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Abstract

Background: The metabolic capacities of anammox bacteria and associated microbial community interactions in

partial-nitritation anammox (PNA) reactors have received considerable attention for their crucial roles in energy-

efficient nitrogen removal from wastewater. However, a comprehensive understanding of how abiotic and biotic

factors shape bacterial community assembly in PNA reactors is not well reported.

Results: Here, we used integrated multi-omics (i.e., high-throughput 16S rRNA gene, metagenomic,

metatranscriptomic, and metaproteomic sequencing) to reveal how abiotic and biotic factors shape the

bacterial community assembly in a lab-scale one-stage PNA reactor treating synthetic wastewater. Analysis

results of amplicon sequences (16S rRNA gene) from a time-series revealed distinct relative abundance

patterns of the key autotrophic bacteria, i.e., anammox bacteria and ammonia-oxidizing bacteria (AOB), and

the associated heterotrophic populations in the seed sludge and the sludge at the new stable state after

deterioration. Using shotgun metagenomic sequences of anammox sludge, we recovered 58 metagenome-

assembled genomes (MAGs), including 3 MAGs of anammox bacteria and 3 MAGs of AOB. The integrated

metagenomic, metatranscriptomic, and metaproteomic data revealed that nitrogen metabolism is the most

active process in the studied PNA reactor. The abundant heterotrophs contribute to the reduction of nitrate

to nitrite/ammonium for autotrophic bacteria (anammox bacteria and AOB). Genomic and transcriptomic data

revealed that the preference for electron donors of the dominant heterotrophs in different bacterial

assemblages (seed and new stable state) varied along with the shift in anammox bacteria that have different

metabolic features in terms of EPS composition. Notably, the most abundant heterotrophic bacteria in the

reactor were more auxotrophic than the less abundant heterotrophs, regarding the syntheses of amino acids

and vitamins. In addition, one of the abundant bacteria observed in the bacterial community exhibited highly

transcribed secretion systems (type VI).
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Conclusions: These findings provide the first insight that the bacterial communities in the PNA reactor are

defined by not only abiotic factors (operating mode) but also metabolic interactions, such as nitrogen

metabolism, exchange of electron donors, and auxotrophies.

Keywords: One-stage partial-nitritation anammox, Microbial community assembly, Nitrogen cycle,

Auxotrophies, Multi-omics

Background
The bacteria mediating anaerobic ammonium oxidation

(anammox) can anaerobically oxidize ammonium using

nitrite as oxidant to produce dinitrogen gas [1–4]. The

discovery of the anammox process and its direct applica-

tion in wastewater treatment plants provide an energy-

efficient way of nitrogen removal from wastewater. By

2014, over 100 anammox processing plants had been

implemented worldwide [5]. Given that nitrite levels in

wastewater are generally insufficient for anammox bac-

teria to derive energy for growth, one-stage and two-stage

partial nitritation/anammox (PNA) bioreactor systems

have been developed to partially oxidize ammonium to

nitrite. For the two-stage bioreactor, the ammonium is

partially oxidized by ammonia-oxidizing bacteria (AOB)

to nitrite in the first-stage aerated reactor, and the

remaining ammonium and nitrite are further converted to

nitrogen gas in the second anammox reactor [6–9]. Under

oxygen-limited conditions, one-stage bioreactors, by con-

trast, harbor both aerobic AOB and anammox bacteria in

one reactor [5, 10–12]. Due to the lower investment cost,

approximately 88% of all full-scale operating installations

are one-stage configurations [5].

The complex microbial community structures, life strat-

egies, and interactions between taxa are of crucial import-

ance for the stable removal of nitrogen from wastewater. A

comprehensive understanding of the anammox community

will therefore provide new insights into this process. Several

previous studies reported the PNA microbial community in

lab-scale [13, 14] and full-scale wastewater treatment

systems [15, 16] using high-throughput 16S rRNA gene

sequencing, although these could only provide some insights

into the microbial community structure. With the develop-

ment of sequencing technologies, more insights into ana-

mmox evolution and metabolism have been obtained using

the genome-centric approach [3, 17–19]. Lawson et al. [20]

studied the microbial community interactions in a lab-scale

anammox reactor based on the integrated metagenomic and

metatranscriptomic approach.

However, we know much less about how environmental

conditions and microbial interactions shape the microbial

community assembly in anammox systems. As reported,

anammox bacteria have been found in a wide variety of

habitats and show a distinct niche differentiation in natural

and engineered systems [21, 22], which may be affected by

environmental factors, such as dissolved oxygen (DO),

temperature, salinity, nitrite, and ammonium concentra-

tions [23–25]. These studies suggested that anammox

bacteria might be selected by environmental filtering. In

addition, the microbial community may be simultaneously

affected by multiple processes, including biotic interactions

(e.g., commensalism, amensalism, mutualism, and parasit-

ism) [26, 27], dispersal limitation, and stochastic demo-

graphics [28].

To test our hypothesis that environmental filtering under

different operational strategies and biotic interactions sim-

ultaneously shape the anammox microbial community

assembly and the composition of dominant organisms, we

set up a lab-scale one-stage PNA reactor. The PNA reactor

was inoculated with enriched anammox sludge from a lab-

scale continuous stirred-tank reactor (CSTR). At the start-

up stage, the reactor encountered deterioration under a

continuous mode. After adjusting the reactor from CSTR

to a sequencing batch reactor (SBR), the performance of

this PNA reactor recovered and achieved a stable nitrogen

removal rate. Shifts in microbial community structures

from the start-up period to the stable state were captured

using the high-throughput 16S rRNA gene sequences and

the newly retrieved metagenome-assembled genomes

(MAGs) from metagenomes of anammox sludge samples.

In addition, the microbial community interactions among

these newly recovered MAGs were characterized by meta-

genomic and time-series metatranscriptomic data (8 time

points in 3 independent reaction cycles, a total of 24 sam-

ples). Moreover, metaproteomic data were used to further

identify the end products of gene expression and confirm

the observed gene expression activities. The integrated

multi-omics approach in the present study will shed light

on the potential roles of operational mode and biotic inter-

actions in shaping the microbial community assembly in a

PNA reactor.

Methods
Reactor operation

A working volume of a 1.6-L lab-scale PNA reactor was in-

oculated with anammox biomass from Tohoku University

(Civil and Environmental Engineering). The anammox

sludge was enriched from a continuous one-stage PNA
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reactor (over 5 years) at low DO concentrations (0.1–0.8

mg/L) [29]. At the start-up stage, the studied PNA reactor

was first operated with a continuous feeding strategy

following the previous parameters [29] but encountered a

measurable deterioration. We adjusted the CSTR mode to

the SBR operating mode on day 40 under oxygen-deficient

conditions to recover the nitrogen removal performance.

DO in the reactor could not be detected by a DO meter

(HI2004 edge, Hanna Instruments Inc., RI, USA) during

both aerobic and anaerobic phases. The operational details

are described in Additional file 1: (S1).

Sampling, DNA and RNA extraction

To investigate the dynamics of microbial community

structures, eight sludge samples (1.5 mL) were taken on

days 1 (seed sludge), 19, 43, 118, 134, 156, 179, and 187

(Additional file 1: Figure S1), which covered the periods

of start-up, deterioration, recovery, and new stable

state. The suspended sludge samples were collected for

16S rRNA gene sequencing. DNA extraction of these 8

well-mixed sludge samples was performed using the

FastDNA SPIN Kit for Soil (MP Biomedicals, France).

Additionally, triplicate samples at 8 sampling points (24

sludge samples) were taken from 3 independent reac-

tion cycles on days 204, 210, and 213 (Fig. 1), which

were used for total DNA and RNA extraction and

downstream genome recovery and transcription activity

studies (Additional file 1: S2). The seed sludge (day 1)

and one sludge sample that was taken on day 261 were

used for shotgun sequencing to further check the

microbial community composition.

