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Abstract

Although coking wastewater is generally consideeedontain high concentration of nitrogen-
and sulfur-containing pollutants, the biotransfatiora processes of these compounds have not
been well understood. Herein, a high throughputctional gene array (GeoChip 5.0) in
combination with lllumina MiSeq sequencing of th6S1rRNA gene were used to identify
microbial functional traits and their role in biatsformation of nitrogen- and sulfur-containing
compounds in a bench-scale aerobic coking wastewat#ment system operated for 488 days.
Biotransformation of nitrogen and sulfur-containipgllutants deteriorated when pH of the
bioreactor was increased to >8.0, and the microb@hmunity functional structure was
significantly associated with pH (Mantels te3t< 0.05). The release of ammonia nitrogen and
sulfate was correlated with both the taxonomic famttional microbial community structur® (

< 0.05). Considering the abundance and correlatiitin the release of ammonia nitrogen and
sulfate, aromatic dioxygenases (e.gylXY, nagG), nitrilases (e.g. nhh, nitrilase),
dibenzothiophene oxidaseDI§tAc), and thiocyanate hydrolasescfABC) were important
functional genes for biotransformation of nitrog@amd sulfur-containing pollutants. Functional
characterization of taxa and network analysis ssiggethatBurkholderiales, Actinomycetales,
Rhizobiales, Pseudomonadales, andHydrogenophiliales (Thiobacillus) were key functional taxa.
Variance partitioning analysis showed that pH arfthént ammonia nitrogen jointly explained
25.9% and 35.5% of variation in organic pollutargrhding genes and microbial community
structure, respectively. This study revealed adge between microbial community functional
structure and the likely biotransformation of ngem- and sulfur-containing pollutants, along
with a suitable range of pH (7.0-7.5) for stabilay the biological system treating coking

wastewater.
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1. Introduction

Coking wastewater is liquid waste from coke proauctaden with numerous pollutants,
including phenols, polyaromatic hydrocarbons, &, sulfur- and oxygen-containing
heterocyclics, and acyclic compounds (Liu et all20Sharma and Philip 2016, Zhang et al.
1998), and can induce toxic and carcinogenic ingpédehua et al. 2016, Zhao et al. 2014) on
the environment. Increasing environmental awareoespled with more stringent standards has
triggered various industries to challenge themseineseeking appropriate wastewater treatment
technologies (Teh et al. 2016).

Biological treatment of coking wastewater has |t@gn of interest for environmental
engineering studies. Most of the identified commsjnncluding phenols, thiocyanates, cyanides,
and polyaromatic hydrocarbons, can be biologicaipoved (Bai et al. 2011, Jeong and Chung
2006, Li et al. 2003). Recent pyrosequencing amalyas shown that microbial genera, such as
Thiobacillus, Comamonas, Pseudomonas, Thaurea, Burkholderia, andTrichosporon, might play
an important role in the degradation of phenolgdyanates, and cyanides in coking wastewater
(Joshi et al. 2016, Ma et al. 2015a, Zhu et al 620However, system performance instability or
sudden failures of full-scale applications treattaking wastewater have also been reported
(Kim et al. 2009, Vazquez et al. 2006b). The preseof toxic compounds like phenols and
cyanides is often speculated as the main reasothéodeterioration of treatment performance
(Amor et al. 2005, Sharma and Philip 2014). Juddiegn the high biodegradability of these

pollutants (Feng et al. 2015, Marrot et al. 200&pd&limitriou et al. 2009), however, it is
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assumed that some as yet unknown compounds mighthdre sensitive to environmental

conditions and thus cause process failure.

On the other hand, excessive ammonium and sultatebe generated during biological
treatment of coking wastewater (Joshi et al. 2@t&ib and Lant 2007, Vazquez et al. 2006a),
suggesting possible biodegradation of nitrogen- anlfur-containing organic and inorganic
compounds. Based on the low chemical oxygen dent@ndtal organic carbon (COD/TOC)
ratio (Lim et al. 2003), refractory organic compdarincluding nitrogen- and sulfur-containing
compounds (Huang et al. 2016, Zhang et al. 2018ay, represent a substantial fraction as only
nitrogenous compounds constitute approximately 20% of the organic component in coking
wastewater (Li et al. 2003, Meng et al. 2016). bdjenitrogen and sulfur-containing compounds
are of great environmental importance due to thgh toxicity and persistence (Dehua et al.
2016, Jensen et al. 2003) and hence might beadrfoc the treatment of coking wastewater. So
understanding the functional ecology of biotransfation of these pollutants during the
treatment process has great practical significam8iedegradation of nitrogen and sulfur
heterocycles via deamination and desulfurizatighysays by several bacterial isolates including
Pseudomonas, Burkholderia, Rhodococcus, Sohingomonas, Comamonas (Gai et al. 2007, Jiang
et al. 2016, Tao et al. 2011) and thiocyanatescar@onyl pathway byrhiobacillus thioparus
(Kim and Katayama 2000, Watts and Moreau 2016waaié studied. However, the knowledge
on key microbial taxa and associated functionalegemvolved in the biotransformation of
nitrogen and sulfur-containing pollutants in cokingstewater treatment system is still very
limited. In addition, how environmental variabldteat the biotransformation of these pollutants
and influence the microbial community functionalusture are not clearly understood. As an

important environmental factor, pH has great immacthe biotransformation (Shen et al. 2015).



85  Considering high concentration of ammonia in cokivagtewater (Zhang et al. 2009), unionized
86 free ammonia could be inhibitory to microbes. Sjnpél equilibrates free ammonia and
87 ammonium ion; it may be key factor to maintain stebility in a treatment system by controlling
88 the equilibrium between free and ionized ammoniay(Gon and Drakides 2008). However,
89 effect of small shift of pH on microbial communitynctional structure and consequently, on
90 biotransformation of nitrogen and sulfur pollutartave not yet been evaluated for coking

91 wastewater treatment system.

