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Abstract 

Aim: The aim of the study was to develop microbial enrichments from the nitrifying microbial consortia and the en vironment f or simultaneous 
remo v al of ammonia, nitrate, and sulfide in aquaculture systems at varied salinities. 
Methods and results: Sulfur and nitrogen metabolites are the major factors affecting the farmed aquatic animal species and deteriorate the 
receiving environments causing ecological damage. The present study reports the development of microbial enrichments from the nitrifying 
microbial consortia and the en vironment. T he enrichments used thiosulfate or thiocyanate as an energy source and simultaneously remo v ed 
sulfur, ammonia, and nitrite in spiked medium (1 25 mg/l ammonia; 1 45 mg/l nitrite). Further, the microbes in the enrichments could grow up to 
30 g/l salinit y. Met agenomic studies re v ealed limited microbial div ersity suggesting the enrichment of highly specialized taxa, and co-occurrence 
netw ork analy sis sho w ed the f ormation of three micro-niches with multiple interactions at different tax onomic le v els. 
Conclusions: The ability of the enrichments to grow in both organic and inorganic medium and simultaneous remo v al of sulfide, ammonia, and 
nitrite under varied salinities suggests their potential application in sulfur, nitrogen, and organic mat ter-ric h aquaculture pond environments and 
other industrial effluents. 

Significance and impact of study:

The enrichments could be used to degrade environmental pollutants and promote sustainable agriculture and aquaculture practices. Further, the 
ability of these enrichments to utilize thiosulfate and thiocyanate in addition to sulfide suggests their potential application in industrial w aste w ater 
treatment plant. 
Ke yw or ds: bioremediation, aquaculture, SOB, desulfurization 
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Introduction 

Aquaculture is the fastest-growing food production sector,
with an average growth of more than 8% over decades (Hand- 
book on Fisheries Statistics 2020 ). Nearly half of the fish pro- 
duced is sourced from aquaculture; the international fish and 

fishery products market was worth USD 164 billion in 2018 

(FAO 2020 ). Economic sustainability of the sector depends on 

farm intensification with the stocking of seeds in higher densi- 
ties and the application of a higher quantity of feed and other 
growth promoters. 

The expansion of aquaculture activities worldwide is lim- 
ited by biotic and abiotic stress (Ciji and Akhtar 2021 ). Dis- 
eases are the complex outcome of the interaction of host,
pathogen, and environment. In aquaculture, however, envi- 
ronmental stress plays a significant role in the health and pro- 
duction of farmed aquatic animals. In semi-intensive/intensive 
aquaculture operations, accumulated toxic metabolites in the 
pond bottom due to uneaten feed and excreta of the animals 
are considered the major factor responsible for environmental 
stress and increased susceptibility to opportunistic pathogens 
Received: April 21, 2023. Revised: July 7, 2023. Accepted: August 3, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Applie
e-mail: journals.permissions@oup.com 
Dauda et al. 2019 ). Further, zero water exchange during the
ulture period due to biosecurity concerns has led to the de-
osition of sludge in the pond bottom and the build-up of
oxic metabolites in the culture environment (Lananan et al.
014 ). Decomposing the accumulated organic waste (uneaten 

eed, faecal matter, algal debris, etc.) generates sulfide, which 

ets deposited in the pond sediments, affecting farmed aquatic 
nimals, especially the Pacific whiteleg shrimp, Penaeus van- 
amei , which dwells in the benthic zone. 
Under aerobic conditions, sulfur in the suspended pond wa-

er decomposes to sulfide and oxidizes to sulfate; under anaer-
bic conditions, this sulfate is metabolized to hydrogen sul- 
de (Avnimilech and Ritvo 2003 , Antony and Philip 2006 ).
dditionally, in environmental conditions with higher organic 
atter load and lower dissolved oxygen, sulfur-reducing bac- 

eria decompose organic sulfur to produce H 2 S. Brackish- 
ater aquaculture is more prone to H 2 S toxicity as sea-
ater is rich in sulfate (Letelier-Gordo et al. 2020 ). Sulfur-
xidizing bacteria (SOB) in a dissimilatory sulfate reduction 

