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Applying anammox to municipal wastewater treatment promises enormous
energy and resource savings; however, seasonally cold conditions pose a

considerable challenge, impeding its future applications towards non-tropical
regions. In this study, we establish a pilot-scale wastewater treatment plant (50
m?/d) in northern China and implement the partial denitrification coupling
anammox process on actual municipal wastewater. Despite seasonal cooling,
the nitrogen removal efficiency remains high, ranging from 75.0 + 4.6% at
27.8-20.0°Cto 70.4 + 4.5% at 10-7.5 °C. This process exhibits remarkable low-
temperature tolerance, achieving an in-situ anammox rate of 32.7 + 4.7 g-N/
(m?-d) at 10-7.5°C and contributing up to 39.7 + 6.7% to nitrogen removal.
Further N stable isotope tracing and kinetic tests reveal that the partial
denitrification is capable of supplying increasingly abundant NO, to anammox
with decreasing temperature, enabling robust mainstream anammox against
seasonal cooling. From 27.8 °C to 7.5 °C, anammox bacteria not only survive
but thrive under mainstream conditions, with absolute and relative abun-
dances increasing by 429.1% and 343.5%, respectively. This pilot-scale study
sheds fresh light on extending mainstream anammox towards non-tropical
regions, taking a necessary step forward toward the sustainability goals of the

wastewater treatment sector.

Municipal wastewater treatment stands as a hub in the Water-
Energy-Sanitation nexus, fulfilling indispensable roles in pro-
gressing towards Sustainable Development Goals'™. Yet, regret-
tably, there remain considerable concerns surrounding the
sustainability of municipal wastewater treatment plants (WWTPs),
primarily given their substantial resource and energy consump-
tion, along with the notoriously long carbon footprint’. Particu-
larly, when facing influents with low organic carbon levels, most
municipal WWTPs compromise on sustainability to secure efflu-
ent quality, as evidenced by the widespread use of additional
carbon sources in WWTPs worldwide®®. For instance, in China
alone, the daily input of additional carbon sources into municipal

WWTPs approaches 10,000 tonnes, highlighting the sustainability
challenges the wastewater treatment sector faces.

Anammox is a sustainable biotechnology catalyzed by anammox
bacteria (AnAOB) affiliated with the deep-branching phylum
Planctomycetes’’®. AnAOB allows ammonium (NH,") oxidation to
molecular nitrogen (N,) under anaerobic conditions using nitrite
(NO,) as the electron acceptor. This autotrophic bioprocess minimizes
the requirements for organic carbon and oxygen in nitrogen removal,
empowering the development of sustainable wastewater treatment
processes’’. Like other advanced environmental biotechnologies,
scaling up anammox under high-temperature conditions is the first
step towards global popularization. Over the past decade, mainstream
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anammox has shown promise in tropical and subtropical regions, such
as Singapore, Southern China, and Australia, with partial nitrification/
anammox (PNA) as the representative process" . However, its
extension towards non-tropical regions remains highly challenging,
with seasonally cold conditions posing the most significant obstacle.
On the one hand, the doubling time of AnAOB is prolonged with
decreasing temperature (exceeding 45 days at 15.0 °C), challenging its
retention and enrichment under mainstream conditions'*. On the
other hand, low temperatures easily disrupt the NO, supply for
anammox”%, For example, in a two-stage PNA system, an incon-
spicuous cooling from 17.9 °C to 15.1 °C resulted in a 53% reduction in
anammox activity, which was attributed to the deterioration of NO,
supply rather than the deactivation of AnAOBY. The root cause is that
ammonia-oxidizing bacteria (AOB) are more vulnerable to low tem-
peratures than nitrite-oxidizing bacteria (NOB), which implies that
during winter operation, NO, from AOB is readily consumed by NOB,
preventing the net NO, accumulation under aerobic conditions and
limiting the following anammox process®.

Partial denitrification (PD), an emergent NO, supplier, has gar-
nered growing attention due to its stability’**%. Under anoxic condi-
tions, denitrifying bacteria (DB) reduce NO5 to NO;, a portion of which
serves as the electron acceptor of NH," oxidation by AnAOB, namely
PD coupling with anammox (PDA). The feasibility of the PDA has been
demonstrated in laboratory-, pilot-, and even full-scale tests®2°, A
laboratory-scale test, for example, achieved nitrogen removal effi-
ciency and rate as high as 94.1% and 1.28 g-N/(L-d), respectively, at
25.1-29.4 °C”. Besides, the NO, supply of the PD process exhibited
remarkable tolerance against adverse conditions, such as fluctuating
influent load, soluble chemical oxygen demand (sCOD) to total inor-
ganic nitrogen (TIN) ratio (C/N ratio, 2.5-5.0), pH value (5.0-9.0), and
salinity (0.1-10 g/L)**.. Under mainstream conditions, the PDA pro-
cess potentially offers two critical advantages under seasonally cold
conditions. Firstly, it operates on the premise of complete nitrification
rather than partial nitrification. Although the PDA may not be as
desirable as the PNA regarding aeration savings (with theoretical
aeration saving ratios of 47% for PDA versus 63% for PNA)'®, it bypasses
the out-selection of NOB, mitigating the risks caused by the dete-
rioration of NO, supply at low temperatures. Secondly, compared to
the traditional nitrification-denitrification process, it removes NH,"
and NO;5 concurrently in the anoxic zone, enhancing nitrogen removal
capacity while mitigating subsequent nitrification challenges at low
temperatures®. Nonetheless, to this day, the potential for extending
the PDA process to non-tropical regions has consistently been
overlooked.

