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A B S T R A C T

Freshwater-derived anaerobic ammonia oxidation (anammox) bacteria (“Candidatus Brocadia sinica”) were in-
vestigated to remove nitrogen from high-salinity and low-temperature wastewater with glycine addition. The
reactor was operated at 15 ± 0.5 °C with influent pH of 7.5 ± 0.1. When glycine were 0.2, 0.4, and 0.6 mM,
respectively, nitrite removal rate (NRR) increased by 27.7%, 47.3%, and 70.4% accordingly. Optimal ammonia
removal rate (0.32 kg/(m3·d)) and NRR (0.45 kg/(m3·d)) were achieved at 0.8 mM glycine. Effect resulting from
glycine on nitrite reductase was higher than hydrazine synthase. Moreover, ΔNO2

−-N/ΔNH4
+-N increased with

glycine addition while ΔNO3
−-N/ΔNH4

+-N first increased and then decreased. The remodified Logistic model
and modified Boltzmann model were appropriate to describe nitrogen removal with glycine addition. Kinetic
parameter λ achieved through the remodified Logistic model revealed that “Candidatus Brocadia sinica” had a
shorter lag phase than that of marine anammox bacteria.

1. Introduction

Anaerobic ammonia oxidation (anammox) is widely applied in
biological nitrogen removal from wastewater due to its unique

characteristics such as negligible sludge production, low energy con-
sumption and no requirement for additional external carbon (Xing
et al., 2015). Anammox bacteria form a distinct phylogenetic group
belonging to the phylum Planctomycetes, and six candidatus genera
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including 21 species have been tentatively proposed for anammox
taxonomic group (Mao et al., 2017). “Candidatus Brocadia sinica” af-
filiated with freshwater-derived genera “Candidatus Brocadia”, which
was first identified from laboratory wastewater treatment in 2010 (Hu
et al., 2010). The metabolic pathway of “Candidatus Brocadia sinica” is
hydroxylamine-dependent and different from other anammox bacteria
(Oshiki et al., 2016). Moreover, Oshiki et al. (2011) reported that
“Candidatus Brocadia sinica” was sensitive to high-salinity and low
temperature conditions.

High-salinity wastewater originated from many industries can in-
duce cell plasmolysis due to rapid increase in osmotic pressure (Liu
et al., 2014). Li et al. (2018) reported that marine anammox bacteria
(MAB) had good tolerance to salinity and good nitrogen removal per-
formance at 3.5% salinity. However, MAB accounts for a relatively
small proportion in nature and is not easily to enrich (Jin et al., 2011).
The physiology of “Candidatus Brocadia sinica” indicated that their
activity decreased by 70% in the presence of 3% salinity (Oshiki et al.,
2011). Low temperature inhibited the activity of anammox bacteria and
resulted in ammonium and nitrite accumulations (Jin et al., 2013a).
Oshiki et al. (2011) reported that 25–45 °C was the optimum tem-
perature for “Candidatus Brocadia sinica” and the activity of “Candi-
datus Brocadia sinica” at 15 °C decreased by 25% compared to the ac-
tivity at 40 °C. However, the temperature of collected wastewater is
usually below 25 °C, which limits the nitrogen removal through “Can-
didatus Brocadia sinica” (Xing et al., 2015). Therefore, it is necessary to
take some measures to enhance nitrogen removal performance of
“Candidatus Brocadia sinica” treating high-salinity and low-temperature
wastewater.

Compatible solutes (CSs) are organic compounds with low mole-
cular weight, functioning inside the cell with no need for special
adaptation of intracellular enzymes (Vyrides and Stuckey, 2017). The
CS can not only reconcile high osmotic pressure but also alleviate other
environmental stresses such as low temperature and freezing (Boetius
et al., 2015). Vyrides and Stuckey (2017) reported that methane pro-
duction during batch anaerobic digestion under high-salinity and low-
temperature condition was four times higher when CS was added.
Glycine, one of the CSs, widely exists in pharmaceutical and chemical
wastewater. Ai et al. (2009) reported that glycine could improve
growth of “Streptomyces albidoflavus DUT_AHX” in the presence of 10%
salinity. Cao et al. (2017) found that the tolerance of glycine-treated
rice to cold stress strengthened. Although the enhancement of glycine
on organism activity under low temperature or high salinity stress has
been reported, no literature is available that glycine can increase the
activity of anammox bacteria under the combined stresses of low
temperature and high salinity.

