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a b s t r a c t

There is increasing interest to understand the interspecies interactions between microbes of anaerobic
ammonium oxidation (anammox) consortia. However, the microbial nitrogen and carbon interactions in
inorganic suspended growth anammox consortia are still elusive. Here, we operated a long-term
Continuous Stirred Tank Reactor (CSTR) with synthetic inorganic wastewater, which achieved 80% of
total nitrogen removal at the steady-state, representing a nitrogen removal rate (NRR) of 1.032 kg-N/
(m3$d). Our meta-omics analyses yielded 16 high-quality draft genomes and reconstructed their po-
tential metabolic pathways. Elevated expressions of gene transcripts encoding for enzymes involved in
nitrogen and carbon metabolisms were detected in isolates obtained from the same anammox consortia,
suggesting their potential metabolic roles and possible microbial interaction capacity in anammox
consortia. The expressed genes encoding NO support, nitrite/ammonium loop, dissimilatory nitrate
reduction to ammonium, and denitrification in anammox bacteria, and its symbiotic bacteria could have
benefits to the bacterial survival and reactor performance. The Carbohydrate-active enzyme analysis
revealed that carbohydrate cross-feeding in autotrophic anammox consortia might shift the microbial
community. Proteobacteria and anammox bacteria might contribute acetate and glycogen for other
symbiotic microorganisms to support their survival. Proteobacteria-affiliated bacteria encoded the po-
tentials of biotin synthesis, hinting at the possibility of the regulation of the diversity of the microbial
community. The observed microbial interactions in anammox consortia with inorganic feeding facilitate
the purification of anammox bacteria and their engineering application.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Anaerobic ammonium oxidation (anammox) process has been
widely used to remove nitrogen from sidestream wastewater such
as landfill leachate, and even for mainstreamwastewater due to its
advantage of energy-efficient comparing to conventional
nitrification-denitrification process (Kartal et al., 2011; Lotti et al.,
2015; Cheng et al., 2020). To date, anammox bacteria were found
within Planctomycetes of Brocadia, Kuenenia, Jettenia, Anammox-
oglobus, Anammoximicrobium, and Scalindua (Khramenkov et al.,
2013; Oshiki et al., 2016b). For instance, “Ca. Kuenenia” was
widely detected and enriched in a laboratory setup (Ding et al.,
2020). So far, the purification for anammox bacteria is still under
process though they have been highly enriched (Zhang and Okabe
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Fig. 1. Schematic diagram of Continuously Stirred Tank Reactor (CSTR) and the
anammox sludge.
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2020). Organics-based symbiotic microorganisms affiliated with
the phylum Proteobacteria, Bacteroidetes, Chloroflexi, Chlorobi, etc.
widely exist in anammox consortia even the anammox reactors
were fed with inorganic synthesis wastewater (Zhao et al., 2018).

“Ca. Brocadia” was widely identified as the dominant anammox
bacteria in the mainstream anammox process, indicating its poten-
tials inmainstreamwastewater treatment (Laureni et al., 2016; Yeshi
et al., 2016).Meanwhile, our previous study also found “Ca. Brocadia”
was the dominant anammox bacteria in a continuous stirred-tank
reactor (CSTR) in an inorganic environment (Ji et al., 2019). It
expressed several carbon metabolic pathways, such as acetate uti-
lization through gene acetyl-CoA synthase (acs) and Vitamin B12
synthesis (Ji et al., 2019). This indicated “Ca. Brocadia” might have
some dependency on other microbes in anammox consortia with
inorganic feeding. Genes encoding vitamin B12 synthesis were
recovered in published anammox genomes, such as “Ca. Kuenenia
stuttgartiensis”, “Ca. Brocadia sp.”, and “Ca. Brocadia sinica”, etc.
(Frank et al., 2018; Ji et al., 2019; Oshiki et al., 2015). However,
compared to other anammox bacteria, for instance, “Ca. Kuenenia”,
“Ca. Brocadia”-affiliated genomes lack the gene nirK/S in the anam-
mox reaction. Therefore, it is vital to investigate the relationship
between “Ca. Brocadia” and its symbiotic microorganisms.

