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Abstract The effects of the influent nitrate
(NO;™-N) concentration on reactor performance and
microbial communities of anaerobic methane oxida-
tion coupled to denitrification in a membrane bio-
film reactor were emphatically investigated after
prolonged storage. The system was run for a period
of 185 days including the storage period, reactivat-
ing process, and stable operation phase. The influent
NO;™-N concentrations varied from 10, 20, and 30
mg/L, and the reactor was continuously operated for
135 days. The denitrification rate in the reactor was
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activated first and then inhibited, with the average
value of NO;™-N consumed of 0.42 mg/L-h~! at influ-
ent NO;™-N of 20 mg/L; there was no obvious nitrite
and ammonia—nitrogen accumulation in the whole
stage. Illumina MiSeq sequencing results showed
that increases in NO;™-N loading could improve the
microbial abundance in the system. The highest value
for variety and the lowest value for the evenness of
the microbial community corresponded to the ideal
value of 20 mg/L. It speculated that promoting bio-
film bacteria (PBB) became the key functional bacte-
rial group after prolonged storage. Besides, the abun-
dance of methane-oxidizing bacteria was significantly
increased in synergy with PBB and denitrifiers to
achieve reactivating and stable operation of anaerobic
methane oxidation coupled to denitrification.

Keywords Electron donor - Anaerobic methane
oxidation - Continuous flow reactor - Nitrogen
removal - Heterotrophic/autotrophic denitrification -
Microbial diversity

1 Introduction

Nitrate (NO;™-N) is considered to be one of the most
common pollutants in the world (Elmelouky et al.,
2018). Studies have shown that significant amounts of
NO;™-N, which are typically released into water from
industrial, agricultural, and domestic wastewater, not
only cause eutrophication and water quality damage,
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but also have harmful effects on human health, espe-
cially for children including methemoglobinemia
(Massoudinejad et al., 2018; Romanelli et al., 2020).
To remove excess NO;™-N, common treatment meth-
ods can be divided into biological denitrification,
chemical and physicochemical methods (Zolnierczyk
& Barbusinski, 2019). Biological denitrification with
its high efficiency, low cost, and stable operation has
been widely applied (Liu et al., 2019). However, low
carbon-to-nitrogen ratio is the characteristics of real
domestic wastewater in China, leading to the lack of
electron donors for denitrification.

To date, selection and optimization of suitable
electron donors is a hot topic in this field (Ding et al.,
2017a; Pu et al., 2014). Like that, autotrophic deni-
trification uses inorganic carbon sources (such as
CO,*~ and HCO;") as electron donors such as hydro-
gen gas (Luesken et al., 2011), sulfide (Ghafari et al.,
2008), and iron compounds (Zhou et al., 2016) were
chosen as electron donors for denitrification. Recently,
it has been reported that methane (CH,) can be in-/
directly used as an electron donor for denitrification
under anaerobic conditions. This process has been
found in both natural environment and engineering
systems (Luesken et al., 2011; Smith et al., 1991),
like the so-called denitrification-dependent anaerobic
methane oxidation (DAMO) technology (Ding et al.,
2017b). For instance, Lou et al. have investigated the
effects of temperature, pH, and dissolved oxygen on the
DAMO process (Lou et al., 2020); denitrification can
be achieved by co-enrichment of DAMO microorgan-
isms and anaerobic ammonia oxidizing bacteria in a
biofilm reactor (Shi et al., 2013). The following Eqgs. (1)
and (2) show the reaction process of the DAMO pro-
cess using NO;™-N (or NO, -N) as the oxidant (Harb
et al., 2021a). On the one hand, it cannot only signifi-
cantly reduce the emission of the CH, in the sewage
treatment process, but also greatly reduces the operat-
ing cost of the denitrification treatment process due to
the addition of an organic carbon sources (Cao et al.,
2021). Besides, previous literature pointed that simple
organics (e.g., short chain fatty acids) could be pro-
duced during anaerobic CH, oxidation process, imply-
ing that heterotrophs or/and autotrophs being fed with
these intermediates simultaneously (Guo et al., 2023).
However, the CH,-driven denitrification system is very
strict with the system environment and the functional
microbes grow slowly, resulting in the difficult enrich-
ment of microorganisms and its practical application
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(Bhattacharjee et al., 2016; Lim et al., 2021), while the
studies of enrichment of these functional microorgan-
isms with stable operation in bioreactor configurations
are still insufficient. Besides, the works focused on the
functions and relationships among the functional bacte-
ria are still limited.