According to the facts presented above, in this work, nitrogen re-
moval performance of “Candidatus Brocadia sinica” treating high-sali-
nity and low-temperature wastewater with glycine addition was in-
vestigated. Besides, metabolic enzyme activity of “Candidatus Brocadia
sinica” throughout the process was evaluated. Still, three kinetic models
were performed to analyze nitrogen removal in an operating cycle with
glycine addition.

2. Materials and methods

2.1. Reactor configuration and operating conditions

Double-jacketed sequencing batch reactor (SBR) was fabricated
with polymethyl methacrylate with an effective volume of 7.0 L (pre-
sented in Fig. 1a). The reactor was covered with aluminum caps to
prevent growth of phototrophic micro-organisms. Stirring speed was set
at 100 rpm and operational temperature was controlled at 15 ± 0.5 °C.
Operating mode of the reactor consisted of 0.5 h influent feeding, 5 h
anoxic stirring reaction, 0.5 h sludge settling and 0.5 h effluent dis-
charging. In addition, N2 (99.99%) was purged into influent to maintain
anaerobic condition. Influent pH was adjusted to around 7.5 by adding
1 M hydrochloric acid or sodium hydroxide.

2.2. Inoculation and synthetic wastewater

The inoculated anammox sludge originated from another SBR, and
the dominant bacteria species was identified as “Candidatus Brocadia
sinia” (Li et al., 2016). Before this work, the reactor had been stably
operated for about ten months. The feeding medium was prepared with
seawater taken from Jiaozhou Bay of Qingdao City (Shandong Pro-
vince, China). The wastewater salinity was around 35 g/L, and influent
NH4

+-N and NO2
−-N furnished by NH4Cl and NaNO2 were 110 and

145 mg/L, respectively. In addition, the composition of mineral
medium was (g/L): KH2PO4 0.03; CaCl2·2H2O 0.15; MgSO4·7H2O 0.06;
KHCO3 1.86. Trace element solution I and II (1.2 mL/L) were also
added. The trace element solution I was (g/L): FeSO4·7H2O 5; EDTA 5.
The trace element solution II was (g/L): EDTA 15; H3BO3 0.011;
MnCl2·4H2O 0.99; CuSO4·5H2O 0.25; ZnSO4·7H2O 0.43; NiCl2·6H2O
0.19; Na2MoO4·2H2O 0.22; CoCl2·6H2O 0.24; NaSeO4·10H2O 0.21.

2.3. Analytical methods

NH4
+-N, NO2

−-N and NO3
−-N concentrations were analyzed ac-

cording to the standard methods (APHA, 1999). Each sample was
analyzed in triplicate and the mean value was reported. Oxidation-

Fig. 1. Nitrogen removal through “Candidatus Brocadia sinica”: (a) schematic diagram of the sequencing batch reactor (SBR); (b) metabolic process of “Candidatus
Brocadia sinica”.
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reduction potential (ORP) and pH were measured by ORP and pH
probes (WTW 340i, Germany). Temperature inside the reactor was
monitored by a submerged temperature probe.

2.4. Kinetic analysis

Remodified Logistic model (Eq. (1)), modified Boltzmann model
(Eq. (2)) and modified Gompertz model (Eq. (3)) were used to describe
nitrogen removal of anammox in a typical operating cycle. Li et al.
(2018) employed the remodified Logistic model to simulate nitrogen
removal process of MAB in an operating cycle. The anammox recovery
performance and kinetic feature were described by the modified
Boltzmann model and modified Gompertz model (Jin et al., 2013b).

