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Abstract
Sulphur-driven denitrification is a low-cost process for the treatment of
nitrate-contaminated water. However, a comprehensive understanding of
core populations and microbial interactions of a sulphur-based denitrifying
system is lacking. This study presents results from three replicated denitrify-
ing systems amended with thiosulphate and operated under a low C/N ratio.
Amplicon sequencing revealed gradual enrichments of a few abundant deni-
trifiers. Based on genome-centred metagenomics and metatranscriptomics,
a core set of microbes was identified in the systems, with Pseudomonas
1 and Thauera 2 being the most abundant ones. Although the replicates
showed different enrichments, generalized observations were summarized.
Most core populations conserved energy from denitrification coupled with
sulphur. Pseudomonas 1 and Thauera 2 were able to finish complete deni-
trification. Surprisingly, they were also able to synthesize almost all amino
acids and vitamins. In contrast, less abundant members, including Pseudo-
monas 2, were relatively auxotrophic and required an exogenous supply of
amino acids and vitamins. The high expression of enzymes involved in bio-
synthesis and transport systems indicated their syntrophic relationships.
The genomic findings suggested life strategies and interactions of the core
thiosulphate-based denitrifying microbiome, with implications for nitrate-
polluted water remediation.

INTRODUCTION

Due to the increased use of fertilizer, large quantities
of nitrogen are entering water bodies, including rivers
and lakes (Mekonnen & Hoekstra, 2015). This leads to
great eutrophication problems in aquatic environ-
ments. Denitrification undertakes the greatest part of
nitrogen removal in nature (Seitzinger, 2008). Diverse
forms of organic compounds are favourable electron
donors for microbial denitrification. However, surface
water is typical of low organic carbon content com-
pared to nitrate (Newcomer et al., 2012), demonstrat-
ing a lack of electron donors compared to electron
acceptors for heterotrophic denitrifiers. Sulphur-
dependent autotrophic denitrification uses inorganic
carbon as the carbon source and reduced forms of sul-
phur as the energy source. As a low-cost technique, it
receives increasing attention for the remediation of

nitrate-contaminated water (Della Rocca et al., 2007;
Li et al., 2016, 2017).

Previous work elucidated that Thiobacillus and Sul-
furimonas were the commonly observed species in
autotrophic sulphur-driven denitrifying bioreactors
(Shao et al., 2010). However, in aquatic ecosystems
with the presence of both nitrogen and organic pollut-
ants, two situations might happen after sulphur amend-
ment. The first is the enrichment of a core microbiome,
which simultaneously uses organic and inorganic elec-
tron donors to reduce nitrate. The other is the abun-
dance of two microbial groups with distinct functions—
one group conducts heterotrophic denitrification and
the other group conducts autotrophic denitrification.
Based on 16S rRNA amplicon sequencing, some stud-
ies suggested autotrophic and heterotrophic denitrifiers
jointly contributed to nitrogen removal in sulphur-driven
denitrifying systems with organic supplementation (Han
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et al., 2020; Qiu et al., 2020; Zhang et al., 2015; Zhang
et al., 2018), which indicated the possibility of the sec-
ond situation. Metagenomic analysis revealed a high
abundance of genes involved in nitrogen, sulphur, and
carbon metabolisms during autotrophic-heterotrophic
denitrification (Zhang et al., 2020). However, genome
characteristics and transcriptional activity of main
microorganisms have not been studied. Function viabil-
ity and life strategies of core populations in sulphur-
dependent denitrifying consortia were not well reported,
but this is important to understand nitrate removal
performance.

Interactions among populations formed the basis of
the microbial world and significantly shaped community
assembly and succession processes (Faust &
Raes, 2012). The other unresolved problem for
sulphur-based denitrifying systems is how functional
microbes interact with each other in the community.
Microbes are likely to cooperate to finish denitrification.
Evidence is growing that few organisms conduct com-
plete denitrification, with most denitrifiers able to reduce
only one or a few nitrogen oxides (Kuypers
et al., 2018). For example, some organisms may lack
reductases for nitrate and others may lack reductases
for nitric oxide (NO) and nitrous oxide (N2O), which was
the scenario in some reported nitrate-reducing consor-
tia (Haroon et al., 2013; He et al., 2016; Li, Jiang, &
Ji, 2022). Currently, we do not know what exact role
each functional microbe plays in sulphur-based
denitrification.

In addition, microorganisms may lose enzymes for
biosynthesis of growth-required substances (e.g., am
ino acids, vitamins, and cofactors) during evolution to
reduce metabolic burden. Instead, they rely on other
community members to obtain these substances. The
reduction of genomic content and dependence
between community members are presented as the
Black Queen Hypothesis (Morris et al., 2012), which
indicates “beneficiaries” (auxotrophs) with gene loss
depend on “helpers” (prototrophs). Such dependence
may happen to a considerable extent and regulate
nitrogen removal. A comprehensive understanding of
microbial interactions will therefore provide new
insights into this process, but the syntrophic relation-
ship has not been studied in a sulphur-based denitrify-
ing system.

