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Fe(Il) is an essential trace element for anaerobic ammonium oxidation bacteria (AAOB) metabolism, and
can improve the nitrogen removal efficiency of anaerobic ammonia oxidation (Anammox). Here we oper-
ated two identical expanded granular sludge bed (EGSB) reactors at low temperature (1543 °C) for 154
days. Reactor 1 (R;) received additional Fe(Il) (0.12 mmol/L) during the late startup phase, while reactor
0 (Ro) served as the control and did not receive extra Fe(Il). Nitrogen removal in R; became stable at 55
d of operation, ten days earlier than Ry. The nitrogen removal rate (NRR) of R; was 1.64kg N m—3 d-!
and its TN removal rate was as high as 89%, while Ry only reached 75%. The addition of Fe(Il) was fur-
ther beneficial to aggregation and stability of the granular sludge, and the used sludge of both reactors
showed enrichment for AAOB populations compared to the inoculum, for instance, increased abundance
of Candidatus-Kuenenia and in particular of Candidatus-Brocadia (from 0.17% to 10.10% in Ry and 7.79% in
R;). Diverse microbial species and complex microbial network structure in R; compared to Ry promoted
the coupled denitrogenation by Anammox, dissimilatory nitrate reduction to ammonium (DNRA), nitrate-
dependent Fe oxidation (NDFO), and ferric ammonium oxidation (Feammox). In addition, the microbial
community in Ry was more resistant to short-term low temperature (2-7 °C) starvation, illustrating a

further positive effect of adding Fe(II) during the startup phase of an Anammox reactor.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Anaerobic ammonia oxidation (Anammox) is a new type of ni-
trogen removal process that uses NO,~ as electron acceptor and
NH4* as electron donor under anaerobic conditions [1]. The ad-
vantages of Anammox are the independence of an external or-
ganic carbon source [2], and low production of greenhouse gasses
and sludge [3]. Therefore, its application for nitrogen removal from
wastewater has become a current research hotspot. However, sev-
eral challenges remain to be solved, such as the slow growth of
anaerobic ammonia oxidizing bacteria (AAOB) and their suscepti-
bility to environmental disturbances [4], as these hinder the broad
application of Anammox for water treatment.
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Low-temperature conditions can limit the growth of AAOB.
In most cases, the average temperature of actual wastewater
is below 20°C [5,6], while the optimum temperature for AAOB
growth is 35-40°C [7]. When the ambient temperature is not
within the optimal temperature range, this limits the nitrogen
removal performance of Anammox, as it negatively affects en-
zyme activity and reaction activation energy as well as bacte-
rial growth. For instance, a decrease in water temperature from
30°C to 15°C resulted in a specific anaerobic ammonia oxida-
tion activity (SAA) from 850mg g~! d-! to 47mg ¢! d-! [8],
and the growth rate of AAOB decreased by 30%-40% for every
5°C decrease in temperature [9]. From the perspective of en-
ergy saving and consumption reduction, ambient temperature den-
itrogenation would be optimal for future wastewater treatment.
However, even though studies have confirmed that Anammox
can be started up and operated at low temperatures [10], under
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those conditions the process suffers from long startup times, un-
stable nitrogen removal efficiency, and low functional microbial
abundance.

Fe(Il) is an essential trace element for AAOB metabolism, and as
part of the cofactor heme c, it participates in the electron transfer
process in cellular metabolism [4], which in turn improves Anam-
mox metabolic performance. The addition of Fe(Il) to an Anammox
system couples other denitrogenation reactions in the system and
improves the denitrogenation efficiency. Ding et al. showed that
in the presence of 0.12mmol/L Fe(Il) the Anammox activity was
optimal and this stimulated microbial proliferation [11]. Qiao et
al. reported a 30% Anammox nitrogen removal efficiency increase
when Fe(Il) concentrations were raised from 0.03 mmol/L to 0.09-
0.12 mmol/L [12]. However, these studies had determined the opti-
mal Fe(Il) concentration at a temperature between 30°C and 35 °C,
while the required concentration at lower temperatures remains to
be determined, and the mechanism of action of Anammox medi-
ated by additional Fe(Il) under such conditions is lacking. There-
fore, in order to promote the large-scale application of Anammox
in practical wastewater treatment, we conducted a study to in-
vestigate the mechanism of Fe(Il)-mediated nitrogen removal by
Anammox at a temperature of 15+3 °C.

