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The transient hexavalent chromium (Cr(VI)) shock may directly inhibit the denitrification process of municipal
wastewater treatment plants (WWTPs), which is difficult to recover in a short time. This study developed four
nontoxic bio-promoters (combination of L-cysteine, flavin adenine dinucleotide (FAD), biotin, cytokinin and
different redox mediators) to quickly restore the denitrification performance after high-loading Cr(VI) sup
pressing. After feeding with 100 mg/L of Cr(VI) for 42 cycles (T, 4 h), the removal efficiency of nitrate was
reduced by 85.00%, and nitrite was accumulated simultaneously. The denitrification performance was recovered
quickly with the addition of bio-promoters, introducing redox mediators showed noticeable superiority on the
bio-inhibition release. Compared with sodium humate and riboflavin, the AQDS induced bio-promoter achieved
the best nitrate removal recovery performance within only 28 T, and the recovery rate was 2.16 times faster than
the natural recovery. Microbial analysis showed that Cr(VI) specially inhibited napA-type denitrifiers, and the
OTU numbers sharply dropped by 48.74%. Redox mediators induced bio-promoters could effectively recover the
abundance of napA-type and nirS-type denitrifying microorganisms, which was consistent with the change of
nitrate removal efficiency. This study offers a cost-effective approach to deal with Cr(VI) shock problem, which
may promote the development of bio-promoters for WWTPs.
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1. Introduction
Nowadays, an important measure to improve water environmental
quality is to implement strict sewage discharge standards, and one of the
most important indicators of water quality is nitrogen (Yan et al., 2018).
Bio-technology for nitrogen removal is widely used in most wastewater
treatment plants (WWTPs), the advanced nitrate removal through
denitrification process is the key step to reach the standard discharge of
nitrogen. At present, many municipal sewage treatment plants are also
responsible for treating some industrial wastewater in addition to do
mestic sewage (Novotnik et al., 2012). The rapid development of

industry increases the risk of excessive heavy metal discharge in WWTPs
(Wang et al., 2018). Meanwhile, a sudden increase in the concentrations
of heavy metal ions could occur due to unstable performance of the
sewage-treatment system in industrial enterprises, resulting in a nega
tive impact on the denitrification process and increasing the difficulty
for nitrogen removal in WWTPs (Deng et al., 2019; Ochoa-Herrera et al.,
2009).
Among all the heavy metals applied, chromium is one of the most
common heavy metals, which is found in wastewater from industries
such as steel manufacturing, electroplating, leather tanning, pulp pro
duction, landfills, and so on (Bencheikh-Latmani et al., 2007;
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Truskewycz et al., 2018). Hexavalent chromium (Cr(VI)), the main form
of chromium in industrial water, was widely used in the early electro
plating industry, and about 35.00% of chromium was discharged into
the environment (Tsybulskaya et al., 2019; Vaiopoulou and Gikas,
2012). The content of Cr(VI) in electroplating industrial wastewater may
be even up to 2500.00 mg/L, which is one of the main reasons for
excessive Cr(VI) in aquatic environments (Bagrii et al., 2013). Surface
water and groundwater contamination by chromium is a worldwide
problem (Huang et al., 2017). Studies have shown that 80.00–100.00
mg/L of Cr(VI) is lethal to denitrifying microorganisms (Zheng et al.,
2018). Cr(VI) can easily pass through the cell membrane of denitrifying
bacteria to the cytoplasmic matrix and then be further reduced to Cr(III)
(Konovalova et al., 2003). Chromium stress reduces the diversity and
abundance of bacterial communities, affects the structure of microor
ganisms (Miao et al., 2015), and thus imposes negative impacts on
denitrification (Vaiopoulou and Gikas, 2012).
High-strength Cr(VI) (80.00 mg/L) decreased the denitrification ef
ficiency by inhibiting bacteria growth (Vaiopoulou and Gikas, 2012). In
addition, Cr(VI) can change the enzyme conformation and block
necessary functional groups of microbes, leading to the reduction of
bacteria denitrification ability (Colussi et al., 2009). Short-term expo
sure to 100.00 mg/L Cr(VI) inhibited more than 80.00% of the nitrogen
removal efficiency due to adverse effect of Cr(VI) on denitrification
(Ishibashi et al., 1990). Meanwhile, in the activated sludge system
impacted by Cr(VI) at 10.00 mg/L for 20 d, the removal efficiency of
NO-3-N was reduced from 99.00% to 24.70% (Zheng et al., 2018). After
the denitrification was inhibited by Cr(VI), it was difficult to recover it in
a short time (Vaiopoulou and Gikas, 2012). During the recovery period
of denitrification process, accumulation of nitrite was observed under
natural recovery condition (Yin et al., 2014). Under natural conditions,
the NO-3-N removal efficiency could be restored to 90.00% after 20 days.
At this time, the accumulation of NO-2-N in the system was up to 8.00
mg/L, accounting for 53.33% of the influent NO-3-N (15.00 mg/L)
(Zheng et al., 2018). Yu et al. (2020) attempted to add activated sludge
or fungicides for the recovery of biological system’s denitrification ef
ficiency, however, this approach is costly and complicated to operate, so
the application of the rapid recovery method remains challenging. Thus,
it is of great significance to develop an effective recovery technology
that can restore the microbial activity for the denitrification system in a
short time.
Bio-promoters could promote the recovery of biological activity and
quickly restore the denitrification performance. Bio-promoters are
composed of multiple components, each of them plays a different role in
the recovery process. Biotin, cytokinin, L-cysteine, FAD, and quinoid
redox mediators were reported as impressive ingredients for biological
nitrogen removal (Wang et al., 2019). Both biotin and cytokinin can
promote the growth of microbe in activated sludge (Lawson et al., 2000;
Singh et al., 2015). L-cysteine can be served as an antidote for heavy
metal poisoning in research to induce anti-chromium in mice (Bosgel
mez and Guvendik, 2017). In our previous study, a group of effective
growth factors (biotin, L-aspartic acid, and cytokinin) was developed
and successfully promoted a copper-inhibited activated sludge system
recovery within only 8 days (Wang et al., 2015). Another study also
proved the growth factors can promote the recovery of bacterial activity
in sequencing batch biofilm reactors inhibited by ammonia nitrogen
(Wang et al., 2020). FAD, which transfers hydrogen during biological
oxidation, can promote the reduction of Cr(VI) to Cr(III) (Huang et al.,
2017). Redox mediators could act as electron shuttle to enhance the
transfer process of the electron between donors and acceptors (Van der
Zee and Cervantes, 2009; Yang et al., 2021), and quinone redox medi
ators showed excellent performance in accelerating electron transport
(Liu et al., 2010). Sodium humate (HA) and riboflavin (VB2) could
substantially change the community structure of activated sludge system
to improve denitrification electron transport activity, especially for ni
trite reduction (Dong et al., 2017; Guo et al., 2019). AQDS can partici
pate in a variety of chemical and biological reactions, including

