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The contaminant of herbicide clopyralid (3,6-dichloro-2- pyridine-carboxylic acid, CLP) poses a potential
threat to the ecological system. However, there is a general lack of research devoted to the perturbation
of CLP to the bio-denitrification process, and its biological response mechanism remains unclear. Herein,
long-term exposure to CLP was systematically investigated to explore its influences on denitrification
performance and dynamic microbial responses. Results showed that low-concentration of CLP (<15 mg/
L) caused severe nitrite accumulation initially, while higher concentrations (35e60 mg/L) of CLP had no
further effect after long-term acclimation. The mechanistic study demonstrated that CLP reduced nitrite
reductase (NIR) activity and inhibited metabolic activity (carbon metabolism and nitrogen metabolism)
by causing oxidative stress and membrane damage, resulting in nitrite accumulation. However, after
more than 80 days of acclimation, almost no nitrite accumulation was found at 60 mg/L CLP. It was
proposed that the secretion of extracellular polymeric substances (EPS) increased from 75.03 mg/g VSS at
15 mg/L CLP to 109.97 mg/g VSS at 60 mg/L CLP, which strengthened the protection of microbial cells and
improved NIR activity and metabolic activities. Additionally, the biodiversity and richness of the mi-
crobial community experienced a U-shaped process. The relative abundance of denitrification- and
carbon metabolism-associated microorganisms decreased initially and then recovered with the enrich-
ment of microorganisms related to the secretion of EPS and N-acyl-homoserine lactones (AHLs). These
microorganisms protected microbe from toxic substances and regulated their interactions among inter-
and intra-species. This study revealed the biological response mechanism of denitrification after suc-
cessive exposure to CLP and provided proper guidance for analyzing and treating herbicide-containing
wastewater.
© 2021 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
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1. Introduction

Due to the extensive use of pesticides in modern agriculture,
water pollution related to organochlorine compounds released by
industrial and agricultural activities has attracted significant
research attention [1e4]. Recent studies have revealed that more
than 99% of pesticides were released into the environment after
application, contaminating the water notably, while less than 1% of
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:houyn2013@163.com
mailto:jianbguo@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ese.2021.100144&domain=pdf
www.sciencedirect.com/science/journal/26664984
www.journals.elsevier.com/environmental-science-and-ecotechnology/
www.journals.elsevier.com/environmental-science-and-ecotechnology/
https://doi.org/10.1016/j.ese.2021.100144
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ese.2021.100144


Abbreviations

CLP clopyralid
NIR nitrite reductase
ROS reactive oxygen species
EPS extracellular polymeric substances
AHLs N-acyl-homoserine lactones
NAR nitrate reductase
NOR nitric oxide reductase
NOS nitrous oxide reductase
DNB denitrifying bacteria
HRT hydraulic retention time
CTN chlorothalonil
DPV differential pulse voltammetry
ETSA electron transfer system activity

PN protein
PS polysaccharide
MDH dehydrogenase
PCR polymerase chain reaction
OTUs operational taxonomic units
HO� hydroxyl radical
O2
¡ superoxide anion

H2O2 hydrogen peroxide
LDH lactate dehydrogenase
TCA tricarboxylic acid
SOD superoxide dismutase
QS Quorum sensing
NADH nicotinamide adenine dinucleotide
ATP adenosine triphosphate
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all pesticides reached the targets [5,6]. The herbicide CLP belongs to
the picolinic acid family and is usually used to remove broadleaf
weeds in certain crops and woody plants [7]. Its chemical stability
and high water solubility (1000 mg/L) cause consistent pollution to
the water environment, and it has been frequently detected in
aquatic ecosystems [8,9]. Such chemicals could be inevitably
transported into wastewater treatment plants as a consequence of
their widespread use as well as being discharged from urban and
industrial effluents. Like many other herbicides, CLP is considered
to have broad-spectrum antibacterial properties and resistance to
biodegradation [10]. The antibacterial property of CLP significantly
influences the efficiency of microbial-based conventional waste-
water treatment and has attracted much attention.

Microbial denitrification is a popular and eco-friendly way to
remove nitrate-nitrogen in wastewater. It is a stepwise reduction
process involving metabolic activities commonly associated with
denitrifying bacteria (DNB), which reduce nitrate to nitrite and
nitrogen [11,12]. However, this process is generally sensitive to toxic
pollutants [13,14]. Extensive studies have been conducted on the
inhibitory impacts of pesticides on denitrification performance,
denitrifying enzymes, and microbial communities. He et al. pro-
posed that the chlorothalonil (CTN) accumulation disturbed the
natural microbial processes and influenced its extracellular enzyme
activity and nitrogen transformation in riparian sediments [15].
High concentrations of CTN (10 and 25 mg/kg) significantly
decrease the denitrification rates up to 37e62%. In addition, pes-
ticides such as dazomet could change the microbial community
structure to adapt to toxin-induced stress [16]. Previous studies
have shown that Proteobacteria, the most frequently observed
phylum involved in denitrification, increased after being exposed to
dazomet initially and then significantly decreased, while another
denitrifying phylum Chloroflexi was contrary developed Proteo-
bacteria [17]. The adverse effects of pesticides on microbial respi-
ration and the bacterial community may result in changes in
denitrification. Therefore, it is of ecological significance to under-
stand the response mechanism of microorganisms and denitrifying
communities to CLP stress in denitrification.