Two identical experimental expanded granular sludge bed
(EGSB) reactors were used to compare the effect of extra added
Fe(Il) during the startup phase. The changes of water quality and
granular sludge properties in the two reactors were recorded to
determine: (1) The long-term effects of Fe(Il) addition to an Anam-
mox system at ambient low temperature; (2) The internal struc-
tures of the extracellular polymeric substances (EPS) that were
formed; (3) The microbial community that formed during Anam-
mox operation, in order to provide a theoretical basis and realistic
reference for further application of Anammox in practical wastew-
ater treatment.

On the first day after sludge inoculation, the NH4*-N removal
rate of Ry and R; was only 9% and 64%, respectively, while the
NO,~-N removal rate was more than 96%. The large difference in
NH4*-N removal between the two reactors may be due to an un-
even inoculation of the initial sludge, which leads to the difference
in sludge adaptation to the reactor; and the difference in influent
water conditions between the two reactors, such as dissolved oxy-
gen content. The accumulation of NO3~-N as an Anammox prod-
uct is negative, and the ratio of NO3~-N/NH4*-N was higher than
the theoretical value of 1.32 for both reactors and while the NO3~-
N/NH4"-N ratio was less than 0 and thus lower than the theoret-
ical value of 0.26 (Fig. 1) [13]. This indicated that the system did
not produce or consume the generated NOs;~-N, the intrinsic rea-
son the initial lysis of microbes had taken place, due to the sud-
den changes in environmental conditions, which released organic
carbon that promoted the proliferation of heterotrophic denitrify-
ing bacteria [14]. Thus, the nitrogen removal process was initially
dominated by denitrification reactions. The NH4*-N removal rates
in both reactors increased rapidly, to reach 98% and 99% on 6 d,
while the NO, -N removal rate remained at a high level, above
96%. The high efficiency of NH;"-N removal during this short time
was attributed to two possible effects: an increase of AAOB activity,
and the incomplete removal of dissolved oxygen from the influent
water, resulting in nitrification. On 12 d, the influent nitrogen load
rate (NLR) was increased to 0.68kg N m—3 d~! (Table S1 in Sup-
porting information). Now the NH4"-N removal rates of both reac-
tors fluctuate dramatically (Ryg between 43% and 77%, R; between
34% and 61%). The NO,~-N removal rates were now very low: in
Ry it decreased from 99% to 43% and in R; from 96% to 34%. This
indicated an inability of AAOB to adapt to the dramatic increase
of NLR in the initial stage. Therefore, the NLR decreased to 0.58 kg
N m=3 d-1, and as a result the nitrogen removal efficiency of both
reactors gradually improved.
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Unexpectedly, on 38 d, the water bath heating system broke
and the temperature plummeted to 5°C, decreasing the nitro-
gen removal performance of both reactors dramatically, to removal
rates of 62% for NH4*-N and 26% NO,~-N in Ry, and 62% and 50%,
respectively, in R;. That a sudden decrease in temperature having
such strong impacts has been observed before [8].

After repairing the water bath heating unit, the effect of daily
Fe(Il) addition at a concentration of 0.12 mmol/L was tested in Ry,
which was performed from 39 d to 85 d and from 100 d to 154 d,
Ry served as the control. By 53 d, the NH4™-N removal rate had in-
creased to over 95% in both reactors, and the NO,~-N removal rate
had increased (Rg: 52%, Rqi: 74%). The stoichiometric ratio NO, -
N/NH4"-N of R; was now close to the theoretical value of 1.32,
while for Ry it remained between 0.5 to 1. It seemed that during
this period, the addition of Fe(Il) had a strong positive effect on
the Anammox reaction for nitrogen removal. On 55 d, the NLR el-
evated to 0.75kg N m~3 d-! and that caused the NH4*-N removal
rate of both reactors to reach over 97% after acclimation, but the
NO,~-N removal rate of R; remained consistently higher than that
of Ry (Rp: 70%-86%, Ry: 82%-97%). It has been shown that AAOB
can reduce NO3~-N and NO, -N to N,, N,O, and NH4"-N, dur-
ing which Fe(II) acts as an electron donor for the dissimilatory ni-
trate to ammonium (DNRA) [15]. Therefore, the addition of Fe(Il)
may promote the coupling of denitrification, DNRA, and Anammox
within the system, which would explain the higher nitrogen re-
moval efficiency of R; compared to Rg.