DNA and RNA sequencing

The 8 time-series DNA samples (days 1, 19, 43, 118, 134,

156, 179, and 187) that were used to study the changes in

the microbial community structure were PCR-amplified

with barcoded forward primer 515F and reverse primer

806R [30] and sequenced on the Illumina HiSeq 4000

platform (Illumina, CA, USA) to generate 250 bp paired-

end reads (2 × 250 bp). The 3 DNA and 24 RNA samples

(8 triplicate samples, 8 × 3) taken on days 204, 210, and

213 for the shotgun sequencing were sequenced on the

Illumina HiSeq 4000 platform (Illumina, CA, USA) to

generate 150 bp paired-end reads (2 × 250 bp) with 350 bp

insert size (Additional file 1: S2). Total DNA that was

extracted from the samples taken on days 1 and 261 was

used for the shotgun sequencing as well.

Protein extraction, trypsin digestion, and mass

spectrometry analysis

Sludge samples were taken from a reaction cycle on day

261. The sampling points corresponded to S1, S3, S4,

and S6 (Fig. 1). Total protein extraction was performed

using the modified B-PER extraction method following

the previous study [31, 32] (Additional file 1: S3). The

trypsin digestion was performed following the previous

study [33]. The tryptic digest was desalted with a 10-μm

C18 column and dissolved in 0.1% formic acid (v/v) for

Fig. 1 Variation of the nitrogen components over a reaction cycle and sampling points for the metatranscriptomic studies. The 8-hour cycle (480

min, 3 cycles/day) included 6min feed phase, 450 min reaction phase (divided into 3 aerated and 3 non-aerated phases), 4 min settling phase, 10

min discharge phase, and 10 min idle phase. The replicates for DNA and RNA (S1–S8) extraction were collected from three independent reaction

cycles on days 204, 210, and 213
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analysis on a Q Exactive mass spectrometer (Thermo-

Fisher Scientific Inc.) (Additional file 1: S3).

DNA sequence processing

The clean 16S rRNA reads from the 8 sludge samples

(normalized sequencing depth of 70,000) were obtained

following the quality control pipeline Mothur MiSeq

SOP [34]. QIIME (v 1.8.0) was then applied for open-

reference operational taxonomic unit (OTU) picking at a

cutoff of 98% [35]. UCLUST [36] was then applied to

assign the OTU at a minimum similarity of 0.9 against

the SILVA database (release 123) [37].

The clean metagenomic sequencing reads (average qual-

ity scores of > 30) generated from the 3 DNA samples (days

204, 210, and 213) were combined (461.5 million reads) for

quality control. The clean reads were co-assembled using

the CLC’s de novo assembly algorithm (CLC Genomics

Workbench v6.04, CLCBio, Qiagen) with a k-mer of 35 and

a minimum scaffold length of 1 kbp. A two-dimensional

coverage binning approach was used to retrieve the MAGs

of the microbial community members in anammox sludge

[38] (Additional file 1: S4). The completeness of recovered

MAGs was estimated using CheckM [39]. The relative

abundance of MAGs was estimated based on the recruited

reads of each MAG, which was normalized by the genome

sizes. All annotated MAGs are available under the IMG

system genome IDs listed in Additional file 2: Table S1.

Metatranscriptomic analysis

The non-rRNA reads (ranging from 56 to 73 million)

from 24 anammox sludge samples were mapped to all

predicted ORFs of the co-assembled contigs using the

read mapper of the CLC genomics workbench (v6.04,

CLCBio, Qiagen) (Additional file 1: S4). Differential gene

transcription across aerobic-anaerobic cycles was identi-

fied using the R package edgeR [40], at a P value cutoff

of 0.001 for FDR and a fold change of 2. The non-rRNA

reads transcripts per million measures (TPMs) were

used as estimations of gene expression in the present

study [41, 42]. To find the genes with relatively high

transcription levels in each genome, the relative gene

transcription was adopted in the present study [20],

which relativized the TPM value of each ORF by the

median TPM value calculated across the given genome.

The overall gene transcription value of MAG was esti-

mated based on the proportion of recruited metatran-

scriptomic reads of all ORFs of given MAG to all the

reads that mapped to the ORFs of the recovered MAGs

(Additional file 1: S4).

Metaproteomic analysis

A metagenomic taxonomy-guided database search strat-

egy was used for microbial protein identification [43].

The reconstructed database (Additional file 1: S5) search

was performed using MetaPro-IQ approach as previ-

ously described [44]. Label-free quantification (LFQ) was

performed using the implemented maxLFQ algorithm in

MaxQuant [45, 46]. Proteins identified by the same set or

a subset of peptides were grouped together as one protein

group. Both razor and unique peptides were used for the

protein quantification, and the minimum ratio count was

set as 1. Taxonomic analysis of metaproteome data is

described in detail in Additional file 1 (S5).

Phylogenetic analysis and MAG annotation

A genome tree of the newly recovered MAGs and reference

genomes was constructed using the Genome Tree DataBase

(GTDB) with a concatenated set of 120 bacterial-specific

conserved marker genes [47]. All retrieved MAGs were first

uploaded to the Kyoto Encyclopedia of Genes and Genomes

(KEGG) GhostKOALA [48] for the preliminary reconstruc-

tion of metabolic traits and were then uploaded to the

Integrated Microbial Genomes Expert Review (IMG-ER)

[49] system for genome annotation. The carbohydrate

hydrolases were identified using HMMER [50] against the

dbCAN database (September 2017) [51]. The peptidases

were identified based on the BLASTP searches against the

MEROPS (release 12.0) [52] (Additional file 1: S6). The

subcellular location of the identified proteins was predicted

using PSORT [53].

Results and discussion
Performance of the one-stage PNA reactor

The lab-scale one-stage PNA reactor was inoculated

with anammox sludge from a continuous one-stage PNA

reactor and followed the same continuous CSTR operat-

ing mode. Deterioration was observed during the first

75 days (Additional file 1: Figure S1, stage I). Although

the same influent composition (concentration of ammo-

nium was modified based on the amount of inoculated

biomass), DO, pH, HRT, and temperature were adopted

from the previous work [29]; the distinct bioreactor

design and sludge mixing strategies (mixed using aer-

ation in the previous work and stirred in the PNA

reactor of this study) may change the performance of

anammox sludge and induce deterioration at stage I. To

recover the nitrogen removal performance, the continu-

ously operating mode was changed to an SBR operating

mode on day 40. After a 2-month recovery (stage II), the

average nitrogen removal rate increased from 150.5 to

307.5 mgN/L/day and stayed at the new stable state

(stage III). The color of the sludge (Additional file 1:

Figure S2) changed from carmine (day 1) to peachpuff

(day 85) and then gradually changed to blood-red (day

308). Self-aggregated granular anammox sludge was

observed after approximately 150 days of operation and

achieved an average granular size of 498 μm on day 308

(Additional file 1: Figure S3). This observed aggregation
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revealed that the microorganisms in the studied PNA re-

actor produced more extracellular polymeric substances

(EPS) than those in the seed sludge. In the three reaction

cycles for metagenomic and metatranscriptomic sequen-

cing at stage III (days 204, 210, and 213), the ammonium

decreased faster in the aerobic phases than in the anaer-

obic phases (Fig. 1). As the product of ammonium

oxidation, nitrite did not obviously accumulate after a

reaction cycle (~ 0.5 mg/L), further confirmed the high

activity of anammox bacteria in the PNA reactor in a

new stable state.

Succession of bacterial community

The analysis of 16S rRNA gene sequences revealed that

the microbial community underwent an obvious change

(Additional file 1: Figure S4). It is noteworthy that the

relative abundance of the phylum Planctomycetes showed

a decreasing trend at stage I and then increased to as

much as twofold more than that in the seed sludge at

stage III. In addition, the dominant anammox population

shifted from the genus Candidatus Kuenenia to Candida-

tus Brocadia (Additional file 1: Figure S4b). Regarding the

relatively abundant OTUs that had a relative abundance >

0.3%, three clusters were obtained based on Pearson cor-

relation (Fig. 2a). These patterns of bacterial communities,

that is, increasing, decreasing, and transitionally increas-

ing, further supported the shift of community composition

in conjunction with changes in the operational mode. In

these two different operational modes, nitrite-oxidizing

bacteria (NOB) were nearly undetectable at an average

relative abundance of 0.06%, suggesting that the oper-

ational modes effectively reduced the competition be-

tween anammox bacteria and NOB for nitrite.