Three types of nutritional interactions among microorganisms
were reported, including competition, syntrophic, and cross-
feeding (Faust and Raes 2012; Seth and Taga 2014). Previous
studies illustrated that cross-feeding was one important nutritional
interaction between anammox bacteria and other symbiotic bac-
teria, such as nitrite loop, vitamin, and amino acid exchanges, and
secondary metabolites feeding, etc. (Lawson et al., 2017; Speth
et al., 2016; Zhao et al., 2018). The produced nitrate concentration
was lower than the theoretical values based on anammox reaction
in anammox reactors, suggesting partial nitrate was removed in
anammox consortia (Speth et al., 2016). This phenomenon was
identified as nitrite loop, which was verified by Speth et al. (2016)
and Lawson et al. (2017) in the anammox reactor fed with real
wastewater. The heterotrophic microbes in anammox consortia
could reduce nitrate back to nitrite with organics as electron do-
nors, establishing one type of cross-feeding relationship with
anammox bacteria and further improving the nitrogen removal
efficiency (Du et al., 2019). Besides, anammox bacteria could syn-
thesize a large amount of extracellular polymeric substances (EPSs)
for aggregation of granular or biofilm, which also provided organics
for other symbiotic bacteria, such as heterotrophies and fermen-
tations (Jia et al., 2017; Zhao et al., 2018). These organic-based
microorganisms mediated these organic carbons for energy and
cell synthesis in anammox consortia (Wang et al., 2019). Mean-
while, cross-feeding of secondary metabolites, molybdopterin co-
factors, and folate, in anammox consortia could affect anammox
activity (Zhao et al., 2018). Although several potential interactions
have been observed in anammox consortia, the complex com-
pounds, for instance, organic compounds, in real wastewater may
also involve in microbial interaction and support the growth of the
organics-based symbiotic microorganisms (Lawson et al., 2017;
Speth et al., 2016; Zhao et al., 2018). Meanwhile, ammonia-
oxidizing bacteria (AOB), as one of the autotrophic dominant bac-
teria in partial nitrification/anammox system, also participate in the
cross-feeding of organics in anammox consortia (Speth et al., 2016;
Wang et al., 2019). Therefore, a comprehensive understanding of
the interspecies interactions based on the expressed potential
metabolic pathways is still vital in anammox consortia without
extra organics feeding.

To classify the phenomenon of the accumulation of organic-
based microbes and interspecies interaction in inorganic anam-
mox consortia, we used the raw metagenomics and metatran-
scriptomics sequencing data collected from an anammox CSTR,
2

which was operated at the steady-state and fed with inorganic
synthetic wastewater (Fig. 1). The microbial community in the
anammox consortia was investigated. We characterized the func-
tional genes related to nitrogen and carbon metabolisms, as well as
metabolic pathways. The microbial interactions between anammox
bacteria and symbiotic bacteria were explored. Our work could
improve the understanding of co-metabolic mechanisms in
anammox consortia, and further to the mainstream anammox
application.
2. Material and methods

2.1. Sludge samples for metagenomic and metatranscriptomic
analysis

All the raw data of sludge samples used in this study for met-
agenomic and metatranscriptomic analysis was collected from the
National Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) database with accession number SRP150295
(Table. S1).
2.2. Metagenomics sequencing, assembly, binning, and annotation

The procedures of metagenomics analysis were described as
below: raw paired-end reads were filtered using Trimmomatic for
the removal of adapters, low-quality data, and N bases (Bolger et al.,
2014). Then, the observed clean paired-end reads were de novo
assembled into contigs by SPAdes (ver. 3.10.1) with the kmer pa-
rameters of 19, 33, 47,61,75 (Nurk et al., 2013). The quality of
assembled contigs was estimated by QUAST (Gurevich et al., 2013).
Binning was performed byMaxBin (ver. 2.2.6) (Wu et al., 2014), and
the quality of the observed bins was evaluated using CheckM based
on 111 essential single-copy marker gene (Parks et al., 2015). A
phylogenetic tree was constructed using PhyloPhlAn to identify the
recovered genomes. Meanwhile, the population of recovered ge-
nomes was classified using JSpeciesWS (Richter et al., 2015). The
functional genes of the bins were predicted using Prokka (Seemann
2014) with packages described as Park et al. (2017). The relative
abundance of recovered genomes was calculated by mapping
assembled contigs from each draft genome using BBMap (ver.
38.41) with the parameters “minid ¼ 0.95” and “ambig ¼ random”.
The population of recovered genomes was classified using
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JSpeciesWS (Richter et al., 2015). Metabolic pathways in the
recovered genomes were reconstructed using BlastKOALA on the
Kyoto Encyclopedia of Genes and Genomes (KEGG). Carbohydrate-
active enzyme (CAZyme) annotations were performed for the
dominant bacteria in anammox consortia against the dbCAN
database.

2.3. Metatranscriptomics analysis

The procedures of metatranscriptomics analysis were described
as below: Raw data were firstly filtered by Trimmomatic (Bolger
et al., 2014), then, the filtered data were de novo assembled into
contigs using Trinity v2.5.1 (Grabherr et al., 2011). Contigs were
mapped to the bins recovered in metagenomic analysis using
BBMap (ver. 38.41) with a minimum alignment identity of 95% and
“ambig ¼ random” for the investigation of the expression values of
functional genes (Konstantinidis and Tiedje 2005). The pathway
expression values were evaluated based on the methods described
by Lawson et al. (2017). The relative gene and pathway expression
within the recovered genomes were represented by the reads per
kilobase per million reads mapped (RPKM) values (Mortazavi et al.,
2008).

