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Abstract 31 

Disinfection methods like chlorination are increasingly used to sanitize the water, equipment, 32 

tools and surfaces in aquaculture facilities. This is to improve water quality, and to maintain a 33 

hygienic environment for the well-being of aquatic organisms. However, chlorination can result 34 

in formation of regulated disinfection byproducts (DBPs) that can be carcinogenic and toxic. This 35 

study aims to evaluate if an optimal balance can be achieved between minimal regulated DBP 36 

formation and effective microbial inactivation with either chlorination or monochloramination for 37 

application in the Red Sea aquaculture waters. Upon chlorination, the concentration of total 38 

trihalomethanes (THMs), primarily bromoform, exceeded the regulatory limit of 80 µg/L even at 39 

the lowest tested concentration of chlorine (1 mg/L) and contact time (1 h). Comparatively, 40 

regulated THMs concentration was only detectable at 30 µg/L level in one of the three sets of 41 

monochloraminated marine aquaculture waters. The average log reduction of antibiotic-resistant 42 

bacteria (ARB) by chlorine ranged from 2.3-log to 3.2-log with different contact time. The average 43 

log reduction of ARB by monochloramine was comparatively lower at 1.9 to 2.9-log. Although 44 

viable Staphylococcus aureus was recovered from monochloraminated samples as opposed to 45 

chlorinated samples, the abundance of S. aureus was not high enough to result in any significant 46 

microbial risks. Both chlorination and monochloramination did not provide any significant 47 

improvement in the reduction of antibiotic resistance genes (ARGs). This study demonstrates that 48 

a systematic evaluation is needed to determine the optimal disinfectant required to balance both 49 

microbial and chemical risks. Compared to chlorine, monochloramine may be a more appropriate 50 

disinfection strategy for the treatment of aquaculture effluents prior to discharge or for 51 

recirculatory use in the aquaculture facility.  52 

  53 
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1. Introduction 54 

Aquaculture is the fastest growing food-producing sector (Cressey, 2009) and contributes 55 

significantly to national food security (Godfray et al., 2010). Globally, aquaculture accounted for 56 

50% of the food fish production that is meant for human consumption in 2013 to 2015, and the 57 

percentage is expected to increase to 57% by 2025 due to the decrease in wild fish population 58 

(FAO, 2016). The accelerated growth of aquaculture has resulted in sanitary shortcomings that 59 

impede production efficiency. Untreated aquaculture effluents are often directly discharged into 60 

nearby environment, and the water from the same environment is subsequently pumped back into 61 

the aquaculture ponds to breed new stocks. This poor management practice is often the leading 62 

cause for microbial infections in fish produce, and would result in significant stock losses (El-63 

Matbouli and Hoffmann, 2002; Yanong and Erlacher-Reid, 2012).  64 

The problem is further compounded by the occurrence of antibiotic-resistant bacteria 65 

(ARB) that may be present in the aquaculture waters. Emergence of ARB is often due to the 66 

rampant use of antibiotics such as quinolones and tetracycline in aquaculture for disease 67 

treatment, growth promotion or as prophylaxis (Cabello, 2006). Studies have reported significant 68 

variations in the amount of antibiotics used between developed and developing countries, 69 

ranging from 1 g per tonne production in Norway to 700 g per tonne in Vietnam (Defoirdt et al., 70 

2011; Romero et al., 2012) . Sub-therapeutic levels of antibiotics in aquaculture waters are not 71 

sufficient to impose a biocidal effect on pathogens, but instead, has selected for the occurrence of 72 

ARB over prolonged periods of exposure. ARB also possess horizontal genetic elements 73 

containing antibiotic resistance genes (ARGs) that can be subsequently transferred to fish and 74 

human pathogens in the natural environment (Cabello, 2006).  75 
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To mitigate possible concerns arising from ARB and ARGs, disinfection methods like 76 

ozonation and chlorination are increasingly used to improve water quality in aquaculture 77 

facilities and to maintain a sanitary environment for the well-being of the animals (Boyd and 78 

Tucker, 1998; Colt and Huguenin, 2002; Sharrer and Summerfelt, 2007). However, each of the 79 

commonly used disinfectants has its own sets of limitations. To illustrate, the use of ozone will 80 

produce brominated organic disinfectant byproducts (DBPs) in seawater. Ozone is able to 81 

oxidize bromide, a particularly abundant anion in seawater, to bromine. Bromine is a strong 82 

oxidant that in the presence of organic matter, will favor the formation of organic halogenated 83 

