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• Fast start-up of anammox process was 
achieved with a mixture of activated 
sludge. 

• The maximum nitrogen removal rate of 
anammox reactor was 1.14 g N L− 1 d− 1. 

• Candidatus Brocadia was more competi-
tive under high-strength substrate 
condition. 

• Quorum sensing potentially contributed 
to the start-up of anammox process.  
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A B S T R A C T   

Shortage of anaerobic ammonium oxidation (anammox) sludge greatly limits the extensive full-scale application 
of anammox-based processes. Although numerous start-up strategies have been proposed, the interaction among 
microbial consortia and corresponding mechanism during the process development remain unknown. In this 
study, three reactors were established based on different seed sludges. After 27 days, the anammox process 
inoculated with anammox granules and activated sludge (1:5) was firstly achieved, and the highest nitrogen 
removal rate was 1.17 kg N m− 3 d− 1. Correspondingly, the anammox activity and abundances of related func-
tional genes increased. Notably, the dominant anammox bacteria shifted from Candidatus Kuenenia to Candidatus 
Brocadia. Metagenomic analysis indicated that quorum sensing-based regulation mainly contributed to the 
proliferation and accumulation of anammox bacteria. This work provides an insight into the quorum sensing 
(QS)-regulated microbial interactions in the anammox and activated sludge consortia during the process 
development.   
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1. Introduction 

Anaerobic ammonium oxidation (anammox) process is widely 
recognized as a promising nitrogen removal technology (Fu et al., 2020; 
Huang et al., 2022a). The rapid development of anammox process is 
mainly attributed to its low cost and high efficiency compared with the 
conventional processes (Desiante et al., 2022). However, huge chal-
lenges remain to be solved for its practical application. Extremely long 
doubling time (9–11 days) of anammox bacteria was the major bottle-
neck for the successful implementation of anammox process (Hu et al., 
2010). Numerous attempts were made to accelerate the start-up and 
stable operation of anammox process (Lin et al., 2022). According to a 
report, the PVA-SA gel immobilization has the advantage of high sludge 
retention capability, which could promote the anammox process start- 
up. In addition, various additives, such as polyurethane sponge, bio-
char amendment and acyl-homoserine lactones (AHLs), were also used 
to facilitate its start-up (Peng et al., 2022; Adams et al., 2021; Zhao et al., 
2018). However, the costs of most additives are relatively high, and 
secondary pollutions need to be taken into account in practical appli-
cations (Ali et al., 2015). 

To date, several strategies have been taken to enrich anammox 
bacteria from the activated sludge (Bae et al., 2015; Gong et al., 2022; 
Wang et al., 2018). Most researches mainly focused on the start-up 
period, instead of digging out the mechanisms lying behind the 
behavior and succession of anammox consortia during the development 
process. Moreover, bacteria could communicate with each other 
through quorum sensing (QS). Bacteria could release extracellular sub-
stances to control the relationships among inter-species and/or intra- 
species, aggregation and biofilm production, such as AHLs, 
autoinducer-2 (AI-2) and autoinducing peptides (AIPs) (Zhang et al., 
2021a). The addition of exogenous AHLs promoted the activity of 
anammox bacteria and the start-up of anammox process (Tang et al., 
2015; Zhao et al., 2018). However, the regulating mechanism of signal 
molecules and their roles during the start-up period still need further 
study. Revealing its potential functions in anammox consortia is crucial 
to realize the rapid start-up mechanism of anammox process. 

Previous metagenomic analyses on the anammox process revealed 
the diversity, abundance and succession of microbial community and 
functional genes (Sun et al., 2019; Tang et al., 2018; Xiao et al., 2021; 
Zhao et al., 2019). However, most of them neglected the importance of 
different bacterial taxa communications, especially in the mixed sludge 
system. Herein, three reactors inoculated with different proportions of 
anammox sludge and activated sludge were established. To explore the 
rapid achievement of anammox activity and stable operation of anam-
mox process with activated sludge as the main inoculated sludge, several 
strategies were adopted and evaluated based on the absolute abundance 
of functional genes and microbial community dynamics. Moreover, the 
metagenomic analysis on the successful anammox process was per-
formed to further reveal the mechanism and contribution of metabolic 
communication within the anammox consortia. 