2.4. Metabolic pathways reconstruction

To identify the functional potential interspecies interactions in
anammox consortia, the open reading frames (ORFs) in each
dominant MAGs were annotated and further blasted against the
KEGG database. The expression value of each ORFs was calculated
based on the mRNA transcripts. Subsequently, expressed metabolic
pathways were reconstructed for each MAGs.

3. Results

3.1. Metagenomic sequencing, assembly, binning, and microbial
abundance

The de novo assembly generated a total of 190,699 contigs with
an N50 of 3533 bp and a GC of 57.26% (Table S1). The contigs were
binning into population genomes based on tetranucleotide fre-
quency and resulted in 95 draft metagenome-assembled genomes
(MAGs). Among these draft MAGs, 16 high-quality draft genomes
(contamination < 10% and completeness > 90%) affiliated with the
phyla Planctomycetes, Proteobacteria, Bacteroidetes, Chloroflexi,
Actinobacteria, Ignavibacteriae, Deinococcus-Thermus, and Firmi-
cutes were selected for the downstream analysis (Table 1 and
Fig. S1,2). These 16 MAGs accounted for 74% relative abundance of
the total quality filtered DNA reads, representing a major fraction of
the microbial community in anammox consortia, which is higher
than that obtained by previous studies (Lawson et al., 2017; Speth
et al., 2016; Zhao et al., 2018).

The relative abundances of 16 high-quality draft genomes were
shown in Fig. 2. Anammox bacteria affiliated with “Ca. Brocadia”
(AMX1) dominated thewholemicrobial community, accounting for
a relative abundance of 26.45%. Interestingly, PRO1 genome
belonged to phyla of Proteobacteria was the second dominant
specie in anammox consortia, which is different from the results
conducted by previous studies (Lawson et al., 2017; Speth et al.,
2016; Zhao et al., 2018), in which microorganisms affiliated with
Chlorobi or Armatimonadetes were the second dominant species.
Further study based on the phylogenetic relationship showed that
PRO1 was affiliated to the genera of Pasteurellaceae (Table 1). PRO2
affiliated to the family Nitrosomonadaceae was identified with a
relative abundance of 3.12% in anammox consortia, which was
regards as AOB, that utilized O2 to oxidize NH4

þ into NO2
�.
3

3.2. Nitrogen metabolism based on metagenomic and
metatranscriptomic analyses

It is vital to investigate the nitrogen transformation pathways in
these MAGs since nitrogen compounds (NH4

þ-N and NO2
�-N) were

the two main substrates for an anammox symbiotic system. As
expected, several of the abundant MAGs (relative abundance > 1%)
contained expressed marker genes related to nitrogen metabolism
in anammox consortia (Fig. 3).

Specifically, hydrazine synthase (hzs) and hydroxylamine
oxidoreductase (hao-like) in AMX1 and AMX2 genomes were the
most highly expressed genes in the nitrogen cycle. It should be
noted that AMX2 contained gene nirK/S for NO production from
NO2

� in anammox transformation pathway, while this gene was
missing in AMX1. Interestingly, AMX1 and AMX2 contained
expressed genes, nitrate reductase (nar) and nitrate oxidoreductase
(nxr), which belonged to the dissimilatory nitrate reduction to
ammonium (DNRA) pathway, representing they processed the
ability for nitrate reduction by using organic carbons as an electron
donor (Castro-Barros et al., 2017). These results coupled with the
results conducted by Y. Wang et al. (2019).

In the nitrogen conversation cycle, most of the recovered ge-
nomes encoded the expressed nitrate reduction pathways identi-
fied as DNRA, denitrification, and assimilatory nitrate. Among
them, the AMX1, ACT1, IGN1, BCD2, PRO3, and AMX2 encoded
complete expressed pathways for nitrate reduction (nitrate
reduction to nitrite, and further to ammonium). All the dominant
MAGs, except for PRO1 and BCD1, encoded the narG gene associated
with nitrate reduction to nitrite. The produced nitrate from
anammox transformation was reduced to nitrite, as the nitrate
concentration was lower than the theoretical calculation value of
anammox reaction. This phenomenon was also identified as nitrite
loop in previous studies (Speth et al., 2016).