rocess produce H 2 S by using sulfate as a terminal electron
d Microbiology International. All rights reserved. For permissions, please 
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cceptor during the degradation of organic matter (Gerardi
006 ). Pond environment parameters like pH, temperature,
he concentration of sulfate, and bioavailability of organic
atter determine the sulfide production rate (Muyzer and

tams 2008 ). 
Formation of metal sulfides (iron sulfide or manganese sul-

de, etc.) leads to blackening of water and pond bottoms, and
issipation of H 2 S leads to rotten egg smell excreting stress on
he farmed aquatic animal species and other living beings in
he receiving natural water bodies. Further, direct discharge of
hrimp pond water into the surroundings might lead to deteri-
ration of receiving water bodies causing ecological damage.
he reported toxic level of H 2 S for fish was 0.002 mg/l and
.0087 and 0.0185, respectively, for larval and juvenile stages
f P. vannamei (Reynolds 1976 , US Environment Protection
gency 2010 ). Toxicity due to sulfide depends on the con-
entration of H 2 S, pH, species, and growth stage of shrimp.
hrimp exposed to H 2 S suffer from hypoxia due to inhibi-
ion of cell respiration (Affonso et al. 2002 ). Chronic expo-
ure can affect gluconeogenesis, proteins synthesis, and en-
rgy metabolism (Li et al. 2017 ), in addition to intestinal dam-
ge and altered gut microbial composition, while acute toxic-
ty is reportedly disturbing the intestinal integrity and immu-
ity (Duan et al. 2017 ) and microbiome diversity (Duan et al.
019 ). 
Further, constant exposure to H 2 S at lower doses has re-

ortedly suppressed the shrimp’s immunity increasing its sus-
eptibility to pathogens (Vismann 1996 ). The unionized H 2 S,
hich readily crosses the cell membrane, increases with de-

reasing pH (Boyd 2017 ). Further, sulfide is known to inhibit
itrification, causing ammonium accumulation, leading to ni-
rogen toxicity in the P. vannamei shrimp ponds (Joye and
ollibaugh 1995 ). 
Generally, the issue of black coloured and foul odours on

ond bottoms is addressed by manual removal during the
nter-cropping period, which is labor intensive. Alternatively,
he application of probiotics was reportedly improving the
ater and sediment quality in aquatic environments (Antony

nd Philip 2006 , Martinez Cruz et al. 2012 , Boyd 2014 ).
tudies have reported the role of microbial communities in
aintaining environmental quality in natural and farming

onditions (Boyd and Tucker 1998 , Mischke 2003 ). Disrup-
ion of such microbial community structure in intensive/semi-
ntensive aquaculture operations has been suggested to be the
uildup of toxic metabolites (Graslund et al. 2003 , Schiller
011 , Arias-Moscoso et al. 2018 ). The biological removal
f toxic sulfide from industrial and agricultural discharges
ith particular reference to the role of SOB has been exten-

ively reviewed (Tang et al. 2009 , Lohwacharin and Annach-
atre 2010 , Pokorna and Zabranska 2015 , Lin et al. 2018 ).
OBs oxidize sulfide to sulfate and elemental sulfur (Li et al.
017 ). 
Though several studies have reported the bioremediation

f nitrogenous metabolites in aquaculture, literature on the
ioremediation of sulfur metabolites is limited. The purple
nd green photosynthetic sulfur bacteria present in the sedi-
ents are capable of utilizing H 2 S under anaerobic conditions.
acteria belonging to the Chromatiaceae and Chlorobiaceae
an be mass-produced and applied for effective management
f H 2 S in aquaculture ponds (see Jasmin et al. 2020 ). Recently,
iological removal of sulfur from soil and wastewater us-

ng heterotrophic, chemolithotrophic, chemoautotrophic, and
ixotrophic SOB has reportedly been found to be efficient
see Sun et al. 2019 ). Similarly, biological oxidation using au-
otrophic denitrifying SOB has also been investigated (Ra-
adhani et al. 2017 ). 
We have recently reported the development of nitrifying

nd denitrifying bacterial consortia (Baskaran et al. 2020 ) and
valuated the formulation’s performance under commercial
hrimp farming conditions to control the toxic nitrogenous
etabolites (Patil et al. 2021b ). Similarly, microbial enrich-
ents containing SOBs could be explored to mitigate toxic

