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• The performance of anammox bioreac-
tor was characterized by spectra combi-
nation.

• 2-dimension correlation spectroscopy
was used for extracellular substances
analysis.

• Effluent fluorescence components were
positively related to the bacterial activ-
ity.

• 15 °C was an inflection temperature for
the extracellular substances excretion.
⁎ Corresponding author.
E-mail address: huangbc@hznu.edu.cn (B.-C. Huang).

https://doi.org/10.1016/j.scitotenv.2020.137513
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 January 2020
Received in revised form 20 February 2020
Accepted 21 February 2020
Available online 22 February 2020

Editor: Frederic Coulon

Keywords:
Anammox
Dissolved organic matter
Extracellular polymeric substances
Low temperature
Spectrum
Anaerobic ammonium oxidation (anammox) bacteria are sensitive and susceptible to operating condition fluctua-
tions that can lead to the instability of a bioreactor. Through multivariate spectral analysis, the dynamic changes of
intracellular and extracellular metabolites of anammox sludge under the declined temperature stress were charac-
terized. It was found that effluent fluorescence components were positively related to the bacterial activity, and the
response of the protein-like substances to the temperature change was more sensitive than that of humic sub-
stances. Under the transient disturbance during temperature change from 35 to 15 °C, anammox system tended
to considerably excrete extracellular polymeric substances to resist the low temperature inhibition. However, the
long-term exposure of the sludge at 10 °C resulted in the considerably inhibition of sludge activity, granular disin-
tegration and heterotrophic denitrification bacteria increase. The two-dimensional correlation analysis further re-
vealed that the humic acid in extracellular polymeric substances was preferentially responded to the temperature
change than protein. Anammox bacteria tended to increase the intracellular protein and electron transfer-related
reactive substance excretion to counteract the low temperature inhibition. Herein, both the intra- and extra-
cellular response characteristics of anammox sludge to temperature variation were successfully resolved via the
combined spectra. This work provides a comprehensive understanding on the mechanism of anammox sludge to
temperature variation and may be valuable for the development of bioreactor monitoring techniques.
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1. Introduction
A balanced nitrogen cycle, driven by organisms that facilitate the
conversion of nitrogen compounds within different valences, is of con-
siderable importance to our natural ecosystem (Canfield et al., 2010;
Kuypers et al., 2018). However, with the accelerated human activities,
nitrogen sources have been over-imported into thewater environment,
leading to the occurrence ofwater quality deterioration and eutrophica-
tion (Zhang et al., 2019b). Therefore, the remediation of nitrogen-
polluted wastewater is essential to achieve a good water environment.
As an efficient autotrophic nitrogen removal process, anaerobic ammo-
nia oxidation (anammox) has attracted the increasing attention due to
its lower operation cost and reduced environmental footprint, in com-
parison to the corresponding properties of the conventional heterotro-
phic nitrogen removal process (Vandekerckhove et al., 2020). Owing
to the abovementioned advantages, the anammox process is considered
to be a promising alternative to turn sewage treatment from energy
negative practice to a sustainable paradigm (Kartal et al., 2010). Al-
though several full-scale facilities are available worldwide (Ali and
Okabe, 2015), the practical application of anammox is still subject to
many restrictions (Jin et al., 2012). It has been documented that the
anammox bacteria are susceptible to the environmental conditions,
leading to the performance instability of the bioreactor (Jin et al.,
2012; Tomaszewski et al., 2017), and severely restricting the engineer-
ing application of such novel nitrogen removal technology. Dynamic
model is an effective tool to simulate and predict the bioreactor perfor-
mance at varied operating conditions, which is beneficial to assisting the
operation of bioprocess under adverse conditions (Kuriqi, 2014; Kuriqi
et al., 2016). Acquiring and collecting the dynamic parameter value is
fundamental for the model development. From this point of view, the
development of a rapid response and real-time onlinemonitoring tech-
nique is of considerable importance to either assist the stable operation
of anammox bioreactor or provide a theoretical basis for future
modeling.