3CH, +8NO,” +8H" - 3CO, + 4N, + 10H,0 (2)

Inspired by monitoring the growth of functional
bacteria by nitrification intensification process to sig-
nificantly reduce microbial metabolites and improve
reactor efficiency (Sepehri & Sarrafzadeh, 2019).
Nitrogen feeds (such as N concentration and source
type) is important for the microbial composition in the
anaerobic methane oxidation coupled to denitrification
co-culture system (Harb et al., 2021b). Besides environ-
mental factors, the co-culture system may also encoun-
ter system storage and idleness problems, but not many
studies have been conducted in this area. And cold stor-
age is a common means for microbial system preserva-
tion. For example, Shen et al. studied the frozen storage
and reactivation of microalgal-bacterial granular sludge
(Shen et al., 2021). There are not many studies on reac-
tivation following reasonably lengthy storage in biolog-
ical reactors, much alone the reactions to the microbial
populations, as far as we know. The reactor was firstly
stored at below 12 °C for 25 days, and then recovered in
a continuous reactor within 25 days. Thus, the purpose
of this work was to examine the restart-up, long-term
operation of denitrification and anaerobic methane oxi-
dation coupled to membrane biofilm reactors, as well as
the reactor performance with different influent NO;™-N
concentrations and corresponding changes in the micro-
bial community following the recovery period. The
results will help to provide a useful theoretical basis for
the application of the CH,-driven denitrification tech-
nology in practical sewage treatment for reactivation in
response to fluctuating nitrate concentration loads.

2 Materials and methods

2.1 Inoculation sludge and simulated wastewater

The inoculation sludge in the experiment was taken
from the secondary sedimentation tank in Wuhan
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Shahu Sewage Treatment Plant, and the initial MLSS
of the precultured sludge was about 8900 mg/L. It
was placed in a 5-L closed container for a month of
domestication, and then the sludge culture liquid (20
mg/L NO;™-N, 25 mg/L K,HPO,, 20 mg/L KH,PO,,
10 mg/L CaCl,, 2000 mg/L NaHCO;, and 0.5 ml/L
trace element solution) was added to the container
to multiply the microorganisms, replaced the fresh
sludge culture liquid every day, and introduced 15
min nitrogen to form an anaerobic environment. Suf-
ficient CH, gas was then introduced to achieve the
purpose of cultivation and domestication.

The influent used in the reactor was synthetic
wastewater which consisted of 10-30 mg/L NO;™-N,
25 mg/L K,HPO,, 20 mg/L. KH,PO,, 10 mg/L CaCl,,
2000 mg/L. NaHCO;, and 0.5 mL/L trace element
solution. Trace element solution was composed of 0.5
g/L ZnSO,-TH,0, 2 g/L CaCl,, 2.5 g/L MnCl,-4H,0,
10 g/L Na,MoO,4H,O, 0.18 g/L. KI, 0.18 g/L
CuSO,-5H,0, 0.18 g/L. CoCl,-6H,0, and 0.18 g/L
FeCl;-6H,O. All the chemicals used in the present
study were of analytical grade.

2.2 Experimental equipment and operation

The continuous flow reaction device used in this test
was shown in Fig. 1. The external reaction tank was
made of plexiglass and had a cylindrical shape. The
internal hollow fiber membrane was made of poly-
vinylidene difluoride material, which had good heat

Fig. 1 Scheme of the
reactor

resistance and chemical stability, and the pore shape
was round and oval, and the pore diameter is between
0.2 and 0.3 pm. The reactor unit height was 300 mm,
the inner diameter was 100 mm, and the total effec-
tive volume was 1.25 L.

The entire reactor was protected from light to
reduce the effect of lighting. The reactor continu-
ously pumped water from the catchment vessel and
flowed out from the water outlet in the middle of the
upper end of the reactor from bottom to top. CH,
came out of the cylinder and was directly connected
to the intake port at the lower end; the influent pres-
sure was 0.01 MPa (~50 min/day). The unreacted and
reacted gas is discharged from the upper exhaust port
and collected for treatment. After MBfR with arrange
mud law, the reactor has already continued to operate
stably for 190 days, with stable NO;™-N removal of
approximately 50%.

The reactor was exposed in below 12 °C for 25
days (storage period) and recovered under the condi-
tion of continuous flow within 25 days (reactivating
process, data not shown here). After this, the stable
operating phase was divided into three phases based
on the pertinent conditions, with the influent NO;™-N
concentration was 10 mg/L (day 1-25), 20 mg/L (day
56-80), and 30 mg/L (day 111-135), respectively.
Extra adjustment period about 30 days was carried
out when each stage ends. During the extra adjust-
ment period, the nitrate load for the next stage was
run on a trial basis to ensure stable reactor operation;

Effluent water

Outgas

N———

Influent water

Methane cylinder
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other operating conditions of the reactor were
pH=7.5, HRT =20 h, and the temperature = ~20 °C.
Finally, the effects of different influent water NO;™-N
concentrations on the microbial population structure
in the system were further investigated.