Based on the above, we hypothesize that the PDA process is
potentially advantageous for mainstream application towards non-
tropical regions. Most WWTPs in non-tropical regions experience
uncontrollable seasonal cooling and cold conditions (operating tem-
perature below 10 °C). To assess our hypothesis more practically, we
designed and established a pilot-scale plant of anaerobic-anoxic-oxic
combining with biological contact oxidation (A’0-BCO) process,
treating actual municipal wastewater of 50 m3/d (Fig. 1 and Supple-
mentary Fig. 1). With operating temperature seasonally dropping from
27.8°C to 7.5°C, the PDA process was systematically evaluated. The
objectives of this study were to (i) investigate the feasibility of main-
stream PDA against seasonal cooling and cold conditions of non-
tropical regions, (ii) clarify the temperature-dependent kinetics of the
PDA process to serve as a reference for future applications, and (jii)
understand the responses of AnAOB to natural seasonal cooling.

Results

Nitrogen removal performance of the pilot plant

The pilot plant was operated for 210 days, treating actual municipal
wastewater with a low C/N ratio of 3.6 + 0.7 (Supplementary Table 1).
As the air temperature seasonally dropped from 35.0 °C to -17.5 °C, the

operating temperature decreased from 27.8 °C to 7.5°C, dividing the
long-term operation into three phases: high temperature
(27.8-20.0 °C), seasonal cooling (20.0-10.0 °C), and low temperature
(10.0-7.5°C) (Fig. 2a). In phase I (days 1-87, 27.8-20.0 °C), the pilot
plant recovered from a malfunction of the air blower and took 10 days
to reach a quasi-steady state. During the following operation, the
effluent concentrations of NH," and TIN were recorded at 0.2 + 0.3 and
8.2 +1.6 mg-N/L, respectively, representing an NH,* removal efficiency
(ARE) and TIN removal efficiency (NRE) of 99.4 +1.0% and 75.0 + 4.6%,
respectively (Fig. 2b-c). In phase Il (days 88-147), although the oper-
ating temperature sharply dropped from 20.0 °C to 10.0 °C, nitrogen
removal performance remained stable. The effluent concentrations of
NH,4" and TIN were 0.1+ 0.2 and 12.1 +2.5 mg-N/L, respectively, corre-
sponding to an ARE and NRE of 99.7 + 0.5% and 72.5 + 4.8%, respec-
tively. In phase Ill (days 148-210), the air temperature dropped below
0°C, and the operating temperature was sustained at a low level of
10.0-7.5 °C. The nitrogen removal performance did not deteriorate as
expected. Instead, nearly complete removal of NH,* was achieved, with
an ARE as high as 99.9 + 0.3%. The effluent concentration of TIN was
recorded at 12.6 + 1.6 mg-N/L, corresponding to an NRE of 70.4 + 4.5%.

Absolute abundance, relative abundance, and spatial distribu-
tion of AnAOB

Along with seasonal cooling, we tracked the abundance variations of
AnAOB, which not only survived but thrived in the biofilms of the
anoxic zone. The absolute abundance of AnAOB was estimated
through the qPCR assay targeting the anammox-specific hzsB gene and
16S rRNA gene (Fig. 3a-b). An interesting trend was observed in all four
compartments of the anoxic zone: AnAOB abundance significantly
increased in the biofilms with seasonal cooling (Supplementary Fig. 2).
Taking the second anoxic compartment as an example, the absolute
abundance of the 16S rRNA gene ranged from (6.8+0.4) x10® to
(1.0+0.1) x10° copies/g-VSS in phase I. As operating temperature
decreased in phase I, it was enriched to (2.9 + 0.3) x 10° copies/g-VSS
(day 152, 10.6 °C). Over the following low-temperature operation in
phase IlI, the 16S rRNA gene peaked at (3.6 + 0.1) x10° copies/g-VSS
(day 205, 8.6 °C) (two-tailed independent t-test, P=0.0014). The var-
iation trend of the hzsB gene closely aligned with that of the 16S rRNA
gene. The relative abundance of AnAOB was determined through 16S
rRNA amplicon sequencing, which yielded similar results to the qPCR
assays (Fig. 3c). Candidatus Brocadia as the only detected anammox
genus exhibited a significant enrichment from 0.23 + 0.01% (day 38,
25.3°C) to 1.02 + 0.10% (day 205, 8.6 °C) in the anoxic biofilms of the
second anoxic compartment (two-tailed independent t-test,
P=0.001). The spatial distribution of AnAOB in the anoxic biofilms was
characterized using confocal laser-scanning microscopy combining
with fluorescence in situ hybridization (CLSM-FISH), which also
demonstrated similarity across all four anoxic compartments (Sup-
plementary Fig. 3). Taking the second anoxic compartment as an
example, AnAOB primarily occupied the inner-layer biofilms on day 38
(25.3 °C) (Fig. 3g). Interestingly, with seasonal cooling, AnAOB exhib-
ited a noticeable outward extension. By day 205 (8.6 °C), it had spread
throughout the outer-layer biofilms and displayed a greater pink
fluorescence intensity than the inner-layer biofilms (Fig. 3h). From
abundance to morphological distribution, these findings provide
compelling evidence for the feasibility of enriching AnAOB during
natural seasonal cooling, challenging the prevailing opinion that ana-
mmox enrichment is reliant on high temperatures.

Footprint, in-situ reaction rate, and contribution ratio of
anammox

In this study, the NH," removal under anoxic conditions (dissolved
oxygen (DO) below 0.01 mg-O,/L) was identified as the indicator of
anammox behavior'®*?, especially considering that our batch tests
confirmed that the NH4* concentration variation due to microbial
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Fig. 1| Installation site and schematic diagram of the pilot plant of anaerobic-anoxic-oxic combining with biological contact oxidation (A’0-BCO) process and
characteristics of biocarriers in the anoxic zone and BCO unit. Figure 1 was created in BioRender. Zhao, Q. (2024) https://BioRender.com/g22j266.