Traditional chemical analysis methods are effective in determining
the nitrogen removal performance of a bioreactor; however, they are
less efficient in characterizing the survival state of the bacteria. Al-
though the molecular biology technique can provide in-depth informa-
tion of the microbial activity, a high-quality sample processing
requirement is commonly warranted, and the overall analysis is time-
consuming (Seviour et al., 2019). The electrochemical method offers a
real-time solution (Aeschbacher et al., 2009), however, the electroactive
substances and inorganic ions can cause interferences to the analytical
results. In comparison, spectral analysis methods have the features of
non-destructiveness, fast response, high sensitivity, simple measure-
ment procedure, and low sample requirements, which are promising
in providing in situ information of the microbial living state (Sanchez
et al., 2013). Three-dimensional fluorescence spectroscopy, which is ef-
ficient and has a high sensitivity to characterize thefluorescencemetab-
olites of microbes, has been adopted as a monitoring method for
biological treatment systems (Hou et al., 2017; Sheng and Yu, 2006).
However, the fluorescence spectra of different components easily over-
lap each other at normal temperature. It is difficult to obtain reliable in-
formation only by the change of fluorescence intensity at certain
wavelengths. By coupling the excitation–emission matrix (EEM) with
the parallel factor (PARAFAC) analysis, an enhanced spectral resolution
that can clarify the subtle spectral changes and highly overlapping re-
sponses can be expected (Sanchez et al., 2013). Ruscalleda et al.
(2014) investigated the property of anammox bioreactor effluent dis-
solved organic matter (EfDOM) through PARAFAC of EEM data. In sim-
ilar, Lu et al. (2017) applied PARAFAC to characterize EfDOM of the
anammox-denitrifying anaerobic methane oxidation process. Although
previous works have employed the EEM or PARAFAC to characterize
anammox sludge (Zhang et al., 2019a), the comprehensive study on
metabolic changes of anammox from EfDOM, extracellular polymeric
substances (EPS) to intracellular substances are unclear. In addition,
two-dimensional correlation spectroscopy (2DCOS) that can reflect
the dynamic changes of component structure under external distur-
bance stimulation, have gradually gained the attention and applied in
the environmental field. 2DCOS resolves the overlapped peaks by ex-
tending the spectra along the second dimension, as well as provides in-
formation regarding the relative directions and sequential orders of
structural variations. Based on this, 2DCOS can be used to obtain the
structural variation information of related components of anammox
bacterial metabolites under different operation conditions.

According to the above considerations, the main objective of this
work is to acquire the spectra properties of different intra- and extra-
cellular metabolic substances, i.e., EfDOM, EPS, and intracellular poly-
meric substance (InPS), of sludge under different operating conditions
of anammox bioreactor. Temperature is selected as the disturbing pa-
rameter since the optimal temperature for anammox bacteria is
30–40 °C and the low temperature would cause the inefficiency of the
anammox process (Jin et al., 2013a; Tomaszewski et al., 2017). Under
different operating conditions (temperature change), both the fluores-
cence and infrared spectra of metabolites were collected and the dy-
namic changes of multiple components were then respectively
analyzed with the PARAFAC and 2DCOS analysis. Moreover, the correla-
tion of the bioreactor performance with the spectral index and the re-
sponse mechanism of bacteria to the decreased temperature was
explored and discussed. This work may provide valuable information
and guidance for monitoring the status of an anammox bioreactor and
the response mechanism under varying operating conditions.
2. Materials and methods

2.1. Sludge source and wastewater components

The granular sludge used in the present study was obtained from a
60 L anammox up-flow anaerobic sludge blanket (UASB) reactor. The
inoculated anammox sludge concentration was 30.0 ± 0.4 g volatile
suspended solids (VSS) L−1 in two parallel 1.5 L UASB reactors. Syn-
thetic wastewater containing substrates, minerals and trace elements,
as described in a previous study, was used in this work (Jin et al.,
2013b). Ammonium (NH4

+) and nitrite (NO2
−) in the form of (NH4)

2SO4 and NaNO2 were supplemented to the medium with concentra-
tions of 200±10mgNL−1, respectively. The influent pHwas controlled
at 7.5–7.7.
2.2. Reactor operation