ulfur metabolites in aquaculture operations. The metage-
omic analysis of nitrifying consortia revealed the presence of
everal genera of bacteria with potential sulfur-oxidizing abil-
ty. Although several SOB groups’ essential characterization,
rowth optimization, and utility in the biological removal of
ulfur in polluted environmental waters are reported exten-
ively, studies on sulfur-oxidizing enrichments, microbial pro-
ling, and their ability to mitigate sulfur molecules to eval-
ate their potential application in shrimp farming operations
ave not been reported. The present study reports the develop-
ent and microbial profile of six SOB enrichments from previ-
usly developed nitrifying consortia and brackish water envi-
onments using 16S rDNA sequencing analysis. Further, their
ulfur oxidation efficiency was evaluated to develop a method
f microbial bioremediation for the effective removal of toxic
ulfur metabolites in anoxygenic conditions at the soil-water
nterface in shrimp culture ponds. 

aterials and methods 

nrichment for SOB 

amples for SOB enrichment ( n = 6) were selected from nitri-
cation bacterial consortia (SOB1 to SOB4) developed previ-
usly (Dinesh Kumar 2013 , Baskaran et al. 2020 ) and brack-

shwater environmental samples (SOB5 and SOB6) located in
he East Coast region of India. Chemoautotrophic ammonia
nd nitrite-oxidizing bacteria consortia were developed for
ioremediation of total ammonia nitrogen in the brackishwa-
er shrimp farms using Koops medium and Watson and Water-
ury medium, as described by Dinesh Kumar ( 2013 ). The SOB
edium comprised (NH 4 ) 2 SO 4 (0.04%), MgSO 4 (0.05%),
eSO 4 (0.001%), KH 2 PO 4 (0.40%), CaCl 2 (0.025%), NaCl
1.00%), and yeast extract (0.05%) was sterilized by autoclav-
ng at 121 

◦C for 20 min, followed by adding filtered Na 2 S 2 O 3

1.00%) (Starkey 1935 ). SOB medium was inoculated with
0% inoculum and maintained with vigorous aeration. For es-
imation of hydrogen sulfide, the SOB medium contained H 2 S
100 mg/l) replacing sodium thiosulfate was used; the pH was
djusted to 7.5 by the addition of 0.1 M NaOH. Multiple sam-
les from the six sources were enriched in the SOB medium,
nd cultures showing promising growth as indicated by ob-
erved turbidity and reduction of pH of the medium were har-
ested and processed further. 

rowth and sulfide oxidation efficiency 

OB medium with and without 0.5% yeast extract as an or-
anic carbon source was prepared in a serum bottle and in-
culated with enrichments. The medium was inoculated with
OB enrichments and incubated at 30 

◦C for 24 h under shak-
ng at 100 rpm. The effect of the organic substance on the
rowth and oxidation efficiency was determined by measur-
ng the sulfide concentrations and OD 600 , respectively, at the
nd of the incubation period. 
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Oxidation of inorganic sulfur compounds 

The sulfur oxidation ability of enrichments was tested using 
different sulfur compounds as the sole energy source. The sul- 
fur compounds used in the study were thiosulfate (1%) or 
thiocyanate (1%) and the SOB enrichment medium contain- 
ing H 2 S. Medium was inoculated with each of the SOB en- 
richments and incubated at 30 

◦C for 24 h with shaking at 
100 rpm. The bacterial growth and sulfide oxidation efficiency 
were recorded by measuring the sulfide concentrations and 

OD 600 , respectively, at the end of the incubation period. 

Effect of ammonia and nitrate on growth and 

sulfide oxidation efficiency 

The SOB medium was supplemented with Ammonia-N 

(125 mg/l) and nitrate (145 mg/l), inoculated with each of the 
SOB enrichments, and incubated at 30 

◦C for 24 h with shak- 
ing at 100 rpm. The bacterial growth and sulfide oxidation 

efficiency were recorded by measuring the sulfide concentra- 
tions and OD 600 , respectively, at the end of the incubation pe- 
riod. 

Effect of salinity on sulfur oxidation efficiency 

The SOB medium was prepared with different salinity (0,
5 , 10, 20, and 30 g/l), inoculated with each of the SOB en- 
richments, and incubated at 30 

◦C for 24 h with shaking at 
100 rpm. The bacterial growth and sulfide oxidation efficiency 
were recorded by measuring the sulfide concentrations and 

OD 600 , respectively, at the end of the incubation period. 