The remodified Logistic model:

=
+ +R t

TNRE TNRE
1 exp[4 ( )/TNRE 2]max

max

max (1)

The modified Boltzmann model:

= +
+ t t t

TNRE TNRE TNRE TNRE
1 exp(( )/ )c d

max
min max

(2)

The modified Gompertz model:

= +R e tTNRE TNRE exp exp ( )
TNRE

1max
max

max (3)

where TNRE is total nitrogen removal efficiency, %; TNREmax is

Fig. 2. Nitrogen removal performance of “Candidatus Brocadia sinica” with glycine addition: (a) concentrations of three nitrogen species in influent and effluent; (b)
removal efficiency of nitrogen species; (c) loading and removal rates of nitrogen species; (d) ΔpH and ΔORP; (e) stoichiometric ratio. The relative standard deviations
of all measurement data were below 10%.
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maximum TNRE, %; TNREmin is minimum TNRE, %; Rmax is maximum
growth efficiency, %/h; λ is lag time, h; t is operating time, h; tc is time
of half TNREmax, h; td is time constant 1 in the experiment.

3. Results and discussion

3.1. Nitrogen removal performance of “Candidatus Brocadia sinica” with
glycine addition

Nitrogen removal performance of “Candidatus Brocadia sinica”
treating high-salinity and low-temperature wastewater with glycine
addition was presented in Fig. 2. As shown in Fig. 2a, when glycine was
no more than 0.8 mM, effluent NH4

+-N and NO2
−-N decreased with

increasing glycine. At 0.6 mM glycine, effluent NO3
−-N was achieved

the maximum (13 mg/L). Qi et al. (2018) reported that NO3
−-N pro-

duction was an indicator of the growth of anammox bacteria. It sug-
gested that appropriate glycine could promote the growth of “Candi-
datus Brocadia sinica” treating high-salinity and low-temperature
wastewater. As presented in Fig. 2c, at 0.8 mM glycine, optimal am-
monia removal rate (ARR) and nitrite removal rate (NRR) were
0.32 kg/(m3·d) and 0.45 kg/(m3·d), which increased by 45.4% and
95.7%, respectively. The enhanced ARR and NRR may be related to
metabolic process of “Candidatus Brocadia sinica” presented in Fig. 1b.
NO2

−-N was reduced to NH2OH with catalysis of nitrite reductase (Nir),
and then NH2OH and NH4

+-N were synthesized into N2H4 with cata-
lysis of hydrazine synthase (Hzs) (Oshiki et al., 2016). It was concluded
that, with regard to “Candidatus Brocadia sinica”, improved Nir activity
resulting from glycine addition was greater than Hzs. Moreover, the
optimal nitrogen removal with glycine addition was better than that
with ectoine addition, whose specific anammox activity increased by

39.7% (Liu et al., 2014). However, when glycine was more than
0.8 mM, the activity of “Candidatus Brocadia sinica” was inhibited. At
1.4 mM glycine, ARR and NRR declined by 30.1% and 16.7% compared
to 0.8 mM glycine. This agreed with Vyrides and Stuckey (2017) that
high CS content unbalanced the internal and external osmotic pressure
in cells, which resulted in declined nitrogen removal. As shown in
Fig. 2d, ΔpH and ΔORP went up continuously with increasing glycine.