The hydraulic retention time of the reactor was set as 1.33 h to ob-
tain a total nitrogen loading of 7.22 kg N m −3 d −1. Four temperature
conditions, i.e., 35, 25, 15, and 10 °C, which cover most of themunicipal
wastewater temperature ranges across the world, were selected. Two
parallel reactors were operated at 35 °C in a thermostatic chamber for
30 days to let the sludge acclimate to the operating conditions and
achieve stable nitrogen removal performances. According to the differ-
ent operating temperatures, the entire experiment period can be di-
vided into four phases: (I) 1–21 d: stable operation at 35 °C; (II)
22–46 d: A stepwise decrease of 2 °C/d in the temperature from 35 to
25 °C and final stabilization at 25 °C; (III) 47–71 d: On the basis of the
previous stage, the temperature dropped by 2 °C per day and finally sta-
bilized at 15 °C; (IV) 72–120 d: The temperature decreased to 10 °C. The
operational phases and corresponding parameters over the entire ex-
periment are summarized and listed in Table S1. Once the temperature
reduced to the setting value in the first three stages (transient distur-
bance period), it was maintained for 20 days to observe the short-
term continuous response of the reactor. The last stage (10 °C, low tem-
perature stability period)wasmaintained for 49 days, monitoring long-
term changes at low temperatures.



3G.-F. Li et al. / Science of the Total Environment 719 (2020) 137513
2.3. Extraction of intracellular and extracellular substances

Daily effluent samples filtered by a 0.45 μm filter were collected for
water quality measurement and spectroscopy characterization. At
each experimental phase, the sludge samples were obtained from the
reactor for the EPS and InPS extraction. In this work, the loosely bound
EPS (LEPS) and tightly bound EPS (TEPS) were extracted and analyzed.
Three parallel samples were extracted for subsequent analysis, and the
extraction process was consistent. Briefly, 5 mL of anammox sludge
rinsed with 0.9% NaCl solution three times was centrifuged at 8000g
for 10 min, and the supernatant filtrated with the membrane
(0.45 μm) was collected and denoted as the LEPS. The residual sludge
pellet was resuspended with 0.9% NaCl solution and later subjected to
heat treatment at 70 °C for 20 min. After centrifuging at 12000g for
10 min, the supernatant filtrated with membrane (0.45 μm) was col-
lected as the TEPS.

The InPS was extracted according to a previously documented
method (Wos and Pollard, 2006). Three parallel sampleswere extracted
for subsequent analysis. In brief, the 5 mL of anammox sludge was first
centrifuged at 3000g for 10 min to separate the solids. Subsequently, a
drop of concentrated sulfuric acid was added to the samples, and the
mixture was centrifuged under 12,000 g for 10 min. The supernatant
was discarded, and the pellets were transferred to a previously heated
Tris solution (pH= 7.75, 80 °C) in a water bath to apply heat treatment
for 20min. After cooling to the room temperature, and performing cen-
trifugation, and filtration with the 0.45 μm filter membrane, the ob-
tained solution was denoted as the InPS.

2.4. Fluorescence EEM measurement and PARAFAC analysis

The fluorescence spectra were collected using a fluorescence spec-
trophotometer (F-4600, Hitachi Co., Japan). Due to the relatively high
organic content of the TEPS and InPS, they were diluted 20 times before
measurement to prevent the self-quenching of thefluorescence. The ex-
citation and emission wavelengths were respectively set as ranging
from200 to 650nmand 250 to 650 nm, respectively. Both the excitation
andemission slitswere5nm.The scanningspeedwas30,000nmmin−1,
and the photomultiplier tube voltage was 500 V. The PARAFAC analysis
was conducted on the MATLAB 2014b software, as previously reported
(Zhang et al., 2019a). For a principal component with a trilinear struc-
ture, the PARAFAC is a robust approach to resolve the component into
a score matrix and two load matrices corresponding to the excitation
and emission spectra matrices, respectively.

2.5. 2DCOS analysis

To obtain the structural variation information of the EPS under dif-
ferent temperatures, 2DCOS was performed using the fluorescence
spectra. The temperature was set as the external perturbation. The EPS
fluorescence under different temperatures, i.e., 35, 25, 15, and 10 °C,
was measured after maintaining the EPS solution at each temperature
for at least 20 min. The EEM spectrum was set to have an excitation
wavelength ranging from 200 to 350 nm at intervals of 5 nm, and the
difference in the excitation emission wavelength was 150 nm. Conse-
quently, a fluorescence intensity with an emission wavelength of 350
to 500 nmwas obtained. The 2DCOS spectra were performed according
to the method of Noda and Ozaki (Chen et al., 2015). The data set was
transformed into a new spectral matrix suitable for 2DCOS maps using
the 2D Shige software (Kwansei-Gakuin University, Japan). The 2DCOS
maps were plotted using the Origin 8.5 software.