assimilation was at an undetectable level (Supplementary Fig. 4). In
phase I, NH," removal was observed exclusively in the first anoxic
compartment, indicating a short anammox footprint (spatial extent of
the anoxic zone where anammox activity was detected) (Supplemen-
tary Fig. 5). This was primarily attributed to the rapid depletion of NO3’
at high temperatures, resulting in the absence of NO5™ and the cessa-
tion of the PD process in the following anoxic compartments. The in-
situ reaction rate of anammox reached up to 49.4 +5.3 g-N/(m*d) in
the first anoxic compartment (Fig. 3d and Supplementary Note 1). Still,
its contribution to nitrogen removal was only 11.7 + 2.5% due to the
limited footprint (Fig. 3e). As the operating temperature gradually
decreased in phases Il and IlII, the anammox footprint expanded and
covered the entire anoxic zone. In phase IlI, at low temperatures below
10 °C, the in-situ anammox rate was recorded as 32.7 + 4.7 g-N/(m>.d).
However, due to the extended footprint, the anammox contribution
ratio to nitrogen removal increased to 39.7 + 6.7% (two-tailed inde-
pendent t-test, P=1.47 x 107"). In addition, it was found that the NO,
utilizing ratio (NUR, the ratio of NO, utilized by anammox in total NO»’
production) significantly increased with seasonal cooling (Supple-
mentary Note 2), from 13.0 + 2.3% in phase I to 36.6 + 5.4% in phase Il
(two-tailed independent t-test, P=3.03 x107%) (Fig. 3f). The increas-
ingly abundant NO, supply may be a crucial premise underlying the
robust mainstream anammaox against seasonal cooling.

On days 38 (25.3°C) and 205 (8.6 °C), we conducted “N stable
isotope tracing tests to confirm the anammox contribution ratio to
nitrogen removal. The experimental group (“NH," plus ®NO3)
(Fig. 3i—j) and the control group (*NH," plus *NO3) (Fig. 3k-1) yielded
similar results. For the samples from day 38, at a test temperature of
25.0 + 0.5 °C, the N, production rates in the experimental and control
groups were recorded as 2.00 +0.21 and 3.44 + 0.41 pumol-N,/(L-h),
respectively, corresponding to anammox contribution ratios of 16.9%
and 19.9%, respectively (Supplementary Note 3). For the samples from

day 205, at a test temperature of 9.0 + 0.5 °C, the N, production rates
were recorded as 1.91+0.23 and 2.60+0.30 pumol-N,/(L-h) for the
experimental and control groups, respectively, representing anammox
contribution ratios of 38.1% and 38.3%, respectively. These results
aligned well with the long-term in-situ data, reconfirming the higher
anammox contribution at lower temperatures.

Temperature-dependent kinetic characteristics of the PDA
process

To provide deeper insights into the effects of temperature variations
on the PDA process, we established a temperature gradient ranging
from 30 °C to 5 °C and conducted a series of kinetic tests. In the light of
the modified Arrhenius equation, the activation energy (E,) and the Q;o
temperature coefficient between 20°C and 10 °C (Qiopo-10°¢) for
anammox were predicted as 86.9 kj/mol (R*=0.996) and 2.8, respec-
tively (Fig. 4a, Supplementary Note 4, and Supplementary Table 2)*>3*,
The PD process was also assessed, focusing on the NO, production
(NO3 > NOy) and NO, consumption processes by DB (Fig. 4b—c). The
E, values for NO, production and consumption were predicted as
55.6 kJ/mol (R?=0.995) and 105.6 kJ/mol (R’=0.997), respectively,
with Qopo-10°c coefficients of 2.4 and 4.4. The higher £, and
Qi0p0-10 °¢ for the NO, consumption process of DB aligned well with
previous studies, explaining the NO, accumulation observed under
cold conditions (e.g., woodchip bioreactors and sediment-water
interface of rivers)* %, These results indicate that the NO, consump-
tion by DB is more vulnerable to temperature variations and will be
inhibited more significantly by low temperatures. Specifically, in the
temperature range of 30-20°C, NO, consumption activities
(0.30-0.16 g-N/(g-VSS-d)) were significantly higher than NO, produc-
tion activities (0.25-0.14 g-N/(g-VSS-d)) (two-tailed paired t-test,
P=0.0361), suggesting that DB tended to perform complete deni-
trification without NO, accumulation. In other words, most NO, was
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Fig. 2 | Long-term operational performance of the pilot plant. a Air and oper-
ating temperatures, recorded around 12:00 PM each day. b-d Treatment perfor-
mance of the nutrients (NH,", total inorganic nitrogen (TIN), and soluble chemical
oxygen demand (sCOD)), including the influent concentrations, effluent

concentrations, and removal efficiencies (NH,* removal efficiency (ARE), TIN
removal efficiency (NRE), and sCOD removal efficiency (CRE)). Source data are
provided as a Source Data file.

consumed through complete denitrification rather than supplied to
anammox, which explains the observed low-level NUR (13.0 +2.3%)
and limited AnAOB abundance in phase I. However, as the test tem-
perature dropped below 20 °C, NO, production activity surpassed the
NO, consumption activity. At 10 °C, the former was 1.6-fold higher
than the latter (0.059 +0.005 versus 0.036 +0.006 g-N/(g-VSS-d)),
indicating that 40.1% of the NO, would accumulate and serve as the
available substrate for anammoyx, aligning well with the observed high-
level NUR (36.6 + 5.4%%) in phase Ill. These results suggest a transition
in the interactions between DB and AnAOB from competition (for NO»
at high temperatures) to collaboration (sharing NO, at low tempera-
tures) and, technically, challenges the prevailing opinion that cold
conditions invariably harm the anammox process.