After quality control, we obtained a total of 460,840,

704 clean metagenomic reads from the samples on days

204, 210, and 213. Co-assembly of these reads generated

a total of 104,581 scaffolds with an N50 of 12,180 bp,

recruited 92.0% of total reads. Using the co-assembled

metagenomes, we retrieved 49 MAGs, and the IDs of

these MAGs were proposed based on their affiliated

phyla [54] (Additional file 2: Table S1, Additional file 1:

Figure S5). These newly recovered MAGs recruited

78.6% and 71.6% of the total DNA reads from the days

204, 210, and 213 samples and the sample from day 261,

respectively, indicating that the overall community from

day 261 was similar to the 3 days for genome binning.

These MAGs from co-assembled metagenomes recruited

61.4% of the total DNA reads from day 1. Given the rela-

tively low coverage of these MAGs in the seed sludge sam-

ple (day 1), individual assembly and binning were

performed. We recovered 24 seed-MAGs (Additional file 2:

Table S2) from the seed sludge. Fifteen of these seed-

MAGs are represented by the co-assembled MAGs (shared

average amino acid identity (AAI) > 99.5%). The remaining

9 seed-MAGs were unique in the seed sludge metagenome

but only recruited 10.5% reads from the seed sludge,

suggesting that the key populations in the seed sludge can

be represented by the 49 MAGs from the co-assembled
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samples. In addition, these 9 seed bacteria were nearly

washed out as their MAGs together recruited < 1% of the

DNA reads from days 204, 210, 213, and 261. Moreover,

the co-assembled 49 MAGs represented the most active

populations in the studied PNA reactor, which recruited

86.1% of the transcriptomic reads that could be mapped

to all predicted genes of the co-assembled metagenome

(Additional file 2: Table S3). In contrast, the 9 MAGs that

were only recovered from the seed sludge recruited < 0.5%

of the transcriptomic reads. In summary, a total of 58

MAGs were recovered from anammox sludge, which rep-

resented the major proportion of the studied microbial

community.

Complete or partial 16S rRNA gene sequences were

recovered in 18 MAGs, and 15 of them shared 100% gene

identity (no gap and mismatch) with amplified 16S rRNA

gene sequences (V4 region) (Additional file 2: Table S4).

This shows the persistence of the same microbial members

from day 1 to day 261. The genome-based shift of the abun-

dant bacteria, such as AMX1, AOB1, PLA1, ARM1, and

CFX1, shared similar trends with the community changes

from 16S rRNA gene data (Additional file 2: Table S4).

However, the relative abundances of several bacteria that

were estimated based on shotgun sequencing were different

from the amplicon sequencing result, possibly due to the

PCR amplification biases [55].

Similar to the amplicon sequence results, a shift in

the bacterial community was also found in the stud-

ied PNA reactor based on the relative abundance

distribution of the newly recovered MAGs (Fig. 2b

and Additional file 1: Figure S6). Remarkably, AMX3

accompanied by an assemblage of bacteria was

mainly identified in the seed sludge, while it was

nearly undetectable in the anammox sludge samples

taken after ~ 200 days of SBR operation. In contrast,

we found that the low abundant species in the seed

sludge, including AOB1 and AMX1, dominated the

new bacterial community. In addition to the abun-

dant bacterial populations, 18 MAGs were identified

as low relative abundant species (< 0.5%) in both

seed and long-term operated anammox sludge sam-

ples (Additional file 1: Figure S6).

As shown in the genome tree (Fig. 3), we recovered

three anammox MAGs and three AOB MAGs from

anammox sludge. Most of these recovered MAGs

(62.0%) were high-quality genomes (> 90% complete-

ness and < 5% contamination) and affiliated with widely

reported phyla in anammox systems [56], i.e., Proteo-

bacteria, Bacteroidetes, Planctomycetes, Chloroflexi,

Acidobacteria, Armatimonadetes, and Verrucomicrobia

(Additional file 2: Table S1). The shift in the phylogen-

etic affiliation of the dominant anammox bacteria in

the seed sludge (AMX3, Candidatus Kuenenia) and the

new stable state (AMX1, Candidatus Brocadia) was

consistent with the taxonomic shift that was observed

from the 16S rRNA gene data.

The most dominant anammox bacterium at the new

stable state (AMX1) shared an AAI of 99.1% with Candida-

tus Brocadia sp. 40 [57] and was identical (100%) to Candi-

datus Brocadia sp. R4W10303 [58] (Additional file 2: Table

S5). The dominant anammox (AMX3) in the seed sludge

shared an AAI of 99.5% with Candidatus Kuenenia stutt-

gartiensis [19]. Several bacteria from the phyla Chloroflexi

(CFX1 and CFX5) and Proteobacteria (PRO5) were closely

related to (> 95.5% AAI) the organisms (UTCFX1,

UTCFX4, and UTPRO2) that were reported in an ana-

mmox reactor by Lawson et al. [20] (Fig. 3). This further

confirmed that the anammox-associated organisms can be

widely identified in the anammox system. However, the

bacteria (UTCFX1) in the previous work [20] that showed a

close phylogenetic relationship with the dominant bacteria

(CFX1) in the seed sludge of the present study (relative

abundance of 34.2%) only had a relative abundance of 1.1%,

indicating that the community structure varied greatly

along with reactor design and operational strategies.

Although the reactor performance was recovered by

changing the feeding strategy, this change in operating

conditions radically changed the microbial community,

resulting in a shift of key autotrophic organisms and

heterotrophic organisms in the PNA reactor. The widely

reported shifts in the dominant anammox populations in

different studies [59–61] supported that anammox bac-

teria are likely affected by niche differentiation. van der

Star et al. [62] observed a contrary tendency that the

anammox population shifted from Candidatus Brocadia

sp.40 to Candidatus Kuenenia stuttgartiensis due to the

limiting substrate concentration. In the present study,

the seed sludge for the reactor startup was collected

from a continuously operated PNA reactor by introdu-

cing the synthetic influent at a slow flow rate (7–14mL/

min), which provided limiting substrate concentrations

(ammonium and nitrite) in the reactor [29]. This con-

tinuous operational mode selected the affinity strategists

(AMX3) in the seed sludge. In contrast, the SBR operat-

ing mode in the present study created a relatively higher

substrate concentration due to the sequencing feeding

strategy. Therefore, the SBR operational mode enriched

the anammox bacteria that were reported as growth rate

strategist [62]. In addition, the observed tiny sludge

granules also supported the previous studies that the

forms of anammox sludge (e.g., flocs, biofilm, and gran-

ules) have an effect on the microbial community assem-

bly in anammox reactors [63, 64]. However, the change

in operational mode also changed other parameters such

as the aerobic exposure time and sludge retention time

(SRT), which may also influence the microbial commu-

nity assembly [65]. Therefore, further batch investiga-

tions will be needed to study how these operational

Wang et al. Microbiome           (2019) 7:122 Page 6 of 15



factors change the microbial community in the studied

anammox systems. Moreover, assemblages of the domin-

ant heterotrophs shifted in conjunction with the key

autotrophs (AOB and anammox bacteria), indicating

that biotic interactions may also contribute to the

bacterial assembly.

Fig. 3 Phylogeny of 120 concatenated proteins from 121 bacterial genomes, including the 58 MAGs from the present study. The identification

and alignment of the 120 conserved proteins were performed using the GTDB-Tk [53]. The MAGs recovered from this study are in white. The

completeness of these MAGs was estimated using CheckM [40]. MAGs that dominate in the studied PNA reactor (long-term SBR operation) and

seed sludge (continuous operation) are in white bold font with red and blue backgrounds, respectively. The unique MAGs that are only

recovered from seed sludge are in white bold font with gray backgrounds. Rare populations that have relative abundance < 2% in the seed and

long-term operated PNA reactor are in white bold font with brown background. Kartal et al. [19] reported MAGs are in green bold font
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Nitrogen metabolism as the most active process in the

studied PNA reactor

Based on the results of the time-series metatranscrip-

tomes that were obtained from three independent reac-

tion cycles (days 204, 210, and 213), two of the newly

recovered anammox bacteria (i.e., AMX1 and AMX2)

were the most active bacteria in the PNA reactor under

the SBR operational mode, which recruited more than

66% of the transcriptomic reads that could be mapped

to all the newly recovered MAGs (Fig. 4a). Consistently,

the weighted and unweighted abundances of the identi-

fied anammox proteins accounted for 81.1% and 82.9%

of the detected proteins in the samples taken from day

261, respectively (Fig. 4b, Additional file 1: Figure S7).