2.3 Analytical methods and Illumina MiSeq
sequencing

NO; -N was measured according to the ultravio-
let spectrophotometry method, while that of nitrite
(NO,™-N) was using N-(1-naphthyl)-ethylenediamine
spectrophotometry ~ method, = ammonia—nitrogen
(NH,"-N) was Nessler reagent spectrophotometry
method (Xu et al., 2022b). TIN represented the sum
of all the above three values. pH was measured using
a pH meter (METTLER TOLEDO). Sludge samples
under different working conditions were collected
for high-throughput sequencing, and the changes in
microbial population structure were analyzed at the
microscopic level. All sequencing in this trial was
performed at Majorbio (Shanghai, China), using the
lumina Miseq platform, with 515F (5'-GTGCCA
GCMGCCGCGGGG-3") and 907R (5'-CCGTCA
ATTCMTTTRAGTTT-3’) as primers for PCR ampli-
fication and pyrosequencing according to previous
research (Wang et al., 2018). The sequencing results
were marked as S1, S2, and S3 corresponding to the
25th, 80th, and 135th day at stable operation phase,
respectively.

3 Results and discussion

3.1 The effects of the influent NO;™-N concentration
on denitrification process

The experiment in this stage mainly explored the
removal of NO;™-N by the reactor when the influ-
ent NO;™-N concentration was 10 mg/L, 20 mg/L,
and 30 mg/L, respectively. Excluding reactivation,
the reactor had been further continuously operated
for about 135 days. During the stable operation of
the reactor, the concentration of NO;™-N in the influ-
ent and effluent, the removal rate of NO;™-N, and the
accumulation amount of NO, -N by different influent
NO;™-N concentrations were shown in Fig. 2.

As shown in Fig. 2a—d, the influent NO;™-N con-
centration had a great impact on the denitrification
performance of the reactor, which was manifested
in the fact that the removal efficiency of NO;™-N in
the reactor gradually decreased with the increase of
the influent NO;™-N concentration (Vasiliadou et al.,
2009). Accordingly, for NO,™-N, the effluent con-
centration and accumulation of NO, -N increase
in value with increasing of NO; -N loading from
10 to 30 mg/L; for NH4+-N, the effluent concentra-
tion and accumulation of NH,*-N under different
NO;™-N loading showed a gradually decline; for
TIN, the removal efficiency and accumulation of TIN
was gradually decreased with a trend of variety of
NO;™-N keeping consistently.

1
7/
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Figure 3a, b shows the average removal perfor-
mance of NO; -N with different NO;™-N loading.
At influent NO;™-N concentration of 10, 20, and 30
mg/L, the average removal efficiency of NO;™-N was
approximately 50.0%, 38.4%, and 19.5%, respec-
tively, while the denitrification rate of the system
was firstly increased and then decreased, with the
optimum of denitrification rate of NO;™-N of 0.42
mg/L-h~! at NO;™-N of 20 mg/L. It suggested that
the biological system had a certain tolerance to the
impact of influent NO;™-N concentration. At a cer-
tain influent NO; -N loading, it might provide a
favorable condition for the growth and reproduction
of microbes, which ultimately enhance the ability of
denitrification process; furtherly, the enzymatic reac-
tion rate might also be accelerated within a certain
range of concentration of the substrate. But previous
literature also pointed that nitrate reductase could be
inhibited by higher concentration of NO;™-N (Deigl-
mayr et al., 2006). In addition, the removal efficien-
cies of nitrate were only ~50% probably due to the
low pressure of the influent CH, (0.01 MPa, 50 min/
day), which might result in insufficient supply quan-
tity of CH,, thus resulting in a low nitrate removal
rate. Specifically, the mass transfer of CH, is critical
for the enrichment of microorganisms in the reactor,

but CH, is a very poorly water-soluble gas, and insuf-
ficient CH, in the dissolved state will result in the
normal growth of microorganisms not being guaran-
teed. In Cai’s research, by changing the inlet mode of
the reactor methane supply, they found that when the
CH, volume concentration was 20%, the denitrifica-
tion rate was 2.76~2.81 mg/L-h™! and when the CH,
volume concentration increased to 100%, the denitri-
fication rate was 9.3 mg/L-h_l (Cai, 2013).

As shown in Fig. 3c—e, it was worth noting that the
accumulation of NO, -N was very low at stage I and
II. As the influent NO;™-N concentration increased
to 30 mg/L, the average accumulation amount of
NO,™-N increased rapidly compared with stage
I and II, with value of approximately 0.89 mg/L.
The incomplete reaction of denitrification process
might be responsible for the cumulative increased
in NO, -N with the influent NO;™-N concentration
of 30 mg/L, which was also similar to the previous
reported work (Chen et al., 2016). Additionally, there
was no significant accumulation of NH,*-N at three
stages, with a relatively steady level of 0.2 mg/L.
The TIN removal observed was close to change trend
of NO;™-N removal, but the former is little lower
than the latter, resulting from synergistic effect of
functional microorganism. Comparison with other
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Fig. 3 The average effluent characteristics of NO;™-N, NO,™-N, NH,*-N, and TIN under different stages
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electron donors such as hydrogen (Puig et al., 2012),
FeSO,-7H,O (Wang et al., 2017), and sulfur (Wang
et al., 2016) let alone of organics for denitrification,
the value of denitrification rate achieved in this work
was not high, whereas good benefit in economy and
environment may be achieved.