The current study aimed to investigate microbial
structures, life strategies, and interactions among popu-
lations during sulphur-dependent denitrification.
According to previous research, thiosulphate was the
most efficient electron donor for sulphur-dependent
microbial denitrification (Li, Jiang, & Ji, 2022; Zhou
et al., 2016). We established denitrifying systems with
and without thiosulphate amendment and operated the
systems at a low C/N ratio. Amplicon sequencing
examined the community assembly process. Genome-
centric metagenomic analysis revealed the functional

potentials of a core set of microbes. Particularly, align-
ing RNA reads to single genomes allowed in-depth
analysis of the transcriptional activity of core popula-
tions. The integrated approaches improved our
understanding of the microbial world underlying
sulphur-driven denitrification and shed light on modulat-
ing nitrogen removal performance during ecological
remediation.

EXPERIMENTAL PROCEDURES

Experimental setup and operation

Denitrifying microbial consortia were enriched from
water and sediment samples collected from the
Guangfu River, China. The basic medium contained
2.0 mM MgCl2 • 6H2O, 0.90 mM CaCl2, 11 mM
KH2PO4, 0.5 mM NH4Cl, 10 mM NaHCO3, 1.0 mL trace
element solution, and 1.0 mL vitamin solution (Li,
Mosier, et al., 2022). The trace element solution con-
tained (per litre) FeSO4 • 7H2O (1 g), ZnCl2 (0.07 g),
MnCl2 • 2H2O (0.1 g), H3BO3 (0.03 g), CoCl2 • 6H2O
(0.02 g), CuSO4 • 5H2O (0.02 g), NiCl2 • 6H2O (0.02 g)
and Na2MoO4 • 2H2O (0.04 g). There were two treat-
ments, (a) adding nitrate and acetate, (b) adding nitrate,
acetate, and thiosulphate. Triplicated systems were set
up for each treatment. Twenty gramme water-sediment
samples were inoculated into each replicate with a total
volume of 0.4 L. The systems ran for six phases in the
dark in a shaker (100 rpm). For (a), each phase ended
when total organic carbon (TOC) was almost con-
sumed and there was almost no nitrate reduction activ-
ity. For (b), each phase ended when nitrate was fully
reduced. At the end of each phase, 0.2 L culture was
replaced with 0.2 L fresh basic medium. At the start of
each phase, 6.0 mM NaNO3 and 1.5 mM CH3COONa
were added to (a), while 6.0 mM NaNO3, 1.5 mM
CH3COONa and 4.0 mM Na2S2O3 were added to (b).
The systems were flushed with nitrogen to create
anoxic environments. Rubber stoppers and aluminium
crimp caps were used to seal the systems during oper-
ation and sampling.

Sampling and wet chemistry analysis

For each time of sampling, 5 mL samples were col-
lected from the systems with syringes after homogeniz-
ing. The samples were centrifuged at 5000 rpm for
10 min. The pellets were used for DNA and RNA
extraction. The supernatants were filtered with 0.2 μm
membranes. For filtrate, nitrate, and sulphate concen-
trations were measured with an ion chromatograph (Li
et al., 2021). TOC content was measured with a TOC
analyser (TOC-L CPH, Shimadzu, Japan). Ammonia
was measured using the indophenol reaction with a
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spectrophotometer at 625 nm (Shimadzu, Japan)
(McCullough, 1967).

DNA extraction and amplicon sequencing

DNA samples were collected at the start of the system
running and at the end of each phase. DNA was
extracted with the FastDNA Spin Kit for Soil
(MP Biomedicals, USA) and checked for quality with
1% agarose gel electrophoresis. Primers 338F and
806R were used to amplify the 16S rRNA gene (Li
et al., 2018). PCR systems were prepared and PCR
reactions were conducted according to previously
described methods (Li, Jiang, & Ji, 2022). Amplicons
were subjected to paired-end sequencing on the Illu-
mina MiSeq sequencing platform using PE300 chemi-
cal at Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China).

After demultiplexing, the resulting sequences were
merged with FLASH v1.2.11(Magoc & Salzberg, 2011)
and quality-filtered with fastp v0.19.6 (Chen
et al., 2018). Quality-controlled sequences were de-
noised using the DADA2 plugin in QIIME 2 v2020.2
(Callahan et al., 2016). Non-metric multidimensional
scaling (NMDS) was performed with ‘dplyr’ and ‘vegan’
packages in R v4.0.5.

Metagenomic sequencing and analysis

Six metagenomic samples were collected from each
system at the end of the operation (2 treatments � 3
replicates = 6 samples). Sequencing was conducted
according to a previously described method (Li, Liao,
et al., 2022). Briefly, DNA was fragmented to about
400 bp, ligated to adapters, and sequenced with Illu-
mina NovaSeq 6000 platform using NovaSeq
Reagent Kits.