Interestingly, PRO1, PRO2, and BCD1 encoded expressed nirK/S,
which might reduce nitrite to nitric oxide (Kartal et al., 2007).
Although AMX2 contained expressed gene nirK/S, which could
enable AMX2 to generate NO for anammox reaction, this gene was
not detected in AMX1. It was reported that gene nirK/Swas missing
in several bacteria affiliated to the genus “Ca. Brocadia” (Gori et al.,
2011; Oshiki et al., 2016a). Pathways for NO reduction to N2O
through norBC/Z genes were expressed in BCD1, BCD2, PRO3, and
PRO5. However, the expression values for norBC/Z genes had not
been detected in BCD4, CFX1, and PRO4. Genes encoded nosZ for
N2O reduction to N2 were expressed in PRO1, IGN1, BCD2. PRO2
encoded highly expressed gene hao, which converted nitrite into
nitrate. It might be due to the residual dissolved oxygen in the
influent since it was not stripped by nitrogen gas before feeding.

Microorganisms involved expressed genes encoding nitrate
reduction pathways related to DNRA, denitrification, and assimi-
latory nitrate reduction, indicating that the produced nitrate from
anammox transformation and extra fed nitrite were mediated by
these organisms. Noted that none of the nitrogen metabolism-
related genes involved in Bin2_044, Bin2_066 expressed in this
study, representing that the recovered genomes might not partic-
ipate in nitrogen metabolism even they had related genes.

3.3. Carbon metabolism based on metagenomic and
metatranscriptomic analyses

3.3.1. Overall of carbohydrate-active enzymes (CAZymes)
Several abundant organisms (relative abundance > 1%),

including AMX1, PRO1, ACT1, ING1, PRO2, BCD1, BCD2, PRO3, DTM1,
and AMX2, were selected for homology analysis of CAZymes. As a
result (Fig. 4), the recovered MAGs encode carbohydrate-active
including Glycoside hydrolases (GHs), glycosyltransferases (GTs),



Table 1
Information of the retrieved genomes.

Bin ID Abbreviation Completeness Contamination Genome
size bp

#
Contigs

N50 GC Predicted
genes

Taxonomy

% % %

Bin2_001 AMX1 99.94 1.65 3,161,494 185 35,660 42.29 2881 Bacteria/Planctomycetes/Planctomycetia/Candidatus
Brocadiales/Candidatus Brocadiaceae

Bin2_004 PRO1 100.00 5.45 4,797,843 51 265,863 56.67 4006 Bacteria/Proteobacteria/Gammaproteobacteria/Pasteurellales/
Pasteurellaceae

Bin2_009 ACT1 95.73 1.76 3,114,206 143 49,612 56.06 2905 Bacteria/Actinobacteria/Actinobacteria/Pseudonocardiales/
Pseudonocardiaceae

Bin2_011 IGN1 98.98 3.07 3,896,381 321 21,394 35.58 3640 Bacteria/Ignavibacteriae/Ignavibacteria/Ignavibacteriales/
Ignavibacteriaceae

Bin2_012 PRO2 97.16 2.27 2,918,120 132 68,685 50.13 2877 Bacteria/Proteobacteria/Betaproteobacteria/Nitrosomonadales/
Nitrosomonadaceae

Bin2_013 BCD1 100.00 2.86 3,981,638 220 102,506 36.83 3358 Bacteria/Bacteroidetes/Bacteroidia/Bacteroidales/
Paludibacteraceae

Bin2_016 BCD2 96.45 0.55 2,921,515 141 36,550 44.89 2320 Bacteria/Bacteroidetes/Bacteroidia/Bacteroidales/Prevotellaceae
Bin2_021 PRO3 92.55 9.09 4,821,615 92 181,009 61.49 4044 Bacteria/Proteobacteria/Betaproteobacteria/Burkholderiales
Bin2_025 DTM1 92.13 4.17 4,061,648 100 179,478 64.10 3790 Bacteria/Deinococcus-Thermus/Deinococci/Deinococcales/

Deinococcaceae
Bin2_031 AMX2 97.80 3.80 3,506,660 462 15,074 43.60 3538 Bacteria/Planctomycetes/Planctomycetia/Candidatus

Brocadiales/Candidatus Brocadiaceae
Bin2_039 BCD3 100.00 8.10 3,933,864 287 136,914 35.09 3342 Bacteria/Bacteroidetes/Bacteroidia/Marinilabiliales/

Marinilabiliaceae
Bin2_041 FRM1 97.81 1.64 3,589,024 159 47,752 62.95 3093 Bacteria/Firmicutes/Clostridia/Clostridiales/Clostridiaceae
Bin2_044 PRO4 100.00 2.25 4,375,351 113 74,670 54.51 3446 Bacteria/Proteobacteria/Betaproteobacteria/Nitrosomonadales/

Nitrosomonadaceae
Bin2_050 PRO5 97.88 3.22 7,026,550 400 31,930 55.27 5366 Bacteria/Proteobacteria/Gammaproteobacteria
Bin2_056 CFX1 95.45 4.55 4,823,152 789 10,381 59.98 4753 Bacteria/Chloroflexi/Dehalococcoidia
Bin2_064 BCD4 95.05 2.48 2,245,460 442 7136 28.82 2204 Bacteria/Bacteroidetes/Flavobacteriia/Flavobacteriales/