3.2 Richness and diversity of microbial communities

Sludge was selected for high-throughput sequencing
at each stage when the system was in stable operation,
and the sequencing results are marked as S1 (stage 1),
S2 (stage II), and S3 (stage III). Based on the alpha
diversity analysis of the three samples, the compre-
hensive analysis results of the abundance and diver-
sity of the microbial populations in the reactor were
shown in Table 1.

As can be seen from Table 1 that a total of 38,423,
51,605, and 48,710 effective sequences were gen-
erated from three samples, and coverage index of
the three samples were all greater than 0.996, indi-
cating that the sequencing result was highly reli-
able and the effective sequences can cover most area
(Wang et al., 2019b). The sequencing depth could
well represent the microbial community in the three
samples, and the result could reflect the true condi-
tions of the samples effectively. Ace and Chao indi-
ces showed the same changing trend, increasing
with the increase of the influent NO;™-N concentra-
tion; the order was S3>S2>S1. It indicated that an
appropriate increase in the concentration of NO;™-N
could increase the species abundance in the reactor,
which might be caused by the increase of the nitro-
gen source for the growth of microbial, also pro-
moted the species reproduction. Shannon and Simp-
son indices could represent the biodiversity of the
sequencing samples. The larger the Shannon, the
smaller the Simpson, indicating that the diversity of
microbial was higher (Khanina et al., 2016). There-
fore, the three samples were sorted as S2>S3>S1
by diversity. It indicated that an appropriate increase

of the influent NO;™-N concentration was conducive
to the coexistence of multiple microbial in the reac-
tor. Shannoneven and Simpsoneven indices reflected
the uniformity of samples. The larger Shannoneven
and the smaller Simpsoneven, the better the uniform-
ity of microbial (Wang et al., 2019a). The three sam-
ples were sorted as S2>S3> S1 by uniformity. When
the influent NO;™-N concentration was 10 mg/L, the
microbial diversity and uniformity in the reactor were
the smallest. It might be caused by the relatively low
nitrogen source environment at the beginning, which
was not conducive to the growth and reproduction
of microbes, and had a certain selective effect on the
types of microbial.

The above result was the same as the result shown
in the dilution curve and the grade-abundance curve
in Fig. 4a, b. The dilution curves of the three samples
tended to be flat eventually, indicating that the sam-
pling of this sequencing was rational. The continuing
increase of the reads number could only produce a
small amount of OTUs. The grade-abundance curve
showed that when the influent NO;™-N concentration
was 10 mg/L, the horizontal width was the narrow-
est and the curve was the steepest, which indicated
that the abundance of microbial in the reactor was the
lowest and the uniformity was the worst at this level.
Non-repetitive sequences were clustered by OTUs on
the basis of the 97% similarity, and the three samples
were analyzed by OTUs.

The Venn diagram in Fig. 4c counted the number
of common and unique OTUs in the three samples,
which intuitively showed the similarity and overlap of
the OTUs composition of the samples under different
influent NO;™-N concentrations. It can be seen from
the figure that the total number of OTUs obtained by
the three samples was 931, and the numbers of OTUs
by S1, S2, and S3 individually were 38, 82, and
104, respectively, accounting for 4.08%, 8.81%, and
11.17% of the total number of OTUs. The number of
OTUs shared by the three samples was 483, account-
ing for 51.88% of the total number of OTUs. The

Table 1 Microbial alpha diversity indices under different NO;™-N concentrations

Samples Reads OTUs Ace Chao Shannon Simpson Shannoneven Simpsoneven Coverage
S1 38,423 652 777 799 4.17 0.04197 0.6405 0.03789 0.997
S2 51,605 717 819 841 4.40 0.03681 0.6695 0.03405 0.996
S3 48,710 752 906 914 424 0.03906 0.6441 0.03650 0.996
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results showed that the microbial populations in the
reactor under different influent NO;™-N concentra-
tions had higher similarities and less differences. The
change in influent concentration did not have a large
impact on the microbial community structure in the
system; the reactor had a certain denitrification and
nitrogen removal capacity in all three stages.