Quality control of the raw reads was performed with
BBDuk. The filtered reads were assembled using
MEGAHIT v1.2.9 (Li et al., 2015). Only contigs longer
than 500 bp were kept for further analysis. The reads
were mapped to the assembled contigs with BBmap
v38.18 using “minid = 0.99”. The sequencing depth for
each contig in the six metagenomes was calculated
with the “jgi_summarize_bam_contig_depths” script
from MetaBat v2:2.15 (Kang et al., 2019). The contigs
were binned into metagenome-assembled-genomes
(MAGs) with MetaBat v2:2.15. The obtained MAGs
from different libraries were dereplicated using dRep
v3.2.2 (Olm et al., 2017). The quality of the MAGs was
estimated with CheckM v1.1.3 (Parks et al., 2015). The
MAGs were assigned taxonomically with GTDB-Tk
v1.0.2 (Parks et al., 2018). The six libraries of contigs
(binned and unbinned) were merged and redundant
contigs were removed with cd-hit, where preference

was given to binned contigs (Li & Godzik, 2006). The
sequencing depth of the final non-redundant contigs
was obtained using the same method for calculating
the sequencing depth of the contigs in each library. The
relative abundance of a MAG in the six samples was
calculated by dividing the sequencing depth of the
MAG by the sum of sequencing depths of all non-
redundant contigs. The MAGs were annotated with
Prokka v1.13(Seemann, 2014) and METABOLIC v4.0
(Zhou et al., 2022). Hidden Markov Models (HMMs)
v3.3.2 (Eddy, 2008) were run for the detection of genes
involved in denitrification according to a previous
method (Li et al., 2021). The MAGs were blasted
against the KEGG database to recognize genes for the
biosynthesis of amino acids and vitamins. Transporters
were annotated with TransAAP (http://www.membranet
ransport.org/transaap/TransAAP_login.html). For a co
mparison of gene abundance among the metagen-
omes, the sequencing depth of the gene was compared
to the average sequencing depth of all genes for each
metagenome.

The fast-format sequence file of the genome of
Pseudomonas sp. C27 (Chen et al., 2013; Zhang
et al., 2020) was downloaded from the GenBank data-
base for comparison with the MAGs recovered in this
study. The same approaches were used to annotate it
as used for MAGs.

RNA extraction, metatranscriptomic
sequencing, and analysis

Six metatranscriptomic samples were collected in
accordance with the six metagenomic samples. Total
RNAs were extracted using the E.Z.N.A.® Soil RNA
Midi Kit (Omega Bio-tek, Norcross, GA, USA) accord-
ing to the manufacturer’s protocols. RNA concentra-
tions were quantified with NanoDrop2000 (Thermo
Fisher Scientific, U.S.). RNA quality was examined with
the 1% agarose gel electrophoresis system and
assessed using an RNA6000 Nano chip (total RNA) in
an Agilent 2100 Bioanalyzer.

Total RNA was subjected to an rRNA removal pro-
cedure using the Ribo-zero Magnetic kit according to
the manufacturer’s instruction (Epicentre, an Illumina®

company). cDNA libraries were constructed using
TruSeq™ RNA sample prep kit (Illumina). The bar-
coded libraries were sequenced on the Illumina Hiseq
2500 platform using HiSeq 4000 PE Cluster Kit and
HiSeq 4000 SBS Kits.

30 and 50 ends were stripped using SeqPrep
(https://github.com/jstjohn/SeqPrep). Low-quality
reads (length <50 bp or with a quality value <20 or
having N bases) were removed by Sickle (https://
github.com/najoshi/sickle). SortMeRNA v2.1b was
applied to remove ribosomal RNA (Kopylova
et al., 2012). The filtered reads were mapped to the
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non-redundant contigs using BBmap v38.18 with the
same parameters as used for metagenomic reads.
The sequencing depth of each contig and relative
abundance of each MAG in the metatranscriptomes
were calculated with the same methods as used in the
metagenomic analysis.

For analysis of core microbes, a set of popula-
tions with a total relative abundance of more than
50% for both metagenome and metatranscriptome
was identified. Genomes and transcriptomes of each
population were individually analysed. HTSeq v1.99.2
was applied to obtain the sequencing depth of each
gene in each MAG (Anders et al., 2015). Transcripts
per million (TPM) of each gene were calculated
based on the transcriptome of a single population,
regardless of the influence of the relative abundance
of the populations in metatranscriptomes. The expres-
sion of genes involved in the biosynthesis of amino
acids and vitamins was calculated as the sum of the
transcriptional abundance of all required genes for
one substance.

RESULTS

Nitrate removal

In the systems with only acetate, the three replicates
(named C1, C2, and C3) showed similar performances.
About half of the nitrate remained at the end of each
phase (Figure 1A). In the systems amended with thio-
sulphate, two replicates (named S1 and S2) fully
reduced nitrate, while the other replicate (named S3)
reduced nitrate during the first and the second phases
(Figure 1B). Afterwards, the three replicates showed
similar nitrate removal efficiency. Nitrite accumulated in
the systems without thiosulphate but was consumed at
the end of each phase in the thiosulphate-based sys-
tems (Figure S1a,b). For both treatments, acetate was
highly utilized, while the systems with thiosulphate con-
sumed slightly less acetate (about 0.3 mM) than the
systems with only acetate during each phase
(Figure 1C,D). In the systems with only acetate, sul-
phate concentrations were reduced by half during each
transfer and finally under detection limitation at the sixth
phase (Figure 1E). About 8 mM sulphate was produced
from sulphur oxidation during each phase in the sys-
tems with thiosulphate (Figure 1F). This indicated thio-
sulphate acted as an efficient electron donor for
denitrification when organic carbon was lacking com-
pared to nitrate. Ammonia concentrations gradually
decreased during each phase in both treatments
(Figure S1c,d). There was no obvious ammonia pro-
duction, indicating dissimilatory nitrate reduction to
ammonia was less active and denitrification mainly
accounted for the nitrate removal performance in the
systems.