DBPs (Le Roux et al., 2015). Bromate formation was also observed at high bromide 84 

concentrations (Jung et al., 2014; Legube et al., 2004), which is prevalent in marine aquaculture 85 

waters. Bromate is carcinogenic and toxic, and would in turn impose a chemical risk (AwwaRF, 86 

2006). Similar concerns arise from chlorine. Chlorine, the most commonly used disinfectant in 87 

water treatment, has the potential to oxidize bromide ion present in marine water, favoring the 88 

formation of brominated THMs that are more toxic than their chlorinated analogues (Plewa et al., 89 

2004; Wagner and Plewa, 2017).  90 

Trihalomethanes (THMs) are the most predominant class of DBPs found in chlorinated 91 

waters (Richardson and Postigo, 2012). Four THMs, including chloroform (CHCl3), 92 

bromodichloromethane (CHBrCl2), dibromochloromethane (CHBr2Cl) and bromoform 93 

(CHBr3), are listed as regulated DBPs in drinking waters due to their toxicity and 94 

carcinogenicity. Maximum Contaminant Levels (MCLs) for these regulated total THMs are set 95 

at 80 µg/L by the United States Environmental Protection Agency (USEPA), and this level is 96 

also enforced by the Saudi Arabian Standards Organization. Hence while the use of disinfectant 97 

will assist in lowering the microbial risk, it may result in high chemical risks due to the 98 
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formation of disinfection byproducts (DBPs) that are potentially harmful to fish and human 99 

health (Gallard and von Gunten, 2002). An alternative disinfectant to chlorine would be 100 

monochloramine because of reduced formation potential of regulated DBPs with this disinfectant 101 

as demonstrated in the different types of water matrices (Hua and Reckhow, 2007). However, 102 

monochloramine is a comparatively weaker oxidant than chlorine. A systematic evaluation is 103 

therefore needed to determine if the use of monochloramine would indeed result in minimal 104 

formation of regulated THMs and at the same time, achieve effective inactivation of ARB and 105 

ARGs to amounts within tolerable microbial risk.  106 

This study investigates two chemical treatment strategies, namely chlorination and 107 

monochloramination, for application in the Red Sea aquaculture waters. We aim to determine the 108 

efficiency in removing ARB and their ARGs. The concentrations of regulated DBPs that 109 

occurred as a result of disinfection were monitored, and used to evaluate if an optimal balance 110 

can be achieved between minimal regulated DBP formation and effective microbial inactivation 111 

with either chlorination or monochloramination.  112 

 113 

2. Materials and methods  114 

2.1.  Sampling 115 

Marine aquaculture samples were obtained from Jeddah Fisheries Research Center (JFRC) of the 116 

Ministry of Agriculture in Saudi Arabia. JFRC is located along the east coast of the Red Sea, and 117 

is a research facility set up with the intention to promote marine aquaculture in the Kingdom by 118 

providing technical support along with fish fry and fingerlings to farmers. The facility also 119 

produces small volume of marine organisms (e.g. tilapia, Asian seabass, shrimp, and algae) for 120 

research purposes. At this site, aquaculture wastewater and sludge were channeled to a waste 121 
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lagoon where the sludge was retained (i.e., infinite solid retention time) but effluent was 122 

discharged continuously into the Red Sea. Three sample sets were collected from the waste 123 

lagoon over a period of six weeks at a sampling interval of once every two weeks during 124 

February to March 2015. Water samples were collected in 10 L plastic containers and brought 125 

back immediately in the laboratory for storage at 4 oC prior to analyses as described in section 126 

2.2 to 2.7.  127 

2.2.  Water quality measurement 128 

Water quality parameters including pH, turbidity, ammonia, total organic carbon (TOC) and 129 

ionic contents were assessed within 24 h after sampling. Turbidity was measured using a Hach 130 

model 2100AN nephelometric turbidimeter (Hach, Loveland, CO, US). Samples were filtered 131 

through 0.45 µm nylon filter prior to TOC determination by the high-temperature catalytic 132 

oxidation (HTCO) method using TOC-VCPH analyzer (Shimadzu, Japan). One blank deionized 133 

water and positive control of known TOC concentration were analyzed along with the samples. 134 