denitrification (Stolz, 2001; Van der Zee and Cervantes, 2009). Many
previous studies have focused on enhancing the denitrification of bio
logical system by adding redox mediators. In view of the excellent
performance of redox mediators, the combination of redox mediators
and growth factors is expected to have a positive impact on the release of
bio-inhibition. However, there were few studies on promoting the re
covery process of inhibiting conditions, especially during denitrification
process. It is worth noting that in the denitrification system suppressed
by Cr(VI), the toxicity of Cr(VI) is closely related to the denitrification
process. However, limited studies have reported the effect of
bio-promoters on the process of Cr(VI) detoxification, denitrification
recovery, microbial community shift and variation, especially for the
denitrification recovery process mediated by different redox mediators
induced bio-promoters. Therefore, a better understanding of the work
ing mechanism of bio-promoters on denitrification recovery system is
beneficial for promoting their development and practical applications.
The denitrification process is catalyzed by four independent en
zymes: nitrate reductase (Nap), nitrite reductase (Nir), nitric oxide
reductase (Nor) and nitrous oxide reductase (Nos), the corresponding
coding genes are nap, nir, nor, and nos (Tomasek et al., 2017). During the
denitrification process, nitrate is converted to N2O or N2 through the
respiration of microorganisms. The global warming potential of N2O is
298 times higher than that of CO2, which is the third largest greenhouse
gas following CH4 and CO2 (Uraguchi et al., 2009). The thoroughness of
nitrate nitrogen removal is an important indicator besides the efficiency
of nitrogen removal. The response of microorganisms containing deni
trification functional genes is important to adjust the denitrification
process. Therefore, exploring the migration and transformation of
denitrifying microbial communities of denitrification process at both
inhibition and recovery stages is expected to provide effective infor
mation for the regulation of recovering strategies. However, previous
studies mainly focused on the inhibition of Cr(VI) on denitrification (Yin
et al., 2014), and the rapid recovery of denitrification performance after
suppressed by Cr(VI) has not been reported yet. In particular, the shifts
of denitrifying microorganisms containing different functional genes
(napA, nirS, and nosZ) during the recovery process are not clear.
Therefore, the development of effective denitrification recovery
methods and the exploration of mechanisms of bio-promoters on deni
trification are of great significance to the stable operation of bio-system
in WWTPs.
In this study, the inhibition of high concentration of Cr(VI) (100.00
mg/L) on the denitrification process was evaluated. Four different for
mulations of bio-promoters were developed and compared to alleviate
the inhibition of Cr(VI) and improve denitrification performance of
biological systems. Chromium distribution, microbial activity and
denitrification performance were assessed in recovery phase of the re
actors using different bio-promoters. Moreover, high-throughput
sequencing was applied to analyze the diversity of functional microor
ganisms carrying specific denitrification functional genes (napA, nirS,
and nosZ), in combination with microbial activity, community structure,
and diversity analyses, which provided evidence of recovery mechanism
for the four bio-promoters.
2. Materials and methods
2.1. Configuration of biofilm reactor
The biofilm reactor is a sealed plexiglass cylinder with an inner
diameter and a height both of 100.00 mm, and an effective volume of
0.80 L. The biofilm reactor is composed of three parts: biofilm carriers, a
porous water collector, and a water jacket for maintaining constant
temperature (25 ± 1 ◦ C) (Fig. 1).
The water collector was installed in the center of the reactor, and
each hole on the water collector was filled with biofilm carriers, which is
a kind of spiral fibers (diameter = 30 mm) (Purchased from Shi
jiazhuang Green Environmental Protection Technology Co., Ltd.). All
2
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Fig. 1. Experimental apparatus.

biofilm reactors were operated in sequential batch mode.
The reactor was operated in 4 h sequential cycles that consisted of
three stages: filling (5 min), reaction (230 min), and draining (5 min).
Each feeding cycle (4 h) was defined as 1 T. Water inflow was 0.40 L per
cycle, and the drainage ratio was 0.50.

Table 1
Reactors and composition of different bio-promoters.
Reactor

Operation
conditions

Recovery
(biopromoters)

Phase I
(0–15 T)

Phase II
(16–63 T)

Phase III
(64–135 T)

Start-up
stage

Suppressing
stage

Recovery
stage

——

Cr (VI)
(100 mg/L)
Biopromoter
(w/o)

Cr (VI) (w/
o)
Biopromoter
(with)

——

Y

N

N

——

Y

Y

N

Natural
restoration

Y

Y

Y

L-cysteine,
FAD, biotin,
cytokinin
L-cysteine,
FAD, biotin,
cytokinin,
HA
L-cysteine,
FAD, biotin,
cytokinin,
VB2
L-cysteine,
FAD, biotin,
cytokinin,
AQDS

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

2.2. Synthetic wastewater and inoculated sludge
In order to simulate an environmental emergency, the synthetic
wastewater was prepared in per liter of tap water as following: CH3OH,
167.00 mg (COD, 250.00 mg/L); KNO3 361.00 mg (NO-3-N, 50.00 mg/
L); K2HPO4/KH2PO4 (PO34 -P, 1.00 mg/L). The trace elements were
provided by tap water, while 100.00 mg/L of Cr(VI) in the suppressing
phase was prepared from K2Cr2O7 stock solution with a concentration of
28.29 g/L (10.00 g/L Cr(VI)). The pH in influent was maintained at
7.50 ± 0.20. The inoculum used to set up biofilm reactors was originally
collected from the returned sludge of the second settling tank in Jingu
Wastewater Treatment Plant (Tianjin, China).
Similar to the previous study, bacteria were easily attached on the
surface of spiral carrier, and formed a dark gray biofilm within 15 days
(Zhao et al., 2017). The success of domestication was considered when
the removal efficiencies of COD and NO-3-N were stabilized above
95.00% and 99.00% for 15 T.