2.6. Other analyses

The sludge samples at each temperature stage were removed from
the reactor on days 21, 46, 71, 87 and 120. The DNA extraction was per-
formed by using the Power Soil DNA Kit (MoBio Laboratories, Carlsbad,
CA). The V4 region of the 16S rRNA gene of each sample was sequenced
on an Illumina MiSeq platform (Personalbio Co., China) to determine
the microbial community change. The detailed information is provided
in the Supplemental Information.

The concentrations of the NH4
+-N, NO2

−-N, NO3
−-N, pH, VSS, and

suspended solids were determined according to the standard methods
(APHA, 2005). The stoichiometric ratios RS (removed NO2

−-N/removed
NH4

+-N) and RP (produced NO3
−-N/removed NH4

+-N) were applied to
characterize the anammox bacteria activity. The specific anammox ac-
tivity (SAA)was determined by batch assays according to the consump-
tion rate of the NH4

+-N and NO2
−-N over time (Zhang et al., 2015). The

substrate and sludge amounts used for the SAA detection were set as
200 mg TN L−1 and 2.25 g−1VSS L−1, respectively. The polysaccharide
(PS) was determined using the anthracene chromogenic method, and
the protein (PN) and humic acid (HA)were determined using themod-
ified Lowry method (Li et al., 2018). Each test was performed in tripli-
cate, and the results were expressed as the means ± standard
deviations. The infrared spectroscopy spectra of the freeze drying EPS
and InPS were characterized using a Fourier transform infrared (FTIR)
spectrometer (Thermo Fisher Nicolet, USA). The Pearson correlation
analysis was used to determine the relationship between the spectral
scores and nitrogen removal performance by using an SPSS 13.0 soft-
ware (IBM Co., USA).

3. Results

3.1. Performance of anammox bioreactor

During the entire experiment, the two parallel reactors exhibited
similar evolutions in the nitrogen removal performance and anammox
activity (Figs. 1 and Fig. S1). After the first 21 days of stable operation
in phase I (35 °C), the reactors achieved a high performance, and the ef-
fluent NH4

+-N, NO2
−-N, and NO3

−-N concentrations were determined as
30.6± 15.7, 2.7± 3.4, and 35.1±4.5mg L−1, respectively (Fig. 1a). The
average nitrogen removal rate (NRR), nitrogen removal efficiency
(NRE), and SAA stabilized at 6.6 kgNm−3 d−1, 92%, and 675mgN g−1-

VSS d−1, respectively (Fig. 1b and c). During phase II (35–25 °C), al-
though the effluent quality of the reactors was not considerably
affected, the anammoxactivitywasdecreasedby 40% (402mgNg−1VSS
d−1). When the temperature further decreased from 25 to 15 °C (Phase
III), the NRR and NRE decreased rapidly to 4.9 kg N m−3 d−1 and 68%,
respectively. As well, the effluent NH4

+-N and NO2
−-N increased rapidly

to 155.7 mg L−1 and 140.1 mg L−1. Subsequently, they both decreased
to 75.9 ± 12.0 and 52.0 ± 11.7 mg L−1, respectively. Under the 15 °C
condition, the SAA further dropped to 127 mg N g−1VSS d−1. When
the operating temperature decreased to 10 °C, the NRR, NRE, and SAA
decreased to 4.1 kg Nm−3 d−1, 57%, and 101mgN g−1VSS d−1, respec-
tively. The performance of the anammox reactor was significantly dete-
riorated. After nearly 50 days of adaptation to 10 °C, the SAA remained
low while the reactor performance was recovered, as evidenced by
the decrease in the effluent NO2

−-N to 6.9 mg L−1 and the increase in
the NRE to 89%. The above results implied that an acute temperature
drop could cause the performance deterioration of the anammox reac-
tor, although the bacteria could gradually accommodate to the low tem-
perature and remain stable after a long-term operation.