Ammonia concentrations were measured using the 0 to 2.50 mg/L NH3-N test ‘n tube kit 135 

(HACH Company) based on manufacturer’s protocol. Individual calibration standards of seven 136 

anions (fluoride, chloride, nitrite, sulfate, bromide, nitrate, phosphate) were obtained from Fluka 137 

(Sigma Aldrich) for the Dionex Ion Chromatography system. The anions mixture was separated 138 

on an IonPac AS15 (2 x 250 mm) RFIC column.  139 

2.3. Antibiotic residues measurement 140 

All aquaculture effluent samples were filtered through 0.45 µm nylon filters. The pH of the 141 

filtrate was adjusted to 3-4 with 40% sulfuric acid and 1N NaOH.  Subsequently, 4.7 g/L citric 142 

acid, 4.4 g/L Na2HPO4 and 14.9 g/L Na2EDTA·2H2O were dissolved in the sample. Surrogate 143 

compounds, sulfamethazine (Phenyl-13C6, 99%) and isotopic tetracycline (Tetracycline-d6), as 144 
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well as simeton, 20 µg/L each, were added into the loading bottle to inspect the recovery ratio. 145 

The sample was thoroughly shaken and subject to solid phase extraction (SPE) (Dionex, 146 

AutoTrace 280, Thermo Scientific, USA). The SPE cartridge (Oasis HLB, 500 mg) was 147 

conditioned with methanol, 10 mM trifluoroacetic acid and deionized water, consecutively, 148 

before the sample was loaded. The flowrate for the conditioning was 15 mL/min and 3 mL/min 149 

for loading. Three consecutive rinsing steps with 10 mL methanol/deionized water (5:95 v/v), 10 150 

mL deionized water and 10 mL deionized water were performed after loading was completed. 151 

The cartridge was dried under gas stream for 60 min. The dried cartridge was then eluted twice 152 

with 5 mL of methanol with 0.1% formic acid at 1 mL/min. The collected eluate was evaporated 153 

under a nitrogen gas stream till the volume is 0.5 mL. The concentrated sample was stored in a 154 

1.5 mL amber glass vial and then determined for the sulfamethoxazole (SMX) and tetracycline 155 

(TC) on LC-MS/MS (Transcend, Thermo Scientific, Massachusetts, US).  All samples were 156 

separated using a Luna®-C18(2) in combination with a guard column (Phenomenex, california, 157 

USA ). 0.1% formic acid in water (Phase A) and 0.1% formic acid in methanol (Phase B) was 158 

combined to form a gradient mobile phase to separate the TC and SMX as well as the three 159 

surrogates. These five compounds were separated into two groups according to their 160 

characteristics. Isotope SMX, simeton and SMX comprised of one group, and isotope TC and TC 161 

comprised of the other group. Compounds were detected by Tandem Mass Spectrometry (TSQ 162 

Vantage, Thermo Scientific, US). A series of tetracycline (TC) and isotope-TC standards ranging 163 

from 2 to 50 µg/L were analyzed by LC-MS/MS following SPE procedure. A series of different 164 

concentrations ranging from 2-100 ug/L of SMX and simeton as well as sulfamethazine 165 

(Phenyl-13C6, 99%) were also performed in a similar manner to generate standard curves. All 166 

extracted samples were analyzed in duplicate.  167 



8 
 

2.4. Disinfection experiments 168 

All amber glassware used during the experiments was washed and baked at 500 °C for at least 5 169 

h before use. Duplicate disinfection experiments were carried out at room temperature using 170 

either chlorine or monochloramine. The commercial stock solution of sodium hypochlorite 171 

(NaOCl, 11% Fisher Scientific) was standardized before each experiment by monitoring the 172 

absorbance of ClO- at 292 nm (ε = 362 M-1.cm-1). Monochloramine (NH2Cl) stock solutions 173 

(100 mg/L) were freshly prepared by dissolving ammonium chloride (NH4Cl, Acros 174 