3.3 Structure analysis of microbial community
3.3.1 Phylum-level population distribution

At aqueous NO; -N concentrations of 10 mg/L,
20 mg/L, and 30 mg/L, respectively, microbiologi-
cal community structure was analyzed for the three
samples; a total of 33 phyla were detected. As shown
in Fig. 4d, it can be seen that microbial commu-
nity structure showed great similarity at the phylum
level in the three samples, top 6 bacteria of the rela-
tive proportion of microbial abundances in the three
samples, they were Proteobacteria, Chloroflexi, Bac-
teroidetes, Cyanobacteria, Fibrobacteres, and Firmi-
cutes. The sum of these bacteria gates accounted for

more than 85% of the three samples, respectively.
Among these, Proteobacteria represented the high-
est proportion of the three samples, respectively, at
26.37%, 33.34%, and 21.31%. Secondly, Chloroflexi
and Bacteroidetes, Chloroflexi represented 23.41%,
24.23%, and 21.01% of the three samples; Bacteroi-
detes accounted for 13.00%, 12.34%, and 17.62%,
respectively. Proteobacteria and Bacteroidetes had
long been regarded as the most common autotrophic
denitrification microorganisms during denitrification
and nitrogenous species containing various types of
denitrification and CH, oxidizing bacteria (Luo et al.,
2013), which could see the highest relative abundance
of Proteobacteria at the aqueous NO; -N concentra-
tion of 20 mg/L, indicating that the appropriate nitro-
gen source concentration facilitates microbial prolif-
eration within the reactor, either too high or too low.
The change trend of Chloroflexi phylum was similar.
Chloroflexi contained many types of microorgan-
isms, and the anaerobic phylum under this phylum
was believed to be able to participate in the process of
autotrophic denitrification (Lu et al., 2018; Shu et al.,
2015). The relative abundance of Cyanobacteria

@ Springer
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bacteria in the S1~S3 samples was 9.20%, 8.31%,
and 11.84%, respectively. Cyanobacteria were likely
to produce methane in anoxic environment (Fazi
et al., 2021). As shown, the relative abundance of
Fibrobacteres in S2 was greatly reduced, while that
of Firmicutes was opposite. The unifying features
of Fibrobacteres were cellulose hydrolysis, anaero-
bic metabolism, and lack of motility (Rahman et al.,
2016). Additionally, Acidobacteria, Actinobacteria,
Patescibacteria, etc., could also be detected in sam-
ples, but the relative abundance was low (less than
3%). Firmicutes and Acidobacteria were shown to
have denitrification genes with corresponding deni-
trification ability and be the dominant phyla in the
anammox-denitrification biomass (Wei et al., 2017).
Actinobacteria could generate soluble electron shut-
tles in denitrification (Pang & Wang, 2020). Patesci-
bacteria were frequently found in groundwater and
associated with nitrogen cycling in groundwater (Cao
et al., 2022).

3.3.2 Class-level population distribution

Subsequently, the composition of the microbial com-
munity structure in the sludge samples at different
levels was further analyzed from the class level, and
the analysis results are shown in Fig. 4e. The three
samples detected a total of 69 species of bacteria. The
dominant bacteria in the system were Anaerolineae,
Gammaproteobacteria, Ignavibacteria, Alphapro-
teobacteria, Oxyphotobacteria, and Chitinivibrio-
nia. The sum of these bacteria accounted for more
than 70% of the total number of samples. Anaerolin-
eae was a typical autotrophic denitrifying bacteria
(Xiao et al., 2015), and its relative abundance in the
three samples was the highest of 21.95%, 21.55%,
and 19.91%, respectively. Among them, Gammapro-
teobacteria and Alphaproteobacteria belonged to
the phylum Proteobacteria and had been proven to
be able to remove NO;™-N in a number of previous
studies on autotrophic denitrification (Liao et al.,
2014). When the influent NO;™-N concentration
was 10 mg/L, the proportion of Gammaproteobac-
teria in the sample was 13.31%. When the influent
NO;™-N concentration increased, the relative abun-
dance of Gammaproteobacteria also increased to
14.93% and 16.63%, respectively. As the concentra-
tion of influent NO;™-N increased, its relative abun-
dance also increased. The relative abundance of
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Alphaproteobacteria was the highest among the S2
samples, reaching 17.33%, which indicated that the
appropriate nitrogen source concentration was helpful
for the proliferation of this type of microorganisms in
the reactor. When the concentration was too high or
too low, the relative abundance would decline. The
change trend of Oxyphotobacteria was just the oppo-
site; the relative abundance in S2 was only 7.70%.