Sulfide oxidase assay 

The quantitative determination of the sulfide oxidase activ- 
ity was determined by measuring the sulfate (SO 4 

2 −), a prod- 
uct of enzyme reaction (Hirano et al. 1996 ). The sulfate ion 

concentration as an indicator of sulfide oxidase activity was 
measured by recording the absorbance at 450 nm in the spec- 
trophotometer (UV-1800, Shimadzu, Japan). The sulfate con- 
centration in the sample was proportional to the turbidity 
formed, and one unit of sulfite oxidase activity was defined 

as an amount of the enzyme required to produce 1 μmol sul- 
fate/h/ml (U/ml). 

Analytical method 

Sulfur oxidation efficiency of enrichments was estimated by 
methylene blue method, microbial growth by measuring OD 

at 600 (UV spectrophotometer, Shimadzu UV1800, Japan),
while the concentrations of ammonia and nitrate were mea- 
sured by Nessler’s and Griess’s methods, respectively (APHA 

2012 ). 

DNA extraction, PCR amplification, and 

high-throughput sequencing 

DNA was extracted from SOB enrichments by phenol: chlo- 
roform method (Sambrook et al. 1989 ), and DNA con- 
centration and purity were determined using Nano-Drop 

ND-1000 Spectrophotometer (Thermo Scientific, Wilming- 
ton, MA, USA). High-quality DNA was subjected to PCR am- 
plification and next-generation sequencing (Macrogen, South 

Korea), targeting the 16S rRNA V3–V4 hyper-variable re- 
gion using primers F: CCTA CGGGNGGCWGCA G and R: 
GA CTA CHV GGGTATCTAATCC to profile bacterial com- 
munities. The amplicon libraries were prepared as per the 
etagenomic sequencing library preparation protocol. The 
mplicons were sequenced using the Illumina MiSeq platform.

ioinformatics and statistical analysis 

he raw sequences were processed using the MOTHUR 

ipeline (v. 1.42) (Schloss et al. 2009 ) to filter reads, create
ontigs, and reduce noise as per the standard MiSeq proce-
ure. Sequences were aligned, clustered, and identified tax- 
nomically with the SILVA database ( http://arb-silva.de ) re- 
ease 138. Sequences with a 97% identity threshold were clas-
ified into operational taxonomic units at genetic distances 
f 0.03. For visualization, the gene abundance data output 
as subjected to detailed statistical and meta-analysis using 

n online tool, MicrobiomeAnalyst (Dhariwal et al. 2017 ).
eatmaps were generated with the Euclidean distance matrix 

nd Ward clustering. Venn diagram was prepared using a web-
ased tool, interactiVenn (Heberle et al. 2015 ). Co-occurrence 
etwork analysis was performed to understand the relation- 
hip with different genera, which was analyzed using Spear- 
an rank correlation based on the relative abundance of gen-

ra from the MOTHUR output. Only those interactions that 
ad a P -value < .05 were considered. All correlation relation-
hips which passed the significance level were admitted into 

he network and visualized using Cytoscape software (Version 

.8.3),and the MCODE plugin for Cytoscape was applied to 

etect network clusters in the data (modules). The topological 
arameters were calculated as the most important statistical 
escriptors of the network using the Cytohubba plugin. 

esults 

ffect of organic and inorganic media on growth 

nd sulfide oxidation efficiency 

ll the SOB enrichments showed microbial growth and ox- 
dized the sulfide in organic and inorganic media (Table 1 ,
ig. 1 ). However, the growth, as observed through the increase

n OD600 and the proportionate increase in the sulfide re-
oval efficiency was significantly higher in medium with or- 

anic supplementation. The observed higher growth might be 
ue to the energy required for the bacterial synthesis from
rganic sources being considered one-eighth of the inorganic 
ource. The specific activity of sulfide oxidase for each of the
nrichments was proportional to the growth of the bacterial 
nrichments. Among the six enrichments, higher growth was 
bserved in enrichments SOB2 and SOB5 in both media. Fur-
her incorporation of yeast increased their efficiency to remove 
ulfur from 20.30% to 57.35% and from 20.18% to 54.18%
Fig. 1 ). 