Following anammox bacteria, AOB were the second most

active bacteria based on the results of protein expression

(2.1% weighted abundance and 11.2% unweighted abun-

dance). The proteins for nitrogen metabolism were

expressed over 100-fold higher than other metabolic path-

ways (Fig. 4c and Additional file 1: Figure S8), which dem-

onstrated that nitrogen metabolism was the most important

process and may link other heterotrophs with anammox

bacteria and AOB.

Only approximately 1% of all predicted genes (505,

204) in the co-assembled metagenomes showed differen-

tial transcription across aerobic and anaerobic phases.

The genes involved in nitrogen metabolism showed that

most genes did not have significantly different transcrip-

tion patterns across the aerobic and anaerobic phases

(Fig. 5). This minimal transcriptomic change confirmed

that the transcriptome did not respond to oxygen cyc-

ling in the reactor, suggesting that the self-aggregated

granules provide niche differentiation for aerobic and

anaerobic bacteria [66].

Specifically, the genes for anammox-associated nitrogen

metabolism showed the highest transcription and protein

expression activities compared with other nitrogen meta-

bolic pathways (Fig. 5a, b). All subunits of the hydrazine

synthase (HZS) [19], i.e., hzsCBA genes, were identified and

actively expressed in AMX1 and AMX2 at both the RNA

and protein levels (Additional file 2: Tables S6, S7, and S8

and Additional file 1: Figure S8), and the HZS complex

a c

b

Fig. 4 Multi-omic abundance. a Relative abundance and time series transcription of the newly recovered MAGs (> 1% DNA-based relative

abundance or > 1% transcription-based relative abundance). The relative abundance (normalized by the genome size) and transcription represent

the ratios of recruited metagenomic sequences and metatranscriptomic sequences of a given MAG to the total recruited metagenomic and

metatranscriptomic sequences of all the recovered MAGs. Triplicate metatranscriptomic data of each sampling point were used for the estimation

of transcription in MAGs. The order of relative transcription follows the sampling time series. b Taxonomy distribution of identified proteins. Taxa

in Candidatus Brocadiales and Nitrosomonadales are expanded in this tree. c Metabolic pathway distribution of the identified proteins; the

pathways that have LFQ intensity > 0.35 × 109 are presented

Wang et al. Microbiome           (2019) 7:122 Page 8 of 15



NH
4
+

NH
2
OH

NO
2

-

NO
3

-

NO

N
2
O

N
2

N
2
H

4

0

5

10

15

20

25

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AOB1_amoA
AOB2_amoA
AOB1_amoB
AOB2_amoB
AOB1_amoC
AOB2_amoC

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AOB1_hao
AOB2_hao

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX3_nirS
PRO1_nirS
PRO2_nirS
PRO3_nirS
PRO4_nirS
PRO5_nirS
BAC1_nirK
CFX2_nirK

AOB1_nirK
AOB2_nirK

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AOB1_norC
AOB2_norB
PRO1_norB

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

CFX2_nosZ
PLA1_nosZ
PRO1_nosZ
PRO5_nosZ

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX1_hao-like
AMX2_hao-like

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX1_hdh
AMX2_hdh
AMX3_hdh

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

BAC1_narGHI
CFX1_narGH
PRO3_narGH
PRO4_narGH
PRO5_narGH
ARM1_narGH

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX1_narGH
AMX2_narGH
AMX3_narG

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX1_nrfHA,nirB
AMX2_nrfHA,nirB
ARM1_nrfHA
CFX2_nrfHA

a

c

Log
2
(TPM)

*
*

*

*

b

#

0

100

200

Nitritation 

Nitrogen related pathways

DNRA

Aerobic

Anaerobic

ND

0

2

4

6

8

100

110

120  S1-1

 S1-2

 S1-3

 S3

 S4

 S6

Nitrogen related pathways

L
F

Q
 i
n

te
n

s
it
y
 (

×
1

0
9
)

#

Aerobic Anaerobic

*

*

#

#

S
1

S
2

S
3

S
4

S
5

S
6

S
7

S
8

AMX1_hzsA
AMX1_hzsB
AMX1_hzsC
AMX2_hzsA
AMX2_hzsB
AMX2_hzsC
AMX3_hzsC

L
o

g
2
(T

M
P

)

Anammox NO
3

- - NO
2
- NO

2
- - N

2
O N

2
O - N

2
Nitritation DNRAAnammox NO

3
- - NO

2
- NO

2
- - N

2
O N

2
O - N

2

Fig. 5 Nitrogen metabolism involved gene and protein expression. a The overall transcription of nitrogen metabolism-related pathways. The

nitrogen metabolism-related genes in anammox bacteria were individually estimated. The order of transcription value follows the sampling time

series. b The total LFQ intensity of identified proteins for nitrogen metabolism-related pathways. ND, not detected. c Average gene transcription

(triplicate samples) of specific gene encoding enzyme for nitrogen metabolism in the time-series anammox sludge samples. The gene affiliation

and enzyme names are aligned to the heat maps. The expression profiles that had significantly differential transcriptomic profiles between

aerobic and anaerobic samples are marked with red asterisks. The uncertain gene functions are marked with hashtags. The hydrazine synthase

subunit A (hzsA) and B (hzsB) were not recovered in AMX3

Wang et al. Microbiome           (2019) 7:122 Page 9 of 15



accounted for ~ 80% of all identified proteins for nitrogen

metabolism in the anammox bacteria. Genes encoding

the three subunits of ammonium monooxygenase

(AMO, amoA, amoB, and amoC genes) were actively

expressed (log2TPM > 10) in the dominant AOB

(AOB1). These three genes in AOB were expected to

have comparable expression levels, whereas the tran-

script abundance of the amoC genes was ~ 487-fold

higher than that of the amoA genes in AOB. Notably,

the relative gene expression of amoB in AOB1 was ~

500-fold higher than in AOB2 (Additional file 2:

Tables S9 and S10), which was confirmed by the meta-

proteomes (Additional file 1: Figure S8). In addition,

one gene encoding copper-containing nitrite reductase

(CuNiR) showed extremely high transcription in AOB1

and was significantly upregulated (P < 0.01) during the

aerobic phases, suggesting that the CuNiR may not solely

act as a nitrite reductase in AOB1 (Fig. 5c). A recent study

showed that NirK may oxidize NO to nitrite in Nitrosomo-

nas europaea [67].

As expected, some of the abundant (> 1% relative

abundance) organisms, including CFX1, PLA1, ARM1,

BAC1, and PRO2-5, which did not have autotrophic car-

bon fixation pathways, encoded and transcribed genes

for partial or complete denitrification (Fig. 5c) in the

studied PNA reactor. The most abundant heterotrophic

bacteria (ARM1) encoded and expressed genes for

respiratory nitrate reductase (NarGH) and cytochrome c

nitrite reductase (NrfH), suggesting that this organism

could perform anaerobic respiration using nitrate/nitrite

as electron acceptor. Additionally, several other organ-

isms, including the most abundant bacteria in the seed

sludge (CFX1), showed the capability of nitrate respir-

ation. Based on the transcription of genes encoding

nitric oxide reductase (Nor), nitrous oxide in the studied

PNA reactor might be mainly produced by AOB. Four

newly recovered bacteria (CFX2, PLA1, PRO1, and

PRO5) encoded and expressed nitrous oxide reductase

(NosZ), which may reduce the nitrous oxide to nitrogen

gas. It is noteworthy that the gene encoding NosZ in

one abundant heterotroph, PLA1, was among the top 50

highly expressed genes (Additional file 2: Table S11).

The recovered abundant and/or active heterotrophs in

the PNA reactor were denitrifying bacteria and provided

extra nitrite/ammonium for anammox bacteria via the

nitrite/ammonium loop, which was also identified in

previous works [17, 20, 68]. Therefore, the assemblages

of bacteria may be selected not only by the operational

modes but also by the key metabolism process in the

studied system. The transcription for the denitrification

process was much lower than that of the anammox and

AOB processes in the studied PNA reactor, which may

be because no extra carbon source was added in the syn-

thetic influent. Therefore, the changes in key autotrophic

bacteria and their metabolic features may also shape the

assembly of heterotrophs in the PNA reactor.