92 In this study, a bench-scale activated sludgetoeavas used to treat anaerobically pretreated
93 coking wastewater over a period of 488 days, withfoaus on the deamination and
94  desulfurization processes. Except for the removalCOD and total phenols, parameters
95 describing the release of ammonia and sulfate veifipect to influent COD were used for the
96 evaluation of wastewater treatment performancedddwsamples from different temporal points
97 during the operation period were taken for phylagemd functional gene community analysis
98 using lllumina MiSeq sequencing of 16S rRNA gened functional gene microarray (GeoChip
99 5.0), respectively. GeoChip 5.0 contains 167,04gtirdit probes, covering 395,894 coding
100 sequences from 1593 functional gene families inedlvn microbial biogeochemical cycling and

101  organic remediation_(http://ieg.ou.edu/), and hagnb extensively employed to analyze the

102  functional gene structure of microbial communitiegifferent environments (Chan et al. 2013,
103  Zhang et al. 2013b). The functional traits of abamdmicrobial taxa were identified by assigning
104 taxa to functional gene categories involved indbegradation of organic pollutants, as described
105 in GeoChip 5.0 (Chan et al. 2013). Potential baatéosts and functional genes associated with
106  the biotransformation of organic pollutants, patiécly those containing nitrogen or sulfur, were

107  further explored by network analysis based on theo@hip and MiSeq data. Lastly, the
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contributions of wastewater variables to the mi@bbommunity and functional structures were
analyzed by variation partitioning analysis (VPAhis study could advance our understanding
of biological treatment processes of coking wastewand improve the optimization of system

operation

2. Materials and methods
2.1 Coking wastewater treatment and sludge sample collection

Coking wastewater was obtained from a coking figcifi Tangshan City, Hebei Province,
China, and was treated using a bench-scale biareeaohsisting of anaerobic pretreatment and
aerobic treatment (Joshi et al. 2016) for 488 daiie. anaerobic pretreatment is described in the
supplementary information (Experimental sectionThe aerobic bioreactor was operated with a
constant hydraulic retention time (HRT) of 72 hsatilved oxygen (DO) of 2—4 mg'Land
temperature of 20-25 °C. The influent wastewateratteristics are given in supplementary
information (Table S1). After 300 days, the pH f03) of the aerobic bioreactor was gradually

increased up to 8.0 to 9.0 by addition of 0.1 M Kesdlution (Chao et al. 2006).

Composite sludge samples were taken from the aebadsieactor at nine temporal points
(125, 194, 228, 276, 325, 285, 416, 454, and 484)dand stored at -80 °C until DNA extraction.
In parallel, grab samples of influent and effluargistewater were collected. COD, TOC, total
phenol, total nitrogen, ammonia nitrogen, and selfaere measured as described previously
(Joshi et al. 2016). Sample processing and analytethods are given in the supplementary
information (Experimental section 2). The releabammonia nitrogendNH;—N) and sulfate

(dSO%) with respect to influent COD was calculated dofes (1):
[Effluent concentration (mg'L ¥ Influent concentmati(mg L")

of ammonia nitrogen (Nﬁ— N) or sulfé&)f‘ )
Influent concentration of COD (mg'L )

dNH,* —=N/COD or,d SQ* / COD = 6

6
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Free ammonia was calculated as described previgAsihonisen et al. 1976) using the

following equation:

. 17 Total ammonia nitrogen (mg L )xA0
Free ammonia, NH (mg'L ) = x gen (mg'L ) @)
14 e(6,344/273¥ c) +lopH

2.2 GeoChip 5.0 analysis

Total community DNA for GeoChip analysis was erted using a PowerSBiDNA
Isolation Kit (Mo Bio Laboratories, USA; Catalog.nt2888-100) (Supplementary Information
experimental section 3). Each DNA sample was pezbay pooling independent extracts from
three replicate sludge samples collected at diftetiene (8.00 AM, 1:00 PM, 5:00 PM) of same
day. DNA sample (2.Qug) was labeled using cyanine (Cy3) dye with randgwimers and the
Klenow fragment of DNA polymerase | (IMER Inc., UgAhen purified (Qiagen QIAquick Kit,
Germany) and dried using a SpeedVac at Vacuum L®ue(ThermoSavent, USA) for 2 h at
45 °C (Nostrand et al. 2016). The labeled DNA wasuspended in hybridization buffer (Oligo
aCGH Hybridization Kit, large, catalog number 51880, Agilent Technologies Inc., USA)
and denatured at 95 °C for 3 min, with the arranthybridized at 67 °C for 24 h at a rotation
speed of 20 rpm in the chamber. The GeoChip 5.0éAigTechnologies Inc., USA) 180 k array
was applied for microarray hybridization. After highzation, arrays were scanned with a
SureScan Microarray Scanner (Agilent Technologies, lUSA) in red and green channels
(lasers with excitation wavelengths at 640 and B3 respectively), with am resolution, 20-
bit Tiff dynamic range (>10 5), and 100% photonpliér tube sensitivity for both channels. The
raw data were extracted from the scanned imageg tise Feature Extraction program (Agilent
Technologies Inc., CA, USA). GeoChip data normaiaraand quality filtering were performed

as previously described (Nostrand et al. 2016)pgushe microarray data manager from the
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Institute for Environmental Genomics, University  of Oklahoma (USA)

(http://ieg.ou.edu/entrance.html). Before statadtianalysis, logarithmic transformation (lgg

was performed, and the signals of all spots wesasterred into relative abundances. All
microarray hybridization data are available at thstitute for Environmental Genomics,

University of Oklahoma_(http://ieg.ou.edu).