Similarly, a general improvement in the enzyme-specific ac- 
ivity was observed following the incorporation of organic 
ubstances in the medium. Results suggest that SOB2 and 

OB5 could grow both in organic and inorganic environ- 
ents and efficiently remediate sulfur metabolites in aquacul- 

ure pond bottoms. 

ffect of different sulfur sources on growth and 

ulfide oxidation efficiency 

nrichments SOB1, SOB2, and SOB5 showed significantly 
igher growth and proportionally higher H 2 S removal effi- 
iency than other enrichments (Fig. 2 ). The observed higher
rowth and the efficiency in thiocyanate medium suggest their 
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Table 1. Sulfide oxidase activity of SOB enrichments. 

Inorganic media Organic media 

Strain No. 
Sulfide oxidase 
activity (U/ml) 

Protein 
concentration 

(mg/ml) 
Specific activity 

(U/mg) 
Sulfide oxidase 
activity (U/ml) 

Protein 
concentration 

(mg/ml) 
Specific activity 

(U/mg) 

SOB1 4 .09 4 .21 0 .97 5 .59 4 .11 1 .36 
SOB2 4 .72 3 .67 1 .29 5 .96 3 .88 1 .54 
SOB3 2 .27 3 .81 0 .60 5 .22 4 .60 1 .14 
SOB4 3 .96 4 .25 0 .93 5 .55 4 .12 1 .35 
SOB5 3 .86 4 .19 0 .92 5 .18 4 .60 1 .13 
SOB6 5 .69 4 .21 1 .35 5 .89 4 .35 1 .35 

Figure 1. Growth and efficacy of SOB enrichments in organic and inorganic media. 

Figure 2. Growth and efficacy of SOB enrichments in different sources of sulfur. 
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ability to use thiocyanate as an energy source compared to 

thiosulphate. 

Simultaneous removal of sulfide, nitrate, and 

ammonia 

There was a general increase in the efficacy of SOB enrich- 
ments in the presence of nitrate. Three of the enrichments,
SOB1, SOB2, and SOB4, showed more than 50% efficiency 
in reducing the levels of H 2 S. There was a general improve- 
ment in the nitrate removal efficiency at lower levels (up to 

2-fold) (Fig. 3 ). At the concentration of 125 mg/l tested in the 
present study, a 3–4-fold increase in the sulfide removal ability 
in three enrichments (SOB1, SOB2, and SOB5) was observed.
Interestingly, the isolates were also efficient in reducing am- 
monia concentration between 86% and 63% (Fig. 3 ). 

Effect of salinity on growth and sulfide oxidation 

efficiency 

Growth and sulfur oxidation efficiency were evaluated up 

to 30 ppt to evaluate the salinity tolerance of enrichments.
Higher growth was observed at 10 ‰ and efficiency of sul- 
fur oxidation between 5 and 10 ‰ among all the enrichments 
(Fig. 4 ). 

Community composition and di ver sity profile 

The chimaeras and undesirable sequences were removed to 

obtain 1466 392 high-quality reads from 18 samples with an 

average of 81 466 reads. The raw sequences obtained in this 
study are available at NCBI BioProject ID PRJNA751554.
The sequences with 97% similarity were taxonomically clas- 
sified into 131 features at 20% prevalence ( ≥2). The taxo- 
nomic analysis revealed the presence of 6–11 phyla and 57–
112 genera among the SOB enrichments. The richness indices 
in Chao and ACE ranged between 42.1 ± 5.2 to 97.9 ± 5.6 

and 44.3 ± 3.2 to 97.3 ± 4.7, respectively. The diversity in- 
dices in Shannon and Simpson ranged between 0.3 ± 0.01 

to 2.26 ± 0.07 and 0.10 ± 0 to 0.85 ± 0.02, respectively 
(Table 2 ). Unique and shared SOB genera among the six en- 
richments are depicted in Venn diagram (Fig. 5 ). Proteobac- 
teria and Firmicutes were the dominant phyla in all the SOB 

enrichments (Fig. 6 ). Bacillus, Brucella, Pseudomonas , Acidi- 
halobacter , Pseudoxanthomonas , Alcaligenaceae _unclassified 

at the genus level Bacillaceae _unclassified were dominating in 

addition to Brevibacillus, Paenibacillus , and Nitratireductor 
(Fig. 7 ). 