A nitrogen removal rate (NRR) of 0.5kg N m=3 d-! typically
marks the successful start-up of an Anammox system [16], and ac-
cording to Fig. 1, this was reached on 55 d for R; (NRR: 0.54 kg
N m~3 d-1) but only on 65 d for Ry (NRR: 0.53kg N m~—3 d-1),
indicating that at low temperatures, the Fe(Il)-added reactor was
able to reduce the start-up time by 10 days compared to a blank
reactor.

Before investigating the stable performance of Anammox after
successful start-up, the two reactors were left idle for 13 days (86—
100 d) at low temperature (2-7 °C) and on 100 d, operation of both
reactors was restarted at 15+3 °C with an influent of 100 mg/L
NH4*-N, after which the NLR was gradually increased from 0.95 kg
N m~3 d-! to 1.75kg N m~3 d-!. The performance of both reac-
tors was now stable: the NH4*-N removal rate was maintained
at high levels, above 80% for Ry and above 92% for Ry, and the
NO,~-N removal rate was 79% for Ry and 90% for R;. These re-
sults showed that the bacterial communities were able to maintain
good nitrogen removal performance even after short-term starva-
tion conditions, and since they were adapted to low temperature
(15£3°C), a cold starvation period at 2-7°C did not have a large
impact on their performance. It has been shown that within an
Anammox system with Fe(Il) addition, NH4"-N is most likely re-
moved by iron-ammonia oxidation (Feammox) [17]. In our experi-
ment, nitrogen removal performance and operational stability of Ry
were superior to Ry throughout operation (Fig. 1), indicating that
the addition of moderate amounts of Fe(Il) had promoted the effi-
cient and stable operation of the Anammox system at ambient low
temperatures (15 +3°C).

The EPS content of the sludge samples collected over time was
determined. During operation, the EPS content increased from 5
to 93 mg/g VSS in Ry and to 136 mg/g VSS in R;. The EPS con-
tent of R; was higher than that of Ry from 67 d onwards (Fig. 2a).
Since Fe(Il) is reductive, it can provide electrons during ammonia
oxidation and it participates in the synthesis of related denitro-
genation proteins as well. Both will improve the performance of
AAOB, which in turn stimulates the AAOB community to secrete
more EPS [2]. This may explain why the addition of Fe(Il) in R; led
to higher EPS content from 67 d onwards. In addition, EPS con-
tains many anionic functional groups, leading to a preference for
EPS to combine with positively charged Fe(Il) and thus forming a
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Fig. 1. Performance of both reactors, Ry and Ry, during operation at 154 3°C. (a) ammonium nitrogen removal performance, (b) NO,~-N removal performance, (c) NO;~-N
accumulation, (d) total nitrogen (TN) removal performance, (e) nitrogen loading rate (NLR), nitrogen removal rate (NRR) and HRT during operation over time, (f) stoichiometric

ratios NO,~-N/NH4*-N (Rs), and NO3;~-N/NH4*-N (Rp) for both reactors.
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Fig. 2. (a) EPS content of the sludge samples and its protein (PN), polysaccharide (PS) fractions, (b) particle size distribution during initiation, (c) EPS fourier transform
infrared (FTIR) spectra (500-4000 cm~') of the sludge used as the inoculum and after 154 d of operation in Ry and R;. Three-dimensional fluorescence spectra with (d)
inoculum, (e) Ry sludge at 154 d and (f) R; sludge at 154 d.

more stable structure to maintain the stability of granular sludge.
After cold starvation, at 100 d the EPS content of Ry had increased,
while that of R; decreased, probably because Fe(Il) had not only
promoted the growth of AAOB but had also increased the abun-
dance of other heterotrophic bacteria in the system [18]. These me-
tabolized endogenous organic carbon sources and EPS, resulting in
a slight decrease in EPS content after starvation in Ry. Xing et al.

reported that 4°C starvation was more conducive to maintaining
granular sludge properties [19], and our findings provide a further
reference for storing sludge at low temperatures.