R
S-R0
R-R1
R-R2
R-R3

R-R4

With VB2
biopromoter

R-R5

With AQDS
biopromoter

2.3. Experimental design
Seven identical biofilm reactors were set up to evaluate the inhibi
tion of Cr(VI) (100.00 mg/L): R (without Cr(VI)), S-R0 (suppressed by Cr
(VI)), and the recovery behavior using different bio-promoters, which
were named R-R1 (recovered by nature), R-R2 (recovered by basic biopromoter), R-R3 (recovered by sodium HA bio-promoter), R-R4 (recov
ered by VB2 bio-promoter) and R-R5 (recovered by AQDS bio-promoter).
The R-R1 was set as the control group, which means all the removal
efficiencies were recovered naturally. Basic bio-promoter, HA biopromoter, VB2 bio-promoter, and AQDS bio-promoter were added to
the inflow water of R-R2, R-R3, R-R4 and R-R5, respectively. In the biopromoters, the concentration of FAD was 1.00 μg/L, the redox medi
ator (HA, VB2, AQDS) was 30.00 μg/L, and the remaining components
(L-cysteine, biotin and cytokinin) was 6.00 μg/L (Table 1).
All biofilm reactors were operated in three phases, namely culturing
phase (Phase I), Cr(VI) suppressing phase (Phase II) and recovery phase
(Phase III) (Table 1). The inflow and outflow of the first and sixth cycles

Without Cr
(VI)
Under Cr
(VI) stress
Without
biopromoter
With basic
biopromoter
With HA
biopromoter

The reactor was operated in 4 h sequential cycles containing three stages: filling
(5 min), reaction (230 min) and drain (5 min). Each cycle (4 h) defined as 1 T.
The concentrations of Cr(VI) and NO3–N both refer to the influent water.

(the first and last cycle of each day) were taken for measurement of COD,
NO-3-N, NO-2-N, Cr(VI), and total chromium.
Phase I lasted for 15 T until the removal efficiency of COD and NO-3-N
were stabilized within 8 cycles. Meanwhile, the concentration of NO-3-N
detected in the effluent was lower than 0.10 mg/L, indicating that the
start-up stage was successful. In suppressing phase, the biofilm reactors
were operated for 48 T with high loading of Cr(VI) (100 mg/L). Biofilm
reactors were operated for 72 T during the recovery phase, and four
kinds of different bio-promoters were added to R-R2 to R-R5 separately.
3
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The specific information of the main ingredients of the bio-promoter
were given in Table S1 (Supplementary Material). When both COD
and NO-3-N removal efficiency were stable above 90.00%, the system
was deemed to be successfully restored.

3. Results and discussion
3.1. Inhibition of denitrification by Cr(VI) and the recovery
During start up stage, almost complete denitrification performance
was achieved, and the removal efficiency of COD and NO-3-N were
94.78 ± 0.84% and 99.54 ± 0.20% respectively without Cr(VI) stress
(Table 2). With the addition of Cr(VI) (100.00 mg/L), the removal ef
ficiency of COD (Fig. 2a) and NO-3-N (Fig. 2b) sharply decreased to

2.4. Analytical methods
The biofilm was taken from the bioreactor to assess the distribution
of Cr(III) and Cr(VI), including the adsorbed chromium, intercellular
chromium and intracellular chromium. The determination of chromium
in different forms was based on the method reported previously (Li et al.,
2016a, 2016b; Novotnik et al., 2014). The detailed analytical methods
were presented in Supplementary Material (Text S1).
The COD was measured by cuvette rapid tests using UV spectro
photometer (HACH DR2800, 21259-15, USA). NO-2-N, NO-3-N, Cr(VI)
and polysaccharide soluble (PS) were measured according to Chinese
National Standard Methods (GB7493-87, HJ/T346-2007, GB/T280192011, SN/T4260-2015). Polysaccharide protein concentration was
tested using Lowry protein kit (Solarbio Bioscience & Technology Co.,
LTD, China). Mixed liquid suspended solids (MLSS) and mixed liquid
volatile suspended solids (MLVSS) were quantified according to the
gravimetric method. Temperature and DO were monitored using an
online detector (Model 6308DT, China), the pH was tested using a pH
meter (Mettler FP20, Switzerland). These measurements were con
ducted in duplicate and given in average. Removal efficiency was
calculated according to the difference of concentration in influent and
effluent. Analysis of variance (ANOVA) was used to evaluate whether
the addition of bio-promoters had an obvious promotion effect on the
removal of COD and NO-3-N compared with the natural recovery reactor
(R-R1).
2.5. Microbial analysis
At the end of each phase, biofilm samples were collected from the
reactor for microbial analysis. The biofilm samples were sent to
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) for three
denitrification functional genes (napA, nirS and nosZ) high-throughput
sequencing. Applied primer pairs and PCR amplification procedures of
denitrification functional genes were performed in Table S2 and
Table S3. The PCR products were extracted from 2.00% agarose gel and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA) according to manufacturer’s instructions and
quantified using Quantus™ Fluorometer (Promega, USA). Raw
sequencing data were generated with an ILLUMINA platform, and the
representative raw sequences have been deposited in GenBank database
(NCBI, www.ncbi.nlm.nih.gov/) with bioproject accession numbers
PRJNA656895 (SAMN15805815-SAMN15805835).