Network analysis 

The network was used to visualize the correlation of dominant 
genera based on Spearman rank correlation ( −1 < ρ < −0.5) 
and (0.5 < ρ < 1) and was significant ( P -value < .05), which 

gives both symbiotic and commensal relationships of mi- 
crobes in SOB enrichments. Network analysis revealed com- 
plex relationships among the different genera; the blue and 

red lines indicate positive and negative correlations. The net- 
work grouped 72% of the microbes into three specific “micro- 
niches”; module 1 (37%), module 2 (17%), and module 3 

(14%), while 28% of the microbes were unclustered. The seed 

genus in each cluster is depicted in a rhomboid shape. The co- 
occurrence patterns revealed the complex grouping and asso- 
ciation between the microbial taxa in the SOB enrichments 
(Fig. 8 ). 
iscussion 

n aquaculture practice, the organic matter builds up in the
ond bottom as the culture progress due to the accumulation
f uneaten feed, animal faeces, and dead plankton leading to
ncreased microbial activity (Boyd 2017 ) and H 2 S formation.
his study reports the development of microbial enrichments 

o mitigate sulfur toxicity in the aquatic systems. The abil-
ty to grow both in organic and inorganic media suggests the
ersatile nature of the enrichments and their bioremediation 

otential in aquaculture environments. 
SOBs are chemolithoautotrophic bacteria that obtain en- 

rgy from the oxidation of inorganic sulfur compounds.
hese substrates act as electron donors, and nitrate, nitrite,
nd nitrous oxide function as terminal electron acceptors 
n autotrophic denitrification (Kelly and Wood 2000 ). The 
bserved higher growth and the efficiency in thiocyanate 
edium suggest their ability to use thiocyanate as an energy

ource compared to thiosulphate. Chemical or microbial ox- 
dation of sulfides in the sulfur cycle involves intermediate 
ulfur species like elemental sulfur, polysulfides, thiosulfate,
nd sulfite. At the same time, industrial discharges and abi-
tic decomposition of organic matter are the primary sources 
f thiocyanate to water bodies (see Kurashova et al. 2018 ,
ørgensen et al. 2019 ). SOBs utilize all types of reduced sul-
ur compounds as energy sources and mostly oxidize them to
ulfate. Further, several species of bacteria have been shown 

o degrade thiocyanate using different biochemical pathways 
nd obtain energy or a source of sulfur or nitrogen for their
rowth (see Gould et al. 2012 ). The higher growth and H 2 S
emoval efficacy among the enrichments following the supple- 
entation of thiocyanate and thiosulphate suggest the possi- 
le utility of these enrichments in the mitigation of different
ulfur compounds. 

Autotrophic denitrifying and some mixotrophic SOBs gen- 
rally use nitrate as electron acceptors (Yu et al. 2014 ). A
ecent study reporting the concentration-dependent increase 
n the efficiency of SOBs following the incorporation of ni-
rate suggested the ability of SOBs to drive energy by au-
otrophic denitrification (Juang et al. 2015 , Sun et al. 2019 ).
he addition of nitrate into the aquaculture ponds decreased 

he built-up H 2 S in the system (Torun et al. 2020 ). Studies
ave also reported the utility of sulfur-based autotrophic and 

ixotrophic denitrifiers to remove nitrate from the drinking 
ater (Sahinkaya et al. 2011 , 2012 ); sulfur and nitrate act

n the process as electron donors and acceptors, respectively.
owever, the present study did not observe the inhibitory ef-

ect of nitrate on a few of the SOB isolates (Sun et al. 2019 ). 
The inhibitory effect of ammonia at higher concentrations 

120 mg/l) on denitrifying sulfide removal in biofilters was re-
orted earlier (Chung et al. 2001 , Tsang et al. 2015 ) however,
t concentrations between 50–110 mg/l, a new pathway was
roposed suggesting the use of ammonia instead of nitrate or
itrite as nitrogen (Juang et al. 2015). The presence of sul-
de improved the ammonia removal efficiency of the enrich- 
ents. In a similar earlier study, improvement in the ammonia

emoval efficiency in the presence of sulfide was suggested to
e due to a chemical reaction with SO 4 , and no interference
f H 2 S on the enzymatic activity of nitrifying bacteria was re-
orted (Tsang et al. 2015 ). 
Generally, the salinity in brackishwater aquaculture varies 

rom 5 to 30 ‰. Bioremediation of sulfur metabolites in aqua-
ulture farming systems requires salinity-specific microbial 
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Figure 3. Simultaneous remo v al of sulfide, ammonia, and nitrate by SOB enrichments. 