Microbial community assembly

The assembly of microbial communities was moni-
tored with ASVs in each replicate of the two treat-
ments (Figure 2). In the beginning, Delftia and
Variovorax were the most abundant populations in
amplicon libraries, indicating they were the main resi-
dents of the river (Figure 2A). After adding acetate,
several populations affiliated with Azoarcus, Bdellovi-
brio, Vogesella, and Thauera gradually increased in
relative abundance. At the end of the experiment,
enriched genera included those affiliated with
Comamonadaceae and Rhodocyclaceae. For the
thiosulphate-based systems, community structure
showed some variance among the replicates. In two of
the replicated systems (S1 and S2), Pseudomonas a
(about 40%) and Thiobacillus a (about 20%) were
gradually enriched and became the most abundant
members. In the other replicate (S3), the most abun-
dant member was Thauera a with the final relative
abundance of 27%. NMDS analysis showed that dif-
ferences between the two treatments were more evi-
dent than variance among replicates (Figure 2B).
Distinct community succession patterns from similar
start points were observed for the two treatments, indi-
cating microbial communities underwent obvious
changes and different populations were enriched with
and without thiosulphate.

Enriched populations recovered by
metagenomes

Fifty-five MAGs, whose completeness was over 70%
and contamination was less than 10%, were obtained
in total. They included 25 MAGs affiliated with Proteo-
bacteria and 11 MAGs affiliated with Bacteroidota
(Table S1). Together, these populations accounted for
more than 98% of the total quality-filtered DNA and
mRNA reads (Figure 3, Table S2). In the systems with-
out thiosulphate, the three replicates showed similar
enrichments. A core set of microbes including 10 popu-
lations was identified (indicated with green stars in
Figure 3). In total, they explained over 50% of the meta-
genomes and metatranscriptomes of the three repli-
cated systems. All of the core populations contained at
least one enzyme encoding genes involved in denitrifi-
cation and could directly oxidize acetate.

In the systems with thiosulphate, the three repli-
cates showed different enrichments, and different
populations were included in core microbiomes
(Figure 3). Generally, an organism with a relative abun-
dance of more than 4% in any of the metagenomes
was defined as a core population. Together, the core
microbiome at least accounted for 55% of both meta-
genomes and metatranscriptomes. For S1, core popu-
lations included Pseudomonas 1 (22% in the
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metagenome), Thiobacillus 2 (14%), Burkholderiaceae
4 (11%), Gracilibacteria (9%), and Thauera 2 (4%). Sur-
prisingly, Gracilibacteria, the population belonging to a
candidate phylum, was enriched to 8% in S1. The dis-
covered Gracilibacteria population did not encode any
function related to carbon, nitrogen, and sulphur cycling
pathways. In S2, core populations only included Pseu-
domonas 1 (72%) and Bacteroidales 1 (9%). In S3,

core populations included Thauera 2 (53%), Thiobacil-
lus 2 (5%), Flavobacteriaceae (4%), and Flavobacter-
ium (4%). The most abundant populations
Pseudomonas 1 (S1 and S2) and Thauera 2 (S3) were
able to conduct complete denitrification, while other
less abundant members may not contain some reduc-
tases. For example, Bacteroidales 1 could not reduce
N2O, Flavobacteriaceae could not reduce nitrite to NO

F I GURE 1 The concentration change of (A, B) nitrate, (C, D) total organic carbon (TOC), and (E, F) sulphate in (A, C, E) the systems with
only acetate and (B, D, F) the systems with both acetate and thiosulphate. Down arrows indicate time points when nitrate, acetate, and
thiosulphate were added. The systems were operated anoxically during the entire experiment. The three replicates of the systems with only
acetate are named C1, C2, and C3. The three replicates of the systems with thiosulphate are named S1, S2, and S3.
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and Flavobacterium did not contain any nitrate reduc-
tase. Most of them (except Gracilibacteria and Flavo-
bacterium) were able to use both sulphur and organic
carbon as energy sources. Among all core populations,
only the genome of Thiobacillus 2 contained enzyme-
encoding genes involved in a carbon fixation pathway,
the Calvin Cycle.

Expression of biochemical cycling
pathways

The abundance of functional genes involved in key
metabolic pathways was normalized by the average
abundance of all genes in metagenomes or metatran-
scriptomes (Figure 4A). We did not observe the

F I GURE 2 (A) Change in the relative abundance of microbes based on relative sequence abundance of amplicon sequencing variants
(ASVs). (B) Microbial community assembly and succession revealed by non-metric multidimensional scaling (NMDS).