3.3.3 Horizontal population distribution of the genus

The 50 bacterial genera with the highest relative
abundance of the sample species were selected for the
heat map, and the results are shown in Fig. 5. It can
be seen that there were certain differences in the dis-
tribution of the microorganisms in the three samples
at the genus level. Specifically, the 10 genera with
the highest relative abundance in S1 and their pro-
portions were norank_c__Chitinivibrionia (13.48%),
Methylocystis (9.21%), norank_o__SJA-28 (8.89%),
norank_f__Anaerolineaceae (5.73%), norank_f__
A4b  (5.46%), norank_o__Chloroplast (5.13%),
norank_f__Caldilineaceae  (4.05%), norank_o__
Ardenticatenales (3.65%), Leptolyngbya_ANT.
L52.2 (3.48%), norank_f __Leptospiraceae (3.04%),
unclassified_f _Burkholderiaceae  (2.61%), and
norank_f__Pirellulaceae (1.79%). The 10 genera with
the highest relative abundance in S2 and their propor-
tions were Methylocystis (13.90%), norank_o__SJA-
28 (9.69%), norank_o__Ardenticatenales (8.77%),
norank_o_Chloroplast (6.84%), norank_f__Caldi-
lineaceae (5.32%), Clostridium_sensu_stricto_12
(4.41%), norank_f_A4b (3.50%), unclassified_f __
Burkholderiaceae (2.96%), Denitratisoma (2.14%),
and Limnobacter (1.88%). The 10 most abundant
bacterial genera in S3 and their proportions were
norank_o__SJA-28 (11.27%), norank_c__Chi-
tinivibrionia (10.70%), norank_f_Anaeroine-
aceae (10.70%), norank_o__Chloroplast (9.13%),
norank_f__A4b (3.46%), unclassified_f _Burkholde-
riaceae (3.34%), norank_f _Leptospiraceae (3.22%),
norank_p__BRC1 (2.43%), Lentimicrobium (1.93%),
and norank_c__OM190 (1.89%).

The above data showed that with the change of the
influent NO;™-N concentration, the dominant bacteria
at each level also changed. It can be seen that Methy-
locystis, which could use methane or methane oxida-
tion intermediates as electron donors for denitrifica-
tion (Lai et al., 2018), had the largest abundance when
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Fig. 5 The difference

of microbial population
dynamics in terms of genus
level

norank_o__SJA-28
norank_o__Chloroplast
norank_c__Chitinvibrionia
norank_f__Anaerolineaceae
Hethylocystis
Clostridium_sensu_stricto_12
norank_o__Ardenticatenales
norank_f__Caldilineaceae
norank_f__AKYH767
unclassified_c__Gammaproteobacteria
SM1A02
norank_o__Obscuribacterales
Bryobacter

Haliangium

Chryseolinea

Methylotenera

Simplicispira
norank_f__SC--84
norank_o__SBR1031
Ellin6067
unclassified_c__ABY1
norank_f__JG30-KF-CM45
norank_c__OLB14
Clostridium_sensu_stricto_8

Limnobacter
norank_f__Pirellulaceae 38
Pird_lineage
Clostridium_sensu_stricto_7 36
norank_o__Candidatus_Woesebacteria
norank_o__1-20 2
Hyphomicrobium
norank_f__PHOS-HE36
norank_f__Rhizobiales_Incertae_Sedis =
Pseudomonas
Leptolinea 30-
norank_o__PLTA13
Bacillus 28-
unclassified_f__Anaerolineaceae
unclassified_k__norank_d__Bacteria 26-
norank_c__Subgroup_6
norank_c__OM190 24+
norank_f__A4b
unclassified_f__Burkholderiaceae 29
Denitratisoma
norank_f__Leptospiraceae
Leptolyngbya_ANT.L52.2 20
norank_p__BRC1
Lentimicrobium 18
norank_o__CCM19a
unclassified_f__Methylophilaceae 16
82 $1 S3
the influent NO;™-N concentration was 20 mg/L. was similar with the results in a previous study (Vasi-
With the influent NO;™-N concentration increased liadou et al., 2009). At the same time, the dominant
or decreased, its abundance would decrease, which bacteria genus norank_f__Anaerolineaceae in the
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previous studies (Zhang et al., 2016) on the enrich-
ment of anaerobic methane oxidation and denitrifica-
tion microorganisms in the hollow fiber membrane
bioreactor was also detected, but its abundance was
low at 20 mg/L.