2. Materials and methods 

2.1. Seed sludge and process operation 

Three up-flow anaerobic sludge blanket (UASB) reactors of 1.3 L 
were operated in a thermostatic (35 ± 1 ◦C) room under dark condition. 
The seeding activated sludge was obtained from a wastewater treatment 
plant in Hangzhou (China), which mainly received municipal domestic 
wastewater. Anammox sludge was collected from a 3.0-L UASB reactor 
which had been operated for over 4 years (Fu et al., 2021). The volatile 
suspended solids (VSS) of activated sludge and anammox sludge were 
20.3 g/L and 7.4 g/L, respectively. R0, R1 and R2 were inoculated with 
activated sludge (600 mL), mixed sludge of activated sludge (550 mL) 
and anammox sludge (50 mL), and mixed sludge of activated sludge 
(500 mL) and anammox sludge (100 mL). The compositions and 

concentrations of synthetic wastewater were listed in Supplementary 
Materials. According to the process performance, the anammox reactors 
were operated for 70 days, which were separated into Phase I (0–38 d), 
Phase II (39–51 d) and Phase III (52–70 d). 

2.2. Analysis on microbial community and gene quantification. 

Sludge samples of 20 mL were taken from each reactor in the end of 
phases. DNA extraction were carried out based on the previous work 
(Zhang et al., 2019). The Illumina MiSeq platform was used for the high- 
throughput sequencing with a target on the V3-V4 region of 16S rRNA 
gene (Majorbio, China). The quantitative polymerase chain reaction 
(qPCR) was adopted to quantify the abundances of functional genes 
involving in the nitrogen cycle (hzsA, nirS, nxrB, amoA, hao and nosZ). 
Each gene was amplified in triplicate, and the R2 values of standard 
curves were 0.995–1 with the amplification efficiencies of 90–110 %. 
The details of primers and annealing temperatures were listed in Sup-
plementary Materials. 

2.3. Metagenomics sequencing analysis 

The DNA of sludges collected from R2 in the initial and final phases 
was extracted for metagenomic sequencing. Two DNA samples were 
analyzed by using the Illumina NovaSeq in Majorbio Co. The MetaGene 
program predicted the sequences that constructed by the MEGAHIT 
software. The potential gene functions were annotated by sequence 
alignment against the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database. Sequencing data were uploaded to Sequence Read 
Archive (SRA) database (PRJNA863335, SRR20791118-9). 

2.4. Other analyses 

Concentrations of NO2
− -N, NH4

+-N, NO3
− -N and VSS were measured 

based on the standard methods (APHA, 1985). Specific anammox ac-
tivity (SAA) was determined by batch assays (Zhang et al., 2021b). The 
total extracellular polymeric substances (EPS) were extracted using a 
heating method (Zhang et al., 2019). The polysaccharide (PS) and pro-
tein (PN) contents of EPS were ascertained using the anthrone and the 
Lowry methods, respectively. The three-dimensional excitation-emis-
sion matrix (3D-EEM) fluorescence of EPS was collected using a fluo-
rescence spectrophotometer (Hitachi, Japan) based on the previous 
study (Huang et al., 2022b). The neighbor-joining method was used to 
build a phylogenetic tree by MEGA software (v 1.8). 

3. Results and discussion 

3.1. Process performance of three reactors 

The whole development of anammox processes could be divided into 
three phases as illustrated in Fig. 1. In Phase I, the reactors showed a 
fluctuating nitrogen removal, and SAA was relatively unstable. On Day 
16, the NH4

+-N concentration in R1 began to decline, and that of NO2
− -N 

decreased on day 22. Initial synchronous removal of NH4
+-N and NO2

− -N 
was observed in R2 on Day 17. A similar phenomenon occurred in R0 on 
Day 27, which was later and worse than those of the experimental re-
actors. Moreover, the production of NO3

− -N was not significant, probably 
due to the function of denitrifying bacteria (Yin et al., 2016). A suc-
cessful start-up of anammox process could be accepted when the NRR 
reached 0.5 kg N m− 3 d− 1 (Jin et al., 2008). Thus, the start-up period of 
R2 was the shortest (27 d). At the end of this phase, the nitrogen removal 
efficiencies (NREs) of R1 and R2 were 92.6 % and 96.2 %, respectively, 
while that of R0 was only 79.8 %. In Phase II, the stably simultaneous 
removal of NH4