2.3 lllumina MiSeq sequencing

Total DNA for lllumina MiSeq sequencing was extettusing the FastDNA® SPIN Kit
for soil (Qbiogene, Solon, OH, USA) as describedupplementary information (experimental
section 3). DNA extracts of replicate sludge samplere pooled together as mentioned in
GeoChip analysis. The hyper-variable V4 regionhef bacterial 16S rRNA gene was amplified
using forward primer 516 (5-GTGCCAGCMGCCGCGGTAA-3 and reverse primer 85
(5-GGACTACHVGGGTTCTAAT-3) containing a variable 12 barcode sequence (Caporaso
et al. 2012). Polymerase chain reaction (PCR) ditquion was performed with 2pL of PCR
mixture, constituting 0.1l of AccuPrime High Fidelity Taq Polymeraseull of each primer
(10 uM), 2.5 L of 10xAccuPrime PCR buffer 1l (Invitrogen, USA9nd 1uL of template DNA.
A Veriti96-Well Thermal Cycler (Applied Biosystem&lSA) was applied for amplification
using the following thermal cycling conditions: tiai pre-denaturation at 94 °C for 1 min, 35
denaturation cycles at 94 °C for 20 s, annealing3atC for 25 s, elongation at 68 °C for 45 s,
and a final extension at 68 °C for 10 min. Each ganwvas amplified in triplicate, and PCR
products were pooled and purified using a QIAquiél Extraction Kit (Qiagen, Germany).
Purified PCR products were quantified with Pico@te€he purified mixture was diluted and
denatured to obtain a sample DNA library, as dbsdriin the MiSeq Reagent Kit Preparation

Guide (lllumina, USA), and mixed with an equi-volaraf 8pM PhiX (lllumina, San Diego, CA,
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USA). The DNA sample mixture was loaded with readehd 2, and index sequencing primers

on a 300-cycle (2x150 paired ends) kit, and rua dfiSeq.

As raw sequences were obtained, primers and spaeeestrimmed out. The paired-end
reads were overlapped to assemble the V4 tag seesiersing FLASH (Magoc and Salzberg
2011). Low quality fragments and sequences shdnger 240 bp were removed. The chimeras
were checked and filtered using UCHIME (Edgar et2éll1). The OTUs were classified using
UCLUST (Edgar 2010) at a 97% similarity level. Tagmic assignment was performed using

the RDP classifier (Cole et al. 2009) (COLE) (hftdp.cme.msu.edu). The raw sequencing data

were submitted to the NCBI Sequence Read Archivip:(fwww.ncbi.nim.nih.gov/sra/) under

accession numbers SRR4253894 to SRR4253902.

2.4 Network analysis

The possible co-occurrence between microbial taxd organic pollutant degrading
genes was examined by random correlation matriedascrobial network analysis (Deng et al.
2012, Tian et al. 2016). The bacterial OTUs obthibg Illlumina MiSeq sequencing were
combined with functional genes obtained by GeoChif across all nine samples. For
constructing the network, 269 items (175 OTUs atic&anic pollutant degrading genes) that
existed in at least five samples were combined acatralation matrix was created. A similarity
matrix was then obtained by taking the absolutaieslof the correlation matrix. The most
suitable lowest threshold (Deng et al. 2012) wéscsed to obtain the Poisson distribution of the

calculated eigenvalues. Online analysis pipelingpi#ieg2.ou.edu/MENA) was used for

network analysis, and Cytoscape 3.3.0 softwarg:(htytoscape.org/) was applied to visualize

the network graph.
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2.5 Satistical analysis

Prior to statistical analysis, wastewater qualifalfle S1) and bioreactor performance
(Table S2) variables were standardized by dividiregdifference between the sample values and
the mean value of all samples by the standard tewiaMicrobial community diversity indices,
that is, Shannon-Weiner (H) and Simpson were catledl using R 3.2.5_(http://www.r-
project.org/) with the vegan package. The relatiggss among microbial OTU and functional
gene abundances with wastewater variables (influestewater, bioreactor performance, and

pH) were examined by Mantel tests.

Canonical correspondence analysis (CCA) was caroed to discern possible
associations among the microbial (phylogenetic amtttional) community and wastewater
variables, and partial CCA-based VPA was used #dyae the contributions of the wastewater

variables in microbial community structures. Mantekts, CCA, and partial CCA were

performed using R 3.2.5_(http://www.r-project.orghlith the vegan and stats packages.
Significance tests were conducted by Monte Cartenpéation (999 times). P values < 0.05 were

regarded as significant.

3. Results
3.1 Bioreactor performances

Anaerobically pretreated coking wastewater wittamerage COD of 1978.8 mg'min.
1423.5 to max. 2817.0) (Table S1) was treated &8 days by an aerobic bioreactor under
constant operational conditions, except that thégd pH was shifted from 7.2 £ 0.3 to > 8.0 (up

to 9.0) from 300 days onwards. As pH was increadedaverage COD and TOC removal rates

10
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decreased from 72.6 + 2.5 to 68.5 + 6.7% and 7736L#0 72.6 + 5.3%, respectively; however,
total phenol removal was consistently high (99.8.3%) across the operation period (Fig. la
and Table S2). Overall average ammonia nitrogen suifhte concentrations increased after
aerobic treatment; however, the increase rate setlfrom 235.6 + 36.7 to 128.8 = 30.1% and
624.5 + 47.5 to 311.5 £ 37.2%, respectively whenvphs increased to >8.0 (Table S2). Our
results indicated that the system was comparatstelgdy when pH was in a range of 7.1 to 7.6
(Fig. 1 and Table S2). The release of ammonia geinotINH;—N/COD, range 0.01-0.06) and
sulfate (SO,%/COD, range 0.25-0.93) with respect to influent C&fbwed a characteristic
decreasing pattern with increasing pH and free anmendNH;), as fitted by following

polynomial equations (Fig. 1b):