Flavobacteriaceae

Fig. 2. Relative abundances of recovered genomes in anammox consortia through metagenomics analyses.
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carbohydrate esterases (CEs), polysaccharide lyases (PLs),
carbohydrate-binding modules (CBMs), as well as auxiliary activ-
ities (AAs). Note that the copies of CAZymes in PRO1 and DTM1
were the highest in anammox consortia. Specifically, the number of
genes encoding GTs in PRO1, IGN1, and AMX1 was 80, 62, and 56,
respectively, which was the most three in the recovered MAGs.
While DTM1 and PRO1 the most two genes encoding GHs, ac-
counting for 61 and 47, respectively. The key protein degrader
(IGN1) was also identified in the CSTR, which was reported by
Lawson et al. (2017).

GTs are themajority of the detected CAZymes in eachMAGs, and
4

most of them belong to families 2 and 4, which are associated with
glycolipid synthesis.

GHs families include glycosidases and transglycosidases, func-
tioning on hydrolysis or transglycosylation of glycosidic bonds,
which are important to biotechnologies application (Phitsuwan
et al., 2013; Wilson 2009). Specifically, GH13 could hydrolyze
glucoside bonds and lysate cell structure, which arewidely found in
AMX1, PRO1, IGN1, PRO2, BCD1 DTM1, and AMX2 (Ping et al., 2020;
Stam et al., 2006). All of the abundant draft genomes contained
GH23, which are enzymes that could degrade either chitin or
peptidoglycan (Data not shown) (Ohnuma et al., 2008).



Fig. 3. The presence of genes with their expression values (Log2 RPKM) related to nitrogen transformation across the recovered genomes in CSTR. (a) the expression values of genes
encoded narGHIJ/nasA; (b) the expression values of genes encoded nrfAH/nirBD; (c) the expression values of genes encoded hao; (d) the expression values of genes encoded nirK/S;
(e) the expression values of genes encoded norBCZ; (f) the expression values of genes encoded nosZ; (g) the expression values of genes encoded hzs; (h) the expression values of
genes encoded hao-like.

Fig. 4. Families of carbohydrate-active enzymes represented in the recovered MAGs. GH: Glycoside hydrolases; GT: glycosyl transferases; CE: carbohydrate esterases; PL: poly-
saccharide lyases; CBM: carbohydrate binding modules; AA: auxiliary activities.
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3.3.2. Carbon metabolism pathways
Fig. 5 shows the pathways expression profiles of major carbon

metabolism in anammox consortia in an inorganic environment.
In this study, only AMX1 expressed the Wood-Ljungdahl pathways
for CO2 fixation. AMX1, PRO1,2 expressed the glycogen
5

biosynthesis pathways. Meanwhile, PRO1 also expressed the
nucleotide sugar biosynthesis and Leloir pathways. In nucleotide
metabolism, compared to other symbiotic microbes in anammox
consortia, only AMX1 expressed all kinds of nucleotide biosyn-
thesis pathways. Similar results were also obtained in Lipid



Fig. 5. The relative gene transcription associated with carbon metabolic in the recovered genomes. Transcriptomic expression of pathways was relativized by the lowest RPKM
(log2) value of genes in the related pathways. White box represents the incomplete of pathways; Black box indicates that several genes did not express in the related pathways.
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metabolism, except for the Phosphatidylethanolamine (PE)
biosynthesis. While only PRO2 expressed the PE biosynthesis
pathway. The identified abundant anammox bacteria, AMX1 and
AMX2, could synthesize most of the amino acid, except trypto-
phan, isoleucine, methionine, and threonine. Note that a lot of
amino acid metabolism pathways were missing or unexpressed in
symbiotic bacteria, especially for ACT1, IGN1, BCD1,2, PRO3, and
DTM1 (Fig. 5). As expected, heme biosynthesis was highly
expressed in AMX1. The heme and siroheme biosynthesis path-
ways were also recovered in AMX2; however, the expression of
6