Denitrification is carried out by DNB, and its efficiency depends
on the microbial viability and metabolic activity of denitrifiers [18].
Oxide stress could damagemicrobial cells by accumulating ROS and
damaging cell membrane integrity [19,20]. When the cytomem-
brane is severely damaged, lactate dehydrogenase (LDH) can be
released to the extracellular region [20]. The amount of LDH
released can usually be used as an indicator of membrane damage.
Moreover, microbial metabolism plays an essential role in the
2

process of denitrification. The nicotinamide adenine dinucleotide
(NADH) and adenosine triphosphate (ATP) produced during mi-
crobial metabolism are direct electron donors and energy sources
for denitrification [19]. The generated NADH could be catalyzed by
NADH dehydrogenase to produce electrons. Then the electrons are
transferred through the quinone pool, electron transport protein,
and finally utilized by the critical denitrifying enzymes (nitrate
reductase (NAR), NIR, nitric oxide reductase (NOR) and nitrous
oxide reductase (NOS)) [21]. Exposure to pesticide CTN could
deteriorate the microbial metabolic activity and key denitrifying
enzyme activities, which explained the decline of denitrification
performance [15]. Additionally, the denitrification performance is
closely related to the bacterial community structure, and the
abundance of dominant bacteria is significantly affected by pesti-
cides. According to Hura et al. CLP could change the microbial
community structure in the activated sludge and inhibit bacterial
growth, such as Chryseobacterium, Enterobacter and Pseudomonas
[22]. Revealing the connection between microbial activities, bac-
terial species, and denitrification performance is of great impor-
tance to better understand the denitrification process. However,
there is a general lack of research devoted to the perturbation of
CLP to the denitrification process at the level of microbial mecha-
nism and microbial community, and its biological response mech-
anism remains unclear.

Thus, the specific aims of the study are to (a) explore the effects of
increasing CLP concentration on the denitrification process and
investigate its impacts on microbial membrane damage via mea-
surements of LDH, ROS and superoxide dismutase (SOD); (b) reveal
the microbial metabolic responses of denitrifiers to increasing CLP
from carbon source metabolism, electron transport activity, deni-
trifying enzymes and EPS secretion; (c) investigate the trans-
formation of the denitrifying microbial community through high-
throughput sequencing as well as the microbial response mecha-
nism under CLP exposure. This work conducted a comprehensive
investigation and proposed the possible mechanism for the pertur-
bation of CLP on denitrification. In light of this, in-depth insight into
themechanismofmicrobial response to CLP stress provides guidance
for analyzing and treating herbicide-containing wastewater.

2. Materials and methods

2.1. Experimental set-up, inoculation and reactor operation

Two plexiglass packed bed reactors were constructed, with an
inner diameter of 7 cm, 74 cm height and total volume of 1 L. Two
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peristaltic pumps were used to load influent into the reactors. The
bottom ports were used for the collection of sludge samples from
reactors. The whole experimental device was in an insulated room,
and the operating temperature was maintained at 30e35 �C. Syn-
thetic influent wastewater was prepared to simulate nitrate
wastewater. Influent was composed of 0.10 g/L MgSO4, 0.20 g/L
CaCl2, 0.02 g/L KH2PO4, 4:1 C:N molar ratio maintained by NaNO3
and CH3COONa, and 1 mL/L trace element solution (details were
provided in Supplementary Materials), and CLP was added at the
specified concentration. The pH of the synthetic water was adjusted
to 7.3e7.5 by HCl.

The two reactors were inoculated with activated sludge from a
secondary sedimentation tank in municipal wastewater treatment
plant (Tianjin city, China). Both reactors started with 100 mg/L
NO3

�-N and 4-h hydraulic retention time (HRT). The molar ratio of
C:N was maintained at 4:1 by adding CH3COONa and NaNO3.
Considering that the increasing trend of CLP production and
contributing to better understand the biological mechanism of the
long-term perturbation of CLP on bio-denitrification, the con-
centration range selected in this study (0.25 mg/L to 60 mg/L) is
slightly higher than the previous study [23,24]. On day 16, one
reactor (R1) was operated in the addition of 0.25 mg/L CLP to the
synthetic water, whereas the second reactor (control, R2) was
operated continuously without changing any parameters or con-
ditions. Except for sludge exposure to CLP in R1, all other pa-
rameters and conditions were identical in both reactors (Table 1).

2.2. Chemical analysis

Water samples were collected and filtered with 0.22-mm filters.
An ultraviolet spectrophotometer (UV-2700, Shimadzu, Japan) was
used to measure nitrate (at 220 nm and 275 nm) and nitrite (at 540
nm). CLP was measured by high-performance liquid chromatog-
raphy (HPLC, LC-1260, Agilent, USA). Detail measurements were in
Supplementary Materials.

Differential pulse voltammetry (DPV) and Tafel were carried out
to reveal the electron transfer ability of the denitrification system.
They were all detected using an electrochemical workstation
(CHI660E, Chehua, Shanghai, China) with a traditional three-
electrode system composed of the reference electrode (saturated
calomel electrode), working electrode (glassy carbon electrode)
and counter electrode (platinum wire). The working electrode was
firstly polished with Al2O3, diameters of 1 mm, 0.3 mm and
0.05mm, then cleanedwith deionizedwater, alcohol and deionized
water for 30 s sequence. Finally, 5 mM potassium ferricyanide was
used as the solute, and 0.1 M potassium chloride was used as the
solvent to test the electrode polishing degree. The testing param-
eters were as follows, for DPV: amplitude ¼ 50 mV, pulse
width ¼ 0.20 s; for Tafel: scan rate ¼ 5 mV/s.

2.3. Half inhibitory concentration (IC50) of CLP analysis

100 mL basal medium containing a bacterial suspension of
denitrifying microorganisms (OD ¼ 0.08) were transferred into
Table 1
Operational conditions from phase I to phase VII.

Phase Time (d) CLP (mg/L) Acetate COD (mg/L) NO3
�-N (mg/L) HRT (h)

I 0e15 0 400 100 4
II 16e29 0.25 400 100 4
III 30e41 1.00 400 100 4
IV 42e56 5.00 400 100 4
V 57e74 15.00 400 100 4
VI 75e85 35.00 400 100 4
VII 86e94 60.00 400 100 4

3

serum bottles with 100mL effective volume. Then CLP solutionwas
added to each serum bottle, making the final concentration to 0,
0.25, 5, 15, 35 and 60 mg/L, respectively. The influent NO3

�-N in
short-term exposure experiment were about 100 mg/L, and the
basal medium consisted of: CH3COONa (0.51 g/L), KH2PO4 (0.01 g/
L), MgSO4 (0.12 g/L), yeast extract (0.15 g/L), tryptone (0.50 g/L) and
trace elements (2 mL/L) [25]. All experiments were conducted at
35 �C in the stationary constant temperature shaker. The water
sample was taken out at 0, 2, 4, 6.5, 9.5 and 13 h to analyze the
nitrate concentration, respectively.