The fractions of the key components protein (PN) and polysac-
charides (PS) of the EPS are also shown in Fig. 2a. The dominance
of PN in EPS at the different time points, and the low PS content
with minor variation, implies that PN plays a major role in the
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properties of granular sludge. Since PN contains positively charged
amino acid groups and PS is mainly negatively charged due to
phosphate groups, the PN/PS ratio determines the hydrophobic
properties of granular sludge [20,21]. This ratio ranged from 0.5 to
5, with lowest values at 0 d and highest values at 100 d (Fig. 2a).
The higher this ratio, the more hydrophobic the EPS is, resulting
in higher stability of granular sludge, thus, the hydrophobicity of
the granular sludge increased with operation time and was higher
following Fe(Il) addition. In particular, for R; PN/PS exceeded 5 at
100 d following low temperature starvation, and as the system was
re-operated, the ratio decreased again, but at the end of operation
it was still higher than that of the inoculum.

The PN/PS ratio is related to the particle size of the sludge.
Thus, the particle size distribution was determined and summa-
rized in Fig. 2b. The inoculum mainly contained particles <3.5 mm.
The main particle size of the sludge at 154 d had increased to 0.5-
1.4mm (which comprised 37% of Ry and 42% of Ry). It has been re-
ported that sludge with a particle size exceeding 2.2 mm is at risk
of floating [22]. Chen et al. compared different particle sizes and
SAA of Anammox sludge and found that the highest SAA content
was found for particle sizes ranging from 0.5mm to 1mm [23].
That optimal size was applied to the granular sludge cultured in
this study. This, to some extent, also explains why both reactors
were able to achieve efficient and stable denitrogenation.

Functional groups present in the EPS of the inoculum and the
sludge after 154 d of operation were characterized by FTIR analy-
sis. As shown in Fig. 2¢, the functional groups in EPS of all samples
were similar, indicating that no changes had been introduced as a
result of the cultivation in the absence or presence of additional
Fe(Il). The absorption peaks of 3275-3454 cm~! were caused by
N-H and O-H stretching vibrations in PN and PS [24] and the ab-
sorption peaks visible at 1634-1640 cm~! are caused by C=0 and
C=C stretching vibrations in PN [25]. There were few hydrophilic
functional groups in the EPS and N-H, O-H and C=0 seem to
be the main functional groups that promote microbial aggregation
[26].

The 1600-1700 cm~! wavelength range represents region I of
the spectrum where the secondary structures of the protein are
detected [25]. The investigated granular sludge contained B-sheets,
random coils, a-helices, and B-turns (Fig. S4 in Supporting infor-
mation). Their distribution varied, and in the used sludge B-sheets
were dominant, representing 48.34% in inoculated sludge, 39.59%
in Ry, and 38.78% in Ry (Table S3 in Supporting information). These
B-sheets provide the Anammox sludge with a strong aggregation
capacity [27]. The abundance ratio of «-helix/(B-sheet+random
coil) is a measure of the tightness of the protein structure [28].
This ratio was lower in the final sludge of Ry and R; compared to
the inoculum, and it was lower in Ry than in Ry (Table S3). From
this we conclude that the hydrophobic groups inside the EPS pro-
tein became more exposed over time, increasing the hydrophobic-
ity of the granular sludge surface. This explained the hydrophobic-
ity and aggregation characteristics of the granular sludge.

The three-dimensional fluorescence spectra of EPS of the in-
oculum and the used sludge at 154 d from Ry and R; were mea-
sured (Figs. 2d-f). Table S4 (Supporting information) summarizes
the parameters of the obtained spectra. Two peaks were identi-
fied: peak A (274-275nm/365-377 nm) representing humic acid-
like substances and peak B (220-222 nm/366-375nm) represent-
ing tryptophan [29]. The fluorescence intensity of both peaks in-
creased during the operation of the reactors. Independent studies
have shown that the relative content of humic acid-like substances
is positively correlated with bacterial activity [30], from which it is
inferred that the microbial activity of the Anammox organisms was
strengthened during operation. Tryptophan-like substances also in-
creased, and these represent key substances that trigger granular
sludge aggregation [31]; it also provides tolerance to high nitrogen-
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containing substances [32]. Du et al. reported that an elevated NLR
in a reactor containing PD/A granular sludge resulted in more se-
cretion of tryptophan, increasing granular sludge stability [32], fur-
ther confirming that granular sludge tends to stabilize during oper-
ation. We observed a higher fluorescence intensity for both peaks
in R; compared to Rg, suggesting that complexation of Fe(Il) had
occurred with the functional groups in EPS that increased the fluo-
rescence intensity, while its presence had resulted in a subsequent
increase of AAOB metabolites, as a result of simulated metabolic
activity.