several genes was not obtained in this study, which might be due
to the sequencing depth and quality of the recovered genome.
Similar to the phenomenon of expressed amino acid metabolism
pathways, AMX1 and AMX2 expressed most of the cofactors and
vitamin metabolism pathways. Only PRO2 expressed molybde-
num cofactor and biotin biosynthesis pathways in anammox
consortia. Several B-vitamin biosynthesis pathways, such as
thiamin (vitamin B1), Riboflavin, Niacin, etc. were missing in this
study (Lawson et al., 2017; Wang et al., 2019). This might be due to
the completeness of the MAGs or sequencing depth of samples.
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In anammox consortia, only AMX1,2 had the potential for ace-
tate production, which could support acetate to their symbiotic
bacteria for acetyl-CoA synthesis (Fig. 6). Meanwhile, AMX1,2
might also synthesize glycogen and vitamins to feed other symbi-
otic bacteria since the vitamin synthesis pathways were missing in
other symbiotic bacteria. Moreover, AMX1,2 expressed the path-
ways associated with several types of amino acid synthesis and
almost all amino acid biosynthesis pathways were missing or un-
expressed in their symbiotic bacteria. Additionally, PRO1might also
synthesize glycogen to feed other bacteria in anammox consortia.
Although AMX1,2 might synthesize most of the amino acid, several
types of the amino acid were only synthesized by PRO1 or PRO2,
such as tryptophan, shikimate, and isoleucine, etc. Therefore, mi-
crobial interaction is necessary for microbes in anammox consortia
to exchange essential substances. According to these results, a
framework of microbial interaction was proposed in anammox
consortia in an inorganic environment (Fig. 6).
4. Discussion

4.1. Diversity of microorganisms in anammox consortia without
organic feeds

In this study, the dominant microbes in anammox consortia were
recovered in an anammox CSTR in an inorganic environment. As
expect, anammox bacteria affiliated to “Ca. Brocadia sp.” (AMX1)
dominated the microbial community (Ji et al., 2019). Note that PRO1
affiliated with Pasteurellaceae was the second most abundant bac-
teria in this study. While, previous studies reported that Chlorobi
was the second most abundant bacteria in the anammox granule
community fed with real wastewater (Lawson et al., 2017; Speth
Fig. 6. The interspecies interaction associated to expressed carbon metabolic pathways in an
cross-feeding of amino acid; The yellow dash arrow lines indicate the cross-feeding of vitam
arrow lines indicate the cross-feeding of acetate(Van de Graaf et al., 1996).

7

et al., 2016). Chlorobi might interact with Brocadia sp. through
reducing nitrate to nitrite based on the degradation of extracellular
peptides (Lawson et al., 2017). This might be due to the organic
matters contained in real wastewater. As described, the real waste-
water contained around 350e400 mg/L chemical oxygen demand
(COD), which was introduced into the anammox reactor (Lawson
et al., 2017). The heterotrophic bacteria Chlorobi could use these
organic matters as substrates instead of the organics synthesized by
anammox bacteria or other symbiotic. However, organic carbons
only came from the cross-feeding or decay of microorganisms in this
study, suggesting the limitation of organic carbons. Hence, Pasteur-
ellaceae, instead of Chlorobi, was identified as the second-highest
relative abundance in the inorganic environment. Even more,
MAGs related to Chlorobi were not the dominant bacteria in this
study, indicating the introduced organic matters act an important
factor in the variation of the microbial community in anammox
consortia. The dissolved oxygen contained in the influent, as well as
ammonium as the unique nitrogen source, might be themain reason
for the accumulation of PRO2 and PRO4, affiliated to the genus
Nitrosomonadaceae since they were identified as aerobic oxidizing
bacteria. Nitrosomonadaceae could convert ammonium into nitrite
by using dissolved oxygen as the electron acceptor (Li et al., 2016).
They were found in single-stage partial nitrification/anammox (PN/
A) systems, where they provide nitrite for anammox bacteria (Li
et al., 2016). Therefore, PRO2 and PRO4 could benefit from this
condition for the affinity of substrates.
4.2. Nitrogen-related interspecies interactions

Several nitrogen transformation genes were encoded in the
MAGs, such as PRO2, PRO4, DTM1, etc. with undetected expression
ammox consortia in an inorganic environment. The green dash arrow lines indicate the
ins; The red dash arrow lines indicate the cross-feeding of glycogen; The purple dash
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level, indicating they did not function on the related nitrogen
conversation. Besides, it should be pointed out that this might also
be the limitation of the metatranscriptomic analysis, such as the
sequencing depth and quality. In recent, anammox bacteria were
revealed that they could directly use NO as a substrate for anam-
mox reaction, without processing the step of nitrite reduction to NO
(Hu et al., 2019). Hence, AMX1might obtain NO through interacting
with PRO1, PRO2, and BCD1 in anammox consortia, and convert NO
and ammonium into nitrogen gas in the absence of genes nirK/S. As
described above, genes encoding to nirK/S were not recovered in
AMX1, indicating AMX1 might rely on the cross-feeding from its
symbiotic bacteria for NO harvest. Interestingly, 6 MAGs encoded
nirK/S genes with high expression values were identified in this
study (Fig. 3). Even anammox bacteria could oxidize NH4

þ into N2
and transport electron out to cell, without using NO as an electron
acceptor, naming extracellular electron transportation (Shaw et al.,
2020). Therefore, part of NH4

þ might be converted into N2 by AMX1
through direct interspecies electron transport. These interspecies
interactions might be triggered in unfavorable NH4

þ-N/NO2
�-N ratio

for anammox transformation. It also indicated that AMX1 might
benefit from the diversity of microbial interactions in anammox
consortia for anammox transformation. However, further experi-
mental evidence is required to support these speculations.