Fig. 2. Removal efficiency of (a) COD, (b) NO-3-N, and the accumulation of (c)
NO-2-N. (Phase I: start-up phase, Phase II: suppressing phase, Phase III: recovery
phase. R-R1: recovered by nature; R-R2: adding basic bio-promoter; R-R3:
adding HA bio-promoter; R-R4: adding VB2 bio-promoter; R-R5: adding AQDS
bio-promoter.).

Table 2
COD and NO-3-N removal in different reactors.
Reactor
R
S-R0
R-R1
R-R2
R-R3
R-R4
R-R5

Recovery time (T)

Removal efficiency (%)

Slope

F

P-value

COD

NO-3-N

COD

NO-3-N

COD

NO-3-N

COD

NO-3-N

COD

NO-3-N

——
——
55
49
37
37
34

——
——
52
52
40
34
28

94.78 ± 0.84
12.50 ± 0.56
85.26 ± 0.84
91.06 ± 0.60
93.26 ± 0.94
90.27 ± 0.78
94.02 ± 0.39

99.54 ± 0.20
16.62 ± 0.70
89.28 ± 0.20
97.30 ± 0.37
99.29 ± 0.31
99.77 ± 0.23
99.68 ± 0.37

——
——
1.38
1.64
2.15
2.12
2.43

——
——
1.52
1.71
2.09
2.65
3.29

——
——
——
2.29
8.34
7.09
9.69

——
——
——
0.73
2.01
5.70
9.39

——
——
——
0.140
0.008
0.014
0.005

——
——
——
0.400
0.169
0.027
0.007

The reactor was operated in 4 h sequential cycles containing three stages: filling (5 min), reaction (230 min) and drain (5 min). Each cycle (4 h) defined as 1 T.
The Slope value is positively correlated with the removal efficiency of COD and nitrate nitrogen. The P value is negatively correlated with the promotion effect of the
bio-promoter.
Removal efficiency was calculated when the reactor is operating stably.
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of NO-2-N were only 55.80%–72.68% of control group (R-R1). NO-2-N
accumulation was firstly observed in R-R5 with AQDS addition, and the
maximum accumulated nitrite concentration was up to 9.80 mg/L at the
third cycle of Phase III. It was speculated that under the condition of
adding AQDS, the process of reducing NO-3-N to NO-2-N was first restored
in R-R5, so the accumulation of NO-2-N occurred first. Subsequently, the
nitrite accumulation quickly began to be relieved at the 51th T, which
was 39 T earlier than the control group (R-R1). Similar phenomenon was
also found as redox mediators were used for the promotion of conven
tional denitrification performance in a previous study, nitrite reductase
activity increased around 2.08 times higher than the blank group with
the adding of mediators (Yin et al., 2014). Menyhárd and Keserű (2006)
indicated that redox mediators could accelerate the process of electron
transfer from enzymes to NO-2-N, and further enhance the NO-2-N
reduction and release the NO-2-N accumulation. Furthermore, redox
mediators hold biocatalytic effect on the nitrite reduction process,
thereby increasing the further bio-transformation of nitrite (Li et al.,
2013). Among all the redox mediators, AQDS not only plays the role of
coenzyme CoQ, but also accelerates the whole process of cytochrome
electron transfer process (Zhao et al., 2013).
The recovery of the denitrification process could be promoted with
HA, VB2 and AQDS addition (Fig. 3), and the promotion efficiency was:
AQDS > VB2 > HA. More detailed explanation is provided and discussed
in the microbiological analysis part (Section 3.4).

14.82 ± 1.11% and 25.54 ± 2.30% at 57th T, respectively. After Cr(VI)
stress period, four different bio-promoters were fed to alleviate the in
hibition of Cr(VI) on denitrification process. In phase III, the removal
efficiencies of both COD and NO-3-N showed a short-term downward at
the very beginning period even with bio-promoters addition. This phe
nomenon implicated that the biological system had a certain buffering
capacity, which led to the hysteresis of the accelerating effect induced by
bio-promoter. Compared to control group (R-R1), the reactors with biopromoters addition (R-R2 to R-R5) showed obvious superiority on COD
and nitrogen removal performance (Fig. 2 and Table 2).
Organic matter is taken as electron donors to join nitrate reduction
through microbial respiration during heterotrophic denitrification pro
cess (Cavigelli and Robertson, 2000). The improvement of organic
matter utilization was related to the recovery of microbial respiration,
which was responsible for the high nitrate removal efficiency. As seen in
Fig. 2a, COD removal efficiency was restored up to 85.26 ± 0.84% in
R-R1 system after stopping Cr(VI) stress for 55 T. Moreover, the COD
removal efficiency was restored higher than 90.00% with the addition of
bio-promoters including the basic bio-promoter (R-R2) (Table 2). Our
previous studies have confirmed that FAD, L-cysteine, biotin, and
cytokinin, as components of the basic bio-promoter, are essential growth
factors for microorganisms (Wang et al., 2015). It was noteworthy that
the recovery efficiency of COD removal in the reactors R-R3, R-R4 and
R-R5 were all better than that of R-R1 (P < 0.05) (Table 2) within fewer
feeding cycles, which was attributed to the addition of redox mediators
in the basic bio-promoter. COD removal performance of R-R5 (adding
with AQDS) was the most prominent, which was finally stabilized at
94.02 ± 0.39%, and the recovery rate was 1.76 times higher compared
to the control group (R-R1).
Removal efficiency of NO-3-N in R-R1 under natural recovery condi
tions was recovered at 89.28 ± 0.20% within 52 T. The nitrate removal
efficiency in R-R3, R-R4, and R-R5 were quickly recovered (less than
40 T) at the same level as before Cr(VI) inhibition. Moreover, the
required recovery time of R-R5 (with AQDS bio-promoter) was even less
than five days (28 T), which was almost 2.16 times faster than under
natural recovery conditions. Similar tendency was also found in a pre
vious study, the denitrification rate increased by 2.00 times with AQDS
addition, and the removal rate of total nitrogen increased to 2.08 times
compared to the blank group (Yin et al., 2014).
During recovery period (Phase III), no matter whether bio-promoters
were added or not, different degrees of nitrite accumulation were
observed in all five biofilm reactors. The accumulation of nitrite in the
control group (R-R1) continued until the 102th T, and NO-2-N concen
tration reached 17.56 mg/L before starting to be released. The denitri
fication
process
is
based
on
nitrate
biotransformation
(NO-3→NO-2→NO→N2O→N2), which is carried out through the transfer
and consumption of electron (Su et al., 2015). After the stress of Cr(VI)
in Phase II, the recovery of nitrate to nitrite was happened before the
biological conversion of nitrite occurred, which might be directly lead to
short-term accumulation of nitrite at the beginning of the recovery
stage. It was also speculated that the restoration of nitrate reductase
activity in the system took precedence over nitrite reductase, which will
be discussed in detail in Section 3.4. Compared to R-R1, the addition of
basic bio-promoters effectively alleviated the phenomenon of NO-2-N
accumulation. With the basic bio-promoter addition, the maximum
accumulation of nitrite in R-R2 was 14.64 mg/L and the accumulated
NO-2-N started to release at the 93th T, which was 12 T earlier than
control group (R-R1). It was speculated that the growth factors in
bio-promoters (L-cysteine, FAD, biotin, cytokinin) could improve the
growth and the toxicity adaptability of denitrifying bacteria. Li et al.
(2016a, 2016b) found that FAD was able to promote the electron
transfer activity of NADH to denitrification enzyme, which in turn
accelerated the conversion of NO-2-N and reduced the accumulation of
nitrite. Compared with R-R2, the alleviation of NO-2-N accumulation
were more obvious in the reactors with the addition of redox mediators.
In the R-R3 to R-R5 reactors, the maximum accumulated concentrations