FordNH,'~N/COD (R = 0.50);  y=-0.009% 0.124 x - 0.396 (3)
FordSQ,#/COD (R = 0.43); y =-0.209% 3.149 x - 11.13 (4)
For NH; (R? = 0.81); y = 47.51% 714.9 x + 2685.8 (5)

3.2Microbial phylogenetic community structure revealed by MiSeq sequencing

lllumina MiSeq sequencing of the 16S rRNA gene ate@ 10,582-19,610 sequence
reads with a total of 298 bacterial OTUs. Alpha edsity (Shannon-Weiner index) and
percentage of unique bacterial OTUs ranged from™ #2073.42 and 0.64 to 4.89, respectively,
among the samples (Table S3). In total, 16 phylaewabtained including’roteobacteria
(58.95-87.75%)Bacteroidetes (3.87-23.88%), andctinobacteria (0.98-3.70%). At the genera
level, unclassified genera belonging to or&erkholderiales (mostly Comamonadaceae) and
Thiobacillus represented the major core community, accountin@4d8-53.1% of total bacterial

OTUs (Fig. S1).

11
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The microbial community structure was correlatedthwivastewater quality and
operational conditions (Table 1), revealing sigwfit associations with influent ammonia
nitrogen ¢ = 0.571,P = 0.006), total nitrogernr (= 0.621,P = 0.001), and pHr(= 0.534,P =
0.005). To discern the possible key functions @& liacterial community, correlation between
bioreactor performance and phylogenetic commurtitycture was also analyzed. The results
revealed that the microbial community was signifitacorrelated in combined with the release
of ammonia nitrogen d\H;'—~N/COD) and sulfate dSQ,?/COD) (¢ = 0.535,P = 0.002).

However, no significant correlation was observethwdOD or phenol removal efficiency.

3.3 Microbial community functional structure and key functional genes revealed by GeoChip
analysis

The GeoChip-based microarray detected a total (89%/functional genes (1047 gene
categories) from the nine samples, with alpha @it)e(Shannon-Weiner index) ranging from
10.97 to 11.02 (Table S4). On average, 91.6% ofuthetional genes were derived from bacteria,
2.4% from archaea, 5.2% from eukaryote, and 0.98 fviruses. Bacterial functional genes
were derived mainly fronfProteobacteria (57.7%),Actinobacteria (19.9%),Firmicutes (8.2%),

Bacteroidetes (2.9%), andCyanobacteria (2.1%).

In this study, functional genes involved in diffietebiological processes, including
nutrient carbon cycling (15.8%), nitrogen cycling.3%), sulfur cycling (2.8%), organic
pollutant removal (8.8%), metal homeostasis (26,6%jess response (15.5%), virulence
(15.5%), phosphorus cycling (2.1%), and secondatabolism (2.8%), were detected (Fig. S2).
Table S5 demonstrates the frequency distributidamétional genes involved in all bioprocesses.
The nutrient cycling genes involved in carbon (1D#%fnes), nitrogen (2910 genes), sulfur

(1950 genes), and phosphorus (1438 genes) cyafinlgiding those involved in degradation of

12
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complex carbon compounds (e.g., amylassyf), chitinase, acetylglucosaminidase, cellobiase,
arabinofuranosidasear@), xylanase), ammonification (glutamate dehydrogenagghj and
urease reC)), and sulfur/sulfide oxidation (sulfide-quinoneductase r), flavocytochrome

sulfide dehydrogenasé&€AB), and sulfur oxidases¢xABCYV)), were detected.

A total of 5867 functional genes belonging to 9%edamilies involved in organic
pollutant removal (Table S5), degradation of arocsataverage relative abundance 6.3% of all
genes), xenobiotic (herbicide related) compounds®), chlorinated solvents (1.1%), and other
hydrocarbons (0.43%) were detected. Most abundaoinatic degrading genes included
intradiol ring-cleavage dioxygenase geneatechol (0.58%), one ring_12diox (0.22%), and
mult_ring_12DiOx (0.19%); xenobiotic related compound degrading egeshn (0.41%);
chlorinated aromatic (containing amine) degradiagegtfdA (0.36%); aromatic carboxylic acid
degrading genejagG (0.36%); BTEX (benzene, toluene, ethylbenzene,xahehe) compound
degrading genegatB (0.2%); nitro-aromatics degradation geneistoreductase (0.45%), nhh,

andnsfA (each 0.25%)andalkane monooxygenasakB (0.32%) (Fig. 2).

The Mantel test revealed that pH of the sludge sigsificantly correlated with the
whole functional community structure € 0.31,P = 0.038) and the organic pollutant degrading
functional community structurer (= 0.319,P = 0.040) (Table 1). However, no significant
correlation was observed between the whole funaticmommunity structures and influent
wastewater quality R > 0.05). Table S6 demonstrates correlation armlystween the
abundances of individual gene families and wastemedriables and operational pH (of sludge).
Majority of genes (18 families) correlated sigréfintly with pH of the sludge. Apart from whole
functional gene structure, 9 and 5 genes indepelydsorrelated with influent COD and influent