The half inhibitory concentration (IC50) of CLP on the nitrate
reduction was calculated according to the non-competitive inhi-
bition model (Eq. (1)) [26]:

Ið%Þ¼100�ð1� 1

1þ ðcaÞb
Þ (1)

where I (%) is the inhibition response; a is the IC50 value (mg/L); b is
the fitting parameter; c is the concentration of CLP.
2.4. Molecular biological analysis

Electron transfer system activity (ETSA) was used to evaluate
electron transport and reception ability during the denitrification
process [19], which wasmeasured by reducing 2-(p-iodophenyl)-3-
(p-nitrophenyl)-5-phenyl tetrazolium chloride to formazan [27].
The absorbance of the orange-like formazan was recorded at
590 nm against a methanol solvent blank. ATP was measured ac-
cording to the previous report [28]. Briefly, 6 mL Tris-EDTA buffer
solutionwas added to samples to extract ATP and then immediately
boiled for 3 min. ATP was measured by high-performance liquid
chromatography (HPLC, LC-1260, Agilent, USA). Detail procedures
were provided in Supplementary Materials.

EPS, an indispensable part of microorganisms, has been proven
to play a significant role in defending against external toxic sub-
stances to maintain the denitrification process [29]. EPS extraction
was carried out by the thermal treatment method, and EPS was
then filtered by a 0.22-mm filter, used for protein (PN) and poly-
saccharide (PS) analysis. The sum of these fractions was calculated
as total EPSs. PS measurement was performed according to the
anthrone method, and PN measurement was conducted using the
coomassie brilliant blue colorimetric method.

Quorum sensing (QS) is a way of cell-to-cell communication
used by microorganisms to collectively change biological behaviors
in response to variations of cell density and the surrounding
environment [30]. Previous studies found that AHLs-mediated QS
was essential for the environmental stress resistance of microor-
ganisms [31]. In this study, AHLs were detected according to Wang
et al. [32]. An ultrasonic cell crusher crushed the samples. They
were extracted with an equivalent volume of ethyl acetate after
being filtered through a 0.22-mm filter and then evaporated at 40 �C
with a rotary evaporator (Yarong RE-5220, China). The extracted
AHLs were dissolved in methanol, and then they were detected by
the Ultra-Performance Liquid Chromatography-Mass Spectrometry
(UPLC-MS, 6410B, Agilent, USA). Detail procedures were provided
in Supplementary Materials.

The corresponding enzyme-linked immunoassay kits deter-
mined ROS, LDH, SOD, dehydrogenase (MDH), NADH, NAR and NIR
kits according to the manufacturer's procedure (Enzyme-linked
Biotechnology Co., Ltd, Shanghai, China).
2.5. Evaluation of the microbial community

Illumina MiSeq sequencing based on 16S rRNA gene was
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performed to analyze the microbial community structures and
compositions. According to the manufacturer's protocol, genomic
DNA was extracted from samples using the Qubit ssDNA Assay Kit.
The V3eV4 region of the bacterial 16S ribosomal RNA gene was
amplified by polymerase chain reaction (PCR) using the bacterial
primers 341F (CCCTACACGACGCTCTTCCGATCTGCCTACGGGNGGC
WGCAG) and 805R (GACTGGAGTTCCTTGGCACCCGAGAATTCCA-
GACTACHVGGGTATCTAAT) [25]. The amplicons were sequenced in
MiSeq sequencing platforms (Illumina, USA) using PE 300 strategy
(Majorbio Bio-Pharm Technology Co., Ltd, Shanghai, China). The
statistical analysis of the biological information was performed
using operational taxonomic units (OTUs) definition of �97%
sequence similarity.

2.6. Other analytical procedures

All experiments were performed in triplicate, and the results
were expressed as means ± standard error. The significance was
performed by a t-test using the Statistical Package for the Social
Sciences (SPSS) 20.0 from the USA.

3. Results and discussion

3.1. Performance of denitrification during long-term exposure to
CLP

The packed bed reactor was operated for almost 100 days and
divided into seven phases according to the influent concentration
of CLP increasing from 0mg/L to 60 mg/L to explore the response of
the denitrification performance to CLP perturbation. The variation
of nitrogen (NO3

�-N and NO2
�-N) and CLP concentrations during the

operation period are shown in Fig. 1.
In phase I, the reactors were operated for 15 days without the

addition of CLP. The effluent nitrate concentration stabilized lower
than 5mg/L, and the nitrite accumulationwas below 10mg/L after a
period of operation, indicating denitrification performance became
stable. After the startup period, R1 was exposed to CLP with the
increasing concentration ranging from 0.25 mg/L to 60 mg/L to
evaluate the denitrification performance under CLP stress. The re-
sults demonstrated that there were almost no differences in NO3

�-N
Fig. 1. Denitrification performance along a gradient concentration of CLP: (a) NO3
�-N concen

i.e., 0.25, 1, 5, 15, 35 and 60 mg/L CLP).

4

concentration between the control (R2) and CLP group (R1).
However, the nitrite accumulation in R1 showed a noticeable in-
crease whenever the CLP influent concentration was switched to a
new level during the phase of IeV. As shown in Fig. 1, in the early
stages from phase II to V, the nitrite accumulation soared steeply to
37.50 mg/L, 23 mg/L, 32.50 mg/L and 39.50 mg/L, respectively. The
fluctuation of nitrite indicated that the CLP inhibited denitrifica-
tion, and the partially removed nitrate was converted into nitrite
without further transformation. The inhibition of denitrification
caused by pesticides has been reported in many previous studies
[21,29], such as 40 mM 1-hydroxyethane-(1,1-bisphosphonic acid),
an environmental toxicant that is toxic to aquatic organisms, can
also inhibit nitrite reduction. However, the denitrification system
showed good stability in overcoming the CLP shock, that was, after
continuous operation for more than 10 days in each phase, the
nitrite removal efficiency of R1 recovered.