3.2. Spectral characteristics of bacterial extracellular metabolites

Thefluorescence spectra coupledwith the PARAFACanalysis is an ef-
fective tool to characterize the dissolved organicmatter in bioreactor ef-
fluent. In this work, the fluorescence EEM spectra of the daily effluents
were acquired, and the typical spectra of the representative EfDOM
under the considered temperature conditions are shown in Fig. S2.
Fig. 2a and b show the most suitable principal component contained
in the effluent during the entire experiment, which passed the test of
the core consistency. In the effluent sample, two main fluorescence



Fig. 1. Time course of the nitrogen removal performance of the anammox system,
including the effluent nitrogen concentrations (a), nitrogen removal rate (NRR),
nitrogen removal efficiency (NRE), RS (ΔNO2

−/ΔNH4
+), RP (NO3

−/ΔNH4
+) (b), and specific

anammox activity (SAA) (c).
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peakswere present at locations inwhich theλEx/λEm is centered at 275/
325 nm (Component A) and 285/420 nm (Component B). Component A
was ascribed to tryptophan protein-like substances, and Component B
was identified as polyaromatic-type humic acid-like substances (Chen
et al., 2003; Wang and Zhang, 2010). As depicted in Fig. 2c, in phase I
(1–21 d), both the components were stable and had relatively low
amounts in the effluent, although Component A was predominant.
When the temperature dropped from35 to 25 °C, the content of Compo-
nent A increased rapidly at first and later declined gradually. The varia-
tion tendency of Component B was synchronous with Component A,
while the variation amplitude was lower than that of Component A. A
similar phenomenon could be observed under the other two tempera-
ture variation stages, i.e., 25→ 15 °C and 15 → 10 °C.

To further understand the response of the bacteria to the temper-
ature variation, the TEPS and LEPS of the sludge samples, which sta-
bilized approximately 20 days under each temperature condition,
were extracted and analyzed. Six parallel samples collected from
the two reactors under the tested temperature were used to conduct
the PARAFAC analysis to ensure the reliability of the results. All the
fluorescence EEM spectra of TEPS could be successfully decomposed
into two fluorescent components (Fig. 2d and e). The fluorescence
peak of Component A appeared at 290/330 nm corresponding to
tryptophan protein-like substances. Component B displayed a fluo-
rescence peak at 350/430 nm ascribed to polycarboxylate-type
humic acid-like substances (Wang and Zhang, 2010). The fluores-
cence scores of both Components A and B increased rapidly when
the temperature decreased from 35 to 15 °C (Fig. 2f). When the tem-
perature further decreased to 10 °C, the two components exhibited a
decline. The chemical quantification exhibited a similar result to that
of the fluorescence characterization. Similarly, the two components
ascribed to tyrosine protein-like (Component A) and polyaromatic-
type humic acid-like (Component B) substances were acquired
from the EEM of the LEPS (Fig. S3a and b) (Wang and Zhang, 2010).
The fluorescence score variations of Component A in LEPS were in ac-
cordance with that of the TEPS while a minor decline in that of Com-
ponent B was observed (Fig. S3c).

The functional groups involved in the TEPSwere determined by FTIR
analysis in the region of 4000–400 cm−1 (Fig. S4). The peaks at
3430 cm−1 weremainly from the νO−H (hydrogen bond) of hydrocar-
bons; the band at 1640 cm−1 was a result of the β sheet, which
corresponded to the protein secondary structures(Badireddy et al.,
2010); the peak at 1410 cm−1 was indicative of the νsCOO− stretches
associated with the amino acids; the peak area at 1090 cm−1 was as-
cribed to the ring vibrations of νP=O, νC−O−C, νC−O−P, as in
phosphodiesters and polysaccharides; and the peak at 627 cm−1

corresponded to the γN−H in amide I (Yin et al., 2015). The FTIR spec-
troscopy indicates the presence of amino acids, carboxylic acids and
phosphate functional groups in the TEPS, which was in accordance
with the abovementioned analytical results.
3.3. Intracellular active compounds variation

Most biochemical reactions are performed inside the cells (Minton,
2006) and characterizing the EEM and FTIR spectroscopy of the InPS
could reflect the actual metabolic state of the anammox bacteria.
Fig. S5 shows the EEM fluorescence spectra of the InPS at various tem-
perature stages. Three components, namely, tryptophan protein-like
(λEx/λEm = 280/350 nm, Component A), polyaromatic-type humic
acid-like (λEx/λEm = 270/440 nm, Component B), and riboflavin-
related (λEx/λEm = 370/520 nm, Component C) substances (Chen
et al., 2003; Wang and Zhang, 2010), were identified in the InPS
(Fig. 3a–c). During the experimental period, the fluorescence scores of
the polyaromatic-type humic acid-like and riboflavin-related sub-
stances remained relatively stable (Fig. 3d). In comparison, the trypto-
phan protein-like substances demonstrated an increasing trend. After
adaption at 10 °C for a certain period of time, the fluorescence intensity
scores of the tryptophan protein-like substances increased by approxi-
mately 12.5 times. As shown in Fig. 4, the FTIR spectrum provides pri-
mary information pertaining to the functional groups of the InPS
component. The peaks observed from the extracted InPS were as fol-
lows (Badireddy et al., 2010; Minton, 2006): The peaks at 3250 cm−1