Dynamic succession of bacterial communities and taxonomic
origins of key enzymes

16S rRNA amplicon sequencing and metagenomic sequencing were
conducted to investigate the dynamic succession of bacterial commu-
nities in response to seasonal cooling. Principal coordinates analysis
(PCoA) based on the Bray-Curtis distance revealed clear temperature-
dependent succession patterns of bacterial communities in both flocs
and anoxic biofilms, resulting in two distinct clusters: high tempera-
tures (27.0°C, 25.3°C, and 23.0°C) and low temperatures (16.8 °C,
10.6°C, and 8.6°C) (Adonis test, flocs: P=0.003; anoxic biofilms:

P=0.001) (Fig. 5a-b). These findings suggest that seasonal cooling is a
core driving force in shaping bacterial communities under mainstream
conditions. Regarding anammox, both qPCR and 16S rRNA amplicon
sequencing had shown the enrichment of AnAOB in the anoxic biofilms
with seasonal cooling (Fig. 3a-c). Metagenomic sequencing on day 205
(8.6°C) provided deeper insights from the perspective of the taxo-
nomic origins of key enzymes. The anammaox-specific hzs gene encod-
ing hydrazine synthase was present in high abundance in the anoxic
biofilms (1174 hits) and highly associated with Candidatus Brocadia
(Fig. 5e). Furthermore, Candidatus Brocadia showed a strong associa-
tion with the hao-like gene encoding hydroxylamine oxidoreductase
(1944 hits), which is involved in the hydrazine synthesis through the
hydroxylamine pathway. The abundant presence of these functional
genes established a prerequisite for robust anammox metabolism at
low temperatures and, more importantly, further evidenced the feasi-
bility of enriching AnAOB with seasonal cooling. Interestingly, at the
species level, AnAOB exhibited a high intraspecific diversity. Metage-
nomic sequencing identified 10 types of species belonging to Candi-
datus Brocadia, with the three most abundant being Candidatus
Brocadia sinica (2260 reads), Candidatus Brocadia pituitae (1968 reads),
and Candidatus Brocadia sp. WS118 (950 reads) (Fig. 5f). Previous stu-
dies suggest that a functional community with higher intraspecific
diversity generally exhibits greater adaptability when facing challenging
conditions™°, This may provide a microbiological explanation for the
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Fig. 3 | Long-term performance of mainstream anammox against seasonal
cooling. a, b Absolute abundance of the anammox-specific hzsB gene and 16S rRNA
gene by qPCR (n =3 biologically independent samples, respectively), with two-
tailed independent t-test showing the significance of inter-group differences. The
error band represents the standard deviation (s.d.). Data are presented as mean +
s.d. ¢ Relative abundance of Candidatus Brocadia by 16S rRNA amplicon sequen-
cing (n =2 biologically independent samples), with two-tailed independent ¢-test
showing the significance of inter-group differences. The error band represents the
s.d. Data are presented as mean * s.d. d-f In-situ reaction rate of anammox in the
anoxic zone, contribution ratio of anammox to total nitrogen removal, and NO,
utilizing ratio (NUR) of anammox in the anoxic zone, with two-tailed independent ¢-
test showing the significance of inter-group differences. These anammox-related
parameters were obtained from a total of 68 independent experiments (n = 68

independent experiments), including 23 from phase |, 24 from phase II, and 21 from
phase IlIl. The black circle represents the mean, and the black bar represents the
quartile (25-75%) line. g, h Spatial distribution of anammox bacteria (AnAOB)
within anoxic biofilms by confocal laser-scanning microscopy combining with
fluorescence in situ hybridization (CLSM-FISH), with the second anoxic compart-
ment as representative. Total bacteria (TB) and AnAOB exhibit blue (cy3) and red
(cy5) fluorescence, respectively. Pink fluorescence results from the superposition
of TB and AnAOB. "N stable isotope tracing tests experimental group at

25.0 £ 0.5°C (i, samples from day 38) and 9.0 + 0.5 °C (j, samples from day 205)
(n=3 independent experiments, respectively) and control group at 25.0 + 0.5°C
(k, samples from day 38) and 9.0 + 0.5 °C (1, samples from day 205) (n=3 inde-
pendent experiments, respectively). The error band represents the s.d. Data are
presented as mean + s.d. Source data are provided as a Source Data file.
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(n=3 independent experiments). The error bar represents the s.d. Data are pre-
sented as mean + s.d. The background band represents the confidence interval
(95%) in the fitting according to the modified Arrhenius equation. Source data are
provided as a Source Data file.

successful retention and enrichment of AnAOB at low temperatures.
Recent studies provided possible explanations for the advantage of
Candidatus Brocadia sinica over other species. On the one hand, the
transcriptional levels of functional genes involved in DNA replication,
recombination, and repair, as well as inorganic ion transport and
metabolism, could be upregulated to resist the cold. On the other hand,
the cold shock proteins and cryoprotectants enhanced the low-
temperature adaptability, particularly considering the upregulation of
transcriptional levels of related functional genes with decreasing
temperature**%,

Regarding the PD process, seasonal cooling shaped the cold-
tolerant denitrifying populations. In the anoxic biofilms, JG30-KF-
CM4S, a typical cold-tolerant DB, significantly increased from 2.39% to
6.04% (Welch’s two-tailed t-test, P=0.009) (Fig. 5d). Additionally,
Candidatus Microthrix and Trichococcus, both psychrophilic DBs, were
highly enriched in the flocs, with relative abundances increasing from
2.03% to 6.30% (Welch’s two-tailed t-test, P < 0.001) and from 1.75% to
4.08% (Welch’s two-tailed t-test, P=0.035), respectively (Fig. 5c). In
contrast, traditional mesophilic DBs such as OLBI4 and Sacchar-
imonadales significantly declined from 2.55% to 1.43% (Welch’s two-
tailed t-test, P=0.036) and from 3.33% to 2.54% (Welch’s two-tailed
t-test, P=0.027), respectively. Notably, at the species level, Candidatus
Microthrix parvicella was detected in a high abundance (808 reads) in
the flocs. Previous pure culture studies have revealed that Candidatus
Microthrix parvicella (Biol7-1 genome) lacks the NO, reductase®, and
the subsequent isotope labeling studies reconfirmed its ability to
reduce NO5 to NO, but not to reduce NO5 further***. These results
unlock a new role for Candidatus Microthrix parvicella as the functional
bacteria contributing to the PD process at low temperatures, which
sheds fresh light on future research. On the one hand, strategically
enriching Candidatus Microthrix parvicella under cold conditions may
enable a more powerful NO, supply to AnAOB; on the other hand, the
negative impact of Candidatus Microthrix parvicella, as filamentous
bacteria, on sludge settling must be weighed.