ammonia nitrogen, respectively.
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The possible association between microbial commuibctional genes and treatment
performance was also evaluated by correlation arsalysing Mantel tests. The organic pollutant
degrading gene structure was strongly correlateti dilH,'—~N/COD anddSQ,*/COD ( =
0.489,P = 0.002) (Table 1), but was not significant® ¥ 0.05) related to either COD or total
phenol removal efficiencies. Furthermore, correlatanalysis between the relative abundances
of individual gene families (organic pollutant revat) anddNH,*—N/COD anddSO,*/COD
revealed that 28 gene families (Table 2), whichld@leave aromatic rings and degrade nitro-
and heterocyclic-aromatics showed significant dati@n. Strong correlation was demonstrated
by toluate 1,2-dioxygenaseylXY (r = 0.810,P = 0.001); methylamine dehydrogenaseuAB
(r = 0.649,P = 0.001); salicylate hydroxylaseagG (r = 0.469,P = 0.004); cytochrome P450
monooxygenasg4s0aro, (r = 0.495,P = 0.008); nitrile hydratasehh (r = 0.527,P = 0.006);
and cyanuric acid amidohydrolasgzD (r = 0.539,P = 0.004) withdNH,"*—N/COD anddSO,*
/COD. Importantly, nitrogen-containing organics aetng genes nitroreductasesfsf/B,
nitroreductase) and aniline dioxygenasedfdA, tdnB), and sulfur-containing heterocyclics
degrading gene dibenzothiophene oxidd3letAc) were also significantly correlate® & 0.05)
with dNH,*—N/COD and dSO?/COD. Although thiocyanate hydrolasecfABC) was not
directly correlated withdNH,*—~N/COD anddSQ,?/COD, GeoChip analysis detected 23 of
scnABC genes (Fig. S3) which were mostly derived frohiobacillus thioparus. Table S7 lists
the most abundant hosts of the important organmopoauind degrading genes suggesting that

bacteria belonging to geneBarkholderia, including others were important functional trait.

3.4 Organic pollutant degrading microbial taxa revealed by taxa-function and network analyses
Functional traits of abundant microbial taxa wedenitified by assigning taxa to the

functional gene categories involved in the degiadadbf organic pollutants (Chan et al. 2013).
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Results revealed the presence of genes indicatgniz pollutant removal in 25 phyla, mostly
bacterial ones. Among them, 18, 14, 13, 6, and Hy@apcontained genes for degrading nitro-
aromatic compounds, aromatic carboxylic acids, BTExated compounds, chlorinated
aromatics, and other hydrocarbons, respectivelgceSimost functional genes derived from
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria, and
unclassified bacteria demonstrated the highestakigitensities for the degradation of organic
pollutants (Fig. S4), we assigned taxa-functioatrehships at the order level (Fig. 3). We found
that aromatic carboxylic acids and nitro-aromatmmpound degrading genes were derived from
Burkholderiales (relative abundance of genes 3.2% and 1.8%, régpl® andActinomycetales
(2.9% and 1.9%, respectively), whereas xenobiaimound degrading genes were abundant in
Rhizobiales (2.3%) andRhodobacteriales (2.0%). Other aromatic compound degrading genes
were mostly contained iActinomycetales (6.7%), Burkholderiales (5.7%), Rhizobiales (3.9%),
andPseudomonadales (3.0%). Other hydrocarbon (mostly aliphatic) delgng functional genes
were found in unclassified\ phaproteobacteria (2.5%), unclassifiedGammaproteobacteria

(2.8%), andderomonadales (1.0%).

The concurrences between taxa and functional gér@sed on the hypothesis that the
abundance pattern of genes is similar to thatehibst taxa, were further verified using a RMT-
based network approach (Deng et al. 2012). Figsdalizes the first-ranked cluster of positive
edges (links) connected among nodes of functiomaleg (GeoChip) and bacterial genera
(Mlumina MiSeq). The network analysis clearly slemlvthatProteobacteria (22 nodes) and
Actinobacteria (7 nodes) were dominantly linked with functionahgs (Table S8Burkholderia
(3 nodes) co-occurred with sulfur heterocyclic coomnpd degrading geneDbtAc

(Dibenzothiophene oxidase), aromatic ring hydrotyta genes,pchcf (cresol hydroxylase),
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xInD, andmult_ring_12Diox, and nitrogen containing organics degrading gette|ase (Fig. 4).
Genera belonging télphaprobacteria viz. Rhizobium (1 node),Sphingobium (2 nodes), and
Paracoccus (2 nodes) were also linked with functional genegived in the degradation of

similar compounds.

3.5 Contribution of wastewater variables in shaping microbial community and functional gene

structure

Canonical correspondence analysis (CCA) was apphietemonstrate the links between
environmental variables and microbial communitydtional and phylogenetic structure. Based
on automatic forward selection and variance irdlafiactors with 999 Monte Carlo permutations,
four wastewater quality parameters (influent CO@alt nitrogen, NH'—N, and sulfate) and an
operational parameter (pH) were included in the QAlot (P < 0.05) (Fig. S5). The first axis
was negatively correlated with COD, pH, and AN and the second axis was positively
correlated with influent COD. Both axes combinedplained 34.4% of organic pollutant
degrading gene diversity (Fig. S5a). ContributiohsCOD (C), NH'—N (N), and pH (P) on
organic pollutant degrading functional structure @hylogenetic microbial community structure
were estimated by VPA. A total of 43.9% and 56.9%th® variation in organic pollutant
degrading genes and phylogenetic microbial comnjudiiersity, respectively (Fig. 5), were
explained by three environmental variablgs € 0.05). Influent COD, NK-N, and pH
independently explained 16.96, 10.30, and 10.69%otdl variations observed in organic
pollutant degrading genes, and 16.5, 10.34, anti7¥0.of total variations in the phylogenetic
microbial community, respectively. Notably, comldnsH,'~N and pH explained 25.9% and

35.5% of variation of organic pollutant degradingngs and the phylogenetic microbial
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community, respectively (Fig. 5). Similar resultere obtained by VPA of the variation in the

whole microbial functional gene structure by thmeavariables (Fig. S6).