and 3040 cm−1 corresponded to the νO − H stretch of the alcohols
and phenols, respectively; the presence of protein was deduced from
the peaks at 1640 cm−1 (β sheet of protein secondary structures), the
peaks at 1550 cm−1 corresponded to δN−H and νsC−N stretches
(amide II); the peaks at 1230 cm−1 corresponded to the νsC−N stretch
associated with the secondary amides of proteins (amide III); the peaks
at 627 cm−1 corresponded to the γN−H in protein (amide I); the peaks
at 1150 cm−1 and 1040 cm−1were attributed to the vibration of C−OH,
C−O−C, C−C and the asymmetric stretching vibration of P=O of the
polysaccharide and phosphodiesters; the band centered at 894 cm−1

was attributed to the O−P−O stretches associated with the nucleic
acids.



Fig. 2. Fluorescence chacracterization of the extracellularmetabolic substances. Information pertaining to thefluorescent components decomposed from the EEM spectra of EfDOM(a and
b) and TEPS (d and e) by using the PARAFAC approach, and the changes in the fluorescent scores (c: EfDOM, f: TEPS).
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3.4. Change in the microbial community

The transformation of the microbial community in different oper-
ation stages was assessed using the Illumina sequencing of the 16S
rRNA V4 amplicons. At the phylum level, Planctomycetes was found
to be dominant (55–63%) throughout the experimental phases. They
were followed by Proteobacteria (12–18%), Chloroflexi (12–16%),
and Bacteroidetes (5.47–10.58%) (Fig. S6). At the genus level, Ca.
Kueneniawas identified as the predominant bacteria in the bioreactor,
as evidenced by a high relative abundance of 51.09–59.88% (Fig. 5).
The abundance of Ca. Kuenenia showed a minor fluctuation during
the decrease in the temperature from 35 to 10 °C, and it finally stabi-
lized at 53% under the long-term operation at 10 °C. In this case, the
anammox bacteria contributed predominantly to the nitrogen re-
moval. It should be noted that the abundance of Denitratisoma ap-
proximately doubled between 87 and 120 days, and that of A4b
(Chloroflexi) were 1.6 times higher in this process. Many previous
studies have shown that these bacteria coexist in the anammox sys-
tem (Wang et al., 2017).
4. Discussion

4.1. EfDOM as an indicator of anammox bioreactor status

No organics were supplied in the influent, and the protein and humic
acid substances found in the effluent mainly originated from the micro-
bial metabolism or decay. The EfDOMproduced by the anammox system
is a complex mixture carrying the intermediate or final product of the
substrate metabolism, biomass growth, and biomass degradation
(Boero et al., 1991). The variation in the temperature altered the apparent
metabolic status of the anammox consortia. Through the Pearson correla-
tion analysis, it was observed that the fluorescence components of the
protein (Component A) in the EfDOM were positively correlated with
the SAA (R = 0.976⁎, p = 0.024 b 0.05). In such cases, the EEM spectra
coupled with the PARAFAC analysis might be applied as an efficient tool
to monitor the daily operation of the anammox bioreactor. As depicted
in Fig. 1, during the process of decline in temperature from 35 to 25 °C,
the change in the effluentNH4

+-NandNO2
−-N concentrationwas indistin-

guishable. However, a rapid and noteworthy variation in thefluorescence



Fig. 3. The three InPS components decomposed using the PARAFAC approach (a, b and c), and the fluorescent scores of each component (d).
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score of the tryptophan protein during this process could be observed.
Similarly, the content of humic acid in EfDOM also changed accordingly,
and the degree of fluctuationwas smaller than that of protein. The results
showed that anammox performance had a quantitative effect on the
composition of EfDOM during temperature disturbances. The in situ
and real time characterization of such metabolic fluctuations through
spectroscopy could provide early warning information to enable us to
act before the bioreactor undergoes further deterioration.