1930 LI ET AL.
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presence of anammox-related enzyme encoding genes
(i.e., the hydrazine synthase encoding gene hzs and
the hydroxylamine dehydrogenase encoding gene
hzo), while genes related to denitrification were espe-
cially abundant and highly transcribed. In metagen-
omes, the abundance of most genes involved in
denitrification was over 50 times higher than the aver-
age abundance of all genes. In metatranscriptomes,
periplasmic nitrate reductases encoded by napA and

napB genes were more abundant in the systems with-
out thiosulphate, while cytosolic nitrate reductases
encoded by narG and narH genes were more abundant
in the thiosulphate-based systems. For both treat-
ments, the cytochrome cd1 heme type nitrite reductase
encoded by nirS was more abundant than the copper-
containing nitrite reductase encoded by nirK. For most
samples, the transcript of nitric oxide reductase subunit
encoding gene norB was over 400 times of average

F I GURE 3 Functional potentials and relative abundance of populations associated with the recovered metagenome-assembled-genomes
(MAGs) in both metagenomes and metatranscriptomes. Solid squares indicate the presence of the function and hollow squares indicate the
absence of the function. The core populations in the systems with only acetate were indicated with stars in green on the left of the heatmap. The
core populations in the systems with acetate and thiosulphate were different for the three replicates and indicated with stars in dark purple (S1),
medium purple (S2), and light purple (S3) on the right of the heatmap.
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F I GURE 4 (A) Relative abundance of genes involved in denitrification, sulphur oxidation, carbon fixation, and acetate transformation in
metagenomes and metatranscriptomes. The sequencing depth for each functional gene was normalized to the average sequencing depth of all
genes. (B) Transcripts per million (TPM) of functional genes in the core populations (except Gracilibacteria) in the thiosulphate-based denitrifying
systems. TPM calculation was based on each transcriptome affiliated with each population.
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transcription level and was even more highly tran-
scribed in the thiosulphate-based systems. On the con-
trary, the abundance of nitrous oxide reductase nosZ
was about 70 times of average abundance in metagen-
omes and about 100 times of average transcription
level in metatranscriptomes. For sulphur oxidation,
almost all related enzymes, including both the sulphide-
quinone oxidoreductase (SQR) pathway and Sox (sul-
phur oxidation) system, were more actively expressed
in the systems with thiosulphate than without thiosul-
phate (Figure 4A). For carbon fixation, the key enzymes
of the Calvin Cycle, two main forms of RuBisCO, were
more abundant with thiosulphate addition. The two
pathways responsible for acetate transformation—first
producing acetyl-CoA and then entering the tricarbox-
ylic acid cycle (TCA cycle)—were also investigated.
The pathway directly producing acetyl-CoA from ace-
tate includes the use of AMP-forming acetyl-CoA syn-
thetase (acs) or ADP-forming acetyl-CoA synthetase
(acdA). Both of the synthetases were more abundant in
the systems with thiosulphate. The other pathway first
forms acetyl phosphate and then produces acetyl-CoA.
The responsible enzymes, acetate kinase (ack) and
phosphate acetyltransferase (pta) seemed to still be
more actively transcribed in the systems with
thiosulphate.

Transcription of the key enzymes of core popula-
tions in the thiosulphate-based systems was addition-
ally investigated (Figure 4B). Here, TPM calculation
was based on each population, which helped us iden-
tify highly expressed genes regardless of different pop-
ulation abundances in metatranscriptomes. For
Pseudomonas 1 and Thiobacillus 2, genes involved in
denitrification and sulphur oxidation were more actively
transcribed in the systems with thiosulphate than in the
systems without thiosulphate. Most core populations
actively expressed enzyme-encoding genes involved in
both sulphur and acetate utilization.

Transcriptomes of the enriched denitrifiers

Transcriptomes of a single population were analysed
by mapping mRNA reads to each MAG. For the most
abundant population in S1 and S2, Pseudomonas
1, the most highly expressed genes were involved in
central dogma (DNA replication, transcription, and RNA
translation), central metabolism, regulation, and respi-
ration (Table S4). For example, thiosulphate dehydro-
genase was highly expressed (log2(TPM) was 8.7 in S1
and 11.7 in S2), while nitrous oxide reductase was tran-
scribed to a comparable level (11.8 in S1 and 11.4 in
S2). Enzymes involved in central metabolism, including
quinoprotein alcohol dehydrogenase (11.8 in S1 and
13.1 in S2), formate dehydrogenase-O major subunit
(11.1 in S1 and 12.4 in S2), succinate dehydrogenase
iron–sulphur subunit (11.7 in S1 and 10.4 in S2) and

isocitrate dehydrogenase (10.4 in S1 and 10.2 in S2),
also showed high transcriptional abundance. Some
genes for regulation and defence were highly tran-
scribed as well. Ribosome modulation factor rmf (16.3
in S1 and 15.8 in S2), ribosome hibernation promoting
factor hpf (14.0 in S1 and 11.5 in S2), response regula-
tor pleD (13.2 in S1 and 9.8 in S2) and catalase (14.3
in S1 and 10.0 in S2) for reactive oxygen species
(ROS) defence all displayed above average gene
expression levels. For the most abundant population in
S3, Thauera 2 (Table S5), the 10 most abundant pro-
teins included the cold shock protein CspE (log2(TPM)
= 16.1 in S3), rubrerythrin (14.1) which was used for
oxidative stress tolerance, iron–sulphur cluster inser-
tion protein ErpA (13.7) which was essential for anaero-
bic respiration, cell division protein ZapA (13.5),
2-isopropylmalate synthase (13.5) for branched-chain
amino acid biosynthetic process and ribosomal proteins
(13.4).