3.2. Investigation on the distribution of Cr(VI) in biofilm compartments
During Phase II, 100.00 mg/L Cr(VI) was continuously fed to each
biofilm reactor, the chromium may enter to the intracellular and inter
cellular of microorganisms. Hence, the intervention of Cr(VI) in the
biofilm reactors may lead to an adverse effect on the performance of
denitrification due to the inhibition of microbial activity and shift of
microbial community. To further investigate the Cr(VI) stress on the
denitrification performance, the distributions of chromium (trivalent
chromium and hexavalent chromium) in the suspension and biofilm was
analyzed at both suppressing stage and recovery stage (Fig. 4). The
proportion of Cr(VI) and Cr(III) was also investigated to reveal the
biotransformation of Cr(VI) to Cr(III) in both suspension and biofilm.
In Phase II, total chromium in the suspension was 64.34 ± 0.38 mg/
L, and Cr(VI) accounted for 98.41 ± 0.40%. During recovery period
(Phase III), no more Cr(VI) was added into reactors, and the Cr(VI)
concentration was gradually decreased via liquid replacement and
dilution process. The total chromium in suspension of all reactors
decreased to 4.28 ± 0.30 mg/L at the end of Phase III (under steady
states of recovery) (Fig. 4a and b). This fraction of Cr(VI) in suspension
was only associated with the in-situ internal emissions from the biofilm
and the residual chromium content (the residue is almost negligible after
72 T water change). The toxicity of Cr(VI) was approximately 100-fold
more than that of Cr(III) (Shen and Wang, 1995), and it can penetrate
the cell membrane to stress the performance of the denitrification

Fig. 3. Proposed mechanism of bio-promoter added with redox mediator.
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Fig. 4. Concentration and distribution of Cr(VI) and Cr(III) in liquid (a) suppressing phase, (b) recovery phase, and in sludge (c) suppressing phase (concentration),
(d) recovery phase (concentration), (e) suppressing phase (distribution), (f) recovery phase (distribution). (R-R1: recovered by nature, R-R2: adding basic biopromoter, R-R3: adding HA bio-promoter, R-R4: adding VB2 bio-promoter, R-R5: adding AQDS bio-promoter.).

system (Zhai et al., 2017). Thus, one effective way to reduce the toxicity
of the chrome on denitrification performance was to reduce Cr(VI) to Cr
(III) with low-toxicity. With bio-promoters, the proportion of Cr(III)
from R-R2 to R-R5 systems were 11.78 ± 0.70%, 17.96 ± 1.15%,
19.50 ± 1.08% and 27.81 ± 1.25%, which was 1.29, 1.96, 2.13 and
3.04 times higher than in R-R1 (9.14 ± 0.56%), respectively (Fig. 4b).
The distribution of Cr(VI) and Cr(III) in the biofilm was further
investigated to clearly understand the chromium bio-transformation
process (Fig. 4c-f). In the Phase II, the total chromium in the suppress
ing phase distributed in the adsorption, intracellular and intercellular
were 12.92 ± 0.36%, 14.94 ± 0.91% and 72.13 ± 1.21%, respectively
(Fig. 4c and e). In our previous study, it was also confirmed that the main
part of Cr(VI) reduction and Cr(III) fixation is located in the cell
compartment of the biofilm (Zhou et al., 2021). Cr(VI) and Cr(III)
accounted for 59.77 ± 2.76% and 40.23 ± 2.76% in the biofilm sam
ples, respectively. The high proportion of Cr(VI) indicated that Cr(VI)
might penetrate into the bacteria and inhibit the normal metabolism and
growth of microbes. In addition, intercellular Cr(VI) and Cr(III)
accounted for 42.79 ± 1.88% and 31.46 ± 2.96%, implicating that most
intercellular Cr(VI) (43.38 ± 0.64%) was not removed or further
reduced to Cr(III). Therefore, in the denitrification system suppressed by
Cr(VI) (100.00 mg/L), the adsorption/accumulation of Cr(VI) by mi
croorganisms was dominant compared to the biological reduction.
In Phase III (recovery stage), the proportion of intercellular Cr(VI)
decreased to 2.32~12.80%, accompanied by an increment of intercel
lular Cr(III). The proportions of intercellular Cr(III) in the R-R1 to R-R5