Note that, the NO2
�-N/NH4

þ-N ratio was around 1.5, which was
higher than the theoretical ratio of anammox reaction (Kuenen
2019). Several MAGs expressed genes associated with the DNRA/
denitrification pathway for nitrite/nitrate reduction, which was
coupling with the extra nitrite feed and high concentration of ni-
trate (Fig. 3). It was observed that the expressed values of the nrfA
genes in AMX1, BCD2, and AMX2, respectively, were the highest in
the recovered genomes. These results indicated that symbiotic
bacteria possibly regulated the ratio of NO2

�-N/NH4
þ-N for anammox

reaction since the NO2
�-N/NH4

þ-N ratio was higher than 1.3 in the
influent at steady-state (Kuenen 2008). The DNRA/denitrification-
driven required organic carbons as an electron donor, however,
organic matters required by these organisms for the reduction of
nitrate/nitrite were absent in influent, implying that microbial in-
teractions were the necessary ways for the offering of organics.
Hence, it suggests that organics, such as EPS, the decay of bacteria,
glycogen, acetate, produced by microbes fulfilled the requirement
of electron donors.

It should be noted that several MAGs encoded the expressed
genes that play a role in the N2O production in anammox consortia.
Nitrification and heterotrophic partial denitrification pathways
were the main processes for the N2O generation (Hu et al., 2015).
Additionally, low DO and COD concentrations were suggested as an
important process for N2O production (Wrage-Moennig et al.,
2018). In this study, the DO level was around 0e0.4 mg/L, similar
to the results conducted by Zhu et al. (2018). Meanwhile, none of
the nitrifying bacteria expressed the norBCD genes (Fig. 3). These
results suggested that nitrifying bacteria was not the main N2O
contributor in inorganic anammox consortia. Hence, it speculated
that the heterotrophic partial denitrification might be the unique
pathway to contribute to N2O production. The organic carbons
required by heterotrophic partial denitrification as the electron
donor might come from the cross-feeding in anammox consortia,
which was discussed in section 4.3. Therefore, N2O emission should
be taken into consideration, especially for high-strength waste-
water treatment since the high loading rate could promote the
growth of microorganisms, resulting in the abundance of organic
matters due to cell lysis or EPS production. Additionally, the
expressed genes related to N2 production from N2O reduction
suggested that denitrificationmight be onemajor nitrogen removal
pathway in anammox consortia even organic matters were limited.
This also proves the phenomenon of organic carbons exchange in
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anammox consortia due to interspecies interaction accordingly(A-
PHA and Author Anonymous, 2005) (Streit and Entcheva, 2003)
(Q. Wang et al., 2019).

4.3. Carbon-related interspecies interactions

As shown in Fig. 5, “Ca. Brocadia” had the potential for acetate
and glycogen production, meanwhile, its symbiotic bacteria
required acetate for acetyl-CoA synthesis. Due to the absence of
organics in the influent, “Ca. Brocadia” might act as the main ace-
tate contributor for heterotrophies due to their high relative
abundances and the numbers of CAZymes (Fig. 6). Additionally, the
high copies of GHs and GTs suggested that DTM1 and PRO1 might
obtain organic carbons synthesized by autotrophic bacteria for
energy harvest and cell synthesis (Cantarel et al., 2009). Mean-
while, only AMX1 and PRO1,2 had the potential for glycogen syn-
thesis, and feed other symbiotic bacteria because most of the
symbiotic bacteria lack glycogen symbiotic pathways.

The differences in the synthesize of amino acid and vitamin in
microbes might drive the interspecies interactions (Ji et al., 2020).
AMX1 and PRO1 encoding most parts of amino acid synthesis
pathways, however, the other symbiotic bacteria lack a lot of amino
acid pathways. It indicated that AMX1, PRO1, and PRO2might act as
the major amino acid supporters in anammox consortia. In the
single-stage PN/A systems, anammox bacteria were proposed as
the helpers to provide amino acids and vitamins to the auxotrophs
(Wang et al., 2019). Note that, AMX1 lack several amino acid syn-
thesis pathways, while theywere recovered in PRO1 and PRO2with
expression levels. Therefore, AMX1 might also act as the benefi-
ciary, who obtained some types of amino acids that are synthesized
by its symbiotic bacteria, such as PRO1 and PRO2. This might shape
the microbial community in anammox consortia when the pres-
ence of amino acids or vitamins was changed. It might also explain
the difficulty of pure culture on anammox bacteria because of the
auxotroph of anammox bacteria.