Preference for electron donors in abundant heterotrophs

changed in conjunction with the shift in anammox

bacteria

The exchange of electron donors is a widely discussed

driving force that shapes microbial community assembly

[69–71]. As shown in Fig. 5c, the abundant bacteria (> 1%

relative abundance) in the studied PNA reactor were

mainly denitrifying bacteria that may use nitrite, nitrate,

and gaseous nitrogen oxide as electron acceptors to per-

form anaerobic respiration. In the studied PNA reactor

without an additional carbon source, the heterotrophs

were anticipated to have intensive interactions with the

AOB/anammox bacteria for electron donors.

Genes encoding ABC transporters for carbohydrate and

multi-sugars were identified in the most abundant hetero-

troph (ARM1). Approximately 28% of the 87 identified ABC

transporters were predicted to be transporters for carbohy-

drates in this organism (Additional file 2: Table S12), and at

least 145 genes in ARM1 were associated with the currently

deposited families from the CAZy database (Additional file 2:

Table S13), including 48 genes encoding glycoside hydro-

lases. In addition, several other organisms enriched by the

SBR operational mode (e.g., PLA1 and 2 and PRO6) encoded

more glycoside hydrolases genes than the heterotrophic

bacteria in the seed sludge.

In contrast, the heterotrophs (CFX1) that dominated

in the seed sludge encoded numerous genes for pepti-

dases and peptide transporters (Additional file 2: Table

S14). Genes for outer membrane metallopeptidases were

identified and highly expressed in CFX1, PRO3, and

PRO4 (Additional file 1: Figure S9), suggesting that these

organisms were protein degraders in the seed sludge.

The key protein degrader (Ignavibacteriales UTCHB1)

that was reported by Lawson et al. [20] was not identi-

fied in the present study, which further supported the

fact that the abundance of the microbial members with

similar ecological roles varied greatly in different ana-

mmox systems. CFX1 also showed a potential for fatty

acid utilization by encoding and transcribing genes for

fatty acid degradation. These results revealed that the

key organisms in the seed sludge exhibited distinct pref-

erences for carbon sources compared with the key

microorganisms after long-term SBR operation.

This distinct preference for electron donors among the

heterotrophs could be explained by the shift in dominant

autotrophs and the self-aggregation after long-term SBR

operation. As the major organic carbon source, EPS are

mainly composed of polysaccharides, proteins, nucleic

acids, and lipids, which also contribute to the aggregation

of bacterial cells [72]. As the most active bacteria in the

studied PNA reactor, anammox bacteria may contribute
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to the majority of the carbon sources. However, the EPS

composition of different anammox bacteria varied greatly

[59], suggesting that the shift in anammox taxa may

induce the change in the major organic carbon sources in

the studied PNA reactor. Based on the metatranscrip-

tomes, more transcriptomic reads for amino acid metabol-

ism were observed in AMX3 than in AMX1 and AMX2

(Additional file 1: Figure S10). In contrast, the anammox

bacteria that were enriched after the long-term operation

showed higher activity with respect to the biosynthesis of

polysaccharides. AMX1 (0.8% of transcriptomic reads)

showed higher transcriptomic activity for amino sugar

biosynthesis than the dominant anammox bacteria in the

seed sludge (AMX3, 0.5% of metatranscriptomic reads).

Genes encoding alginate export protein were highly tran-

scribed in these three recovered anammox MAGs, but

particularly higher in the enriched anammox bacterium

(AMX2) after the long-term operation that transcribed >

100-fold higher than its median transcription level in both

aerobic and anaerobic phases. Consistently, EPS of one

anammox bacterium that shared an AAI of 99.1% with

AMX1 was reported to be mainly composed of polysac-

charide [59]. In summary, the fraction of polysaccharides

and protein in the EPS matrix varied along with the shift

in dominant anammox bacteria in the studied PNA

reactor, which further shaped the bacterial community

with a distinct preference for electron donors.

Auxotrophies shaped the key bacterial community

assembly

In addition to electron donors, the exchanges of amino

acids, vitamins, and other cofactors of microorganisms

were reported to have effects on the microbial commu-

nity assembly as most microorganisms are auxotrophs

[73]. AMX1 and AMX2, identified in the studied PNA

reactor, are prototrophic bacteria that can synthesize

almost all amino acids, including the amino acids with

the greatest metabolic cost, such as tyrosine, phenylalan-

ine, and tryptophan (Fig. 6). Several key genes for ala-

nine, aspartate, and asparagine biosynthesis were not

identified in AMX3, which might be due to the relatively

low completeness of AMX3 (86.7%). However, genes
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encoding cystathionine beta-lyase or cystathionine

gamma-synthase for methionine biosynthesis were not

identified from any anammox MAGs. Interestingly,

genes for the methionine biosynthesis process were

highly transcribed in AOB1 (~ 5-fold higher than its

median level). This result suggested that anammox may

also benefit from the metabolism of the amino acids in

AOB, although they carry out different metabolic fea-

tures and compete for substrate (ammonium/ammonia)

in the PNA reactor.

It was unexpected that the most abundant heterotrophic

bacteria in seed (CFX1) and sludge after long-term SBR

operation (PLA1 and ARM1) were auxotrophic for more

amino acids than the other relatively low-abundant hetero-

trophs. Aside from the largely missing genes for amino acid

biosynthesis, the transcription of the existing amino acid

biosynthesis pathways was generally lower than that of

other microbial members (Fig. 6). Based on the recon-

structed pathways, CFX1 (14) required more types of extra-

cellular amino acids than PLA1 (9) and ARM1 (8).

Consistently, the genes for membrane transportation were

one of the most active pathways in CFX1 (6.4% of meta-

transcriptomic reads) and ARM1 (3.7% of metatranscrip-

tomic reads), supporting that these bacteria rely on other

members of the community. Specifically, the genes for L-

amino acids, polar amino acids, and branched-chain amino

acid transporters were highly transcribed in these two

organisms (Additional file 2: Tables S12 and S14). In

contrast, the majority of amino acid biosynthesis pathways,

including the three amino acids with the greatest metabolic

cost, could be identified in these relatively low-abundance

bacteria, and some of the amino acid biosynthesis pathways

were even highly transcribed (Fig. 6). The relatively higher

activity of amino acid metabolism in AMX3 than in the

other anammox bacteria might explain the co-occurrence

of AMX3 and CFX1 in the seed sludge. After the long-term

operation, AMX3 and CFX1 were replaced by AMX1,

AMX2, and associated heterotrophic bacteria with fewer

auxotrophic genotypes. The further decreasing trend of

CFX1 that was observed in the sample taken on day 261

(Additional file 1: Figure S6) confirmed that CFX1 could

not adapt to the current condition.

Similarly, genes for the biosynthesis of several B-vitamins

were missing in the most dominant heterotrophs. CFX1 pos-

sess only one complete pathway for pantothenate (vitamin

B5) biosynthesis. In addition to CFX1, pantothenate biosyn-

thesis was the most highly expressed vitamin biosynthesis

pathway in most of the abundant bacteria. Interestingly, the

key genes for (R)-pantoate biosynthesis were missing in the

newly recovered anammox MAGs, indicating that the

anammox bacteria in the studied PNA reactor might be

pantothenate auxotrophs and rely on extracellular panto-

thenate from other members of the community. Anammox

bacteria were the sole organisms that synthesize cobalamin

(vitamin B12) in the studied core bacterial community in both

seed sludge and sludge after long-term SBR operation.