The obtained sequences were attributed to OTUs and these
were assigned to genera and phyla. At the phylum level, the in-
oculum was dominated by Chloroflexi, Bacteroidota, Halobacterota,
and Euryarchaeota (in descending order), while Planctomycetota
only represented 5.52% (Fig. 3a). At the end of the operation, the
abundance of Planctomycetota had strongly increased, to 17.43%
(Rg) and 13.77% (R;), together with an increase of Proteobacteria
(from 10.29% in the inoculum to 18.67% in Ry and 27.68% in R;),
while the fraction of Euryarchaeota had severely decreased. The
Bacteroidota had more strongly decreased in Ry than in R; (Rg:
12.80%, R;: 18.18%) and in R; the fraction of Halobacterota had
strongly decreased. The abundance of Chloroflexi remained simi-
lar (Rg: 23.50%, Ry: 22.96%). AAOB are mainly members of Planc-
tomycetota [33], while Chloroflexi, Proteobacteria, and Bacteroidota
are typical companion flora of AAOB [32,34,35]. Proteobacteria are
mainly involved in nitrogen removal by denitrification [36]; they
also secrete fibrates and soluble microbial products (SMP) that reg-
ulate the microbial diversity of a community [37], and their in-
crease during operation implied that AAOB participated in the re-
moval of nitrogen together with denitrifying bacteria. During oper-
ation, the abundance of Chloroflexi was maintained at around 23%,
and these bacteria may be responsible for the decomposition of
dead cells; they also assist in sludge granulation [38], and their
high abundance ensured the stability of the sludge granules. De-
creases in the archaeal phyla Halobacterota and Euryarchaeota in-
dicated that some of these anaerobic heterotrophic bacteria were
unsuitable to survive in the environment inside the reactor.

The relative abundance of the 20 most abundant micro-
bial genera present in the three sludge samples was visual-
ized in a heatmap (Fig. 3b). this included the AAOB genera
Candidatus_Kuenenia, Candidatus_Brocadia, and Candidatus_Jettenia,
of which Candidatus_Brocadia had most strongly increased (from
0.17% to 10.10% in Ry and 7.79% in Ry). Candidatus_Kuenenia had
also increased (from 2.78% to 5.63% in Ry and 4.63% in R;), but
Candidatus_Jettenia had decreased during operation (from 1.73% to
0.67% and 0.79%, respectively). It has been shown that Candida-
tus_Brocadia is better adapted to a low-temperature environment
and is more resistant to a high nitrogen load shock compared
to Candidatus_Kuenenia or Candidatus_Jettenia [39-41], so the high
NLR (1.7kg N m~3 d-1) and low temperature employed during op-
eration may have caused the observed shifts in abundance. Li et
al. reported a shift from Candidatus_Jettenia to Candidatus_Brocadia
when the temperature of a reactor was reduced from 32°C to
22°C [42]. Wang et al. reported that Fe(I) can stimulate the Feam-
mox reaction performed by Candidatus_Brocadia [43], and this may
have increased the removal of NH4*-N from R;, although this
genus was more abundant in Ry. In addition, the surface of Can-
didatus_Brocadia is rich in hydrophobic groups [44], increasing the
granular sludge aggregation capacity.

Methanosaeta and Methanobacterium use organic carbon sources
to produce CH,4 [45], and their abundance decreased during opera-
tion, resulting in lower abundance in R; than in Ry. As most of the
heterotrophic microorganisms that were not adapted to the envi-
ronment gradually died out, the organic carbon source available to
methanogenic bacteria was reduced, explaining their decrease. The
denitrifying bacteria also competed with methanogenic bacteria for
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Fig. 3. (a) Relative abundance of the microbial community at the phylum level, (b) relative abundance at the genus level shown as a heat map. Network analysis of the

microbial community in the (c) Ry sludge at 154 d and (d) Ry sludge at 154 d.

carbon sources, and their increased presence further explains the
intrinsic reason for the high denitrification rate achieved in the
reactors. The genus Norank-f-PHOS-HE36 (PHOS-HE36) can achieve
DNRA [46], and by the end of the culture, its abundance in Ry
was higher than in Ry (6.45% and 3.24%, respectively), indicating
that the addition of Fe(Il) had promoted DNRA activity within the
Anammox system. This had improved the removal of nitrate pro-
duced by Anammox, which in turn improved TN removal. In addi-
tion, nitrate-dependent Fe(Il) oxidation (NDFO) can be performed
by Unclassified_f_Comamonadaceae (Comamonadaceae), which was
present in R; at 2.43% [47]. Its activity can reduce NO3~-N to
NO, -N or N, and this further improved TN removal. In sum-
mary, it is speculated that a Fe(Il)/Fe(Ill) cycle may have occurred
in Ry, which improved the efficiency of electron transfer, increased
the species diversity and promoted efficient coupling among the
nitrogen-removing microorganisms, to improve the nitrogen re-
moval efficiency of the system.