Discussion

PDA as an alternative for extending mainstream anammox
towards non-tropical regions

From natural ecosystems to lab-scale tests and now to this pilot-scale
plant, the low-temperature anammox has been progressively explored.
Anammox has been acknowledged as a critical contributor to the
nitrogen cycle in cold ecosystems, such as temperate freshwater lakes
with annual mean temperatures below 15.0 °C and marine sediments
ranging from 1.7 °C to 4.0 °C*. In lab-scale tests, AnAOB has been suc-
cessfully cultured at low temperatures of 7.0°C and 5.0 °C**. The
mechanisms of AnAOB adapting to low-temperature conditions mainly

involve the synthesis and secretion of various cold shock proteins (e.g.,
transcriptional regulators cold shock proteins A and B), protein cha-
perones (e.g., groEL/groES), RNA chaperones, and cryoprotectants (e.g.,
glycine betaine)*®*°. Besides, the unique ladderane membrane lipids
structure contributes to the low-temperature adaptability of AnAOB*.
These findings suggest that AnAOB can adapt to a broad temperature
range, bolstering confidence in extending mainstream anammox
towards non-tropical regions. A stable NO, supply for anammox across
seasons is a prerequisite for this objective. Partial nitrification (PN)
represents the best-known NO, supplier for anammaox (Supplementary
Table 3). Compared to the nitrification-denitrification process, the PNA
process technically reduces aeration consumption and organic carbon
demand by up to 63% and 100%, respectively, offering significant sus-
tainability and cost-effectiveness advantages™'. For tropical and sub-
tropical regions, the Changi water reclamation plant (200,000 m3/d)
utilizing the step-feed PNA process has set a commendable precedent,
playing a crucial role in the NEWater project of Singapore®*'. However,
adopting the PNA process may be risky in non-tropical regions. From
laboratory tests to full-scale applications, considerable evidence has
demonstrated the high vulnerability of AOB to low temperatures
compared to NOB, which complicates the suppression of NOB and
poses a significant risk to NO, supply”*. Taking a full-scale WWTP in
northern Israel (25,560 m3/d, A%0 process) as an example, the absolute
abundance of NOB was over 100 times greater than that of AOB during
low-temperature operations (13-20 °C), placing significant restrictions
on the PN performance and AnAOB abundance®.

For the first time, this pilot-scale plant evaluated the performance
of mainstream PDA under real-world cold conditions. Compared to the
nitrification-denitrification process, the PDA process technically
reduces aeration consumption and organic carbon demand by 47%
and 54%, respectively'®**. During long-term seasonal cooling, the NRE
from actual municipal wastewater slightly decreased from 75.0 + 4.6%
(27.8-20.0°C) to 70.4 +4.5% (10-7.5°C) (Fig. 2c). In the absence of
additional carbon source and tertiary (polishing) treatment, an NRE
above 70% and an ARE above 99% at low temperatures below 10 °C
surpassed most reported municipal wastewater treatment systems
(typically, NRE below 60% and ARE below 95%)>*. As a core con-
tributor to nitrogen removal, the PDA process demonstrated remark-
able low-temperature tolerance, with the in-situ anammox rate
achieving 32.7 + 4.7 g-N/(m*d) at 10.0-7.5 °C, contributing 39.7 + 6.7%
to nitrogen removal (Fig. 3d-e). Additionally, AnAOB was successfully
enriched in the anoxic biofilms with seasonal cooling, with absolute
and relative abundances increasing by 429.1% and 343.5%, respectively
(Fig. 3a-c). These results suggest that the PD process could not only
contribute to the maintenance of anammox but also empower the
thriving of anammox under real-world cold conditions, offering a
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promising alternative for extending mainstream anammox to non-
tropical regions.

Opportunities and challenges for mainstream PDA
The encouraging results of this study prompt a reconsideration of the
key factors contributing to the successful implementation of main-
stream anammox under real-world cold conditions. Firstly, a sufficient
NO, supply from DB to AnAOB was a critical prerequisite. The residual
NO; in the anoxic zone during phase Il (0.27 £ 0.15 mg-N/L in the
fourth anoxic compartment, Supplementary Fig. 5) served as direct
evidence of the sufficient NO, supply, indicating a higher NO, supply
capacity of DB than the NO, utilization capacity of AnAOB. In this
sense, NO, supply was no longer the rate-limiting step for mainstream
anammox, as evidenced by both the in-situ and ex-situ data. The in-situ
NUR of anammox was recorded at 36.6 + 5.4% in phase Ill (10-7.5°C)
(Fig. 3f). Ex-situ kinetic tests with hybrid biomass (flocs plus anoxic
biofilms) showed an NO, accumulation ratio of approximately 40.1% at
10 °C (Fig. 4b-c). Previous studies have highlighted the dependency of
AnAOB enrichment on a stable NO, supply, exemplified by high
AnAOB growth rates (e.g., 0.33+0.02d™ and 0.18 d) attained on the
premise of sufficient NO, availability®**’. Similar phenomena were
observed in this pilot plant. Although higher temperatures inherently
favored AnAOB, the complete denitrification mediated by DB limited
the NO, availability and impeded the AnAOB enrichment. As the
operating temperature decreased, the NO, supply capacity of DB was
unlocked, thereby empowering the AnAOB enrichment. Comparing
high and low temperatures suggests that within a certain temperature
range (e.g., 5-30 °C), a stable NO, supply might be more indispensable
for mainstream anammox than the temperature itself. This hypothesis
explains why the correlation between the operating temperature and
AnAOB abundance does not necessarily follow a positive trend™.
Therefore, for non-tropical regions, it is essential not only to focus on
the direct impact of temperature on AnAOB but also to consider the
influence of temperature on NO, supply and its indirect effect.
Secondly, effective attachment conditions are indispensable for
mainstream anammox regardless of operating temperature. The long-
term operation of this pilot plant reconfirmed the difficulty of main-
taining an abundant anammox biomass within flocs. From summer to
winter, the absolute abundance of AnAOB in the flocs remained below
1.0 x 107 copies/g-VSS (Supplementary Fig. 6), while that in the anoxic