More importantly, the denitrification performance of R1
remained almost stable, although the concentration of CLP
continued to increase to 35mg/L even 60mg/L. Especially in phase
VII, with the influent CLP concentration of 60 mg/L, there was
almost no accumulation of nitrite in R1, indicating that after a
period of operation, the reactor adapted to the toxicity of CLP. It
was reported that the nitrogen removal performance of the
anammox system was stable under long-term stress of gradually
increasing the norfloxacin concentration to 50 mg/L [33]. Such
tolerance may benefit from: (1) the metabolic activity responses
of microorganisms, such as adjustment of EPS and AHLs secretion
[34,35]; (2) changes in the abundance of denitrifying bacteria and
functional succession of microbial community structure [36]. In
addition, the low concentration of CLP could act as a necessary
signaling molecule that activated the downstream pathway and
promoted its adaptive response to the higher concentrations of
CLP.

3.2. Responses of antioxidant systems and membrane damage after
CLP exposure

The damaged membrane allows the release of LDH [20]. As
illustrated in Fig. 2a, after exposure of R1 to CLP, LDH in R1
increased significantly. In detail, the LDH of R1 without CLP was
tration; (b) NO2
�-N concentration (phase I-VII indicate the different CLP concentrations,
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39.60 U/g, and then increased to 42.92, 49.08, 46.23, 46.74 U/g with
0.25, 1, 5 and 15 mg/L of influent CLP, respectively. It implied that
CLP might cause damage to the membrane integrity of microor-
ganisms. Rohini et al. proposed that chlorinated organics such as
diclofenac could inhibit cell viability and bacteria growth by dis-
rupting membrane activity [37]. The damage may be caused by the
Cl atom, a strong electrophile, which tends to bind to the C¼C
double bonds of lipid bilayers as well as peptide bond and amino
groups of proteins that microbial cell membrane is mainly
comprised [38].

Additionally, membrane damage might lead to abnormalities in
the respiratory electron transfer and allow undesired exposure of O2
to iron or quinone moieties part of the electron transport chain,
resulting in excessive production of ROS [20]. In the present study,
the responses of ROS to CLP were investigated. As shown in Fig. 2a,
the intracellular ROS content remarkably increased from 4474.11 U/g
at 0 mg/L CLP to 4825.57, 5244.30, 4863.52, 4752.15 U/g at 0.25, 1, 5
and 15 mg/L CLP, respectively. It indicated that CLP led to the
excessive accumulation of ROS, causing an intracellular imbalance
between oxidants and antioxidants in cells, which might be another
trigger for the destruction of cell membrane integrity [38]. In the
anaerobic environment, submicromolar oxygen remains in the me-
dium. It can react with electrons unwontedly transferring from the
electron carriers, leading to the generation of superoxide anion (O2

�)
and hydrogen peroxide (H2O2) [39]. The abundant reduced iron (e.g.,
iron-sulfur clusters or semiquinones) catalyzes self-sustaining Fen-
ton reactions with the H2O2 formed by substrate oxidation to pro-
duce hydroxyl radical (HO�), which is themajor killingmechanism of
the ROS-generating agents (Fig. 2b) [40]. Toxic pollutants (e.g.,
ampicillin) exposure have also been reported to cause excessive ROS
accumulation [41]. According to the results observed in the current
study, it was proposed that the CLP-induced accumulation of ROS
could result in direct or indirect ROS-mediated damage of cellular
macromolecules, such as nucleic acids, proteins and lipids, leading to
cytotoxicity and damage [42]. Therefore, the attack of themembrane
components could destroy the microenvironment of enzymes,
causing the deterioration of enzymes activities related to electron
behaviors and denitrification in the cell membrane [43]. Moreover,
ROS could react with enzymes directly, and its primary targets are in
the cytoplasm [44], leading to cytoplasmic enzyme dysfunction
related to denitrification, carbon metabolism and electron transfer.
This might be one of the reasons why the denitrification process was
inhibited when R1 was exposed to CLP.

Meanwhile, in response to oxidative stress, microbial cells have
evolved a variety of antioxidant enzymes, such as SOD, to mitigate
ROS to maintain a balance between ROS production and the ability
to detoxify the reactive intermediates [45]. As the activities of SOD
are usually related to the oxidative damage effect, changes in ac-
tivities of SOD under various dosages of CLP have been investigated.
Fig. 2. (a) Effects of CLP concentration on the level of ROS production, SOD activity and LDH
Linear relationships between ROS with SOD and LDH. Error bars represent standard deviat
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The data showed that the activities of SOD displayed similar change
trends as the ROS. It increased from 4372.71 U/g at 0 mg/L CLP to
5964.26, 5603.27, 5713.54, 5653.90 U/g at 0.25,1, 5 and 15mg/L CLP,
respectively, suggesting that CLP might stimulate SOD activity in
response to exposure to oxidative stress (Fig. 2a). The LDH release
and SOD activity were positively correlated with ROS production
(R2 ¼ 0.61 and 0.83, respectively) (Fig. 2c), confirming CLP inhibited
microbial viability. Finally, the level of ROS, SOD, and LDH
decreased and tended to stabilize with the continuous increase of
CLP from 35mg/L to 60mg/L through negative feedback regulation.
No significant differencewas measured between the control and R1
(from phase V to VII). It could be found that the accumulation of
nitrite decreased significantly in the early stage of phase V and the
denitrification performance of R1 recovered gradually, which was
in correspondence with the results of low oxidative stress level and
no obvious decrease in microbial viability. Accordingly, the IC50
value was calculated to be 498.44 mg/L through a regression
equation (Eq. (1)) (Fig. S1), indicating that denitrifying microor-
ganisms had strong tolerance to CLP. Because CLP concentration in
R1 (�60 mg/L) was much lower than IC50, the inhibitory effect of
CLP on denitrification performance and enzyme activities was not
significant. Also, the phenomenon indicated that the microorgan-
isms have almost adapted to the stress of CLP, which could also be
explained by the succession of the microbial community and the
more secretion of EPS by microorganisms to resist external toxic
interference. Detailed analysis and verification are carried out in
sections 3.3 and 3.4.
3.3. Responses of microbial metabolism after CLP exposure in
denitrifying microorganism