The high expression of genes involved in central
dogma, respiration, regulation, and defence was also
detected in transcriptomes of other core organisms. For
Thiobacillus 2 (Table S6), three enzymes for carbon fix-
ation, ribulose bisphosphate carboxylase large chain
(log2(TPM) was 13.6 in S1 and 12.1 in S3), small chain
(13.6 in S1 and 10.3 in S3) and major carboxysome
shell protein (13.9 in S1 and 7.7 in S3), were particu-
larly actively expressed. Other examples for respiration,
regulation, and defence were adenylylsulphate reduc-
tase subunit alpha (13.2 in S1 and 10.8 in S3) and beta
(13.7 in S1 and 12.5 in S3), cold shock-like protein
CspA (17.0 in S1 and 16.2 in S3) and rubrerythrin (14.0
in S1 and 12.6 in S3). For Burkholderiaceae 4 (Supple-
mentary Table S7), the alkyl hydroperoxide reductase
(log2(TPM) = 14.6 in S1) for ROS defence, chaper-
ones, and ribosomal proteins were the most expressed
proteins. More proteins for Bacteroidales 1 were
annotated as hypothetical proteins (Table S8), but the
active transcription of ribosomal proteins and proteins
for defence, such as superoxide dismutase
[Mn] (log2(TPM) = 13.2 in S2) and RNA polymerase
factor (12.9), was still observed. For Flavobacteriaceae
(Table S9), superoxide dismutase [Mn] (log2(TPM)
= 15.3 in S3), cytochrome c551 (14.6), acyl carrier pro-
tein AcpP (14.4), cytochrome c6 (14.2), ATP-
dependent Clp protease adapter protein ClpS (14.1),
cold shock-like protein CspC (14.0) and thiol peroxi-
dase (13.7) were the 10 most highly transcribed pro-
teins. For Flavobacterium (Table S10), ribosomal
proteins were most actively transcribed.

Microbial interactions between
prototrophs and auxotrophs

The existence and expression of genes involved in the
biosynthesis and transport of amino acids and vitamins
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in genomes of core populations were examined in each
replicated thiosulphate-based system (Figure 5,
Tables S13 and S14). As a disclaimer, this analysis
was based on draft genomes which were not complete,
so we only suggest the possibility of metabolic interac-
tions in the systems. Several core populations were
likely missing synthesis pathways of amino acids and
vitamins. For example, the draft genome of Thiobacillus
2 did not have genes for the biosynthesis of aspartate,
cysteine, phenylalanine, serine, threonine, tyrosine,
cobalamin, and niacinamide. Burkholderiaceae 4 was
likely not able to synthesize asparagine, aspartate, glu-
tamine, histidine, folate, and pyridoxine. Even more
essential genes for amino acid and vitamin synthesis
were not present in the genomes of Bacteroidales
1, Flavobacteriaceae, and Flavobacterium, which were
more complete and had less contamination (with the
completeness of 97.3%, 95.1%, and 98.9%, respec-
tively) (Table S1).

This was in contrast to the genomes of the two most
abundant organisms—Pseudomonas 1 (completeness
91.6%) had genes for biosynthesis of all amino acids

and vitamins, whereas Thauera 2 (completeness
89.2%) only lacked aspartate aminotransferase for
aspartate synthesis. For aspartate, Thauera 2 might
obtain it from Flavobacterium in S3. The transcriptome
of Pseudomonas 1 did not contain enzymes for pyri-
doxine biosynthesis in S1, whereas we did not discover
enzymes for serine biosynthesis in the transcriptome of
Thauera 2 in S3. These two populations highly tran-
scribed synthesis genes for most amino acids even
including those with high bio-energy costs, such as
tryptophan, phenylalanine, and tyrosine (Akashi &
Gojobori, 2002). For example, 2-isopropylmalate
synthase encoding gene leuA for leucine synthesis was
highly expressed in the transcriptomes of both Pseudo-
monas 1 (log2(TPM) was 11.4 in S1 and 11.8 in S2)
and Thauera 2 (13.5 in S3) (Tables S4 and S5). Cyste-
ine desulfurase IscS was also actively transcribed in
Pseudomonas 1 (11.7 in S1 and 8.7 in S2) and
Thauera 2 (10.3 in S3). In the transcriptome of Thauera
2, leucine/isoleucine/valine-binding protein (12.2), histi-
dine biosynthesis bifunctional protein HisB (11.0), and
cysteine desulfurase NifS (10.6) were highly expressed

F I GURE 5 Relative expression of genes involved in biosynthesis and transport of amino acids and vitamins of core populations in the
systems with thiosulphate.
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as well (Table S5). Genes encoding ABC-type trans-
porters and SSS-type symporters with amino acids as
substrates were highly expressed in almost all core
populations (Figure 5, Table S13), facilitating the trans-
location of amino acids across membranes.

The genome of a previously isolated strain, Pseudo-
monas sp. C27, from a sulphur-dependent denitrifying
system with an organic supplement, was analysed
(Chen et al., 2013; Zhang et al., 2020). We found this
genome only lacked the aspartate aminotransferase
required for aspartate synthesis, whereas it contained
all enzymes needed for vitamin biosynthesis, similar to
the situations of Pseudomonas 1 and Thauera 2 recov-
ered in this study. To check if prototrophy was a com-
mon characteristic for all Pseudomonas populations,
the other Pseudomonas population in the system,
Pseudomonas 2 (completeness 88.4%), was analysed
(Table S12). The draft genome of Pseudomonas
2 lacked enzymes for the biosynthesis of asparagine,
methionine, phenylalanine, cobalamin, and pyridoxine
(Table S12). Though Pseudomonas 2 showed similar
metabolisms to Pseudomonas 1, such as the complete
denitrification capability, it was less abundant (less than
4% in the three replicates).