Stoichiometric ratio would be an indicator revealing the activity of
anammox bacteria and the evolution of anammox consortia (Chen
et al., 2014). As presented in Fig. 2e, ΔNO2

−-N/ΔNH4
+-N increased

with growing glycine, while ΔNO3
−-N/ΔNH4

+-N first increased and
then decreased. At 0.4 mM glycine, ΔNO2

−-N/ΔNH4
+-N and ΔNO3

−-
N/ΔNH4

+-N were nearly close to theoretical values (1.32 and 0.26).
Glycine could relieve the stress on “Candidatus Brocadia sinica” re-
sulting from high salinity and low temperature. When glycine was
0.8 mM, ΔNO2

−-N/ΔNH4
+-N and ΔNO3

−-N/ΔNH4
+-N were 1.42 and

0.20, respectively. The deviations from theoretical values may be at-
tributed to two reasons. On one hand, enhanced Nir activity of “Can-
didatus Brocadia sinica” leaded to better NO2

−-N removal. On the other
hand, the growth of heterotrophic denitrifying bacteria (HDB) were
stimulated by glycine, which resulted in more NO2

−-N consumption
(Liu et al., 2014). However, anammox reaction had an absolute ad-
vantage over denitrification at 0.8 mM glycine. With glycine increased
further, ΔNO2

−-N/ΔNH4
+-N continued to increase and ΔNO3

−-N/
ΔNH4

+-N decreased. They were deviated from theoretical values
greatly. It was probably that Hzs activity of “Candidatus Brocadia si-
nica” was inhibited by high glycine content. Dosta et al. (2008) re-
ported high glycine content could cause anammox bacteria lysis and
excessive NH4

+-N production.

Fig. 3. Nitrogen removal in a typical operation cycle of SBR at various glycine concentrations: (a) NH4
+-N concentration; (b) NO2

−-N concentration; (c) NO3
−-N

concentration; (d) stoichiometric ratio; (e) pH; (f) substrate conversion rate. The relative standard deviations of all measurement data were below 10%.
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3.2. Nitrogen removal process in a typical operating cycle

Nitrogen removal of “Candidatus Brocadia sinia” in an operating
cycle treating high-salinity and low-temperature wastewater with gly-
cine addition was demonstrated in Fig. 3. As shown in Fig. 3a–c, en-
hanced nitrogen removal performance was observed at low glycine
content. However, high glycine content could inhibit activity of “Can-
didatus Brocadia sinia” and suppressed nitrogen removal in the reactor.
In the first 1 h, compared with NO2

−-N, NH4
+-N only showed a smaller

decrease with glycine addition. This was probably due to short contact
time between glycine and “Candidatus Brocadia sinia”. Anammox bio-
mass had no enough time to uptake glycine to perform its Hzs function
(Vyrides and Stuckey, 2017). However, glycine could improve the Nir
activity rapidly in a short time (Oshiki et al., 2016). All those resulted in
more NO2

−-N consumption than NH4
+-N in first 1 h when high-salinity

and low-temperature wastewater was treated through “Candidatus
Brocadia sinia”. At 0.8 mM glycine, effluent NH4

+-N decreased rapidly
after 1 h. This was consistent with lag time of “Candidatus Brocadia
sinica” discussed in Section 3.3. In addition, when glycine was 1.4 mM,
NO3

−-N production was only 5 mg/L. More NO3
−-N produced by

anammox bacteria was reduced to N2 by HDB (Li et al., 2016).
As shown in Fig. 3d, when glycine was more than 0.8 mM, ΔNO2

−-
N/ΔNH4

+-N was higher than 1.32 throughout metabolic process. This
agreed with Tomar et al. (2015) that HDB had greater affinity to NO2

−-
N than anammox bacteria. In the last 2 h, ΔNO2

−-N/ΔNH4
+-N and

ΔNO3
−-N/ΔNH4

+-N became more stable. Effluent pH increased with
reaction time and glycine addition. At 0.2, 0.8 and 1.2 mM glycine,
effluent pH were 7.76, 7.91 and 7.96, respectively. However, Yang et al.
(2018) reported that pH decreased in the last 0.5 h of the operating
cycle treating high-salinity wastewater when CS content was high.
When NO2

−-N was completely removed, more OH− was consumed to

maintain dynamic balance between NH4
+ and free ammonia (FA). As

shown in Fig. 3f, substrate conversion rate (the sum of ammonia and
nitrite nitrogen conversion rate) was irregular within the high-salinity
and low-temperature reaction. However, at 0.8 mM glycine, maximal
substrate conversion rate was 0.87 kg/(m3·d), which was increased 58%
compared to that without glycine addition. NH4

+-N and NO2
−-N could

be removed faster with 0.8 mM glycine addition.