The most abundant heterotrophic bacteria (PLA1) that

were enriched after long-term operation might adopt an

alternative strategy to thrive in the PNA reactor because

the process of membrane transportation was not actively

expressed. One significant feature of PLA1 is its numerous

genes for secretion systems (SSs). At least 51 genes for SS

were found and expressed in PLA1 (Additional file 2:

Table S11), including 18, 17, and 16 genes that could be

assigned to type II, IV, and VI SSs, respectively. The genes

encoding hemolysin-coregulated protein (Hcp), which is a

reliable indicator for type VI SSs, were highly transcribed

in PLA1. Additionally, genes encoding valine-glycine re-

peat protein G (VgrG) with a C-terminal extension and

PAAR (proline-alanine-alanine-arginine) repeat superfam-

ily, forming a sharp conical extension on the VgrG spike,

were identified and transcribed in PLA1. Although the

domain of the C-terminal extension of VgrG that might

act as effector proteins is still unknown, these active SSs

in PLA1 may have a pivotal role in its competition with

other bacteria.

The above results of amino acid and vitamin exchange

in the studied microbial community provided new in-

sights into the microbial community assembly in the

PNA reactor. Conventionally, the auxotrophic genotypes

were reported to be selected in nutrient-rich or constant

environments [74], but the most dominant heterotrophs

in the seed sludge and long-term enriched anammox

sludge all lacked much more amino acid and vitamin

biosynthetic capabilities than other less abundant het-

erotrophs. Considering no extra carbon sources in the

influent of the anammox reactor, the present study con-

firmed that the loss of costly amino acid biosynthesis

and the highly transcribed membrane transportation

process in these most dominant heterotrophs might

result in strong fitness over other heterotrophs that were

less auxotrophic [75].

On the basis of the Black Queen Hypothesis (BQH),

“beneficiaries” that lose essential functions depend on

other organisms (that is, “helpers”) for the corresponding

metabolites [76]. In the studied PNA reactor, anammox

bacteria were the helpers that provided almost all types

of amino acids and vitamins to the auxotrophs. The shift

in these keystone bacteria and their metabolic activities

regarding the costly essential metabolites may change

the composition of dominant auxotrophs. The proposed

beneficiaries provided certain amino acid or vitamin that

might not be synthesized by the helpers, which, in

return, acted as helpers in this complicated bacterial

community. This might explain why microbes are closely

dependent on each other and how auxotrophies shape

the bacterial community assembly in the PNA reactor.

The significant shift in the most abundant bacterial
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populations also supported the “storage effects” of low-

abundance bacteria. These low-abundance bacteria may

be crucial for the response to disturbances [77]. The

complex contact-dependent interactions (type VI SSs)

further expanded our understanding of the biotic inter-

actions underlying the bacterial community assembly in

the PNA reactor.

Conclusions

Taken together, the integrated multi-omics analysis pro-

vided new insights into how environmental conditions and

biotic interactions simultaneously shape bacterial commu-

nity assembly in the ammonium-driven PNA reactor with-

out extra carbon source. These new observations linked the

strategies of bacterial community assembly with abiotic

(operating mode) and biotic factors (e.g., electron donor

exchange, nitrogen metabolism, and auxotrophies) and

would be crucial to predict and control the microbial com-

munity in anammox processes. However, further studies

are still required to determine the genuine role of amoB in

AOB under oxygen-deficient conditions. In the present

study, a bacterial assembly strategy was proposed in a lab-

scale PNA reactor feeding synthetic wastewater, and the

microbial ecology under other operational strategies

requires further work, particularly for the anammox sys-

tems treating real wastewater.

Additional files

Additional file 1: Supplementary information. (PDF 1520 kb)

Additional file 2: Supplementary datasets. (XLSX 1717 kb)

Acknowledgements

YW, LL, and YC wish to thank the University of Hong Kong for the

postgraduate scholarships. DF acknowledges a Canada Research Chair in

Proteomics and Systems Biology. Technical support from Ms. Vicky Fung is

greatly appreciated. We also thank the reviewers for their constructive

comments.

Authors’ contributions

YW and TZ designed the research project. QN and YL contributed to the

start-up of PNA reactor. XZ and DF performed the metaproteomic analysis.

YW, LL, YC, and MN contributed to the daily operation of the PNA reactor.

YW analyzed the data. YW and TZ wrote the manuscript. All authors read

and approved the final manuscript.

Funding

This work was supported by Hong Kong GRF (172045/19E) and Natural

Sciences and Engineering Research Council of Canada.

Availability of data and materials

Raw metagenomic and metatranscriptomic sequences were deposited into

the Sequence Read Archive at GenBank under the BioProject accession

number PRJNA471375.

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium (http://www.proteomexchange.org) via the

PRIDE [78] partner repository with the dataset identifiers PXD009787. Scripts

used in the present study are available in Github (https://github.com/

yulinwang605/Metagenomic-analysis).

Ethics approval and consent to participate

The manuscript does not report data collected from humans and animals.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Environmental Microbiome Engineering and Biotechnology Laboratory,

Department of Civil Engineering, The University of Hong Kong, Pokfulam

Road, Hong Kong SAR, People’s Republic of China. 2School of Environmental

Science and Engineering, China–America CRC for Environment & Health,

Shandong University, 72#Jimo Binhai Road, Qingdao 266237, Shandong

Province, People’s Republic of China. 3Ottawa Institute of Systems Biology

and Department of Biochemistry, Microbiology and Immunology, Faculty of

Medicine, University of Ottawa, Ottawa, ON, Canada. 4Department of Civil

and Environmental Engineering, Graduate School of Engineering, Tohoku

University, 6-6-06 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan.

Received: 12 March 2019 Accepted: 13 August 2019

References

1. Harhangi HR, Le Roy M, van Alen T, Hu BL, Groen J, Kartal B, Tringe SG,

Quan ZX, Jetten MSM, Op den Camp HJ. Hydrazine synthase, a unique

phylomarker with which to study the presence and biodiversity of

anammox bacteria. Appl Environ Microbiol. 2012;78:752–8.

2. Strous M, Fuerst JA, Kramer EHM, Logemann S, Muyzer G, van de Pas-

Schoonen KT, Webb R, Kuenen JG, Jetten MSM. Missing lithotroph identified

as new planctomycete. Nature. 1999;400:446–9.

3. Strous M, Pelletier E, Mangenot S, Rattei T, Lehner A, Taylor MW, Horn M,

Daims H, Bartol-Mavel D, Wincker P, et al. Deciphering the evolution and

metabolism of an anammox bacterium from a community genome. Nature.

2006;440:790–4.

4. Strous M, Heijnen JJ, Kuenen JG, Jetten MSM. The sequencing batch reactor

as a powerful tool for the study of slowly growing anaerobic ammonium-

oxidizing microorganisms. Appl Microbiol Biotechnol. 1998;50:589–96.

5. Lackner S, Gilbert EM, Vlaeminck SE, Joss A, Horn H, van Loosdrecht MC.

Full-scale partial nitritation/anammox experiences-an application survey.

Water Res. 2014;55:292–303.

6. Ma B, Zhang S, Zhang L, Yi P, Wang J, Wang S, Peng Y. The feasibility of

using a two-stage autotrophic nitrogen removal process to treat sewage.

Bioresour Technol. 2011;102:8331–4.

7. Van Loosdrecht M, Salem S. Biological treatment of sludge digester liquids.

Water Sci Technol. 2006;53:11–20.

8. Jetten MSM, Strous M, van de Pas-Schoonen KT, Schalk J, van Dongen UG, van

de Graaf AA, Logemann S, Muyzer G, van Loosdrecht MC, Kuenen JG. The

anaerobic oxidation of ammonium. FEMS Microbiol Rev. 1998;22:421–37.

9. van Dongen U, Jetten MSM, van Loosdrecht MC. The SHARON-Anammox

process for treatment of ammonium rich wastewater. Water Sci Technol.

2001;44:153–60.

10. Joss A, Salzgeber D, Eugster J, König R, Rottermann K, Burger S, Fabijan P,

Leumann S, Mohn J, Siegrist H. Full-scale nitrogen removal from digester

liquid with partial nitritation and anammox in one SBR. Environ Sci Technol.

2009;43:5301–6.

11. Sliekers AO, Derwort N, Gomez JLC, Strous M, Kuenen JG, Jetten MSM.

Completely autotrophic nitrogen removal over nitrite in one single reactor.

Water Res. 2002;36:2475–82.

12. Third KA, Sliekers AO, Kuenen JG, Jetten MSM. The CANON system

(Completely Autotrophic Nitrogen-removal Over Nitrite) under ammonium

limitation: interaction and competition between three groups of bacteria.