For core populations in the systems with only ace-
tate, we did not observe a genome with the full set of
genes needed for the synthesis of all amino acids and
vitamins (Table S15). Even if the genome contained
the related genes, it might not be expressed. For exam-
ple, Mesorhizobium contained genes involved in the
biosynthesis of most amino acids and vitamins, but only
genes for glutamate, isoleucine, and valine synthesis
were observed with transcriptomics.

DISCUSSION

Life strategies of core populations

In previously reported autotrophic denitrifying reactors
with only reduced sulphur as the electron donor, spe-
cies such as Thiobacillus and Sulfurimonas became
dominant (Shao et al., 2010; Yang et al., 2016). How-
ever, in aquatic environments with the presence of
organic compounds, the situation might be different. As
suggested by the metagenome dataset, Pseudomonas
and Thauera were the most abundant denitrifiers in the
thiosulphate-based systems operated at low C/N ratio,
with a few other populations together composing the
core microbiome. The success of these populations
might be explained by their life strategies and biotic
interactions (Figure 6).

First, they adopted a heterotrophic lifestyle. Accord-
ing to previous studies, the commonly assumed auto-
trophic denitrifiers (e.g., Thiobacillus and Sulfurimonas)
and heterotrophic denitrifiers (e.g., Thauera and Acine-
tobacter) jointly contributed to nitrate removal in

sulphur-driven denitrifying systems supplemented with
organic carbon (Han et al., 2020; Qiu et al., 2020;
Zhang et al., 2018; Zhang et al., 2020). However,
based on genome-centred metagenomics and meta-
transcriptomics, most core populations did not have
genes responsible for carbon fixation in the genomes
and they highly transcribed genes involved in sulphur
oxidation, suggesting they were heterotrophic while
using sulphur as the electron donor (Figure 4B). This
survival strategy helped the cells enhance growth and
gain an advantage in environments with low organic
carbon content and extra inorganic electron donor sup-
plied. A similar strategy was observed for cells encoun-
tering low organic substrate environments but with the
presence of iron(II) (Chakraborty et al., 2011). This also
answered the first research question of this study—the
system led to the enrichment of a core microbiome that
uses both organic compounds and the inorganic elec-
tron donor, instead of two functional groups. The previ-
ously considered two functional groups with distinct
metabolisms were falsified by genome and transcrip-
tome analysis.

In addition to respiration, high expression was
observed for genes involved in central dogma, regula-
tion, and defence in all core populations (Tables S4–
S9). This indicated the cells were growing rapidly and
promptly regulating their behaviour by regulators and
defence proteins to obtain better growth and adapt well
to the environments, which added to their success.

Metabolic interactions of core populations

Another aspect that increased the robustness of the
core microbiome was related to microbial interactions.
From the perspective of nitrogen metabolism, the most
abundant populations in the three replicates of the
thiosulphate-based systems were complete denitrifiers
(Figures 3 and 4B). Mounting evidence showed that
complete denitrifiers were the minority, with many
microorganisms being specialists that perform only one
or a few nitrogen oxide reduction reactions (Kuypers
et al., 2018). Especially, the cooperation between
nitrate to N2O reducers and N2O reducers to finish
denitrification has been widely observed (Hallin
et al., 2018; Jones et al., 2013). However, Pseudomo-
nas 1 and Thauera 2 were independent in regards to
nitrogen metabolism, not relying on others to finish
denitrification, which could bring two benefits. First, the
independence of denitrifiers avoids damage to nitrogen
removal performance and community structure if a less
abundant organism was impacted by some reason.
Second, this might promote denitrification efficiency
due to the reduction of the transport of nitrogen
metabolites.

In addition, there was a robust syntrophic relation-
ship among microorganisms through the nutritional
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requirement of amino acids and vitamins in the
thiosulphate-based systems (Figure 5). Previous stud-
ies proposed that genomic loss of costly function and
dependence among community members through the
sharing of public goods were favoured at the individual
level (Morris et al., 2012). Such dependence is a signifi-
cant driver of community structure (Mas et al., 2016;
Zengler & Zaramela, 2018). Particularly, the exchange
of amino acids and vitamins among auxotrophic com-
munity members can greatly contribute to their compo-
sition (Zengler & Zaramela, 2018). For example,
abundant denitrifiers were found to miss biosynthesis
pathways for more amino acids and vitamins than other
less abundant denitrifiers in a partial-nitritation ana-
mmox reactor (Wang et al., 2019). This might explain
their abundance advantage, due to the reduction of
metabolic burden. For another, cross-feedings of amino
acids and vitamins were usually bidirectional (Embree
et al., 2015; Liu et al., 2018; Wang et al., 2019), with
some members providing specific substances and
other members providing other required substances,
forming intertwined dependencies.