4. Discussion

Coking wastewater has variety of organic and ineiggollutants, most of which are
very toxic and harmful to human health and envirentn(Dehua et al. 2016). For instance,
PAHSs including heterocyclic compounds are knowrcicagens (Zhang et al. 2013a), while
many other pollutants including phenols and cyasideuld inhibit microbial processes like
nitrification (Li et al. 2010). Treatment technojognd process operation have been studied for
quite a long time, but limited advancement weraeaad (Pal and Kumar 2014). Because of the
significant presence and environmental consequentdabie nitrogen- and sulfur-containing
pollutants, understanding their biotransformatioarirty treatment process has important
practical implications for harmless disposal of iogkwastewater. Herein, we applied high
throughput molecular methods to investigate a kjgkdetween possible biotransformation of
nitrogen- and sulfur-containing pollutants with neicial community functional structure in
coking wastewater treatment system.

In this study, gradual increase in pH from 8.0 10, 9educed the release of ammonia
nitrogen (INH,*—~N/COD) and sulfatedSO,>/COD) (Fig. 1), suggesting that the transformation
of nitrogen- and sulfur-containing pollutants iseaof the key factors in the biological treatment
of coking wastewater. Normally, pH range of 6.381tb is acceptable for biological treatment of
wastewaters (Eckenfelder 2000); however, in thiglgtwe found thatdNH,~N/COD and
dSO;*/COD decreased when pH increased to > 8.0. In ageeto this result, Shen et al. also
found that pH range of 7.0 to 8.0 was the mostablet for the degradation of petroleum

hydrocarbons (Shen et al. 2015). As pH controls dheilibrium between free ammonia and
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ammonium ions, the toxicity caused by un-ionizedremmia (Lay-Son and Drakides 2008) might
be an important reason for deterioration of biadfarmation of nitrogen and sulfur containing
pollutants. Of note, the free ammonia concentratiorthe bioreactor was drastically increased
when pH was increased to >8.0 as ‘free ammoniahés function of pH and temperature
(Anthonisen et al. 1976). Besides, increased freemania (>2.0 mgL) inhibits the
biodegradation of thiocyanate (Lay-Son and Draki@®88). This result indicated that free
ammonia might have exerted toxic effect on micrbb@emmunity and their functions during the
treatment process. Consequently, we found that pll significantly correlated with both the
whole microbial communityr(= 0.442,P = 0.005) and organic pollutant degrading gene
structure = 0.319,P = 0.04) (Table 1, Fig. S6). In addition, pH in candiion with influent
ammonia nitrogen was the main factor in shapingni@obial community and functional gene
structure (35.5 and 25.9% of variations, respelgtji@ig. 5). Our results clearly suggested that
maintenance of the pH between 7.0-8.0 and reddogegammonia below toxic level could be
crucial for removing the nitrogen- and sulfur-contag pollutants in coking wastewater
treatment system. However, in contrast, the remafatotal phenol was consistently high
throughout the operational period (Fig. 1). Thigmibe attributed to certain phenol degrading

bacteria which may tolerate slight pH shift towaatisaline condition (Gallizia et al. 2003).

We observed a significant correlation of combintH,"—N/COD anddSQ,?/COD with
taxonomic microbial communityr (= 0.535,P = 0.002), organic pollutant degrading genes (
=0.489, P =0.002) (Table 1) and individual gene families ingvpotential to cleave broad
spectrum aromatic rings including heterocyclic aatios (Table 2). BTEX-related compound
degrading dioxygenase genes, for instancgXY, nagG, p450aro, catechol, catB, and

one_ring_12diox, (Table 2)might have expressed to the enzymes related tgpehpheral or
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central pathways for degradation of aromatic patitg, including PAHs (Sierra-Garcia et al.
2014, Suenaga et al. 2014). Since single aromiaiichrydroxylating dioxygenase enzyme may
have a wide range of substrate specificity (Fudhe.e2011, Suenaga et al. 2009), these genes
allow the degradation of multiple aromatic pollusaanSome functional genes includimbh,
atzD, tfdA, andtdnB, which are responsible for degrading nitrogen foetgcles (Fetzner 1998,
Suenaga et al. 2009), and dibenzothiophene oxidges®e DbtAc) for oxidation of
dibenzothiophene (Andreolli et al. 2011) were atsorelated withdNH;*—N/COD anddSO,*
/COD. Additionally, detection of plenty of thiocyate hydrolasestnABC) genes (Fig. S4) was
indicative of their role in conversion of thiocyaeaompounds into ammonia and sulfate (Kim
and Katayama 2000, Watts and Moreau 2016) as pglyiove found 98.2% removal of
thiocyanates during coking wastewater treatmenshiJet al. 2016). However, there was no
statistical correlation between abundanceSmfABC genes andiNH,'—~N/COD and/odSQO,*
/COD. In overall, our results are suggestive thatabove functional genes in the aerobic sludge
were linked to the bioreactor performance, paréidylto the biotransformation of nitrogen- and

sulfur-containing pollutants possibly via deamioatand desulfurization pathways.

Taxonomic diversity obtained from 16S rRNA geneusegtping (Fig. S1) of this study
corroborated previous molecular surveys of cokiagtewater treatment plants (Joshi et al. 2016,
Ma et al. 2015a, Zhu et al. 2016), showing a unidjfferences from those commonly occurring
in municipal wastewater treatment plants (Wang kt 2012). Most abundant bacteria
Comamonas and Thiobacillus along with Burkholderia are characteristics of phenolic
wastewaters particularly, coking wastewater treatrsudge and are commonly appreciated for
biodegradation of phenol, thiocyanate and varioi®gen- and sulfur-containing PAHs like

carbazole, dibenzothiophene (Felfoldi et al. 2Qliéing et al. 2016, Ma et al. 2015b). However,
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direct relations between these taxa and their fanstfor removal of organic pollutants have not

yet been clearly demonstrated in coking wastewtegatment systems.