+-N and NO2
–-N implying the increase in the abundance of 

anammox bacteria. The NREs of R0, R1 and R2 were 91.5 ± 5.5 %, 96.5 
± 4.1 % and 97.2 ± 4.1 %, and NRR also reached 0.7 ± 0.1 kg N m− 3 

d− 1, 0.8 ± 0.1 kg N m− 3 d− 1 and 0.8 ± 0.1 kg N m− 3 d− 1, respectively. 
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By contrast, the NREs of R1 and R2 increased faster than that of R0. To 
evaluate the robustness of three reactors, the influent total nitrogen 
concentration was increased to 200 mg L–1 in Phase III. The NLRs of R0, 
R1 and R2 were kept at 1.1 kg N m− 3 d–1, and those NREs were stabilized 
at 95.7 %, 95.8 % and 96.6 %, respectively. 

The anammox reaction can also be evaluated using stoichiometric 
ratios, including RS (consumption of NO2

− -N to NH4
+-N) and RP (pro-

duction of NO3
− -N to consumption of NH4

+-N), with the theoretical values 
of 1.32 and 0.26, respectively (Strous et al., 1998). RS and RP of three 
reactors deviated from theoretical values initially, and they were closed 
to theoretical values at the end of Phase I. R1 and R2 both started up 
successfully after 30 and 27 days, respectively. Accordingly, the stoi-
chiometric ratios in R1 were 1.42 and 0.41 on Day 30, and that in R2 
were 1.22 and 0.37 on Day 27. Stoichiometric ratios of R0 were 1.14 and 
0.39 on Day 38, which took a longer time than the above two. In terms of 
the nitrogen removal performance, R2 took a relatively less period of 27 
d to achieve successful start-up of anammox process compared with 
previous studies (Lin et al., 2022; Ye et al., 2018; Zhao et al., 2018). 

3.2. Variations of specific anammox activity and extracellular polymeric 
substance 

As an essential parameter to evaluate the anammox process, SAAs of 
three reactors were monitored (Fig. 2a). Compared with the initial level, 
SAAs of R1 and R2 were significantly improved by 32.5 % and 52.7 % in 
Phase II, respectively, indicating that anammox bacteria adapted the 
environment condition and proliferated. EPS is a complex polymer 
mixture secreted by microorganisms, which are mainly composed of PN 
and PS (Fu et al., 2022). The EPS contents of R0, R1 and R2 were initially 
118.9, 81.2 and 250.4 mg g− 1 VSS, and decreased to 110.6 ± 3.1, 87.2 
± 2.3 and 224.5 ± 6.2 mg g− 1 VSS in Phase II, respectively (Fig. 2b). 
Similar phenomena were observed previously during the anammox 
start-up phase (Chen et al., 2016; Peng et al., 2022). Moreover, the 
variations of PN/PS could reflect the sludge settleability. The PN/PS of 
R1 significantly increased from 2.7 to 4.9 in Phase III. Correspondingly, 
that of R2 increased from 6.37 to 7.1, while that of R0 slightly decreased 
from 5.8 to 5.3. 

Fluorescence spectra of 3D-EEM were collected to detect organic 

substances within EPS (Supplementary Materials). At the excitation/ 
emission wavelengths (Ex/Em) of 225/325–350, 275/325–350 and 
275/275–300, three fluorescence components were found, correspond-
ing to aromatic proteins, tryptophan or protein-like compounds and 
soluble microbial byproducts, respectively (Chen et al., 2003). In addi-
tion, increases in the contents of tryptophan-like and soluble microbial 
by-product-like materials in R2 were in line with that of PN content from 
Phase I to Phase II, suggesting their important roles in the anammox 
sludge granulation. From Phase II to Phase III, the intensity of three 
peaks in R2 continuously increased, implying the occurrence of abun-
dant functional groups in EPS, such as hydroxyl, carboxyl, sulfhydryl 
and phosphoryl groups (Zhang et al., 2022). They were closely related to 
the adsorption, hydrophobicity, and aggregation of anammox consortia 
(Wang et al., 2020b); thus, their increasing intensity contributed to the 
faster development of this anammox system. 