However, the situation was different in the studied
thiosulphate-based systems. We observed that the two
most abundant populations, Pseudomonas 1 and
Thauera 2, were able to synthesize almost all amino

acids and vitamins. This was further confirmed with a
previously discovered dominant organism isolated from
a sulphide-based denitrifying system amended with
acetate, Pseudomonas sp. C27, which could also syn-
thesize almost all vitamins and amino acids (Chen
et al., 2013; Zhang et al., 2020). Only aspartate was
likely not self-supplied by Thauera 2 and Pseudomonas
sp. C27, while aspartate is a low-cost amino acid and
other community members were able to provide it. In
contrast, less abundant core populations were likely to
be auxotrophic. The other Pseudomonas population in
the system, Pseudomonas 2, was also auxotrophic.
Although Pseudomonas 2 showed similar abilities in
carbon, sulphur, and nitrogen cycling pathways to
Pseudomonas 1, it was much less abundant than
Pseudomonas 1. Similar biochemical metabolisms but
different nutritional biosynthesis might lead to their
abundance difference. The requirement of auxotrophs
for amino acids and vitamins was possibly satisfied by
Pseudomonas 1 and Thauera 2, evidenced by the high
expression of transport systems. Such a syntrophic
relationship suggested that sulphur-based denitrifying
systems might select for a prototrophic organism as the
most abundant member. In this case, the most abun-
dant members were ‘helpers’ and less abundant mem-
bers were ‘beneficiaries’. Mutual dependence reduces

F I GURE 6 Proposed life strategies and metabolic interactions among core populations in the three replicates of the thiosulphate-based
denitrifying systems.
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energy burden for single populations, but might also be
deadly if one of the relationships was destructed. The
relative independence enabled the survival of the most
abundant organisms even when some of the other
flanking members were destroyed. The flanking mem-
bers could also survive only with the survival of the
most abundant member, largely decreasing the risk of
collapse of the whole community.

Implications of this study

The current study shed light on compositions, lifestyles,
and metabolic interactions of the core microbiome in
the thiosulphate-based denitrifying system. Microbial
community compositions were not the same in the
three replicates. Similar things were observed in a pre-
vious study—different communities were assembled
with the same inoculation under identical environmental
conditions (Zhou et al., 2013). However, the three repli-
cates showed similar denitrification performance after
an adaptation period (the first and second phases)
(Figure 1B). This observation supported the ‘function
over phylogeny’ theory—environmental conditions
select for similar functional community structures
despite highly variable taxonomic compositions
(Gibbons, 2017; Louca et al., 2016). In the
thiosulphate-based denitrifying system, functions for
carbon, nitrogen, and sulphur cycling processes were
similar (Figure 4A), but microbial taxa were enriched to
different extents (Figure 3). The variance among repli-
cates could result from biotic interactions, ecological
drift, and dispersal limitation (Zhou & Ning, 2017). As
drift and dispersal are hard to discern in laboratory-
modelled systems, we mainly analysed biotic interac-
tions. The findings revealed that the energy burden for
the biosynthesis of amino acids and vitamins was not
distributed evenly among core populations. Even if dif-
ferent species were enriched, the most abundant
organism was always the most stressed one. Some
studies showed the importance of rare organisms in
producing common goods and thus preserving commu-
nity stability (Konopka et al., 2015), but our findings
highlighted less abundant members depended on the
most abundant organism. Furthermore, the most abun-
dant organism was also a complete denitrifier, without a
need to rely on others to consume or provide intermedi-
ate metabolites during denitrification. The relative inde-
pendence of the most abundant members and relative
dependence of less abundant members might shape
microbial community assembly.

The most abundant organisms were also likely dom-
inant organisms participating in nitrate removal. Nutri-
tion biosynthesis is energy-intensive, thus, seeking a
way to reduce the burden of biosynthesis of the domi-
nant organisms might greatly improve nitrogen removal
performance. For example, externally adding amino

acids and vitamins, especially those with less flanking
populations able to synthesize (e.g., aspartate, phenyl-
alanine, and cobalamin), to the system might enable
the most abundant member to focus metabolism more
on denitrification, further facilitating nitrate removal. Our
study was mainly based on genome and transcriptome
analysis. Future studies could further investigate the
availability of amino acids and vitamins in free medium
and their amenability for exchange among microbial
populations with advanced approaches such as Nano-
SIMS or by building a synthetic microbial community.
Future studies could also evaluate the benefits of nutri-
tion supplementation on nitrogen removal during
sulphur-based denitrification for engineering purposes.

CONCLUSIONS

A thiosulphate-based denitrifying system was estab-
lished and performed well in nitrate removal compared
to the system with only acetate supplied. Genome-
centred metagenomics and metatranscriptomics
revealed microbial populations and potential metabolic
interactions in the thiosulphate-based denitrifying con-
sortium. All of the core populations used sulphur as the
electron donor. They actively expressed genes for deni-
trification, sulphur oxidation, and acetate transforma-
tion. Although different enrichments were observed for
the three replicates, the most abundant members in the
systems were complete denitrifiers. Furthermore, the
most abundant populations were relatively prototrophic,
able to synthesize almost all amino acids and vitamins
and supply the substances to flanking community mem-
bers. The findings added new and fundamental insights
into the microbial world for thiosulphate-based denitrifi-
cation, with implications for the environmental remedia-
tion of nitrate-polluted water bodies.
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