Microbial interactions in the communities of the Ry and Ry
sludge were explored for Spearman correlation coefficients >0.5
and P-values <0.05 and these were shown in a network plot (Figs.
3c and d). A total of 49 nodes and 562 edges were identified in Ry
while Ry contained 50 nodes and 406 edges. The higher number of
edges in Ry indicated that the addition of Fe(Il) had improved the
network structure among the present microorganisms in R;. This
resulted in a more complex network structure that was beneficial
to the system’s ability to resist adverse factors and maintain stable
nitrogen removal performance [48]. The average degree of the Ry
network was 22.94, which was higher than Ry (16.24), indicating
that the addition of Ry Fe(Il) had facilitated the intercommunica-
tion between microorganisms in the system [49].

The nodes in both network plots mainly involved Proteobacte-
ria (Rp: 20%, Ry: 30.61%), Chloroflexi (Ry: 20%, Ry: 18.37%), Bac-
terioidota (Rg: 12%, Ry: 14.29%), and Planctomycetota (Rg: 10%,
Ry: 8.16%). The proportion of network nodes was highly sim-
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Fig. 4. (a) Predicted abundance of genes assigned to KEGG pathways. (b) Copy number of KO genes related to nitrogen metabolism.

ilar to the relative abundance of these phyla, again indicating
that Proteobacteria and Bacterioidota played key roles in Anam-
mox of Ry and R;. The negative correlation among microorgan-
isms in R; (45.37% of the total) was higher than in Ry (41.63%),
probably because in R; there was more competition for mul-
tiple nitrogen removal reactions such as DNRA, NDFO, Feam-
mox. Specifically, PHOS-HE36, Denitratisoma, Thiobacillus, Coma-
monadaceae, and norank-f-norank-o-norank-c-SJA-28 competed with
AAOB for NH4"-N, NO,~-N, and NO5;~-N, further confirming that
the presence of multiple nitrogen removal reactions was coupled in
R; and this was responsible for its high TN removal. The presence
of Planctomycetota (Candidatus_Kuenenia, Candidatus_Brocadia, and
Candidatus_Jettenia) in R; was significantly positively corre-
lated with the genera norank_f norank_o_Anaerolineaceae, no-
rank_f _norank_o_SBR1031 (SBR1031) and Chryseolinea, microorgan-
isms that have a cleaning role in the system and degrade dead
cells while producing volatile organic acids (VFAs) [10]. These VFAs
can be used by AAOB, thereby promoting their growth, which ex-
plains the positive correlation. In addition, SBR1031 is involved in
sludge aggregation [50]. Overall, the addition of Fe(Il) in R; en-
hanced the interspecies interaction within the community, result-
ing in a higher stability and a stronger nitrogen removal perfor-
mance than Ry.

PICRUSt was used for the prediction of microbial commu-
nity functions, resulting in a total of 6 primary metabolic path-
ways that were predicted to be present, containing 46 secondary
metabolic pathways. The differences in metabolic pathways thus
identified between the used sludge of Ry and R; were not sig-
nificant, and the fraction of metabolism-related pathways reached
76% in both. The highest abundance was observed for amino acid
metabolism and carbohydrate metabolism pathways, followed by
energy metabolism and cofactor vitamin metabolism, indicators of
an active microbial community [51]. Notably, membrane transport
and signaling pathways associated with environmental information
processing were also detected, suggesting an active exchange of
substances took place that may be responsible for synergistic ni-
trogen removal by AAOB with other heterotrophic bacteria [52].
Specifically, heterotrophic bacteria degrade the EPS that is secreted

by AAOB, as a source of amino acids, while in turn heterotrophic
bacteria secrete secondary metabolites such as folic acid that are
used by AAOB [53]. This confirms that the Anammox system rep-
resents a collaborative community in which nitrogen removal is ac-
complished by multiple bacterial groups, which is consistent with
the results of the microbial communities presented above.