3.3.1. Effects of CLP on key enzymes activity of denitrification
NAR and NIR are key denitrification enzymes that catalyze the

reduction of nitrate to nitrite, nitrite to nitric oxide, respectively
(Fig. 3). As shown in Fig. 4a, CLP almost had no detectable influence
on NAR activity, which was consistent with no measurable effects
on the process of nitrate reduction. However, the NIR activity was
remarkably inhibited by CLP, and its activity decreased from 0.81 U/
g at 0 mg/L CLP to 0.73, 0.61, 0.65, 0.56 U/g at 0.25, 1, 5, 15 mg/L CLP,
respectively (Fig. 4b). The declined NIR activity could be the direct
reason for nitrite accumulation. Subsequently, the NIR activity
increased gradually when the CLP concentration increased to 35
and 60 mg/L. This observation was consistent with the result that
the nitrite accumulation in the denitrification system showed a
trend of increasing first and then decreasing. The phenomenon of
no measurable effect on NAR activity can be explained by the fact
that NAR is stably embedded in the cell membrane, whereas NIR is
freely distributed in the periplasm of denitrifiers, suggesting that
the activity of NIR is more susceptible to CLP than NAR [19]. It was
release; (b) Schematic diagram of the generation of LDH and ROS and SOD function; (c)
ions of triplicate measurements.



Fig. 3. Schematic diagram of microbial acetate metabolism, electron transport system
and electron consumption during denitrification.
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also reported that periplasmic enzymes were easily inhibited by
some external toxicants, such as chlorothalonil [15].

3.3.2. Effects of CLP on microbial carbon source metabolism and
electron transfer involved in denitrification

Anaerobic denitrification involves two interrelated biochemical
reactions: (1) the carbon source (acetate) metabolism to produce
NADH and ATP through the tricarboxylic acid (TCA) cycle; (2) the
biological reduction of nitrate with the produced NADH (Fig. 3)
[46,47]. A previous study showed that MDH was one of the key
enzymes in the TCA cycle for catalyzing the critical step to produce
NADH for denitrification [19]. Therefore, in the current study, the
key enzymes (MDH) in the TCA cycle and the major productions
(NADH, ATP) duringmetabolismwere investigated to further reveal
the influence mechanism of CLP. As shown in Fig. 4c, compared
with the control (2.45 U/g), the MDH decreased to 1.76 U/g as the
CLP concentration increased from 0mg/L to 15mg/L, then gradually
Fig. 4. Effects of CLP concentration on (a) NAR and (b) NIR activities; The variations of (c) M
deviations of triplicate measurements.

6

increased to 2.2 U/g at 60 mg/L CLP. The MDH level in phase V was
approximately 28% lower than that control. Fig. 4d and e showed
that the NADH and ATP in control were 1.88 U/g and 2.57 U/g,
respectively, significantly higher than 1.46 U/g and 0.64 U/g in
phase V (with 15 mg/L CLP exposure). The change trends of MDH,
NADH and ATP followed the same discipline, consistent with
denitrification performance and microbial metabolism.

As an essential production of carbon source metabolism, NADH
is the primary electron donor for nitrate bio-reduction. Higher
NADH production is related to the greater efficiency of denitrifi-
cation [48]. As reported, more intracellular ATP resulted in greater
cell viability under anaerobic conditions [28], which agreed well
with the observations in the present study. It was noted that the
ATP and NADH in phases VI and VII also gradually increased, which
might bring about the recovery of denitrification performance.
However, the ATP content remained at a low level after R1 was
exposed to CLP. Although it increased slightly in phase VII, it was
still 1.67 times lower than control. The decrease in ATP content
could be explained by the damage to microbial cells by CLP, such as
cell repair and increase in cell synthesis and related proteins
expression, which consumed a lot of energy, resulting in relatively
low detectable ATP.

It is well known that the electrons generated during the meta-
bolism of carbon source need to be transferred through a respira-
tory chain (consisting of quinone pools, cytochrome c, complex I
and complex III) to drive the bio-denitrification process (Fig. 3)
[21,49]. The previous study has confirmed that ETSA had a great
influence on the denitrification process. Increasing electron trans-
fer would enhance denitrification efficiency and reduce the accu-
mulation of intermediates (such as nitrite) [19]. In this study, Fig. 4f
showed the ETSA decreased by more than 25% as the CLP concen-
tration increased from 0 mg/L to 15 mg/L. ETSA was kept at a lower
concentration level, and then it increased to 2.5 mg/(mg$h) at
60 mg/L CLP. The significant decrease in ETSA might be caused by
the inhibition of key enzyme activities in electron transport sys-
tems of denitrification by CLP, resulting in low electron transport
efficiency and nitrite accumulation. As Chen et al. have docu-
mented, a high concentration of CTN accumulation can also affect
denitrification performance by inhibiting ETSA [21]. Meanwhile,
DH, (d) NADH, (e) ATP and (f) ETSA at different phases. Error bars represent standard
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electrochemical tests (DPV and Tafel) were also performed to reveal
the influence of CLP on the electron transfer rate of denitrification.
As shown in Fig. 5a and b, the peak current densities of reduction
and oxidation at about 0.72 V declined as the CLP concentration
increased from 0 mg/L to 15 mg/L, and then gradually enhanced
with CLP concentration increasing from 15 mg/L to 60 mg/L.
Similarly, the exchange current densities calculated by extrapola-
tion decreased from 3.52 � 10-7 A/cm2 at 0 mg/L CLP to 2.27 � 10-7,
2.20 � 10-7, 2.86 � 10-7 and 1.91 � 10-7 A/cm2 at 0.25, 1, 5 and
15 mg/L CLP, respectively (Fig. S2). Subsequently, the exchange
current densities increased gradually when the CLP concentration
increased to 35 and 60 mg/L. The changing trend of electron
transfer rate was consistent with ETSA, showing that electron
transport efficiency was inhibited after denitrifiers were exposed to
CLP initially and then gradually recovered.
3.3.3. Effects of CLP on the EPS secretion in denitrification
The variation of total EPS contents given in terms of PN and PS for

this study was shown in Fig. 5c. The initial content of EPS was
92.28 mg/g VSS at 0 mg/L CLP and then increased by 1.2 times as the
CLP concentration increased to 0.25 mg/L, indicating that CLP stim-
ulated microorganisms to secret more EPS to resist toxic substances.
It is speculated that the thicker EPS layer on the bacteria surface
might absorb more CLP, which can delay the spread of poison into
the interior ofmicrobes and alleviate the CLP biotoxicity to microbes.
Antibiotics (e.g., ofloxacin, sulfadiazine and tetracycline) could also
promote the EPS production of activated sludge and biofilm from
different bioreactors [41]. From 0.25 to 15 mg/L CLP, the EPS content
decreased gradually to 75.00 mg/g VSS at 15 mg/L CLP, indicating
that a higher concentration of CLP reduced EPS contents, which was
consistent with the overproduction of ROS and the increase of SOD
and LDH. Then, it increased to 93.81, 109.97 mg/g VSS at 35 and
60 mg/L CLP, respectively, reflecting the adaptive process of the
denitrification system to the pressure of CLP.

