobacillus and an
increase in the relative abundance of Trichococcus and
Fusibacter.

(4) High F� concentrations inhibited biosynthesis and promoted
the degradation of tryptophan-like substances. The 4-fold F�

concentrations and 0.5-fold F� concentrations decreased the
abundances of enzymes associated with tyrosine
metabolism.
Declaration of interestsDOCI

☒ The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

☐The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests:

Acknowledgments

This study was supported by the Innovative team project of
Nanjing Institute of Environmental Sciences, MEE (GYZX200101),
the National Natural Science Foundation of China (No. 51778265),
Key R & D Program of Ningxia Hui Autonomous Region
(2019BFG02028, 2021BEG01002).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ese.2022.100163.

References

[1] C.X. Zhou, Y.D. Liu, C.X. Liu, Y.Y. Liu, M.M. Tfaily, Compositional changes of
dissolved organic carbon during its dynamic desorption from hyporheic zone
sediments, Sci. Total Environ. 658 (2019) 16e23, https://doi.org/10.1016/
j.scitotenv.2018.12.189.

[2] Y.P. Li, S.R. Wang, L. Zhang, H.C. Zhao, L.X. Jiao, Y.L. Zhao, X.S. He, Composition
and spectroscopic characteristics of dissolved organic matter extracted from
the sediment of Erhai Lake in China, J. Soils Sediments 14 (2014) 1599e1611,
https://doi.org/10.1007/s11368-014-0916-2.

[3] Y.W. Wu, Y.J. Li, J.J. Lv, B.D. Xi, L.Y. Zhang, T.X. Yang, G.W. Li, C.L. Li, H.L. Liu,
Influence of sediment DOM on environmental factors in shallow eutrophic
lakes in the middle reaches of the Yangtze River in China, Environ. Earth Sci.
76 (2017) 142, https://doi.org/10.1007/s12665-017-6427-x.

[4] F. Schmidt, B.P. Koch, T. Goldhammer, M. Elvert, M. Witt, Y.S. Lin, J. Wendt,
M. Zabel, V.B. Heuer, K.U. Hinrichs, Unraveling signatures of biogeochemical
processes and the depositional setting in the molecular composition of pore
water DOM across different marine environments, Geochem. Cosmochim.
Acta 207 (2017) 57e80, https://doi.org/10.1016/j.gca.2017.03.005.

[5] M. Derrien, K.H. Shin, J. Hur, Biodegradation-induced signatures in sediment

https://doi.org/10.1016/j.ese.2022.100163
https://doi.org/10.1016/j.scitotenv.2018.12.189
https://doi.org/10.1016/j.scitotenv.2018.12.189
https://doi.org/10.1007/s11368-014-0916-2
https://doi.org/10.1007/s12665-017-6427-x
https://doi.org/10.1016/j.gca.2017.03.005


X. Zhu, Z. Wang, Y. Luo et al. Environmental Science and Ecotechnology 10 (2022) 100163
pore water dissolved organic matter: implications from artificial sediments
composed of two contrasting sources, Sci. Total Environ. 694 (2019) 133714,
https://doi.org/10.1016/j.scitotenv.2019.133714.

[6] A.N. Loginova, A.W. Dale, F.A.C.L. Moigne, A. Engel, Sediment release of dis-
solved organic matter to the oxygen minimum zone off Peru, Biogeosciences
17 (2020) 4663e4679, https://doi.org/10.5194/bg-17-4663-2020.

[7] S. Fejjar, A. Melanson, L. Tremblay, Pore waters as a contributor to deep-water
amino acids and to deep-water dissolved organic matter concentration and
composition in estuarine and marine waters, Mar. Chem. 233 (2021) 103985,
https://doi.org/10.1016/j.marchem.2021.103985.

[8] M. Grybos, M. Davranche, G. Gruau, P. Petitjean, M. P�edrot, Increasing pH
drives organic matter solubilization from wetland soils under reducing con-
ditions, Geoderma 154 (2009) 13e19, https://doi.org/10.1016/
j.geoderma.2009.09.001.

[9] A. Smebye, V. Allinga, R.D. Vogt, T. C Gadmar, J. Mulder, G. Cornelissen,
S.E. Hale, Biochar amendment to soil changes dissolved organic matter con-
tent and composition, Chemosphere 142 (2016) 100e105, https://doi.org/
10.1016/j.chemosphere.2015.04.087.

[10] S.C. Gan, F. Schmidt, V.B. Heuer, T. Goldhammer, M. Witt, K.U. Hinrichs, Im-
pacts of redox conditions on dissolved organic matter (DOM) quality in ma-
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