3.4 Core functional genera responsible for the
denitrification process and mechanisms
discussion

As shown in Table 2, there were several main
groups of functional bacterial groups including
methane-oxidizing bacteria (MOB), heterotrophic
denitrifiers (HD), promoting biofilm bacteria (PBB),
autotrophic denitrifiers (AD), etc. For PBB, it was
clearly observed that the abundance of PPB such as
norank_c__Chitinivibrionia, norank_o__SJA-28,
norank_f__A4b, and norank_f__Leptospiraceae in
stage III of the MBfR was higher than that in stage
I and II, which benefited to the reconstruction and
stability of biofilm via their metabolic process. It
is like in a nitrifying-enriched activated sludge sys-
tem study, nitrifying bacteria produced extremely
low extracellular polymeric substance and solu-
ble microbial products, resulting in lower fouling,
which similar to the role of PPB (Sepehri & Sar-
rafzadeh, 2018). Besides, the relatively high nitrate
loading could also enrich the PBB. After restart-
ing, a portion of dead microorganisms, even the
membrane matrix may be served as carbon source
during starvation phase. It was agreed to the rapid
increase of abundance of PBB after reoperation. For
MOB, neither DAMO archaea nor DAMO bacteria
were found in the bacterial community analysis.
Unlike typical DAMO bacteria, the dominant bac-
terial genera capable of oxidizing CH, including
Methylocystis, Methylotenera, and norank_f_methy-
lophilaceae, were detected in MBfR, which may be
responsible for oxidizing CH, to methanol or fatty
acids for further denitrification (Liang et al., 2022).
For example, Methylocystis sp. is the common type
II methanotroph, uses nitrite as a terminal electron
acceptor, and flexibly couples with methane oxida-
tion. This special electron transfer process poten-
tially accelerates methane anoxic oxidation (Liu
et al., 2023). Methylocystis sp. also was proved to
be of important role in bromate and nitrate biore-
duction as reported in previous literature (Lai et al.,
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2018). The role of these methanotrophs and other
methane-oxidizing bacteria (MOB) was most likely
to accelerate the denitrification process by convert-
ing the produced organics to acetate or hydrogen for
denitrifiers or promoting biofilm bacteria. For HD
or AD, the extended operation brought irreversible
changes to denitrifiers, which could be explained by
the competition of electron donors between these
bacterial species. HD mainly use organic substrates
as electron donors for denitrification, while AD use
inorganic substrates for denitrification (Lee et al.,
2013). In the extended operation, HD may gradually
adapt to and preferentially utilize organic substrates,
which are usually more abundant and readily availa-
ble in MBfR (from the methane oxidation of MOB),
leading to relatively faster growth of HD and a rela-
tive decrease in the abundance of AD. This compe-
tition may further exacerbate irreversible changes in
the numbers and functions of both.

The average removal of nitrate nitrogen by the
reactor gradually showed a decreasing trend, but the
average denitrification rate of the reactor increased
and then decreased. The optimum of denitrifica-
tion rate of NO; -N was observed when the nitrate
load was 20 mg/L. At this time, the microbial com-
munity diversity in the system was the greatest and
the homogeneity was the smallest, and the rela-
tive abundance of MOB was 9.21% and 13.90% in
S1 and S2, while it did not enter the top 10 in S3.
Based on these, it was speculated that when nitrate
load was increased in a certain range, the activity
of MOB was enhanced, the methane oxidation rate
was accelerated, and the production of readily bio-
degradable organics increased. Then, these organ-
ics were used as electron donors for enrichment or
denitrification process of HD and AD, so the deni-
trification rate was accelerated. However, when the
influent nitrate nitrogen load was 30 mg/L, the aver-
age nitrite nitrogen accumulation increased, which
was inhibitory and toxic for microorganisms, both
nitrate nitrogen and denitrification rates decreased.
PBB in some certain period also served as converter
to degrade refractory substances of membrane base
during starvation phase, especially after storing at
low temperature and reactivating. Therefore, syn-
ergetic system of methanotrophic bacteria, deni-
trifiers, and PBB was reconstructed in the MBfR
(Fig. 6).
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Table 2 The key functional groups classification at genus level (top 10 at each stage)

Func-
tional
groups

Bacteria

Descriptions Stage

S1#

S2%

S3%

MOB
PBB

HD

AD

NFB

Methylocystis

norank_c__Chitinivibrionia

norank_o__SJA-28

norank_f__A4b

norank_f__Leptospiraceae

norank_p__BRCI

norank_c__OM190

norank_f__Anaerolineaceae

norank_o__Chloroplast

norank_f__Caldilineaceae

norank_o__Ardenticatenales

unclassified_f _Burkholderiaceae

Denitratisoma

Limnobacter

Lentimicrobium

Clostridium_sensu_stricto_12

Leptolyngbya_ANT.L52.2

Type II methanotroph (Semrau et al., 2011) 9.21%

Heterotrophic bacteria showed similar steps of cellulo- 13.48%
lytic pathways, which benefited the system stability and
activity (Worner & Pester, 2019)

Heterotrophic bacteria benefited the reactor system 8.89%
stability and activity (avoiding from adverse environ-
ments), which can use lignocellulosic substrates (Su
et al., 2022)

Heterotrophic bacteria associated with the maintenance 5.46%
of system stability, which has the ability to degrade
refractory organic matter (Jiang et al., 2023; Xu et al.,
2022a)

Leptospiraceae sp. was associated with the secretion of 3.04%
lipopolysaccharides and can promote the formation of
biofilms (Song et al., 2021)

Heterotrophic bacteria may be linked to urease and/or -
catalase-producing, which has the potential to degrade
refractory substances (Jokanovic et al., 2021)

Heterotrophic bacteria associated with cellulose decom- -
poser (Chen et al., 2021)

Anaerolineaceae sp. played a crucial role in denitrifica- 5.73%
tion and benefitted the carbohydrate degradation for
nitrogen removal by providing more readily available
carbon source (Cao et al., 2020)

It means that the structure of the biofilm microbial 5.13%
community encouraged simultaneous nitrification and
denitrification (Sun & Zheng, 2022; Zhang et al., 2018)

Caldilineaceae sp. closely associated with nitrogen 4.05%
removal (Cao et al., 2020; Fan et al., 2022)