The changes in EPS content may be attributed to the following
three aspects: Firstly, under the effect of CLP, EPS secreting bacteria
were enriched in large quantities, which significantly promoted the
production of total EPS; Secondly, carbon source metabolism
decreased as the CLP concentration increased, resulting in a
decrease in ATP that provided energy for the synthesis and secre-
tion of EPS. Moreover, the biodegradable components of EPS were
utilized by bacteria to sustain vital metabolic processes, which
further reduced the contents of EPS; Finally, with the restoration of
cell metabolic activity and the enrichment of EPS secreting bacteria,
sufficient energy and substance conditions were provided for the
EPS production. The EPS content was maintained at a high level at
60 mg/L CLP. As noted above, the change of EPS was consistent with
the response of microbial metabolic capacity to CLP stress.
Fig. 5. (a, b) DPV curves along a CLP gradient (a) Reduction peak and (b) Oxidation peak, an
0.72 V, respectively; (c) Changes of EPS at different phase with a gradient concentration of

7

3.3.4. Effects of CLP on AHLs release in denitrification
In this study, the AHLs-based QS was further studied in the

denitrification process under CLP pressure. As shown in Fig. S3a, the
concentrations of C4-HSL, C8-HSL and C14-HSLwere detected. They
decreased significantly from 22.50, 24.50, 6 mg/g VSS to 1.26, 0.77,
0.22 mg/g VSS respectively as the concentration of CLP increased
from 0 to 15 mg/L. It has been reported that AHLs can regulate the
expression of key genes in bacteria, thereby enhancing their ac-
tivities, proliferation, viability and aggregation [50]. Different AHLs
have disparate regulatory pathways. For instance, C8-HSL will
cause an increase in the production of PN or PS mediated by
abundant metabolites (Ala, Val, UDP-Glc, UDP-GlcNAc, etc.) and
their metabolic pathways [51], and further enhance microbial
flocculation ability and metabolic activity. The results showed that
the changing trend of C8-HSL was consistent with PN. Furthermore,
C8-HSL could promote heterotrophic metabolism and increase the
amount of NADH and ATP [52], and the phenomenon of C8-HSL and
C14-HSL was the same with the NADH and ATP. C4-HSL and C14-
HSL played a key role in regulating activities of NAR and NIR
[35,53], and the change trends of C4-HSL and C14-HSL were also
consistent with activities of NAR and NIR. Hence, the reduction of
AHLs might negatively affect the synthesis of EPS, carbon source
metabolism and nitrite reduction.

In the final stage, the concentration of the AHLs (C4-HSL, C8-
HSL, C14-HSL) increased to 9.50, 8.57, 1.43 mg/g VSS, respectively
(Fig. S3a). The gradual increase in AHLs could be attributed to three
factors: (1) The secretion of large amounts of EPS provided a barrier
to reduce the toxic effect of CLP on signal-secreting bacteria; (2)
AHLs-secretion bacteria were enriched in large quantities; (3) The
enhancement of microbial metabolic activity provided a large
amount of energy for the synthesis of AHLs. The concentration of
signal molecules will increase with the growth density of the
microflora, which will stimulate the expression of the QS system
and form a positive feedback loop [35]. QS signal molecules can
regulate the metabolism of microorganisms in response to envi-
ronmental stress, thereby making it easier for microorganisms to
adapt to the external environment and multiply to a relatively high
abundance.
3.4. Microbial communities in response to CLP

3.4.1. The a-diversity and shift of microbial community
Sequence quantity, OTUs number and alpha diversity index of all

samples were listed in Table S1. OTUs of all samples ranged from
1246 to 1533. According to the alpha diversity index, species di-
versity (Shannon), richness (Chao) and Goods coverages were
shown in the boxplot (Fig. 6). Based on these diversity indices, the
Shannon index initially declined from phase I to Phase V, and then
d the insert in (a) and (b) were the peak current densities of reduction and oxidation at
CLP disturbance. Error bars represent standard deviations of triplicate measurements.
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increased after a further increase in CLP concentration from 15 mg/
L to 60 mg/L (Fig. 6a). The variation of Chao values followed a
similar pattern to that of diversity (Fig. 6b). The Goods coverages of
all samples were more significant than 0.98 (Fig. 6c), suggesting
that the obtained sequence libraries covered the microbial di-
versities. Notably, the CLP concentration had an evident impact on
microbial diversity. The biodiversity and richness of the microbial
community experienced a U-shaped process. The decrease in spe-
cies diversity and richness when CLP was initially added indicated
that the metabolism of the bacterial community sensitive to CLP
toxicity could be inhibited. With the long-term exposure to the
gradual increasing CLP, the richness and diversity of phase VII
samples were higher than other samples. CLP had no long-term
direct toxic effect on the overall microbial metabolic activity and
biomass, and diverse communities tended to stabilize and
contributed to ecosystem functions. Hura et al. have also reported
that CLP has an initial toxic effect on the biomass, which killed
some of the microorganisms more susceptible to CLP, while a
substantial portion of the biomass survived and actively accom-
modated CLP without a further reduction in microbial activity [22].
This general decreasing-increasing biodiversity trend was consis-
tent with previous studies on organic pollutants such as dazomet
[16] and metam-sodium [54], where microbial populations and
diversity reduced after initial exposure of pollutants, but recovered
during long acclimatization.