In this study, taxa-function analysis revealed thaajority of aromatic pollutants,
including nitroaromatics, aromatic carboxylic aci@TEX and xenobiotic related compounds
could be degraded mainly Burkholderiales, Actinomycetales, Rhizobiales, Pseudomonadales
(Fig. 3).Liang et al. found tha#ctinobacteria (Rodococcus sp., Mycobacterium sp., Nocardioides
sp., etc), Burkholderia sp., and Pseudomonas sp. most abundant members of PAHs degrading
community in oil contaminated soil by GeoChip asay(Liang et al. 2011). Previously,
different isolated strains belonging to these thaae been documented for their potential to
degrade many of nitrogen-, sulfur- and oxygen-domtg heterocyclic pollutants (Seo et al.
2009, Xu et al. 2006). This finding was further gaged by network analysis based on
combined data of 16s rRNA gene sequencing by IhamMiseq and functional genes by
GeoChip5.0, which showed a correlation based coroecce of mainlyProteobacteria and
Actiobacteria with aromatic pollutant removal genes (Fig. 4).eThositive edge between
Burkholderia and DbtAC gene was specifically notable because this gereetisally derived
from Burkholderia sp. DBT1 (Andreolli et al. 2011). While Thiobacillus (order
Hydrogenophiliales) was not regarded as a key taxa in taxa-functioalyais, its taxonomic
abundance (Fig. S1) and high signal intensitiessadABC gene (Fig. S4) should not be
overlooked. SoThiobacillus was also considered as important functional taxhis study. The
linkage between organic pollutant degrading genés tiveir phylogenetic identity revealed how
these unique microbial communities assemble ddertctional adaptation in coking wastewater

sludge. This is particularly important because xiktence of complex and toxic compounds,
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which may challenge the optimal growth of functitywamportant microorganisms and inhibit

removal efficiency of pollutants during the treatrhef coking wastewater.

Understanding the core functional taxa is valuableipgrading a sound process and
operational strategy for effective biological treant of coking wastewater. So adoption of new
strategies would be useful for the removal of galis with a focus on key functional taxa and
their functional genes. Since organic pollutantrddmng genes oBurkholderia, Actinomycetes,
Pseudomaonas, Thiobacillus etc. were correlated with the likely transformatiaf nitrogen- and
sulfur-containing compounds, it may be possibléottify their role in the treatment process. At
the same time, realizing the crucial impact of pHhe transformation of nitrogen- and sulfur-
ontaining pollutants, precise maintenance of pH rgesatly contribute to achieve optimum

bioreactor performance and the system stabilitjynduaierobic treatment of coking wastewater.

Given the high functional potential analyzed atEH¢A level, it should be noted that the
biotransformation potential might have been overesed in this study. To validate the results
from this study, additional in-depth analyses apgymetatranscriptomic and metaproteomic
tool are needed. Besides, pH and ammonia nitrogetombination only explained 25.9% of
functional gene variations, and therefore otherdrtgnt environmental variables should be

further investigated.

5. Conclusion
The biotransformation of nitrogen- and sulfur-camitag pollutants was linked with
microbial community functional structure in a longn aerobic coking wastewater treatment

bioreactor. Following specific conclusions were m&wm this study:
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. The likely biotransformation of nitrogen- and surontaining pollutants was decreased
characteristically when pH of the bioreactor waséased to >8.0.

. The microbial community, functional structure andjamic pollutant degrading genes
were correlated (Mantel te$t,< 0.05) with pH.

. Considering their significant presence and conaatwvith the release of ammonia
nitrogen and sulfate, aromatic dioxygenases (@IXY, nagG), nitrilases (e.gnhh, nitrilase),
dibenzothiophene oxidaseDI§tAc), and thiocyanate hydrolasescfABC) were important
functional genes for biotransformation of nitrogand sulfur-containing pollutants.

. Functional characterization revealed tBatkholderiales, Actinomycetales, Rhizobiales,
Pseudomonadales, and Hydrogenophiliales (Thiobacillus) were key functional taxa for
degradation of pollutants.

. The microbial community functional structure wagngiicantly associated (Mantel test,
P < 0.05) with pH. Two parameters, pH (7.0-9.0) angmonia nitrogen jointly explained 25.9
and 35.5% of variations in organic pollutant degrgdyenes and microbial community structure,

respectively.

Appendix A. Supplementary data

Additional experimental details and data are preegskim the Supplementary Information

sections.
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Tablel

Correlation of all functional genes, organic pahit degrading genes, and microbial community

structure with environmental variables and perfarogeof bioreactor as shown by Mantel test

All functional  Organic pollutant Microbial

genes degrading genes community
r P r P r P
Wastewater COD 0.023 0.416 0.112 0.281 0.209 0.108
quality Total Phenol -0.183 0.882 -0.170  0.771 -0.039 0.514
Total nitrogen 0.257 0.074 0.203 0.1030.621  0.001
Ammonia
) 0.253 0.078 0.172 0.150 0.571  0.006
nitrogen
Sulfate 0.023 0.434 0.142 0.213 0.442 0.016
Operational
N pH 0.31 0.038 0319 0040 0534 0.005
condition

Performance COD removal 0.072 0.289 -0.167 0.749 0.059 0.310
of bioreactor Total Phenol
-0.233 0.957 -0.087 0.608 -0.098 0.738
removal
dNH,'—N/COD

5. 0456  0.004 0489 0.002 0535 0.002
dSO,”/COD

r represents statistical correlation coefficiéhtepresent® value. Bold figures indicate
significant correlationR < 0.05).