Figure 4. Growth and efficacy of SOB enrichments at different salinities. 

Table 2. Summary of sequence reads, alpha diversity, and tax onom y. 

Sequence_ID 

Av reads 
( n = 3) 

Alpha diversity Taxonomy 

Chao1 ACE Shannon Simpson Phylum Class Order Family Genus 

SOB1 77 616 74.1 ± 7.8 71.2 ± 4.0 1.96 ± 0.01 0.82 ± 0.0 9 15 35 52 69 
SOB2 84 478 64.9 ± 4.4 65.8 ± 3.9 2.13 ± 0.15 0.83 ± 0.03 10 15 42 61 84 
SOB3 91 666 42.1 ± 5.2 44.3 ± 3.2 0.30 ± 0.01 0.10 ± 0.0 8 12 34 50 66 
SOB4 72 151 97.9 ± 5.6 97.3 ± 4.7 2.26 ± 0.07 0.85 ± 0.02 6 9 23 39 57 
SOB5 84 947 52.4 ± 8.2 52.7 ± 3.6 1.3 ± 0.12 0.65 ± 0.04 9 11 28 46 64 
SOB6 77 941 92.8 ± 4.2 95.1 ± 4.8 1.57 ± 0.13 0.65 ± 0.06 11 16 42 67 112 
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onsortia. Salinity is known to influence SOBs’ diversity and
ommunity structure (Yang et al. 2016 ). Earlier studies have
eported the SOBs from coastal aquacultures (Krishnani et
l. 2010 ), hypersaline and soda lakes (Tourova et al. 2013 ),
oastal (Lenk et al. 2012 ), and salt marsh sediments (Thomas
t al. 2014 ). We have identified a diverse group of SOBs sur-
iving in aquaculture environments with varying salinity (un-
ublished data) Ability of the enrichments developed in the
tudy to grow and oxidize the H 2 S under varying salinities
fficiently suggests their suitability for application in brack-
shwater systems. 

The study observed the limited microbial diversity in all the
nrichments. The selective pressure of thiosulfate medium on
he enrichments might be the observed limited diversity. The
etagenomic studies on the effect of enrichments on change in

he microbial diversity for SOBs are limited. However, PCR-
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Figure 5. Venn diagram depicting the shared and unique genera among various SOB enrichments. 

Figure 6. R elativ e abundance of major ph ylum in v arious SOB enrichments. 
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Figure 7. Heatmap showing the relative abundance of genera in each enrichment. 
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GGE analysis reported a reduction in diversity following the
nrichment of bioreactor sludge using SOB-specific medium
Luo et al. 2013 ). Similar dominance of Firmicutes, Proteobac-
eria, and Actinobacteria was reported from the SOBs of the
orthern Indian Ocean (Menezes et al. 2020 ) and thermal

prings (Jaffer et al. 2019 ) using 16 rRNA phylogeny. Similar
tudies in saline water RAS systems revealed the presence of
amma Proteobacteria, Bacteroidia, Firmicutes, and Bacilli in
sh wastes (Letelier-Gordo et al. 2020 ) and biofilters (Rojas-
irado et al. 2021 ). Role of Acidihalobacter spp. (Khaleque et
l. 2017a ,b ), Bacillus spp. (Behera et al. 2014 ), Pseudomonas
p. (Behera et al. 2014 , Liu et al. 2017 ), Pseudoxanthomonas
pp. (Singh et al. 2012 ), and Alcaligenaceae spp. (Ghosh et al.
011 ) sulfur metabolism, hydrogen sulfide biosynthesis, oxi-
ation/reduction, transportation, alkali soil reclamation, and
esulfurizing lignite coal have been reported. Some of these
enera were reportedly played a major role in the simulta-
eous removal of nitrite and sulfur through Anammox and
utotrophic desulfurization-denitrification process (Xia et al.
019 ). 
Functionally closely related microbial communities often