Syst Appl Microbiol. 2001;24:588–96.

13. Cho S, Takahashi Y, Fujii N, Yamada Y, Satoh H, Okabe S. Nitrogen removal

performance and microbial community analysis of an anaerobic up-flow

granular bed anammox reactor. Chemosphere. 2010;78:1129–35.

14. Li X, Sun S, Yuan H, Badgley BD, He Z. Mainstream upflow nitritation-anammox

system with hybrid anaerobic pretreatment: long-term performance and

microbial community dynamics. Water Res. 2017;125:298–308.

Wang et al. Microbiome           (2019) 7:122 Page 13 of 15

https://doi.org/10.1186/s40168-019-0730-6
https://doi.org/10.1186/s40168-019-0730-6
http://www.proteomexchange.org
https://github.com/yulinwang605/Metagenomic-analysis
https://github.com/yulinwang605/Metagenomic-analysis


15. Gonzalez-Gil G, Sougrat R, Behzad AR, Lens PN, Saikaly PE. Microbial

community composition and ultrastructure of granules from a full-scale

anammox reactor. Microb Ecol. 2015;70:118–31.

16. Nejidat A, Diaz-Reck D, Massalha N, Arbiv A, Dawas A, Dosoretz C, Sabbah I.

Abundance and diversity of anammox bacteria in a mainstream municipal

wastewater treatment plant. Appl Microbiol Biotechnol. 2018;102:6713–23.

17. Speth DR, Int’ Zandt MH, Guerrero-Cruz S, Dutilh BE, Jetten MSM. Genome-

based microbial ecology of anammox granules in a full-scale wastewater

treatment system. Nat Commun. 2016;7:11172.

18. Kartal B, Kuypers MMM, Lavik G, Schalk J, Op den Camp HJ, Jetten MSM,

Strous M. Anammox bacteria disguised as denitrifiers: nitrate reduction to

dinitrogen gas via nitrite and ammonium. Environ Microbiol. 2007;9:635–42.

19. Kartal B, Maalcke WJ, de Almeida NM, Cirpus I, Gloerich J, Geerts W, Op den

Camp HJ, Harhangi HR, Janssen-Megens EM, Francoijs KJ, et al. Molecular

mechanism of anaerobic ammonium oxidation. Nature. 2011;479:127–30.

20. Lawson CE, Wu S, Bhattacharjee AS, Hamilton JJ, McMahon KD, Goel R,

Noguera DR. Metabolic network analysis reveals microbial community

interactions in anammox granules. Nat Commun. 2017;8:15416.

21. Sonthiphand P, Hall MW, Neufeld JD. Biogeography of anaerobic ammonia-

oxidizing (anammox) bacteria. Front Microbiol. 2014;5:399.

22. Jetten MSM, Niftrik L, Strous M, Kartal B, Keltjens JT, Op den Camp HJM.

Biochemistry and molecular biology of anammox bacteria. Crit Rev Biochem

Mol Biol. 2009;44:65–84.

23. Schmid M, Twachtmann U, Klein M, Strous M, Juretschko S, Jetten MSM,

Metzger JW, Schleifer KH, Wagner M. Molecular evidence for genus level

diversity of bacteria capable of catalyzing anaerobic ammonium oxidation.

Syst Appl Microbiol. 2000;23:93–106.

24. Villanueva L, Speth DR, van Alen T, Hoischen A, Jetten MSM. Shotgun

metagenomic data reveals significant abundance but low diversity of

“Candidatus Scalindua” marine anammox bacteria in the Arabian Sea

oxygen minimum zone. Frontiers in Microbiology. 2014;5.

25. Schmid MC, Risgaard-Petersen N, van de Vossenberg J, Kuypers MMM, Lavik

G, Petersen J, Hulth S, Thamdrup B, Canfield D, Dalsgaard T, et al. Anaerobic

ammonium-oxidizing bacteria in marine environments: widespread

occurrence but low diversity. Environ Microbiol. 2007;9:1476–84.

26. Freilich S, Zarecki R, Eilam O, Segal ES, Henry CS, Kupiec M, Gophna U,

Sharan R, Ruppin E. Competitive and cooperative metabolic interactions in

bacterial communities. Nat Commun. 2011;2:589.

27. Tan J, Zuniga C, Zengler K. Unraveling interactions in microbial

communities - from co-cultures to microbiomes. J Microbiol.

2015;53:295–305.

28. Powell JR, Karunaratne S, Campbell CD, Yao H, Robinson L, Singh BK.

Deterministic processes vary during community assembly for ecologically

dissimilar taxa. Nat Commun. 2015;6:8444.

29. Liu Y, Niu Q, Wang S, Ji J, Zhang Y, Yang M, Hojo T, Li YY. Upgrading of the

symbiosis of Nitrosomanas and anammox bacteria in a novel single-stage

partial nitritation-anammox system: nitrogen removal potential and

microbial characterization. Bioresour Technol. 2017;244:463–72.

30. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,

Turnbaugh PJ, Fierer N, Knight R. Global patterns of 16S rRNA diversity at a

depth of millions of sequences per sample. Proc Natl Acad Sci U S A. 2011;

108(Suppl 1):4516–22.

31. Barr JJ, Dutilh BE, Skennerton CT, Fukushima T, Hastie ML, Gorman JJ, Tyson

GW, Bond PL. Metagenomic and metaproteomic analyses of

Accumulibacter phosphatis-enriched floccular and granular biofilm. Environ

Microbiol. 2016;18:273–87.

32. Hansen SH, Stensballe A, Nielsen PH, Herbst FA. Metaproteomics: evaluation

of protein extraction from activated sludge. Proteomics. 2014;14:2535–9.

33. Zhang X, Li L, Mayne J, Ning Z, Stintzi A, Figeys D. Assessing the impact of

protein extraction methods for human gut metaproteomics. J Proteomics.

2018;180:120–7.

34. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development

of a dual-index sequencing strategy and curation pipeline for analyzing

amplicon sequence data on the MiSeq Illumina sequencing platform. Appl

Environ Microbiol. 2013;79:5112–20.

35. Yarza P, Yilmaz P, Pruesse E, Glockner FO, Ludwig W, Schleifer KH, Whitman

WB, Euzeby J, Amann R, Rossello-Mora R. Uniting the classification of

cultured and uncultured bacteria and archaea using 16S rRNA gene

sequences. Nat Rev Microbiol. 2014;12:635–45.

36. Edgar RC. Search and clustering orders of magnitude faster than BLAST.

Bioinformatics. 2010;26:2460–1.

37. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,

Glockner FO. The SILVA ribosomal RNA gene database project: improved

data processing and web-based tools. Nucleic Acids Res. 2013;41:D590–6.

38. Albertsen M, Hugenholtz P, Skarshewski A, Nielsen KL, Tyson GW, Nielsen

PH. Genome sequences of rare, uncultured bacteria obtained by differential

coverage binning of multiple metagenomes. Nat Biotechnol. 2013;31:533–8.

39. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM:

assessing the quality of microbial genomes recovered from isolates, single

cells, and metagenomes. Genome Res. 2015;25:1043–55.

40. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for

differential expression analysis of digital gene expression data.

Bioinformatics. 2010;26:139–40.

41. Moitinho-Silva L, Diez-Vives C, Batani G, Esteves AI, Jahn MT, Thomas T.

Integrated metabolism in sponge-microbe symbiosis revealed by genome-

centered metatranscriptomics. ISME J. 2017;11:1651–66.

42. Wegener G, Krukenberg V, Riedel D, Tegetmeyer HE, Boetius A. Intercellular

wiring enables electron transfer between methanotrophic archaea and

bacteria. Nature. 2015;526:587–90.

43. Xiao J, Tanca A, Jia B, Yang R, Wang B, Zhang Y, Li J. Metagenomic

taxonomy-guided database-searching strategy for improving

metaproteomic analysis. J Proteome Res. 2018;17:1596–605.

44. Zhang X, Ning Z, Mayne J, Moore JI, Li J, Butcher J, Deeke SA, Chen R,

Chiang CK, Wen M, et al. MetaPro-IQ: a universal metaproteomic approach

to studying human and mouse gut microbiota. Microbiome. 2016;4:31.

45. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate

proteome-wide label-free quantification by delayed normalization and

maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics.

2014;13:2513–26.

46. Tyanova S, Temu T, Cox J. The MaxQuant computational platform for mass

spectrometry-based shotgun proteomics. Nat Protoc. 2016;11:2301–19.

47. Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil

PA, Hugenholtz P. A standardized bacterial taxonomy based on

genome phylogeny substantially revises the tree of life. Nat Biotechnol.

2018;36:996–1004.

48. Kanehisa M, Sato Y, Morishima K. BlastKOALA and GhostKOALA: KEGG tools

for functional characterization of genome and metagenome sequences. J

Mol Biol. 2016;428:726–31.

49. Markowitz VM, Mavromatis K, Ivanova NN, Chen IMA, Chu K, Kyrpides NC.

IMG ER: a system for microbial genome annotation expert review and

curation. Bioinformatics. 2009;25:2271–8.

50. Finn RD, Clements J, Eddy SR. HMMER web server: interactive sequence

similarity searching. Nucleic Acids Res. 2011;39:W29–37.

51. Yin Y, Mao X, Yang J, Chen X, Mao F, Xu Y. dbCAN: a web resource

for automated carbohydrate-active enzyme annotation. Nucleic Acids

Res. 2012;40:W445–51.

52. Rawlings ND, Barrett AJ, Finn R. Twenty years of the MEROPS database

of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids

Res. 2015;44:D343–50.

53. Yu NY, Wagner JR, Laird MR, Melli G, Rey S, Lo R, Dao P, Sahinalp SC, Ester

M, Foster LJ. PSORTb 3.0: improved protein subcellular localization

prediction with refined localization subcategories and predictive capabilities

for all prokaryotes. Bioinformatics. 2010;26:1608–15.

54. Anantharaman K, Brown CT, Hug LA, Sharon I, Castelle CJ, Probst AJ,

Thomas BC, Singh A, Wilkins MJ, Karaoz U, et al. Thousands of microbial

genomes shed light on interconnected biogeochemical processes in an

aquifer system. Nat Commun. 2016;7:13219.

55. Meyer CA, Liu XS. Identifying and mitigating bias in next-generation

sequencing methods for chromatin biology. Nat Rev Genet. 2014;15:709–21.

56. Pereira AD, Cabezas A, Etchebehere C, CAdL C, de Araújo JC.

Microbial communities in anammox reactors: a review. Environ

Technol Rev. 2017;6:74–93.

57. Ali M, Haroon MF, Narita Y, Zhang L, Shaw DR, Okabe S, Saikaly PE. Draft

genome sequence of the anaerobic ammonium-oxidizing bacterium

“Candidatus Brocadia sp. 40”. Genome Announc. 2016;4:e01377–16.

58. Liu X, Arumugam K, Natarajan G, Seviour TW, Drautz-Moses DI, Wuertz S,

Law Y, Williams RBH. Draft genome sequence of a “Candidatus Brocadia”

bacterium enriched from activated sludge collected in a tropical climate.

Genome Announc. 2018;6.

59. Ali M, Shaw DR, Zhang L, Haroon MF, Narita Y, Emwas AH, Saikaly PE, Okabe

S. Aggregation ability of three phylogenetically distant anammox bacterial

species. Water Res. 2018;143:10–8.

Wang et al. Microbiome           (2019) 7:122 Page 14 of 15



60. Park H, Sundar S, Ma Y, Chandran K. Differentiation in the microbial ecology

and activity of suspended and attached bacteria in a nitritation-anammox

process. Biotechnol Bioeng. 2015;112:272–9.

61. Zhang L, Narita Y, Gao L, Ali M, Oshiki M, Ishii S, Okabe S. Microbial

competition among anammox bacteria in nitrite-limited bioreactors. Water

Res. 2017;125:249–58.

62. van der Star WR, Miclea AI, van Dongen UG, Muyzer G, Picioreanu C, van

Loosdrecht MC. The membrane bioreactor: a novel tool to grow anammox

bacteria as free cells. Biotechnol Bioeng. 2008;101:286–94.

63. Bhattacharjee AS, Wu S, Lawson CE, Jetten MSM, Kapoor V, Domingo JWS,

McMahon KD, Noguera DR, Goel R. Whole-community metagenomics in

two different anammox configurations: process performance and

community structure. Environ Sci Technol. 2017;51:4317–27.

64. Guo J, Peng Y, Fan L, Zhang L, Ni BJ, Kartal B, Feng X, Jetten MSM, Yuan Z.

Metagenomic analysis of anammox communities in three different

microbial aggregates. Environ Microbiol. 2016;18:2979–93.

65. Mansfeldt C, Achermann S, Men Y, Walser J-C, Villez K, Joss A, Johnson DR,

Fenner K. Microbial residence time is a controlling parameter of the

taxonomic composition and functional profile of microbial communities.

ISME J. 2019;1.

66. Li X, Sun S, Badgley BD, Sung S, Zhang H, He Z. Nitrogen removal by

granular nitritation-anammox in an upflow membrane-aerated biofilm

reactor. Water Res. 2016;94:23–31.

67. Caranto JD, Lancaster KM. Nitric oxide is an obligate bacterial nitrification

intermediate produced by hydroxylamine oxidoreductase. Proc Natl Acad

Sci U S A. 2017;114:8217–22.

68. Zhao Y, Liu S, Jiang B, Feng Y, Zhu T, Tao H, Tang X, Liu S. Genome-

centered metagenomics analysis reveals the symbiotic organisms

possessing ability to cross-feed with anammox bacteria in anammox

consortia. Environ Sci Technol. 2018;52:11285–96.

69. Rakoff-Nahoum S, Foster KR, Comstock LE. The evolution of cooperation

within the gut microbiota. Nature. 2016;533:255–9.

70. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud D-J, Bakker BM.

The role of short-chain fatty acids in the interplay between diet, gut

microbiota, and host energy metabolism. J Lipid Res. 2013;54:2325–40.

71. Fischbach MA, Sonnenburg JL. Eating for two: how metabolism establishes

interspecies interactions in the gut. Cell Host Microbe. 2011;10:336–47.

72. Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol. 2010;8:623–33.

73. Zengler K, Zaramela LS. The social network of microorganisms - how

auxotrophies shape complex communities. Nat Rev Microbiol. 2018;16:383–90.

74. van de Guchte M, Penaud S, Grimaldi C, Barbe V, Bryson K, Nicolas P, Robert

C, Oztas S, Mangenot S, Couloux A, et al. The complete genome sequence

of Lactobacillus bulgaricus reveals extensive and ongoing reductive

evolution. Proc Natl Acad Sci U S A. 2006;103:9274–9.

75. Mas A, Jamshidi S, Lagadeuc Y, Eveillard D, Vandenkoornhuyse P. Beyond

the Black Queen Hypothesis. ISME J. 2016;10:2085–91.

76. Morris JJ, Lenski RE, Zinser ER. The Black Queen Hypothesis: evolution of

dependencies through adaptive gene loss. MBio. 2012;3.

77. Peter H, Beier S, Bertilsson S, Lindstrom ES, Langenheder S, Tranvik LJ.

Function-specific response to depletion of microbial diversity. ISME J.

2011;5:351–61.

78. Vizcaíno JA, Csordas A, Del-Toro N, Dianes JA, Griss J, Lavidas I, Mayer G,

Perez-Riverol Y, Reisinger F, Ternent T. 2016 update of the PRIDE database

and its related tools. Nucleic Acids Res. 2015;44:D447–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Wang et al. Microbiome           (2019) 7:122 Page 15 of 15


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Reactor operation
	Sampling, DNA and RNA extraction
	DNA and RNA sequencing
	Protein extraction, trypsin digestion, and mass spectrometry analysis
	DNA sequence processing
	Metatranscriptomic analysis
	Metaproteomic analysis
	Phylogenetic analysis and MAG annotation

	Results and discussion
	Performance of the one-stage PNA reactor
	Succession of bacterial community
	Nitrogen metabolism as the most active process in the studied PNA reactor
	Preference for electron donors in abundant heterotrophs changed in conjunction with the shift in anammox bacteria
	Auxotrophies shaped the key bacterial community assembly

	Conclusions
	Additional files
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