3.3. Microbial community succession 

Succession of microbial community in three reactors was analyzed. 
In total, 42 phyla were detected in all samples, among which Proteo-
bacteria, Chloroflexi and Bacteroidetes were dominant (Fig. 3). The 
initial relative abundance of Proteobacteria was 24.6 %, 33.4 % and 
39.2 % in R0, R1 and R2, respectively. Notably, the abundance of 
Planctomycetes in Phase II, which the anammox bacteria belong to, was 
significantly higher than that in Phase I. The highest value was 32.68 % 
in R2. Such significant increase also conformed the rapid proliferation of 
anammox bacteria during this phase. Then, their abundances main-
tained at high levels of 4.5 % in R0, 5.7 % in R1 and 31.6 % in R2 in Phase 
III. 

At the genus level, two anammox bacteria of Candidatus Brocadia 
and Candidatus Kuenenia were detected in reactors. The relative abun-
dance of Candidatus Kuenenia was not detected in R0 initially and 
increased to 0.03 % in Phase II. Candidatus Brocadia was not detected in 
the inoculation of three reactors. Candidatus Brocadia appeared in Phase 
II and Phase III with the average relative abundances of 1.1 %, 2.9 % and 
13.1 % in R0, R1 and R2, respectively. Candidatus Brocadia is an r- 
strategist that can be accumulated at high substrate concentrations, 
whereas Candidatus Kuenenia is a K-strategist which prefers to dominate 

Fig. 1. Nitrogen removal performance and stoichiometric ratios (RS and RP) of R0 (a), R1 (b) and R2 (c).  
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at low substrate concentrations (Wang et al., 2020a; Wang and Gao, 
2018; Zhuang et al., 2022). Accordingly, Candidatus Kuenenia was more 
suitable for the low substrate concentrations in Phase I and Phase II; 
thus, its abundance rose from 9.2 % to 10.07 % in R2. The successful 
start-up of anammox process mainly depends on the enrichment of 
anammox bacteria. Higher substrate concentrations in Phase III drove 
the dominant annamox bacteria shifting from Candidatus Kuenenia to 
Candidatus Brocadia in R2 (15.8 %). The final total abundance of both 
anammox bacteria in R2 reached 28.1 %, which was much higher than 
that of R0 (8.0 %). Nitrifying and denitrifying bacteria belonging to 
Proteobacteria, such as Nitrosomonas and Denitratisoma, were commonly 
detected in anammox systems (Xu et al., 2020). The abundance of 
typical denitrifying bacteria, Denitratisoma, decreased from 28.1 % to 
14.3 % in R2 from Phase I to Phase II, and maintained stable at 13.7 % to 
the end. Whereas, the abundance of Denitratisoma in R0 was 2.4 ± 0.1 %. 
The abundance of Denitratisoma in R1 increased from 6.5 % in Phase I to 
9.5 % in Phase II, and decreased to 6.6 % in Phase III. The lack of NO2

− -N 
could cause cell lysis of denitrifying bacteria (Choi et al., 2020) The 
denitrifying bacteria could survive using nitrate and collaborate with 

anammox bacteria for nitrogen removal in the anammox system (Yang 
et al., 2021). Previous studies suggested that the cross-feeding in-
teractions were important for the co-existence of anammox and deni-
trifying bacteria in anammox systems (Wang et al., 2022a,b,c). 
Denitrifying bacteria like Denitratisoma might involve in biosynthesis 
and provide nutrients for anammox bacteria (Zhang et al., 2021c). 
Ammonium-oxidizing bacteria (AOB), heterotrophic denitrifying bac-
teria (HDB) and nitrite-oxidizing bacteria (NOB) showed complex re-
lationships with anammox bacteria for limited substrate and space in the 
ecological niche (Chen et al., 2021). AOB and NOB hardly outcompete 
anammox bacteria in anoxic or anaerobic environments, and were 
gradually washed out of the system (Xu et al., 2021). However, this 
study found that HDB and anammox bacteria could coexist, and the 
anammox bacteria could adapt to or even benefit from the substrate 
conditions. Different members in the microbial consortia of the mixed 
system might share a symbiotic relationship, which could promote 
anammox bacterial metabolism and enheanc their resistances to adverse 
environment, further improving the process performance. 