biofilms consistently exceeded 1.0x10° copies/g-VSS (Fig. 3a-b).
Notably, our findings spotlight another implication of the attachment
conditions: the biofilms offer a necessary platform for the adaptive
niche shift of AnNAOB during seasonal cooling. Specifically, at tem-
peratures above 20 °C, AnAOB primarily inhabited the inner layer of
the anoxic biofilms, aligning with previous anoxic biofilm models®~*°.
In this study, the temperature-dependent kinetic characteristics of the
PDA process offer a potential explanation for this pattern (Fig. 6). DB
tends to complete denitrification without NO, accumulation in the
temperature range of 20-30 °C (NO, production activity <NO, con-
sumption activity). From the perspective of organic carbon spatial
distribution, flocs serve as hotspots for complete denitrification due to
their direct exposure to organic carbon®. For the outer-layer biofilms,
although the availability of organic carbon is lower compared to flocs
due to mass transfer resistance, they still have advantages over the
inner-layer biofilms®>®*, Taken together, in the hybrid process (flocs
plus biofilms), the availability of organic carbon forms a gradient from
flocs to outer-layer biofilms and further to inner-layer biofilms (Fig. 6).
Accordingly, DB exerts a stronger competitive selection pressure
against AnAOB in the flocs and outer-layer biofilms, while the inner-
layer biofilms provide a shelter for AnAOB, where a lower organic
carbon level slows down complete denitrification and mitigates the
competition from DB, In this context, the preference of AnAOB for
the inner-layer biofilms at higher temperatures may serve as a passive
protection mechanism, potentially at the expense of decreases in
AnAOB abundance (Fig. 3a-c). To test this hypothesis, we attempted to
separate the inner and outer layers of the biofilms using a high-speed
stirring method and evaluated the removal rate of NO3 and sCOD of
the flocs, outer-layer biofilms, and inner-layer biofilms (Supplementary
Fig. 7)°*. The results yielded decreasing gradients (NO5 removal rate:
0.047£0.005, 0.029+0.012, and 0.017+0.009 g-N/(g-VSS-d),
respectively; sCOD removal rate: 0.281+0.015, 0.147+0.030, and
0.092+0.014 g-0,/(g-VSS-d), respectively), suggesting that differ-
ences in organic carbon levels shaped the denitrification capacity, thus
supporting our hypothesis regarding the spatial distribution gradient
of organic carbon. As the temperature decreased, the niche of AnAOB
noticeably expanded towards the outer-layer biofilms. Notably, when
testing flocs and biofilms separately at 10 °C, the NO, supply capacity
of the flocs was significantly higher than that of the biofilms
(0.021+0.003 versus 0.006 +0.001 g-N/(g-VSS-d)) (Supplementary
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Fig. 8), which partially reconfirms the hypothesis regarding the spatial
distribution gradient of organic carbon and, more importantly, high-
lights that the flocs under cold conditions served as hotspots for the
PD process. Consequently, the outer-layer biofilms, directly exposed
to flocs, provided a more favorable niche for AnAOB to acquire NO;,
potentially driving its outward expansion. In this sense, biofilms
diversified the niche options of AnAOB, enabling AnAOB to adapt to
distinct microbial interaction patterns at different temperatures.
Additionally, it is important to note that organic carbon may be a
significant factor influencing the temperature-dependent niche shift of
AnAOB. Specifically, along the anoxic zone, declines in the con-
centration and biodegradability of organic carbon resulted in
decreased denitrification rates (Supplementary Fig. 5)%. Flocs, as hot-
spots for complete denitrification (at high temperatures) and PD (at
low temperatures), are more directly impacted, resulting in a dimin-
ished inductive effect of flocs on the niche of AnAOB within the bio-
films, as exemplified by the relatively slight niche changes of AnAOB
observed in the fourth anoxic compartment (Supplementary Fig. 3).
This diminishing was also reflected in the variations in AnAOB abun-
dance. We compared the fluctuations in the AnAOB abundance in all
four anoxic compartments using the coefficient of variation (CV). Both
the CV of AnAOB abundance (0.73 to 0.55) and the sCOD removal
rate (405.5 to 58.5 (g-O,/m>d) exhibited a downward trend along the
anoxic zone (Supplementary Fig. 9). These findings indicate that the
impact of operating temperature on AnAOB varies spatially within
the anoxic zone, and more practically, remind us that the concentra-
tion and biodegradability of organic carbon could serve as controllable
parameters for managing the niche of AnAOB across different seasons.

Thirdly, the A’0-BCO process provides a crucial safeguard for the
robust PDA process. The A’0-BCO is a modified version of the conven-
tional A%0 process®®, which extends the anoxic zone of the A%0 unit and
shortens the oxic zone®”. On the one hand, the nitrification task is
transferred to the BCO unit, not the oxic zone conventionally. The
densely integrated biocarriers (providing sufficient sludge retention time
for slow-growing AOB and NOB) and continuous aeration within the BCO
unit contribute to stable nitrification®®. In this pilot plant, the ARE
reached up to 99.9 + 0.3% at low temperatures of 10-7.5 °C, which not
only enhanced the effluent quality of NH,* but also ensured sufficient
NOj reflux into the anoxic zone as the substrate for the PDA process.
Therefore, in the A20-BCO process, the nitrification crisis faced by con-
ventional WWTPs at low temperatures will not become a limiting factor
for the PDA process. On the other hand, the A2°0-BCO process allowed for
an extended anoxic zone (constituting 52% of the total effective volume
of this pilot plant), which enabled an expanded anammox footprint and
amplified the anammox contribution to nitrogen removal.