Table2

Correlation between abundances of organic poltidagrading genes and the release of ammonia

nitrogen (INH,*—N/COD) and sulfatedSQ,*/COD) as revealed by the Mantel téBt<{ 0.05)

Substrate Enzyme Genes r P
Aromatic Benzoyl-CoA reductase, subunit Abco 0.581 0.002
carboxylic acid _

Salicylate hydroxylase nagG 0.469 0.004
Toluate 1,2-dioxygenase subunit- xyl XY 0.810 0.001
Aromatics Acylamide amidohydrolase amE 0.371 0.042
Catechol 1,2 dioxygenase catechol 0.378 0.023
Nitrilase Nitrilase* 0.279 0.07
Aromatic 1,2-dioxygenase one_ring_12diox 0.367 0.038
Protocatechuate 4,5-dioxygenase proO 0.348 0.022
Aniline dioxygenase tdnB* 0.285 0.078
3-hydroxybenzoate 6-hydroxylasexinD 0.358 0.036
BTEX related  Methane/phenol/toluene
_ tomA 0.499 0.01
aromatics hydroxylase
Muconate cycloisomerase catB 0.411 0.016
Cresol dehydrogenase pchcf 0.365 0.043
Chlorinated
_ - _ tfdA 0.382 0.032
aromatics Aniline dioxygenase

Heterocyclic Dibenzothiophene oxidase DbtAc 0.324 0.047



aromatics

Nitroaromatics

Polycyclic

aromatics

Xenobiotic
related

Hydrocarbons

Other

hydrocarbons

Others

Nitroreductase
Nitroreductase
Nitrile hydratase
Nitroreductase

2-0x0-4-hydroxypentanoate

aldolase
Amidohydrolase

Hydroxydechloro atrazine

ethylaminohydrolase

Cyanuric acid amidohydrolase

nfsA 2
nfsB_2
nhh

nitroreductase 1

bphF1

trzA

atzB

atzD

Methylamine dehydrogenase small

subunit

Taurine dioxygenase

mauAB

SdsA

Cytochrome P450 monooxygenagpd50aro

0.345

0.448

0.527

0.349

0.503

0.417

0.383

0.539

0.649

0.516

0.495

0.033

0.005

0.006

0.034

0.004

0.012

0.037

0.004

0.001

0.001

0.008

r represents statistical correlation coefficientgt8ficance levelP < 0.1
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Fig. 1. Effect of pH and free ammonia( ) on (a) total pHe{®) and COD @ ) removal
efficiency, (b) release of ammonia nitrogedNH,'—N) (@) and sulfate dSO*) (®)
concentration with respect to influent COD durirgyabic treatment. Dotted or dashed curve

lines represent best possible polynomial curve fits



Aromatlcs !

.....................................................................................................

=
=)
|

&=
n
L

Aromatic

carboxylic

acid
aromatics
Xenobiotics

Nitro-
Hydrocarbons

aromatics

- Chlorinated
 Other

'G
=S
1

=]
o
1
__Polycyclic aromatics

_Heterocyclic aromatics

S
[ ]
1

Relative abundance (%)

=
ey
1

=
=)
|

AP

NP &a% w

Qﬁ\

Fig. 2. Relative abundances of various organic pollutant degrading genes. The relative
abundance was determined as percentage of the total signal intensities (normalized) of al genes
detected by GeoChip 5.0. Data are presented as mean values from nine sludge samples and error

bars represent standard deviation.
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Fig. 3. Taxafunction relationships for organic pollutant degrading genes detected by GeoChip
5.0. Relative abundance was calculated as a percentage of normalized total signal intensities of
gene categories derived from given taxa (order level) for each bioprocess. Mean values of
relative abundances of all nine samples were plotted for the organic pollutant degrading
functional genes. Abbreviation of microbial orders are: AT = Actinomycetales, BK =
Burkholderiales, RZ = Rhizobiales, PS = Pseudomonadales, SG = Sphingomonadales, RB =
Rhodobacterales, EB = Enterobacteriales, OS = Oceanospirillales, RC = Rhodocyclales, XM =
Xanthomonadales, Eu = Eurotiales, RS = Rhodospirillales, CB = Caulobacterales, BC =
Bacillales, SD = Sordariales, AP = Other Alphaproteobacteria, AM = Alteromonadales, AR =
Aeromonadales, GP = Other Gammaproteobacteria, CL = Clostridiales, LB = Lactobacillales,

NS= Neisseriales, BB = Bifidobacteriales.
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Fig. 4. Network analysis revealing the co-occurrence patterns between bacterial taxa obtained by
16S rRNA gene sequencing (Illumina MiSeq) and organic pollutant degrading genes (GeoChip
5.0). Each of the nodes represents either bacterial genera or functional genes. The solid line
(edge) between nodes denotes the positive correlation (p < 0.05) between the abundances of
linked taxa and genes. Network was visualized by Cystoscape V3.3.0.
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Fig. 5. Variation partitioning analysis of microbial diegty explained by influent COD (C),
influent NH;"—N (N), and pH (P): (a) general outline, (b) alj@nic pollutant degrading genes as
obtained from GeoChip 5.0 data, and (c) bacterilU®as obtained from Illumina MiSeq data.
Each diagram represents the biological variatiortitimed into the relative effects of each
variable, in which geometric areas are proportidoalhe respective percentages of explained
variation. Each node represents the variation axpiaby the respective variable alone. The

edge represents the interaction between adjoiroag rariables.



Highlights

* Biotransformation of N and S- containing pollutadé&teriorated at pH >8.0.

« pH and NH'—N partially shaped variation in microbial commurfiinctional genes.

» Abundance of functional genes linked with biotramsfation of N- and S- pollutants.

» Bulkholderia, Actinomycetes, Pseudomonas andThiobacillus were key functional taxa.

» Aromatic dioxygenases were most abundant orgadiatpot removal genes.