were 78.94%, 82.89%, 82.97%, 86.60% and 89.67%, respectively. In
particular, in R-R2 to R-R5, the proportions of intercellular Cr(III) were
4.13~9.08% higher than R-R1 (natural recovery) (Fig. 4d and f). It was
attributed to the fact that the addition of bio-promoters was conductive
to restore the activity of some specific microbes for Cr(VI) reduction
outside the cell. The basic bio-promoter can stimulate cell growth and
proliferation, besides, amide (NH) and carboxyl (COOH) groups in bioaccelerators could attract heavy metals, and repair membrane loss
(Wang et al., 2016). These properties of bio-promoter could ensure the
microbial activities even with the existence of contaminants, thus
demonstrate more resistance to shock loads. Furthermore, the redox
mediators were added into R-R2 to R-R5 biofilm reactor, which could
transfer electrons through continuous oxidation and reduction. Redox
mediators were proved to increase the transfer rate of electrons (Li et al.,
2013), thereby weaken the chromium toxicity by promoting the Cr(VI)
reduction process (Guo et al., 2012).
At the end of Phase III, the concentration of adsorbed Cr(VI) and
intercellular Cr(VI) in R-R5 decreased by 28.13 mg/L, while the con
centration of Cr(III) increased by 30.23 mg/L (Fig. 4c and d). It indi
cated that the reduction efficiency of Cr(VI) was gradually restored, and
even the residual Cr(VI) remaining in biofilm was further reduced to Cr
(III) and fixed in the biofilm. AQDS was added on the premise of basic
bio-promoter for R-R5, the toxic Cr(VI) in adsorbed and intercellular
form decreased most with a reduction efficiency of 90.91% (Fig. 4c and
d). Previous studies observed that quinone mediators could accelerate
the reduction of Cr(VI), represented by AQDS, which is the main
6
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component in our bio-promoters (R-R5) (Liu et al., 2010; Miao et al.,
2015).
In summary, the toxic effect of Cr(VI) leads to low microbial reduc
tion efficiency of extracellular Cr(VI) (adsorbed and intercellular). Biopromoters can improve the efficiency of electron transfer and reduce
the toxic of Cr(VI) in the system by promoting the reduction of hex
avalent chromium, thereby improving denitrification performance.

microorganisms was obviously inhibited by the toxicity of hexavalent
chromium. As Cr(VI) invaded the microorganism cells, the production of
auto-lysates and EPS was inhibited, and osmotic pressure of the bacteria
was out of balance, leading to reduction of bacterial activity. The EPS
could bind the heavy metals to prevent them from entering to the cells
because it contains acidic functional groups, such as carboxyl, phenolic,
and hydroxyl groups. As reported, the composition and properties of EPS
are easily affected by environmental factors (Jiang et al., 2018).
Therefore, the ability of EPS to resist Cr(VI) through absorption and
reduction is limited. Studies have shown that 80.00 mg/L Cr(VI) could
inhibit the EPS production and also change the EPS components, which
was due to the negative impact of Cr(VI) on the most bacteria (Liu et al.,
2017). In addition, Cr(VI) could be combined with enzymes to deform its
structure and inhibit enzyme system activity, adversely affecting the
electron transport system and denitrification performance (Dordio et al.,
2009). The variation of EPS in reactors was consistent with the results of
suppression of COD and NO-3-N removal efficiency in the previous sec
tion (Section 3.1).
The EPS content in biofilm increased when operating with biopromoters (Fig. 5c). Both PN and PS increased in all biofilm reactors
during Phase III, and the values of PN/PS were recovered to above 2.00.
With the regard to R-R5 system, PN/PS was increased to 2.70, which was
even higher than culturing phase (2.60). The higher recovery efficiency
was attributed to the addition of the redox mediators. It was beneficial to
increase the activity of microorganisms and promote the secretion of
EPS. Van der Zee et al. (2001) found that the microbial activity of the
reactor (an anaerobic system) was restored after adding AQDS
(19.00 μM), and the nitrogen removal performance was notably
improved. Guo et al. (2010) reported that one kind of antrhraquinone
immobilized by calcium alginate can greatly increase the activity of
denitrifiers as the dosage reaches 500 antrhraquinone immobilization
beads, and the denitrification rate was increased by 2.00 times. Ac
cording to previous studies, the addition of redox mediators could
enhance the transfer rate of the electron between donors and acceptors,
promote the secretion of EPS, which was owing to the increase in the
activity of denitrifying bacteria.

3.3. Effects of bio-promoters on microbial activity
Extracellular polymeric substance (EPS) is one kind of high molec
ular polymers secreted by microorganisms. EPS can form protective
layer on the outside of the cell to resist the impact of the external
environment, and also act as a source of carbon and energy reserves
(Zhu et al., 2015). The composition and content of EPS are closely
related to the activity and functional characteristics of microorganisms
(Liu et al., 2010), which is an important basis for understanding the
overall biological activity and stability (Ehlers and Turner, 2011). It is
reported that 70.00–80.00% of EPS is composed of protein and poly
saccharides, and the value of protein/polysaccharides (PN/PS) can be
used as one indicator for the stability of microbial systems (D Abzac
et al., 2010).
The EPS content of the biofilm in the five reactors was basically the
same during the culturing phase (Fig. 5a), and the PN/PS ratio was
stabilized around 2.60. The relatively high PN/PS ratio implied that the
reactors had high microbial activity and operated in good parallelism in
Phase I. With Cr(VI) inhibition, the PN and PS of the biofilm decreased
by 61.50–69.72% and 50.21–60.14%, respectively (Fig. 5b). Mean
while, the PN/PS was even lower than 2.00, indicating the activity of