To gain better insight into the effect of the CLP on denitrification
performance, the microbial community structure was investigated.
The phylogenetic classification was carried out at the phylum and
genus level. The relative abundances of all samples were illustrated
in Figs. 6e and 7. Proteobacteria (26.52% ~ 56.22%), Chloroflexi
(24.25% ~ 43.75%) were the dominant phyla in all samples, followed
by Actinobacteria (4.29% ~ 13.08%) and Bacteroidetes
(4.24% ~ 10.60%) (Fig. 6e). Proteobacteria was widely reported as
major phyla in the denitrification process and included many types
of denitrifiers [55]. The samples with CLP added, especially for
phase V, showed a high relative abundance of Proteobacteria
(52.22%) comparedwith the phase I sample (26.52%). This indicated
Fig. 6. Alpha diversity comparisons based on (a) Shannon, (b) Chao and (c) coverage indices
phyla.
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that Proteobacteriawas resistant to long-term CLP exposure, which
was in line with the resistance to other organic pollutants such as
sulfamethoxazole and tetracycline hydrochloride [56]. Many other
detected phylum, such as Chloroflexi, Bacteroidetes and Firmicutes,
are also capable of denitrification. Chloroflexi was another promi-
nent phylum, which has often been observed in heterotrophic ni-
trogen removal reactors [56]. The relative abundance of Chloroflexi
increased from 29.31% at 0 mg/L CLP to 43.75% at 5 mg/L CLP,
indicating CLP could stimulate the enrichment of Chloroflexi.
Chloroflexi could favor the formation of microbial aggregates by
forming a network structure with other bacteria and participate in
the degradation of dead bacterial cells [57]. The relative abundance
of Proteobacteria and Chloroflexi decreased as CLP concentration
increased to 60 mg/L. These results might be attributed to the
increased total microbial populations detected, and CLP might not
necessarily decrease their absolute abundances, such as the total
populations of Proteobacteria and Chloroflexi [58]. The relative
abundance of the phylum Bacteroidetes showed a positive change
trend with increasing CLP due to the CLP tolerance. It is known that
Bacteroidetes is ubiquitous organic nutrient bacteria in various
aquatic environments and can degrade organic matters, especially
for high molecular weights substances, such as cellulose, proteins
and lipids [59]. Li et al. found that Bacteroidetes mainly existed in a
hypoxic or anoxic environment and participated in denitrification
[60]. Conversely, the abundance of Actinobacteria decreased from
13.08% at 0 mg/L CLP to 4.66% at 60 mg/L CLP, indicating that
Actinobacteria was more sensitive to long-term CLP stress.

For more details, the species were further classified at the genus
level and shown by a clustered heatmap (Fig. 7). The top 30 genera
and 7 samples were both clustered based on the Bray-Curtis simi-
larity index. It can be observed that all samples were clustered
together separately on the columns. The results of PCA analysis
(Fig. 6d) also directly proved this affinity relationship. Overall,
microbial communities in CLP initially diverged from the phase I
sample, and then tended to recover, while the greatest genetic
distance between the control and treatment groups was at 15 mg/L
CLP. The observed changes in the bacterial community may have
; (d) The variation of microbial communities showed by PCA; (e) Fluctuations of major



S. Sun, Y.-N. Hou, W. Wei et al. Environmental Science and Ecotechnology 9 (2022) 100144
resulted from the microbial community's resistance (insensitivity
to disturbance) and resilience (recovery rate after disturbance) to
CLP exposure [61]. It was consistent with the results of previous
studies on different extrinsic stresses [62]. Furthermore, the
response of different species of microorganisms to chemicals was
different, and the competition and change in microbial community
exist, resulting in the disturbed microbial community changing
[63].

3.4.2. Functional species shift
To examine the response mechanism of the bacterial commu-

nity to elevated CLP, the relative abundance variations of denitri-
fication-, carbon metabolism-, EPS- and AHLs-associated
microorganisms were evaluated. They were essential functional
bacteria and determined the denitrification performance. As shown
in Fig. 8a and b, the predominant and potential denitrifying genera
were JG30-KF-CM45 (class Chloroflexia), Steroidobacteraceae and
Denitratisoma at phase I, which were positive-correlated with NIR,
MDH, ATP and ETSA. As the concentration of CLP increased from
0.25 mg/L to 15 mg/L, the abundance of the above genus decreased
mainly. This significant decrease was consistent with the results of
the widespread accumulation of large amounts of nitrite. Instead,
genera A4b (class Anaerolineae), Anaerolineaceae, Rhizobium and
Azospira showed increased abundance. These bacteria might have
strong competitiveness to adapt to a specific concentration of CLP
and have potential pesticide resistance to the exposure dose
Fig. 7. Fluctuations of major genera.
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gradient of CLP. For example, Azospira is a kind of heterotrophic
denitrifier and grew in the coexistence of refractory organics and
nitrate [64]. The species Anaerolineaceae can degrade refractory
pollutants (e.g., aromatic hydrocarbons, phenols and quinoline
compounds) [65]. They might play a vital role in the restoration of
denitrification performance.

The inhibition of NIR activity resulted in a decline in the meta-
bolic activity of partial denitrifying genera (Denitratisoma, JG30-KF-
CM45 and Steroidobacteraceae), with appearing of several new
genera. The relative abundance of Thauera (Figs. 7 and 8a) increased
from 0.18% at phase I to 2.24% at phase VI. Some studies showed
that Thauera could adapt to the long-term antibiotic pressure and
secrete EPS [66]. The increase of Thauera was consistent with the
increase of EPS and microbial community succession, and this
might be essential for protecting the microbial cells against acute
damage. Shinella and Acinetobacter were reported to be AHLs
secreting bacteria. The relative abundance of Acinetobacter and
Shinella (Fig. S4) increased from 0.03%, 0.01% at 0mg/L CLP to 2.49%,
1.76% at 35 mg/L CLP, respectively. It could increase AHLs and mi-
crobial community succession, promoting EPS synthesis, carbon
source metabolism and denitrification process.