4.2. Microbial community responsible for nitrogen removal in autotrophic
bioreactor

Throughout the experiment, the anammox bacteria contributed pre-
dominantly to the nitrogen removal. However, when the reactor was
operated at 10 °C for a period of time, an increased abundance of
Denitratisoma was observed. In accordance, an improved TN removal
performance was observed, in which the effluent NH4

+-N and NO3
−-N
Fig. 4. FTIR absorbance spectra of the InPS samples with varying temperature in phase I
(21d), II (46d), III (71d), and IV (100d).
remained stable while NO2
−-N decreased gradually from day 87

(Fig. 1a). Therefore, we deduced that the improved nitrogen removal
performance was likely attributed to the Denitratisoma community.
Denitratisoma is a type of heterotrophic denitrification bacteria. A previ-
ous study documented that the soluble microbial products excreted by
autotrophic bacteria could support heterotrophic growth and contrib-
ute to nitrogen removal (Ni et al., 2011). In this work, the carbon source
required by these bacteria was possibly the soluble metabolites or
decaying products of the anammox bacteria, as evidenced by the syn-
chronous change in both the EfDOM and effluent nitrite concentration.
Furthermore, an increased abundance of A4b, which belongs to
Chloroflexi, was observed. It has been reported that Chloroflexi coexists
with the anammox bacteria and could preferentially utilize thedecaying
bacteria as a substrate (Chu et al., 2015; Wang et al., 2017).
Fig. 5. Change in the microbial community structure during the different stages of
operation.



Fig. 6. Synchronous (a) and asynchronous (b) 2D correlation maps generated from the synchronous fluorescence spectra of EPS.

Table 1
Sign of each cross-peak in the synchronous and asynchronousmaps from thefluorescence
spectra of the EPS.

Position Sign

nm 370 420
370 + + (−)
420 +
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4.3. Response mechanism of anammox to decrease in the temperature

During the transient disturbance period of temperature change, the
EfDOM amount of anammox bioreactor was greatly increased. When
the system was stably operated under the certain temperature condi-
tion for a period of time, the EfDOM content recovered to the pristine
level. As a response to the temperature decrease (transient disturbance
of 35 to 15 °C), anammox cells tend to considerably excrete EPS. Com-
monly, EPS is considered as a protective shield to resist the adverse in-
fluences (Tomaszewski et al., 2017). 15 °C was identified as an
inflection temperature of the EPS. As the temperature further reduced
to 10 °C (transient disturbance of 10 °C), the SAA was further reduced
and the anammox system no longer secrete excessive EPS in order to
maintain basic life activities and reduce unnecessary energy consump-
tion. It has been reported that the optimal temperature for Ca. Kuenenia
is 37 °C and only 24% activity remainswhen the temperature is reduced
to 11 °C (Egli et al., 2001). The EPS acted as the granule framework, and
its reduction likely induced the granular disintegration, as shown in
Fig. S7. Therewas no significant change in InPS throughout the transient
disturbance period.

However, the situation altered during the low temperature stabiliza-
tion period (10 °C). When the system adapted at 10 °C for a long time,
the polysaccharides, phosphodiesters, protein component and ribofla-
vin component of the InPS increased, with the protein component in-
creased dramatically (Fig. S6 and Fig. 3d). It has been reported that
the bacteria synthesize the cold-stress proteins to maintain the normal
expression of genes (Giuliodori et al., 2010) and degrade the denatured
proteins by synthetic proteases (Jozefczuk et al., 2010) at a low temper-
ature. In this work, it is likely that more intracellular proteins were
formed to maintain the basic physiological metabolism under low tem-
perature stress in anammox system. Moreover, the increased riboflavin
content might imply that the anammox bacteria enhanced the intracel-
lular electron transport to cope with the low temperature stress. Flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are the
twomost common forms of riboflavin in the cells (Liu, 2008). Although
riboflavin is not directly involved in bacterial metabolism, its deriva-
tives, FMN and FAD, are associated with a variety of physiological activ-
ities (Heikal, 2010). These two active substances are usually used as a
prosthetic group of oxidoreductases in cell metabolism, such as NADH
dehydrogenase and xanthine oxidase, which are important electron
transporters in the process of microbial metabolism. The anammox sys-
tem regulated a series of biochemical processes to ensure metabolism
under low temperature condition. As a result, the EPS and EfDOM levels
rebounded slightly.