3.3. Kinetic analysis

The remodified Logistic model (Eq. (1)), modified Boltzmann model
(Eq. (2)) and modified Gompertz model (Eq. (3)) were employed to
analyze nitrogen removal process in this reactor. Kinetic parameters
and fitting formulas were presented in Table 1 and Fig. 4. The highest
value of R2 (0.9931) was obtained from the modified Gompertz model.
However, the difference between experimental TNREmax values and
predicted values was up to 39.08%. Therefore, the modified Gompertz
model was not suitable to describe nitrogen removal. The remodified
Logistic model and modified Boltzmann model not only displayed high
R2 (more than 0.98). In addition, the TNREmax, Rm, tc and λ values were
all predicted well. Therefore, the remodified Logistic model and mod-
ified Boltzmann model were appropriate to analyze nitrogen removal
through “Candidatus Brocadia sinica” treating high-salinity and low-
temperature wastewater in an operating cycle.

Maximal fitted TNREmax values predicted by the remodified Logistic
model and modified Boltzmann model were achieved at 0.8 mM gly-
cine, which were extraordinary closed to the experimental values. tc
value was 2.7 h in the reactor without glycine addition, which was in
agreement with Zhu et al. (2017) that tc value was 2.43 h obtained from
control group. Lag phase was a typical response in anammox process
when biomass was exposed in hazardous environment (Zhang et al.,

Table 1
Experimental and simulated values through three models.

Concentration/mM TNRE/% Type TNREmax/% λ/h Rmax/%/h tc/h R2 TNRE formula

L 39.49 0.82 9.19 0.9855 y = 39.49/(1 + exp(4 × 9.19(0.82 − x)/39.49 + 2))
0 35.55 B 37.02 2.70 0.9863 y = 37.02 + ((−1.24−37.02)/(1 + exp((x − 2.07)/1)))

G 18.05 2.74 3.11 0.9928 y = 18.05exp((−exp(3.11 × 2.72/18.05 × (2.74 − x)) + 1))

L 58.26 0.88 10.39 0.9864 y = 58.26/(1 + exp(4 × 10.39(0.88 − x)/58.26 + 2))
0.1 43.21 B 46.18 3.10 0.9773 y = 46.18 + ((1.80−46.18)/(1 + exp((x − 3.10)/1)))

G 33.17 4.10 3.64 0.9914 y = 33.18exp((−exp(3.64 × 2.72/33.18 × (4.10 − x)) + 1))

L 58.68 0.93 11.15 0.9911 y = 58.67/(1 + exp(4 × 11.15(0.93 − x)/58.67 + 2))
0.2 44.37 B 49.43 3.16 0.9854 y = 49.43 + ((1.78−49.43)/(1 + exp((x − 3.16)/1)))

G 33.93 4.01 3.88 0.9940 y = 33.93exp((−exp(3.89 × 2.72/33.93 × (4.01 − x)) + 1))

L 53.76 0.96 11.89 0.9930 y = 53.76/(1 + exp(4 × 11.88(0.96 − x)/53.76 + 2))
0.3 45.58 B 49.52 2.99 0.9915 y = 49.52 + ((−0.14−49.51)/(1 + exp((x − 2.99)/1)))

G 27.17 3.24 4.00 0.9970 y = 27.17exp((−exp(4.00 × 2.72/27.17 × (3.24 − x)) + 1))

L 66.26 1.09 12.82 0.9899 y = 66.26/(1 + exp(4 × 12.82(1.09 − x)/66.26 + 2))
0.4 50.06 B 54.98 3.21 0.9842 y = 54.98 + ((1.13−54.98)/(1 + exp((x − 3.21)/1)))