3.4. Microbial community structure and diversity
In order to provide comprehensive insights into the structural and
functional changes of the microbial communities, this study further
conducted the microbiological analysis. The recovery of the denitrifi
cation performance in biofilm reactors indicated that the addition of biopromoters might effectively improve the denitrifying bacteria activity.
The process of microbial denitrification can be divided into four steps,
which are dominated by microbes containing genes with different
functions (Fig. S1). Thus, the evolution of denitrifiers community before
and after adding bio-promoters was further explored to illustrate the
function of bio-promoters on functional bacteria containing napA, nirS,
and nosZ genes. Alpha diversity was used to analyze the abundance and
diversity of biofilm samples, including ace, chao, shannon, and simpson
index (Table S4).
Undoubtedly, napA gene was responsible for the first step of deni
trification process: from nitrate to nitrite. It could be seen that the
abundance of denitrifying microorganisms containing napA (OTU level)
was significantly decreased after being subjected to Cr(VI) addition. The
total number of OTU carrying napA detected in the system dropped by
48.74% after the adding of 100.00 mg/L of Cr(VI). Therefore, Cr(VI)
inhibited the biotransformation of nitrate, thereby reducing the deni
trification performance of the biofilm reactor. Notably, the restoration
of napA-carrying microbes was the key step to the restoration of deni
trification performance. Besides, the accumulation of NO-2-N indicated
that incomplete denitrification occurred in the system. Significant
accumulation of NO-2-N was observed in Phase II (Fig. 2c), indicating
high-loading Cr(VI) inhibited the activity of microorganisms containing
nirS and nirK functional genes. The alpha diversity analysis also showed

Fig. 5. EPS content of biofilm (a) culturing phase, (b) suppressing phase, (c)
recovery phase. (R-R1: recovered by nature, R-R2: adding basic bio-promoter, RR3: adding HA bio-promoter, R-R4: adding VB2 bio-promoter, R-R5: adding
AQDS bio-promoter.).
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that the total number of bacteria carrying nirS detectable after the Cr(VI)
suppressing dropped by 40.01% (OTU level) (Fig. 6b). Relative to the
denitrifiers containing nosZ gene (Fig. 6c), there was no significant
difference of diversity and structural composition before and after Cr
(VI) suppressing (P > 0.05).
The Shinella and Comamonas were two dominant genera carrying
napA gene in the inocula at initial state, which played important roles in
nitrogen removal. The total abundance of Shinella and Comamonas
showed a decreasing trend with Cr(VI) addition, ranging from 56.54%
(w/o Cr(VI)) to 0.23% (inhibition group) and 12.25% (w/o Cr(VI)) to
0.00% (inhibition group) (Fig. 6a). The inhibition of dominant bacteria
directly led to deterioration of nitrate removal efficiency by 85.00%. It
was worthy to note that some genera belonging to Proteobacteria phylum
showed good tolerance to chromium, such as Luteimonas, Azospirillum,
Dechloromonas and Thauera (Fig. 6a). The relative abundance of Thauera
was even increased with the elevated Cr(VI) stress. The similar result
was also found in Miao et al.’s study previously (Miao et al., 2015),
Thauera can be able to work normally in denitrification process under
high concentration Cr(VI) (120.00 mg/L) stress condition. The higher

relative abundance of Thauera indicated that the denitrification activity
could be maintain normally even suffer the toxic effect of Cr(VI).
The recovery rate of nitrate reduction step directly affected the
subsequent denitrification process. When the biofilm reactor was not
impacted by Cr(VI), the dominant microbe carrying napA was Shinella
genus (56.54%) (Fig. 7a). With natural recovery, Shinella only accounted
for 31.64% in R-R1, and the reduction rate of Cr(VI) in R-R1 was not
significantly increased. Studies reported before have shown that under
long-term Cr(VI) stress, the lethal dose for most bacteria in biofilm re
actors was 80.00 mg/L (Sahinkaya and Kilic, 2014; Vaiopoulou and
Gikas, 2012). Therefore, long-term existence of high-loading Cr(VI) in
the system has a lethal effect on some bacteria carrying napA. Diversity
analysis also consistently indicated that the number of detectable napA
host microbe in R-R1 dropped by 47.74% (Table S4). Obviously, the
structure of napA host microorganisms could not be fully restored under
natural condition, resulting in the lowest recovery of COD and NO-3 -N
removal efficiency in R-R1. With the addition of bio-promoters, the
proportion of Shinella in R-R3 to R-R5 increased to 43.76%, 48.31% and
50.30%, respectively, while the relative abundance of Shinella only

Fig. 6. Circos analysis of bacteria before and after Cr(VI) suppressing that carrying (a) napA, (b) nirS and (c) nosZ functional genes and (d) the relative abundance of
major bacteria on genus level (> 2% in any sample) in the biofilm samples of the reactors. (R: with no suppressing, S-R0: suppressed system.).
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Fig. 7. Recovery systems: the relative abundance of major bacteria: (a) containing napA, (b) containing nirS, (c) containing nosZ on genus level and (d) the major
bacteria containing nosZ on OTU level (> 1% in any sample) in the biofilm samples of the reactors. (R: with no suppressing, S-R0: suppressed system, R-R1: recovered
by nature, R-R2: adding basic bio-promoter, R-R3: adding HA promoter, R-R4: adding VB2 promoter, R-R5: adding AQDS promoter).