All the results indicated that the composition, abundance and
structure of bacterial communities were altered by CLP stress. The
relative abundance of denitrification- and carbon metabolism-
associated microorganisms which were sensitive to CLP
decreased and then recovered with the enrich of EPS-, and AHLs-
associated microorganisms. These microorganisms protected mi-
croorganisms from toxic substances and regulated interactions
among inter- and intra-species. Denitrification is primarily domi-
nated by biological effects. The changes in microbial diversity,
taxonomic composition andmicrobial community structure altered
denitrification system functions. The dynamic change and succes-
sion of the microbial community under CLP stress could also be
explained by analogous r/k-strategy [67]. The community was
identified as the r-strategists because of initial adaption and
competition during the early part of CLP exposure. Then, more
thriving species increased and outcompeted weak ones, tending to
be equitable with higher richness and biodiversity. Thus, the
community transferred from r-to k-strategy with higher resistance
capability and less competition, leading to a microbial and meta-
bolic activity recovery.

3.5. The multiple responses of denitrifying microorganisms to CLP
exposure

Summarizing the inhibition and recovery effects of CLP on
denitrification and the microbial community evolution results, the
biological responsemechanisms of long-term exposure to CLP were
proposed in Fig. 9.

Firstly, the negative effect of CLP on membrane damage via
excessive production of ROS inhibited the NIR activity and caused
the accumulation of nitrite. Meanwhile, the destruction of the
microenvironment inevitably resulted in a decline in the metabolic
activity of microorganisms. Enzymes related to carbon metabolism
(MDH) and denitrification electron transfer (ETSA) were signifi-
cantly inhibited by exposure to low concentrations of CLP.
Furthermore, the positive effect of CLP on EPS and microbial com-
munity succession alleviated the accumulation of nitrite in deni-
trification. To better understand the relationships between the
denitrification performance and the related indicators studied
above (such as ROS, NIR activity, ETSA, NADH, ATP and EPS), the
correlation analysis was established (Table 2). The LDH release and
SOD activity were positively correlated with ROS production (0.91,
0.78, respectively), confirming the damage of CLP exposure to mi-
crobial membranes. As mentioned above, the main targets of ROS
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were in the cytoplasm, and ROS can directly react with enzymes
located in the periplasm, leading to cytoplasmic enzyme dysfunc-
tion [44]. NIR is freely distributed in the periplasm of denitrifying
bacteria, and NAR is stably embedded in the membrane [19], sug-
gesting that the activity of NIR is more susceptible to ROS than NAR.
In addition to the attack from ROS, the deterioration of NIR is also
limited, which might be due to the lower competitive capability of
NIR than NAR for electrons [68]. It is well known that denitrifiers
need to degrade extracellular carbon sources to provide electrons
to completely reduce nitrate into nitrogen [30]. The microbial
metabolic activity and electron transfer efficiency declined due to
cell membrane damage, which can be confirmed by the negative
correlation between ROS and MDH (-0.39), NADH (-0.49), ATP
(-0.61), ETSA (-0.62), as shown in Table 2. The decrease in electron
generation and transfer capabilities further aggravated the accu-
mulation of nitrite.

After more than 80 days of acclimation, a recovery trend
appeared due to the improved NIR and metabolic activities of mi-
croorganisms due to the increased EPS. As shown in Table 2, NIR
activity and MDH/NADH/ATP/ETSA were positively correlated with
the total EPS (0.55, 0.55, 0.57, 0.43, 0.55). The increase in EPS con-
centration could protect microbes from CLP and weaken the mem-
brane damage and ROS generation to maintain the higher metabolic
Fig. 8. (a) The average relative abundance of dominant genera along a CLP gradient; (b)
physiological and biochemical indexes.
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activity [69]. Meanwhile, EPS showed a positive correlation with C4-
HSL, C8-HSL and C14-HSL in the recovery stage of denitrification
(0.86, 0.45, 0.90) (Fig. S3b, S3c and S3d). The increase of AHLs
stimulated the expression of the QS system, which stimulated the
metabolism of microorganisms, including carbon consumption,
denitrification and EPS synthesis. This feedback loop made it easier
for denitrifying microorganisms to adapt to the stress of CLP. Overall,
our study deeply reveals the biological responses to denitrification
under CLP stress, which is of great significance to the treatment of
herbicide-containing wastewater from WWTPs.

4. Conclusions

The study explores the long-term perturbation of CLP on bio-
denitrification and nitrite accumulation at microbial metabolism
and the community level. Themeaningful relationships between key
indicators and denitrification performance, membrane damage,
metabolism activity and microbial community were investigated.
The study showed that CLP reduced the key enzyme activity (NIR)
and inhibited metabolic activity via causing oxidative stress and
membrane damage, resulting in nitrite accumulation. The decrease
of MDH involved in carbon metabolism decreased the generation of
NADH and ATP. Thus, ETSA and electrons for denitrifying enzymes
Pearson correlation between microbiota abundances and environment conditions or



Fig. 9. A proposed model for the responses of denitrifying microorganisms to CLP gradient exposure.

Table 2
Pearson correlations of physiological indices of denitrifiers. Asterisks indicate the
level of significance as follows: *p < 0.05, **p < 0.01.

ROS LDH SOD MDH NADH ATP ETSA NIR EPS

ROS 1
LDH 0.91** 1
SOD 0.78* 0.824* 1
MDH 0.39 0.69 0.53 1
NADH 0.39 0.71 0.51 0.83* 1
ATP 0.49 0.77* 0.62 0.92** 0.91** 1
ETSA 0.61 0.87* 0.78* 0.89** 0.92** 0.94** 1
NIR 0.29 0.63 0.36 0.86* 0.98** 0.92** 0.86* 1
EPS 0.36 0.58 0.27 0.55 0.57 0.43 0.55 0.55 1
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were inhibited, and nitrite was accumulated. Furthermore, the
increased secretion of EPS protected denitrifying microorganisms
from CLP by preventing oxidative stress and membrane damage and
improved NIR activity and metabolic activities. Meanwhile, the
relative abundance of denitrification- and metabolism-associated
microorganisms sensitive to CLP initially decreased and then
recovered with the enrichment of EPS- and AHLs-associated mi-
croorganisms protecting microorganisms from toxic substances and
regulating interactions among inter- and intra-species.
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