how similar variation in abundance and may be divided
nto different co-abundance groups. Consequently, potential
acterial network interactions occur. The co-occurrence net-
ork tools are being applied to investigate the specie/genus

evel interactions such as syntropy, competitive interactions,
nd symbiotic relationships in the microbial communities
Röttjers and Faust 2018 , Yuan et al. 2021 ). Revealing in-
eractions between taxa is helpful to ascertain the func-
ion of microorganisms and evaluate the influence of inter-
erence on the bacterial community composition (Barberán
t al. 2012 , de Vries et al. 2018 ). During the sulfur cy-
le in aquatic systems, the connections among phyla report-
dly change among Proteobacteria , Chloroflexi , and Bac-
eroidetes (Zhou et al. 2020 ). Since the laboratory tests re-
ealed the capability of enrichments to remove sulfur simul-
aneously and nitrogenous metabolites, the interaction be-
ween denitrifies and sulfur oxidizer communities is worth
nvestigating. 

Organic wastes like feed, fertilizer, metabolic waste, and de-
aying matter in aquaculture sludge are the sources of sulfur,
itrogen, and phosphorous compounds in the aquaculture en-
ironments (Jasmin et al. 2020 ). Microbial biodegradation of
mmonia and sulfide in industrial wastewater and aquacul-
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Figure 8. Network analysis based on Spearman rank correlation ( −1 < ρ < −0.5) and (0.5 < ρ < 1) and is significant ( P -value < .05) showing symbiotic 
and commensal relationships of microbes. 
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ture systems has been extensively reviewed (Divya et al. 2015 ,
Bharagava and Saxena 2020 , Jasmin et al. 2020 , Ojha et al.
2021 ). Simultaneous conversion of organic matter to carbon 

dioxide, nitrate to nitrogen gas, and sulfide to elemental sul- 
fur was proposed (Show et al. 2013 ). Previously, we have re- 
ported the isolation, characterization, and successful mitiga- 
tion of nitrogenous metabolites in saline water aquaculture 
systems (Baskaran et al. 2020 , Patil et al. 2021a ). The Haloth- 
iobacillus, Thiobacillus, Sulfuricurvum, Sulfurimonas, Lim- 
nohabitans, Hydrogenophaga , and Hyphomicrobium species 
present in the nitrifying enrichments were known to be sulfur 
oxidizers. Additionally, heterotrophic communities like Bacil- 
lus, Pseudomonas, Paracoccus, and Rhodococcus were also 

present in the enrichments, and were reportedly mixotrophic 
sulfur oxidizers. The simultaneous removal of sulfur, ammo- 
nia, and nitrite by the bacterial consortia confirms the enrich- 
ment of microbes with multiple bioremediation activities. 

Synergistic activity between these groups and marked en- 
hancement of gene expression involved in sulfur metabolism 

were revealed in the recent report on their co-occurrence in 

nitrate-rich environments. Similar simultaneous removal of 
H 2 S and NH 3 by microbes in the biofilters has also been 

reported (Chung et al. 2000 , 2005 , Hernandez et al. 2013 ).
However, the development of microbial enrichments for si- 
multaneous removal of sulfide, ammonia, and nitrate from 

natural water bodies and aquaculture operations is not avail- 
able. We report the development of enrichments for simulta- 
neously removing H 2 S, nitrate, and ammonia. The ability of 
enrichments to simultaneously oxidize both nitrogenous and 

sulfur metabolites suggests the potential for developing micro- 
bial formulations for bioremediation of wastewater originat- 
ing from aquaculture and industrial activities 

The study reports the development and characterization of 
microbial enrichments for simultaneous removal of ammonia,
itrate, and sulfide in aquaculture systems at varied salinities
nder laboratory conditions. The enrichments could be used 

o degrade environmental pollutants and promote sustainable 
griculture and aquaculture practices. Further, the ability of 
hese enrichments to utilize thiosulfate and thiocyanate in ad- 
ition to sulfide suggests their potential application in indus- 
rial wastewater treatment plant. 
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