Ardenticatena sp. was identified denitrifying genera 3.65%
(Feng et al., 2020)

Burkholderia sp. was revealed as incomplete denitrifiers
(Hetz & Horn, 2021)

Denitratisoma sp. was highly related to heterotrophic -
denitrification (Chen et al., 2020)

Limnobacter was heterotrophic sulfur oxidation and -
may adapt with anaerobic methane oxidizer bacteria
(Algonin et al., 2023)

The genus Lentimicrobium was known as a potential -
heterotrophic denitrifier (Dong et al., 2021; Gonzalez-
Cortés et al., 2023; Wang et al., 2021)

Previous literature showed that Clostridium was -
dominant species acted as key contributor to nitrate
reduction in autotrophic denitrifying process (Xu et al.,
2017)

It may reduce nitrogen to usable ammonia (Lopardo 3.48%
etal., 2019)

13.90%

9.69%

3.50%

6.84%

5.32%

8.77%

2.96%

2.14%

1.88%

4.41%

10.70%

11.27%

3.46%

3.22%

2.43%

1.89%

10.70%

9.13%

3.34%

1.93%

# means relative abundances/%; MOB means methane-oxidizing bacteria; HD means heterotrophic denitrifiers; PBB means promot-
ing biofilm bacteria; NFB means nitrogen-fixing bacteria; AD means autotrophic denitrifiers; — means not in top 10
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3.5 Implications from this work

Wastewater is deemed as the fifth-largest source of
global anthropogenic CH, emissions, approximately
7~9% in total. In fact, the removed COD and excess
sludge yield was usually adopted as the activity
data for estimating fugitive GHG emissions. It was
reported that the China’s national statistical emission
of COD was 25.31 million tons in 2021, implying
that considerable amount of CH, generated in China’s
municipal wastewater industry (Liu et al., 2015). For
example, the emission factor values of CH, emissions
produced vary strikingly among different conven-
tional treatment processes during wastewater man-
agement, ranging from 0.05 to 12.90 g CH,/kg COD
removal, while these values of wastewater sludge
disposal (like landfill, land application, incineration,
manufacturing, and dumping) were approximately
0.049-105.4 kgCH,/t dry matter of sludge (Du et al.,
2023). To date, there are many attempts to explore the
low-carbon wastewater treatment methods to reduce
the carbon footprint of China’s WWTPs. Introducing
anaerobic methane oxidation coupled to denitrifica-
tion as an alternative emerging treatment technology
may allow more energy-efficient nitrogen removal,
benefiting not only from saving in unit costs (energy
and chemicals used) in the denitrification process,
but also from the extra carbon credit achieved by
using self-produced fugitive CH,. For example, in

Fig. 6 Schematic diagram
of synergetic system among
promoting biofilm bacteria,
methanotrophic bacteria,
and denitrifiers for nitrate
reducing

Effluent water
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CH,-driven mixotrophic denitrification

Outgas

comparison with other organic sources (the unit costs
of methanol, acetic acid, and glucose are 2650, 3700,
and 4000 ¥/t, respectively, while that of normalized
electron donors required for each unit of NO;™-N
removal are 1.068, 0.82, and 0.36, respectively), bet-
ter unit-cost per electron donors (the product of the
above two) may be achieved when using CH, as elec-
tron donor (Hao et al., 2023). However, lower deni-
trification rate (0.42 mg/L-h™!) has been obtained in
this work, suggesting that anaerobic methane oxida-
tion coupled to other denitrification technologies
might further improve the shortcomings of its strict
demands of the work environment and growing
slowly.

4 Conclusions

Reactivated stable CH,-driven denitrification pro-
cesses were established in a MBfR. The biofilm sys-
tem could be effectively recovered within 25 days
after prolonged storage. With increasing influent
NO;™-N concentration, the average denitrification
rate of the reactor first increased and then decreased,
also the microbial abundance in the reactor was
improved. The highest average denitrification rate
of 0.42 mg/L-h~! was achieved at stage of influent
NO;™-N of 20 mg/L, which was largest in diversity
and lowest in evenness of microbial community. No
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obvious NO,™-N and NH,*-N accumulation in exper-
iments. At the phylum level, the main phyla of micro-
bial community in the reactor were Proteobacteria,
Chloroflexi, and Bacteroidetes. At the class level,
Anaerolineae, Gammaproteobacteria, Ignavibac-
teria, Alphaproteobacteria, Oxyphotobacteria, and
Chitinivibrionia are the dominant classes. In addi-
tion, DAMO archaea and bacteria were not detected
or were not dominant in the reactor. It speculated that
the PBB became the key functional bacterial group
after prolonged storage. Besides, MOB bacteria (e.g.,
Methylocystis), PBB, and denitrifiers jointly formed
the system. This work may help understanding the
applications of anaerobic CH, oxidation coupled to
denitrification on low-carbon nitrogen removal.
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