The functional genes predicted to be present in the microbes of
the used sludge were predicted by inference using KO. The relative
abundance of detected KEGG pathways is summarized in Fig. 4a.
We identified 47 predicted functional genes involved in nitrogen
metabolism and 68 total KO for nitrogen metabolism, mainly with
roles in Anammox, denitrification, and assimilated and dissimi-
lated NO3~-N reduction. This included genes encoding NirS and
Hao that are involved in AAOB metabolism; NirS is a key regula-
tor for the completion of the Anammox process in AAOB [54], and
it was predicted to be more abundant in R; sludge than in Ry, fur-
ther indicating that the addition of Fe(Il) facilitated the Anammox
reaction. Fig. 4b shows the predicted copy number of genes re-
lated to nitrogen metabolism. Compared to Ry, the predicted abun-
dance of genes associated with denitrification (norBC, nosZ, nirDKS)
and assimilated and dissimilated NO3~-N reduction (nasAC, napAB,
narGHI) was higher in Ry, consistent with the superior nitrogen re-
moval efficacy of Ry, again explaining at metabolic and genetic lev-
els the intrinsic reasons for the high TN removal rate in R;.

All obtained results were combined in a scheme describing the
internal metabolic mechanisms that explained how Fe(Il) addition
in Ry had contributed to improved nitrogen removal (Fig. 5). The
reduced initiation time of R; to 55 days and its improved TN re-
moval compared to Ry was attributed to a combination of the fol-
lowing factors: (1) The addition of Fe(Il) to the Anammox system
to couple multiple denitrogenation reactions in the system. The de-
tails are as follows: the Anammox key functional genes such as
nirS and hao, with high abundance in R; and regulated the activ-
ity of organisms like Candidatus-Brocadia, Candidatus-Kuenenia, and
Candidatus-Jettenia, three typical AAOB that perform the Anammox
reaction to oxidize NH4"-N and NO,~-N to NO3~-N and N,. The
product of Anammox, NO;~-N, can be converted to NO,~-N and
NH4+-N by nasAC, napAB, narGHI regulated microorganisms that
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can perform DNRA process (PHOS-HE36, etc.) to provide substrate
for AAOB and promote its growth and metabolism; it can also
be converted by iron-oxidizing bacteria (IOB) (e.g., Camonadaceae)
via NDFO process to NH4"-N, which is ultimately removed by the
Anammox; and it can be converted by conventional denitrification
to N, for discharge to the atmosphere. In addition, Fe(Il) stimulates
Candidatus-Brocadia and other iron-reducing bacteria (IRB) to per-
form Feammox to improve the removal of NH4"-N in the system.
(2) The characteristics of the granular sludge present in the reac-
tor were improved (granule size, granular stability) as a result of
the Fe(Il) addition, and this also improved the nitrogen removal
performance. The amount of EPS produced had increased and its
composition had improved, with an increased tryptophan content,
improved PN/PS ratio, and more abundant functional groups such
as N-H, O-H, and C=0 that enhanced the hydrophobicity and im-
proved aggregation of the granular sludge.

These factors in combination ensured efficient and stable mi-
crobial nitrogen removal from the system while the reactor was
operated at low temperature (1543 °C).

In this study, the addition of Fe(Il) to an Anammox reactor sys-
tem (R;) operated at 154+3°C reduced the initiation time by 10
days and improved TN removal to 89%, compared to 75% in the Ry
that had not received additional Fe(Il). The improved efficiency of
R; was accompanied by a higher SAA and heme c content in the
sludge, which improved the activity of AAOB. The addition of Fe(II)
promoted the coupled denitrification of Anammox, DNRA, NDFO,
and Feammox in Ry. It further improved the aggregation and sta-
bility of the formed granular sludge, which was related to the
more abundant presence of N-H, O-H, and C=0 functional groups,
an increased tryptophan content, and an increased PN/PS ratio of
the formed EPS. This increased the fraction of the particles sized
0.5-1.4mm in the sludge R;, resulting in improved sludge stabil-
ity and better denitrification performance of the Anammox reac-
tion compared to Rg. The stability of the system was demonstrated
by short-term low temperature (2-7 °C) starvation, from which the
bacterial community in R; recovered faster than that of Ry. Overall,
we conclude that the addition of Fe(Il) is beneficial for an Anam-
mox system operated at low temperature.
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