This pilot-scale study sheds light on the feasibility of extending
mainstream anammox towards non-tropical regions and, more
importantly, indicates that there remains improvement room for
mainstream PDA in future applications. In this pilot plant, the ana-
mmox contribution to nitrogen removal was 11.7 + 2.5% in the summer
and 39.7+6.7% in the winter, effectively enhancing the nitrogen
removal from municipal wastewater with a low C/N ratio (3.6 +0.7).
However, it must be acknowledged that the current level of anammox
contribution still falls short of expectations, particularly during the
summer months. This shortfall was primarily due to two factors.
Firstly, the absence of anammox bioaugmentation led to a limited
AnAOB abundance, ranging from 0.23 + 0.01% to 1.02 + 0.10% in the
anoxic biofilms. Secondly, this pilot plant lacked flexible operational
strategies to promote the synergy between DB and AnAOB across
different seasons. A similar predicament was observed at the Xi'an
NO. 4 WWTP in northern China (250,000 m3/d, A’0 process), whose
anammox contribution ratio has struggled to surpass 20% during
summer operations®. Our results offer insights into the predicament
encountered by mainstream PDA during the summer months. On the
one hand, at high temperatures above 20 °C, the primary interaction

between DB and AnAOB is competitive for NO, rather than coop-
erative in NO, supply. On the other hand, the biomass of hetero-
trophic DB generally far exceeds that of autotrophic AnAOB,
exacerbating the competitive selection pressure suffered by the
latter®®. Recent years have witnessed strategies for mainstream PDA
enhancement by encouraging NO, accumulation by DB, such as
adding readily biodegradable organic carbon sources (e.g., sodium
acetate and glucose) and strategically controlling the C/N ratio®**"°.
Yet, regrettably, these optimal conditions are often lacking in WWTPs,
as exemplified by the Xi'an NO. 4 WWTP and the Wuqing WWTP in
Tianjin, China (30,000 m3/d, oxidation ditch process)®*. The most
recent study has introduced a biomass concentration management as
a technically accessible strategy to mitigate the competition of DB
against AnAOB®"¥, Taking the hybrid process as an example, lowering
the flocs concentration can effectively diminish the DB biomass
without affecting the AnAOB biomass (primarily inhabiting biofilms),
which narrows the biomass disparity between DB and AnAOB and
balances their competition for NO,. As reported, the biomass con-
centration management facilitated a remarkable anammox con-
tribution ratio (above 50%) at 24.0+2.2 °C, accompanied by a high-
level enrichment of AnAOB in the biofilms (relative abundance above
5.0%)°°. The strategic biomass concentration down-regulation offers a
promising solution to the challenges faced by mainstream PDA during
summer operations. Meanwhile, it reminds us that under cold con-
ditions, up-regulating the flocs concentration can be employed to
enhance the NO, supply from flocs to biofilms, thereby maximizing
the anammox contribution and AnAOB enrichment. Compared to
other existing strategies, managing biomass concentration flexibly,
based on the distinct interactions between DB and AnAOB in different
seasons, is more engineering-friendly and sustainable. Based on this
conceptual framework, we hope mainstream PDA empowers sus-
tainable nitrogen removal in non-tropical regions across seasons,
thereby contributing to the global resolution of the Water-Energy-
Sanitation crisis.

Methods

Designing, operating, and monitoring of the pilot plant

The pilot-scale plant of the A2°0-BCO process was installed at the R&D
center of Shahe reclaimed municipal wastewater treatment plant in
Beijing, China, with a treatment capacity of 50 m3/day. Raw municipal
wastewater was sourced from a full-scale aerated grit chamber. The
pilot plant consisted of three core structures: A0 unit (24.0 m’),
vertical-flow settler (6.0 m?), and BCO unit (6.8 m®) (Fig. 1). The A0
unit was composed of six rectangular-shaped compartments (one
anaerobic, four anoxic, and one oxic), each with an effective volume of
4.0 m* (length x width x depth=1.0x1.0x4.0 m). The cylindrical
polypropylene biocarriers (K3, Yulong, China) were integrated into the
anoxic zones at a volumetric packing ratio of 16% (Supplementary
Table 4). Submersible stirring impellers (FSJ, Nuoli, China) were fitted
in each compartment to ensure homogenization. The effluent of the
A’0 was gravitationally directed into the vertical-flow settler. The
supernatant flowed over the weirs and was pumped into the cylinder-
shaped BCO unit (diameter x depth=1.2x6.0 m). The nitrifying
bacteria-containing biocarriers (K3, Yulong, China) were integrated
into the BCO unit at a volumetric packing ratio of 55%.

The pilot plant was automated with a programmable logic con-
troller (PLC) system (Supplementary Fig. 10). An online monitoring
apparatus (MIQ/TC 2020 3 G, WTW, Germany) was installed to monitor
the real-time fluctuation of NH4" and NO; in influent and effluent.
Multiparameter probes (Multi 3420, WTW, Germany) were used to
monitor the DO, pH, and operating temperature. DO concentrations
were maintained at 0.58+0.36 mg-O,/L in the oxic zone and
2.04 + 0.64 mg-O,/L in the BCO unit (Supplementary Figs. 11 and 12).
The sludge reflux ratio and nitrifying liquid reflux ratio were set to
100% and 200%, respectively. The total effective hydraulic retention
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time (HRT) was 14.8 h (11.5 h for the A%0 and 3.3 h for the BCO). The
sludge retention time (SRT) of the flocs in the A*0 unit was approxi-
mately 15-20 days. The mixed liquor volatile suspended solid (MLVSS)
was 2223 + 303 mg/L (Supplementary Fig. 13). The average biomass per
anoxic biocarrier was 53.5 + 2.8 mg, corresponding to 856.4 + 44.4 mg-
VSS/L; the average biomass per BCO biocarrier was 33.6 +1.3mg,
corresponding to 1846.2 + 73.5 mg-VSS/L (Supplementary Fig. 14).