residual Cr(VI), thus effluent NO-2-N concentration increased in the early
recovery stage. Compared with the uninhibited microbial system, the
accumulation of nitrite in R-R1 was the highest in five biofilm reactors.
Besides, as the Cr(VI) discharge gradually from the reactors, the activ
ities of denitrifying bacteria containing nirS gene could be enhanced.
Hence, the NO-2-N concentration decreased at the later recovery stage,
including R-R1, which was the last reactor for NO-2-N release. Similar to
the microorganisms carrying napA, the structural composition in R-R3,
R-R4 and R-R5 were highly consistency to R (the reactor without Cr(VI)),
which means the addition of redox mediators effectively promoted the
recovery of nirS host bacteria. R-R5 reactor (added with AQDS) was the
first one to be liberated from the accumulation of nitrite. A previous
study confirmed that the addition of AQDS can improve the enzyme
activity of nitrite reducing bacteria and have a certain biocatalytic effect
on the removal of NO-2-N (Li et al., 2016a, 2016b). The obvious
enhancing effect on denitrification performance with AQDS addition
was attributed to the enhanced electron capture ability of quinone
respiration bacteria (Liu et al., 2010).
Nitrous oxide reductase (N2OR) can reduce N2O to N2, and the nosZ
gene is the only gene encoding N2OR (Fernandes et al., 2010). The
presence of nosZ gene-containing microorganisms is particularly
important for completed denitrification process (Wang et al., 2013). The
composition of naturally restored microorganisms containing nosZ gene
was most similar with that of R (w/o Cr(VI)), indicating that the
completed denitrification was restored even without bio-promoters
addition. The other three biofilm reactors (R-R3, R-R4 and R-R5) in the
presence of redox mediators showed a higher consistency. The analysis
of OTUs found that R-R3, R-R4 and R-R5 screened bacterial carrying
nosZ, which enabled the system to show the phenomenon of concen
trated growth of dominant OTUs. Jones et al. (2014) reported that
environmental factors would seriously affect the abundance and di
versity of the nosZ-type microbial community. N2O reductase was more
sensitive to major environmental regulators (including oxygen, pH and
carbon/nitrate ratios) than others in the denitrification pathway (Stein,
2017). Consequently, the addition of redox mediators changed the living
environment of microorganisms, resulting in a decrease in the abun
dance of some non-dominant bacteria.

contributed 1.91% in R-R2. The redox mediator promoted the transfer of
electrons outside the cell, and the energy produced could maintain the
process of microbial growth (Chen et al., 2017). The results showed that
the indirect electron transfer process can be mediated by bacteria of the
genus Shinella. Compared with other genera, Shinella can use the energy
and substances provided by HA, VB2 and AQDS (Taulé et al., 2016; Lee
et al., 2011). Cr(VI) can be reduced to Cr(III) after being transported into
microbial cells through the SO24 pathway (Bencheikh-Latmani et al.,
2007; Salnikow and Zhitkovich, 2008). Subsequently, active free radi
cals such as O2⋅- can be generated, which further damage the DNA, RNA
and protein of the cell (Zhai et al., 2020). This process alters the normal
physiological and metabolic functions of microorganisms, and even
causes cell poisoning or death (Çeçen et al., 2010). The addition of redox
mediator accelerated the reduction of extracellular Cr(VI) to Cr(III). The
redox mediator could increase the redox potential value of the Cr(VI)
biological reduction process, which might contribute to the Cr(VI) bio
logical reduction (Lian et al., 2016). The bio-promoters could remove
the inhibitory of Cr(VI) on the microbe containing napA, resulting in the
restoration of COD and NO-3 -N removal efficiency. It can be speculated
that mixing redox mediators in bio-promoters can significantly restore
the diversity and composition of napA-carrying bacteria. It was worth
noting that R-R5 had the most similar community structure to the
pre-impact, with the highest proportion of dominant genus Shinella in
the five reactors. Thus, quinone mediators were particularly important
for the recovery of nitrate-reducing bacteria, which was consistent with
the phenomenon that the nitrate removal efficiency in R-R5 was first
recovered (Section 3.1). Moreover, the cytokinin and auxin in
bio-promoter can improve the growth and reproduction of denitrifying
microbe.
For nitrite reduction, Cr(VI) has different effects on the abundance of
two functionally equivalent genes, nirS and nirK. Under unfavorable
conditions for nitrite-reduction by bacteria, these two genes could be
eliminated and replaced by each other (Guo et al., 2013). Therefore, this
study explored the relative abundance of microorganisms containing
nirS gene. Compared to the natural restoration of R-R1, the addition of
bio-promoters restored the abundance of microorganisms containing the
gene nirS in reactors (R-R2 to R-R5) (Fig. 7b). In phase III, residual Cr(VI)
also existed in the reactors at the beginning period of the recovery stage.
Denitrifying bacteria containing nirS gene could be inhibited by the
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The denitrification process was obviously inhibited after the highloading Cr(VI) (100.00 mg/L) suppression, and the nitrate removal ef
ficiency decreased by 80.00% (42 T). In addition, the sudden Cr(VI)
stress caused the accumulation of NO-2-N up to 17.56 mg/L. Compared
with the natural recovery system, bio-promoters addition showed
noticeably positive effects on the recovery performance of denitrifica
tion process within less than 40 T. Among five biofilm reactors, the
biofilm reactor (R-R5) introducing AQDS was optimum for denitrifica
tion recovery, gained better removal efficiency of nitrate
(99.68 ± 0.37%) and COD (94.02 ± 0.39%), respectively. Correspond
ingly, R-R5 also showed relatively higher nitrate and COD recovery ef
ficiency with only 28 T and 34 T, which was 2.16 and 1.76 times faster
than the natural recovery system. Moreover, microbial diversity analysis
showed Cr(VI) mainly inhibited denitrifying bacteria carrying napA
gene, the OTU numbers of napA-type denitrifiers dropped by 48.74%.
The addition of bio-promoters effectively increased the relative abun
dance and diversity of napA-type and nirS-type denitrifying microor
ganisms after Cr(VI) inhibition. With the addition of HA, VB2 and AQDS,
the Shinella proportion increased 41.85%, 46.4% and 48.39%, respec
tively, compared to the reactor with basic bio-promoter. Application of
the bio-promoter showed superiority on the recovery of denitrifying
activity in this study, however, soluble bio-promoter needs to be added
continuously during the recovery process. In the future, immobilized
form of bio-promoters made using 3D printing technology would
represent a better alternative method to improve their utilization
efficiencies.
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