Fig. 2. Variations in the specific anammox activity (SAA) and extracellular polymeric substance (EPS) of R0, R1, and R2.  
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3.4. Phylogenetic analysis 

To construct neighbor-joining phylogenetic trees, two OTU clusters 
from AOB, NOB, HDB and anammox bacteria were selected (Fig. 4). 
OTU1788 was identified to Candidatus Kuenenia sp. [HM769656] with 
the similarity of 98 %, and OTU1788 was identified to Candidatus Bro-
cadiaceae bacterium [MW909768] with the similarity of 97 %. In Phase 
II and Phase III, these two OTU clusters were detected in the three re-
actors, according to the results of microbial community analysis. Addi-
tionally, Candidatus Kuenenia sp. and Candidatus Brocadiaceae 
bacterium were the dominating species of anammox bacteria in these 
systems. The dominance of Candidatus Kuenenia in Phase I and Phase II 
was mainly attributed to its higher affinity for substrates (Shi et al., 
2019). Moreover, OTU1497 and OTU39 belonged to the Nitrosomonas- 
like cluster, which were detected in three reactors. Total relative pro-
portions of these two OTUs increased from 0.1 % (Phase I) to 0.12 % 
(Phase II) and finally decreased to 0.07 % (Phase III). OTU51 and 
OTU309 were phylogenetically closed to Uncultured Nitrospiraceae bac-
terium clone [DADC1627] and Uncultured Nitrospira sp., respectively. 
Their proportions in R0 exhibited a slight declination from 0.79 % in 
Phase I to 0.78 % in Phase II, finally reached to 0.45 % in Phase III. 
However, their total proportions in R1 and R2 reduced from 0.015 % to 
0.005 %, indicating that NOB were washed out of both reactors and 
anammox bacteria dominated (Joss et al., 2011). 

3.5. Variations in functional gene abundances related to the nitrogen 
cycle 

The abundances of all functional genes exhibited significant in-
creases (Fig. 5), which were in line with those of functional bacteria. The 
abundance of hzsA in R0, R1 and R2 reached 1.2 × 107, 2.15 × 107 and 
2.67 × 107 copies ng− 1 DNA at the end of Phase III, respectively. The 
most remarkable increase in the hzsA abundance occurred in R2. The 
continuous increase in its abundance suggested the accumulation of 
anammox bacteria in this reactor, further maintaining a high NRE of 
95.4 ± 6.0 %. Notably, the abundances of nosZ and nxrB in R1 were also 
higher than those in R0 and R2 in Phase III, manifesting that denitrifi-
cation and nitrification processes mainly occurred in R1. The abundance 
of amoA in R1 was largely lower than that in R0 and R2 in phase III, 
especially the latter. In comparison, the diversity of microbial commu-
nity in R2 was significantly lower (p < 0.05), which was probably due to 
the selection of influent substrates and the QS regulation of inoculated 
anammox granules. 

3.6. Quorum sensing-based regulation promoted the development of 
anammox process 

Based on the above results, R2 took the shortest time and achieved 
the best anammox performance in the end. Therefore, metagenomic 

Fig. 3. Microbial community analysis of three reactors in each phase at the phylum level (a) and genus level (b). Principal Component Analysis (PCA) at the 
operational taxonomic units (OTUs) (abundance > 1 %) level (c). Heatmap of functional bacteria at the genus level in three reactors based on normalized relative 
abundance (d). 

J.-H. Yang et al.                                                                                                                                                                                                                                



Bioresource Technology 367 (2023) 128228

6

analysis on the sludge samples in R2 was conducted (Fig. 6). In the third- 
tier pathway, genes associated with QS accounted for the highest pro-
portion of 34.4 ± 1.0 %, and its value in Phase I was higher than that of 
Phase II. This phenomenon suggested that QS-based regulation played 

an important role in the enrichment of anammox bacteria, especially at 
start-up initial stage. In Phase II, the proportions of cell cycle, biofilm 
formation, flagellar assembly, bacterial chemotaxis and lysosome 
significantly (p < 0.01) increased. The relative abundances of genes 

Fig. 4. Phylogenetic trees of dominant operational taxonomic units (OTUs) related with Ammonium-oxidizing bacteria (AOB) (a), nitrite-oxidizing bacteria (NOB) 
(b), and anammox bacteria (c). The tree based on p-distance was constructed using a neighbor-joining algorithm with a bootstrap value of 1000. 