In combination with the above microbial community analysis, the
amounts of Denitratisoma and A4b, which can utilize EfDOM and EPS
to support their self-growth, were gradually increased. This was consis-
tent with other reports. Using 14C tracer technology, researchers found
that the cellular compounds produced by the decaying biomass and
metabolites of anammox can be degraded and utilized by Chloroflexi
(Kindaichi et al., 2012). Denitratisoma was a denitrifying bacterium.
Heterotrophic denitrifying bacteria in the anammox enrichment system
adopted EfDOMor EPS as an electron donor for their growths (Cao et al.,
2016).

The temperature change will also cause the conformational
change of EPS, which was studied by the fluorescence 2DCOS for
the first time. The intensity changes of the characteristic peaks
often exhibit a certain order (priority or lag) due to the selectivity
of the group to the external disturbance, and such orders can be dis-
tinguished by the 2DCOS. According to the fluorescence 2DCOS of the
EPS in the emission wavelength range of 350–500 nm (Fig. 6), two
significant autocorrelation peaks were presented at 370 (protein
component) and 420 nm (humic acid component). The cross peaks
analyzed in the 2DCOS synchronous were positive, indicating that
the spectral changes in the two major components in the EPS caused
by the temperature change were consistent. According to Noda's
rule, the 2DCOS asynchronous spectrum can judge the order of
change in the different peaks under the external disturbances
(Chen et al., 2015). According to Fig. 6 and Table 1, the symbols in
the upper left corner of the synchronous and asynchronous spectra
indicated that the order of the peaks was as follows: 420 N 370.
This finding implies that the order of the change in the EPS composi-
tion during the temperature change was as follows: Component B
(humic acids) → Component A (proteins). Temperature reduction
has a faster effect on humic c than proteins.

4.4. Implication of this work

The anammox-based biological nitrogen removal process is an en-
ergy and chemical saving technology. The water temperature, which
differs geographically and spatially, is a crucial factor that considerably
affects the treatment performance of this bioprocess. The present
work demonstrated that the EfDOM could be used as an efficient indica-
tor to perform in situ and real timemonitoring of the daily operation of
anammox bioreactors under the low temperature stress and to provide
early warnings. Ruscalleda et al. (2014) found that during the recovery
and improvement after anammox activity destruction, both humic acid-
like and protein-like components in EfDOM increased. In addition, total
nitrogen loading rates in the anammox system showed a negative
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correlationwith the production of boundmicrobial products, and a pos-
itive correlation with soluble microbial products (Zhang et al., 2019a).
In the anammox-denitrifying anaerobic methane oxidation system, Lu
et al. (2017) found that the total fluorescence intensity score of each
component of the starvation period was significantly higher than that
of the active period. The above results implied that the EfDOM can be
used as an efficient indicator for bioreactor monitor and early warning
(Table S2). However, it should be noted that the actual wastewater is
complex. The present work only used synthetic wastewater to study
the influence of low temperature on anammox sludge. The stability
and effectiveness of this method under other factors such as pH, sub-
strate, and inhibitors' perturbations still requires further investigation.
Furthermore, futureworks regarding the enhancement of the anammox
bioreactor performance and sludge stability under a low temperature is
still required to realize a broad engineering application of this biotech-
nology. Supplying anammox bacteria favored substrates such as ferrous
ions might provide a solution for the above concern if the dosing
amount was carefully controlled (Fig. S8).
5. Conclusions

The dynamic changes of intracellular and extracellular metabolites
of anammox sludge under the declined temperaturewere characterized
through multivariate spectral analysis. The anammox activity was con-
siderably inhibited at a temperature of 10 °C. The effluent fluorescence
components were found to be positively related to the state of the
anammox reactor, and the response of the protein-like substances to
the temperature change was more sensitive than that of humic sub-
stances. During the transient disturbance phase of 35 to 15 °C, the fluo-
rescent component, especially the protein component of EPS has
increased. However, as the temperature further decreased to 10 °C, no
significant fluctuation in the fluorescent components of EPS was ob-
served. During the low temperature stability period of 10 °C, the poly-
saccharides, phosphodiesters, protein and riboflavin components in
InPS increased, and the protein component increased dramatically.
Temperature decline showed a faster effect on humic acid variation
within EPS than protein, as revealed by 2DCOS. This work may be valu-
able for the development of anammox based bioreactor monitoring
techniques.
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