Analytical methods

Wastewater samples were collected from the pilot plant on a bi-daily
basis, filtered through qualitative filter papers with a15-20 pm pore size
(NEWSTAR, China), and analyzed immediately. A Lachat Quik Chem
8500 Flow Injection Analyzer (Lachat Instruments, USA) was used to
determine the concentrations of NH,", NO5, NO5, and PO4>. A Lian-hua
5B-1 quick-analysis apparatus (Lian-hua Tech, China) was used to
determine the concentration of sCOD. According to the manufacturer’s
protocol, the wastewater sample was re-filtered through the 0.45um
membrane filters (Jingteng, China) before testing for sCOD. A prepASH
340 series automatic moisture and ash analyzer (Precisa Gravimetrics
AG, Switzerland) was employed to determine the total suspended solids
(TSS) and volatile suspended solids (VSS) of the flocs and biofilms.

5N stable isotope tracing tests

On days 38 (25.3°C) and 205 (8.6°C), the flocs and biofilms were
harvested from the second anoxic compartment, rinsed with ultrapure
water, and flushed with helium gas (He, 99.999 vol%, Huayuchen,
China) for 10 minutes. The sludge samples were then transferred into
headspace incubation vials with an effective volume of 12 mL (Exetai-
ner, Labco, UK). On day 38, the final biomass concentrations of the
flocs and biofilms (volumetric packing ratio of 16%) were recorded as
2303.1+101.2 and 1015.8 +152.2 mg-VSS/L, respectively. On day 205,
the final biomass concentrations of flocs and biofilms were
1919.5+86.2 and 922.3 £106.5 mg-VSS/L, respectively. Two types of
B5N-amended stock solutions were used for the tracing tests: “*NH,"
plus ®NO5 (experimental group, 10.0 mg-N/L final concentration each)
and ®NH," plus “*NO5’ (control group, 10.0 mg-N/L final concentration
each) (Cambridge Isotope Laboratories, Inc., USA)”. The incubations
were conducted in thermostatic incubators (HT-600B, Spring Instru-
ment, China) at 25.0+0.5°C (day 38) and 9.0+0.5°C (day 205),
respectively. The incubations were terminated at various times (O h,
1h, 2h, 3 h, and 4 h) by injecting ZnCl, solution (200 pL, 7.0 M)">. The
resulting N,, ®N,, and *°N, gases were determined using an isotope
ratio mass spectrometer (253 Plus, Thermo, Germany).

Ex-situ kinetic tests

Ex-situ kinetic tests were conducted in serum bottles with an effective
volume of 0.5L, as detailed in Supplementary Table 5. Before testing,
sludge samples were collected from the second anoxic compartment,
rinsed with ultrapure water, and transferred into the serum bottles. All
test groups were subjected to the same biomass conditions: flocs
(2070.2£102.3 mg-VSS/L) and anoxic biofilms (volumetric packing
ratio of 16%, corresponding to 902.3 + 53.4 mg-VSS/L). The mixed gas of
nitrogen (N, 95.0 vol%) and carbon dioxide (CO,, 5.0 vol%) (Huayu-
chen, China) was injected into the serum bottles until the DO con-
centration fell below 0.02 mg-O,/L. Substrates, mineral substances, and
trace elements were added to the serum bottles through a sealed pipe
(Supplementary Table 6). The serum bottles were placed in a thermo-
static water bath shaker (100 RPM) to control the testing temperature
and ensure homogenization. At appropriate time intervals, 5 mL of the
suspensions were extracted through a sealed pipe, filtered through
qualitative filter papers with a 15-20 pm pore size, sealed, and analyzed.

Microbiological analysis
Samples of flocs and anoxic biofilms were collected from all four
anoxic compartments at days 1 (27.0 °C), 38 (25.3°C), 75 (23.0 °C), 110

(16.8°C), 152 (10.6 °C), and 205 (8.6 °C). The samples were immedi-
ately freeze-dried using Labconco Free Zone 2.0 (Labconco, USA). DNA
extraction was conducted using the Fast DNA Spin kits for soil (Bio 101,
Vista, USA), and DNA concentration was measured using a NanoDrop
1000 spectrophotometer (NanoDrop Technologies, USA). The abso-
lute abundances of the anammox-specific hzsB gene and 16S rRNA
gene were determined using a qPCR thermocycler (Stratagene
MX3000P, USA) with the fluorescent dye of SYBR-Green (TaKaRa,
China). Information on primer pairs and thermal programs is detailed
in Supplementary Table 7.

Samples of flocs and anoxic biofilms were collected from the
second anoxic compartment at days 1, 38, 75,110, 152, and 205 for high-
throughput 16S rRNA amplicon sequencing. PCR amplification was
conducted on bacterial 16S rRNA genes using primer pair 338 F and
806 R targeting the V3 and V4 hypervariable regions. Amplicon
sequencing was performed on the Illlumina Miseq platform at Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Samples of flocs and
anoxic biofilms were collected from the second anoxic compartment
on day 205 for metagenomic sequencing. The paired-end sequencing
was conducted on the HiSeq4000 platform (Illumina Inc., USA) by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) with HiSeq
3000/4000 SBS kits. Detailed processing and analyzing procedures
for high-throughput 16S rRNA amplicon sequencing and metagenomic
sequencing are presented in Supplementary Notes 5 and 6. Raw
sequencing data are available in NCBI Sequence Read Archive (SRA)
with the accession codes PRINA793238 and PRJNA1166713.

Anoxic biofilms were harvested from all four anoxic compart-
ments on days 38 (25.3°C) and 205 (8.6 °C) for CLSM-FISH analysis.
The sequences of the oligonucleotide probes (AMX 368, EUB 338 I,
EUB 33811, and EUB 338 IlI) and the sampling processes are detailed in
Supplementary Note 7.

Statistical analysis

The mean values, standard deviations, two-tailed paired ¢-tests, and
two-tailed independent t-tests were performed in GraphPad Prism
(Version 8.0). The Welch’s two-tailed ¢-test was performed in STAMP
(Version 2.1.3). The Adonis test was performed on Majorbio Cloud
(www.i-sanger.com). The significance level was to a=0.05 (P
value < 0.05).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided within the paper, Sup-
plementary Information. Raw sequencing data are available in NCBI
Sequence Read Archive (SRA) with the accession codes PRJNA793238
and PRJNA1166713. Source data are provided with this paper.
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