Fig. 5. Absolute abundance of the functional genes involving in nitrogen cycle. The unit of gene abundance is copies ng− 1 DNA.  
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related to biofilm formation in R2 were higher than that of R1, implying 
that microorganisms in this system tended to aggregate. It was reported 
that biofilm formation was closely associated with c-di-GMP, which 
could upregulate the synthesis of extracellular PS (Guo et al., 2017). 
Moreover, the bacterial chemotaxis had been reported to control the EPS 
synthesis and the granulation of anammox sludge (Wang et al., 2022a,b, 
c). Flagellar assembly could serve as sensing devices to control biofilm 
formation, which was also responsible for microbial motility and ag-
gregation (Yan et al., 2020; Zhu et al., 2022). Therefore, the increase in 

the gene abundance of flagellar assembly might promote the granulation 
of anammox sludge. To further specify the functional signaling mole-
cules in this annamox system, local SI database was established for 
identification and annotation. QS transporter showed a high proportion 
of 14.3 ± 0.1 %. Additionally, the total proportions of transporter and 
autoinducer producer in Phase II (14.3 %) were higher than those in 
Phase I (14.1 %). They were closely related to the production and 
transport of signal molecules, which probably drove the microbial 
communication and anammox bacterial enrichment. 

Fig. 6. Metagenomic analysis on the bacterial metabolic profiles of R2 in the third-tier pathway (a) and functional differences of quorum sensing based on KEGG 
database (b). (c) Correlation analysis between the Quorum Sensing-related enzyme encoding genes and the top 18 bacteria at the genus level. A confidence interval 
was 95 % (0.01 < p ≤ 0.05*, 0.001 < p ≤ 0.01**, p ≤ 0.001***). 

J.-H. Yang et al.                                                                                                                                                                                                                                



Bioresource Technology 367 (2023) 128228

8

Different taxa exhibited different correlations with the QS-related 
enzyme encoding genes (Fig. 6). These genes were classified into ten 
groups based on their functions, including autoinducer, transporter, 
regulator, decompose, autoinducer receptor, repressor, activator, auto-
inducer producer, effector and unclear. Most genera had positive cor-
relations with autoinducer, transporter, regulator and decompose. 
Particularly, Candidatus Kuenenia and Candidatus Brocadia positively 
correlated with the genes of autoinducer, transporter, regulator and 
decompose. On the contrary, negative correlations were detected be-
tween two anammox bacteria and activator, autoinducer producer and 
effector. Moreover, Unclassified_c_Anaerolineae and Unclassified_f_Rho-
docyclaceae showed positive correlations with autoinducer producer 
genes. Bacteria belonging to Rhodocyclaceae had been reported to 
possess abundant QS-related genes and communicate with the bacteria 
showing similar function (Sun et al., 2018a; Tang et al., 2018); Thus, 
Unclassified_f_Rhodocyclaceae might be the main contributor to auto-
inducer producer. Anammox bacteria could communicate with different 
functional bacteria (e.g. nitrifying and denitrifying bacteria), and QS- 
producing bacteria probably regulated the microbial community struc-
ture in both activated sludge and anammox sludge (Sun et al., 2018b; 
Tang et al., 2018). In summary, the QS-based regulations mainly 
contributed to achieving a better performance of the anammox and 
activated sludge mixed system, including more interspecific interactions 
and EPS secretion. Although metagenomic results provided a start-up 
profile of the anammox system inoculated with different seed sludge, 
more efforts need to be further paid on the specific regulation mecha-
nism and inoculation strategies. 

4. Conclusions 

This study proposed that conventional activated sludge mixed with 
little amount of anammox sludge could be used as seed sludge to suc-
cessfully start up a high-loading anammox process within 27 days. 
Simultaneously, anammox activity, functional bacteria and gene abun-
dances also significantly increased. The predominant anammox bacteria 
shifted from Candidatus Kuenenia to Candidatus Brocadia when substrate 
concentrations were raised further. During the development process, 
QS-based regulation on the microbial population potentially contributed 
to the rapid accumulation of anammox bacteria and fast start-up of 
anammox process. This work drives the full-scale application of anam-
mox process in treating real wastewater. 
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