Vitamin B12 exchange was reported in anammox consortia to
support Chlorobi for survival (Lawson et al., 2017). The expressed
vitamin B12 transporters were also found in every recovered MAGs
(Table S2), indicating the vitamin B12 exchange might not only
exist between anammox bacteria and Chlorobi. Moreover, Chlorobi
was not identified in this study, which also supports the above
conclusion. AMX1 and PRO2 expressed most of vitamin synthesis
pathways, suggesting theywere themain vitamin supporters in the
inorganic environment. In this study, PRO2 was a unique bacteria
that expressed the biotin synthesis pathway. B vitamins serve as
the essential organic matters for bacterial alike, which are the co-
factors in many central metabolic pathways and participate in
diverse biosynthetic processes, for instance, pyruvate interconver-
sion, amino acid, fatty acid, etc. (Romine et al., 2017). Biotin
(Vitamin B7) is produced via numerous reactions with the begin-
ning of the compound pimeloyl-coenzyme A, acting as a cofactor in
carboxylation enzymes, especially in fatty acid synthesis (Streit and
Entcheva 2003). Hence, the cross-feeding of biotin could act as
substrates for the support of amino acid synthesis by dystrophic
bacteria. Previous evidence showed that biotin synthase (BioB), an
S-adenosyl methionine-dependent radical enzyme, was the key
bottleneck in biotin production (Bali et al., 2020). One hypothesis
for the toxicity of BioB overexpression was the accumulation of
reactive oxygen species (ROS) (Imlay 2006). Dissolved oxygen (DO)
was not removed in the influent, resulting in the presence of ROS in
the intra/intercell. A previous study suggested that AMX1 had the
potential mechanism for ROS detoxification, revealing the presence
of ROS in anammox consortia (Ji et al., 2019). This might simulate
the overexpression of biotin synthesis pathways in PRO2, hinting at
the unneglected role of PRO2 in carbon metabolic pathways in



X.-M. Ji, C. Zheng, Y.-L. Wang et al. Journal of Cleaner Production 288 (2021) 125691
anammox consortia. However, this proposal is needed to be further
elucidated.

4.4. Engineering and scientific implications

Physical/chemical processes for nitrogen removal from waste-
water, for instance, recovering nitrogen composes as fertilizer, is
energy-intensive and difficult to remove nitrogen context in
wastewater due to its low concentration (Winkler and Straka, 2019;
Huang et al., 2020). Compare to them, biological nitrogen removal
processes are energy reduction. Among them, anammox has been
regarded as an energy-efficient method for wastewater treatment.
However, anammox bacteria, as the core functional bacteria in
anammox associated process, are still unable to be purified. Hence,
its function andmetabolic mechanisms are still a black box. Reactor
operation combined with meta-omics has beenwidely used for the
discovery of metabolisms in anammox bacteria. In this study, the
unneglected interspecies interaction in anammox consortia in an
inorganic environment broadens the view of cross-feeding be-
tween anammox bacteria and its symbiotic microorganisms. This
study confirmed that the nitrogen removal efficiency of the
anammox system could be improved through interspecies inter-
action. Perhaps to the interspecies interaction, it provides an
alternative method to enhance the reactor performance based on
the regulation of microbial interaction (Lawson et al., 2017; Speth
et al., 2016; Zhao et al., 2018). In addition, the purification of
anammox bacteria may be realized through the interruption of
interspecies interaction. If this is the case, the engineering appli-
cation of the anammox process and the lab jobs on strain purifi-
cation could be positively promoted.

5. Conclusion

In this study, the microbial community as well as their inter-
species interaction were investigated in anammox consortia in an
inorganic environment using genome-based metagenomic and
metatranscriptomic analysis. The nitrogen transformation based on
microorganisms in anammox consortia revealed that nitrite loop,
NO support, DNRA, and denitrification might affect the nitrogen
removal significantly. In addition, glycosyltransferases and glyco-
side hydrolases were widely identified in recovered MAGs, indi-
cating the carbohydrate cross-feeding through interspecies
interaction might shift the microbial community. MAGs belonging
to the Proteobacteria and anammox bacteria harbored the acetate
and glycogen synthesis potentials to support other symbiotic mi-
croorganisms as carbon sources. The progress of amino acid and
vitamin exchanges was emphasized, suggesting the importance of
the production and degradation of exopolysaccharides and extra-
cellular proteins in anammox consortia in the inorganic environ-
ment. The discovery of biotin synthesis hints at the possibility to
regulate the diversity of community structure in the anammox
process. Furthermore, this study suggests the potential nitrogen
and carbon associated interspecies interactions between “Ca. Bro-
cadia sp.” and its symbiotic microorganisms. It offers a deeper view
of the microbial interaction in the anammox process, which can
provide a reference on the anammox bacteria enrichment and
isolation, further on the engineering application.
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