G 38.48 4.13 4.48 0.9944 y = 38.48exp((−exp(4.48 × 2.72/38.48 × (4.13 − x)) + 1))

L 64.91 0.67 12.61 0.9837 y = 64.91/(1 + exp(4 × 12.60(0.67 − x)/64.91 + 2))
0.6 53.30 B 55.32 2.81 0.9772 y = 55.32 + ((0.75−55.32)/(1 + exp((x − 2.81)/1)))

G 31.82 3.17 4.30 0.9904 y = 31.82exp((−exp(4.30 × 2.72/31.82 × (3.17 − x)) + 1))

L 70.48 0.73 15.88 0.9933 y = 70.48/(1 + exp(4 × 15.88(0.73 − x)/70.48 + 2))
0.8 62.37 B 66.41 2.78 0.9922 y = 66.41 + ((−0.10−66.41)/(1 + exp((x − 2.78)/1)))

G 33.66 2.83 5.32 0.9966 y = 33.66exp((−exp(5.32 × 2.72/33.66 × (2.83 − x)) + 1))

L 59.27 0.49 14.23 0.9872 y = 59.27/(1 + exp(4 × 14.22(0.49 − x)/59.27 + 2))
1.0 56.17 B 56.94 2.34 0.9886 y = 56.94 + ((−2.53−56.94)/(1 + exp((x − 2.34)/1)))

G 25.55 2.22 4.86 0.9942 y = 25.55exp((−exp(4.86 × 2.72/25.55 × (2.22 − x)) + 1))

L 56.83 0.61 11.95 0.9855 y = 56.83/(1 + exp(4 × 11.95(0.61 − x)/56.83 + 2))
1.2 49.91 B 51.26 2.69 0.9822 y = 51.26 + ((−0.03−51.26)/(1 + exp((x − 2.69)/1)))

G 26.68 2.81 4.05 0.9917 y = 26.68exp((−exp(4.05 × 2.72/26.68 × (2.81 − x)) + 1))

L 55.35 0.57 10.95 0.9822 y = 55.35/(1 + exp(4 × 10.95(0.57 − x)/55.37 + 2))
1.4 46.93 B 48.20 2.72 0.9764 y = 48.2 + ((0.57−48.20)/(1 + exp((x − 2.72)/1)))

G 26.35 2.94 3.73 0.9889 y = 26.35exp((−exp(3.73 × 2.72/26.35 × (2.72 − x)) + 1))

L represents the remodified Logistic model; B represents the modified Boltzmann model; G represents the modified Gompertz model.
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2016). In this work, the fitted λ values achieved by the remodified
Logistic model were between 0.49 and 1.09 h. However, Li et al. (2018)
reported that λ value of MAB was longer than 1.2 h. It suggested that
“Candidatus Brocadia sinica” had a shorter lag phase than MAB in high-
salinity and low-temperature wastewater treatment. Rmax first increased
and then decreased with glycine addition. It was in line with experi-
mental result that Rmax declined with increasing glycine. Kinetic ana-
lysis could analyze and predict nitrogen removal characteristics well.
CS addition was an effective measure to enhance nitrogen removal
through “Candidatus Brocadia sinica” in high-salinity and low-tem-
perature wastewater treatment.

4. Conclusions

With glycine addition, SBR was used to explore nitrogen removal
performance of “Candidatus Brocadia sinica” treating high-salinity and
low-temperature wastewater. Optimum nitrogen removal was obtained
at 0.8 mM glycine. ARR and NRR increased by 45.4% and 95.7%, re-
spectively. Nitrite reductase and hydrazine synthase activities were
increased at low glycine content, which brought about enhancement in
nitrogen removal performance. Nitrogen removal of “Candidatus
Brocadia sinica” in an operating cycle could be properly simulated by

the remodified Logistic model and modified Boltzmann model.
“Candidatus Brocadia sinica” had a shorter lag phase than MAB with
regard to high-salinity and low-temperature wastewater treatment.
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