Organics, >99%) in deionized water adjusted to pH 8.5 with phosphate buffer. This pH was 175 

selected for the chloramination reactions to ensure that monochloramine remains the 176 

predominant species instead of dichloramine (NHCl2) which forms at a pH of < 8.0. Sodium 177 

hypochlorite was then added slowly with continuous stirring, at a Cl:N molar ratio of at least 178 

1:1.2 to avoid breakpoint chlorination resulting from local excess of hypochlorite. The 179 

proportion of NH2Cl and NHCl2 in stock solution was quantified by monitoring absorbances at 180 

their respective λmax (i.e., λNH2Cl = 245 nm; λNHCl2 = 295 nm). The disinfectants were dosed at a 181 

concentration of either 1 mg/L or 2 mg/L as Cl2 in two replicate reaction bottles. At the end of 182 

each of the predetermined contact times (either 1 h or 2 h), the reaction was quenched with 183 

excess sodium thiosulfate and each reaction bottle was sacrificed for subsequent analysis. Each 184 

set of experiments also included a negative control comprised of the aquaculture sample without 185 

disinfectants. 186 

2.5 Analysis of trihalomethanes (THMs) 187 

THMs were extracted using the liquid-liquid extraction procedure described in EPA Method 188 

551.1. After quenching the residual oxidant with sodium thiosulfate, 20 mL of sample was 189 

transferred to a 40 mL glass vial containing 4 g of anhydrous sodium chloride. The pH was 190 
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adjusted to < 2.0 with the addition of 0.8 mL of sulfuric acid. 100 μL of 6 mg/L 191 

decafluorobiphenyl was added as the internal standard followed by extraction with 3 mL of 192 

methyl tert-butyl ether (MTBE). The MTBE layer was injected in pulsed-splitless mode (1 193 

mL/min) into an Agilent 7890A GC system coupled with a 5975C mass spectrometer (GC-MS). 194 

THMs were separated onto a DB-1701 (30 m x 250 μm x 0.25 μm) column. The column oven 195 

was held at 35 oC for 6 min, ramping to 125 °C at 10 °C/min, and then to 220 °C at 25 °C/min, 196 

and maintained at this temperature for 2 minutes. A mixed standard containing bromoform, 197 

bromodichloromethane and dibromochloromethane (EPA 501/601 Trihalomethanes Calibration 198 

Mix, 200 µg/mL in methanol) and internal standard decafluorobiphenyl (Supelco, Sigma-199 

Aldrich) were run alongside with the samples.   200 

2.6 DNA extraction and high-throughput sequencing 201 

Approximately 600-700 mL of non-disinfected and disinfected water samples were individually 202 

filtered through 0.45 µm polycarbonate filter, and the biomass retained on filter was extracted for 203 

the genomic DNA using UltraClean® Soil DNA Isolation Kit (MoBio, Carlsbad, USA) as 204 

described previously (Ansari et al., 2015). With the exception of sample S2C3 which had 205 

inhibitors that impede PCR, the total microbial communities in all other remaining water samples 206 

were determined by performing 16S rRNA gene-based high-throughput sequencing on Illumina 207 

MiSeq platform based on protocols described previously (Cheng et al., 2016). The raw sequence 208 

reads obtained from the MiSeq were first trimmed for their barcode, adaptor and primer 209 

sequences, and further checked for their quality by removing reads that are < 300 nt in length and 210 

with Phred score < 20. Chimeras were identified on UCHIME (Edgar et al., 2011) by referencing 211 

against a core reference fasta file that was downloaded from Greengenes (i.e., gold strains gg16 – 212 

aligned.fasta, last updated on 19 March 2011). Sequences were aligned using the RDP Infernal 213 
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Aligner, and aligned sequences were binned for unique OTUs identified at 97% 16S rRNA gene 214 

similarity. The cluster matrix generated from RDP pipeline was then used in rarefaction analysis. 215 

To annotate the 16S rRNA gene sequences obtained from high-throughput sequencing, RDP 216 

Classifier was used for taxonomical assignments at 95% confidence level (Cole et al., 2009). 217 

After annotation, the relative abundances of the individual bacterial and archaeal genera were 218 

calculated, collated and then square-root transformed. The transformed dataset was then 219 

computed for their Bray-Curtis similarities and represented graphically for spatial distribution in 220 

a multidimensional scaling (mMDS) plot using Primer-E version 7 (Clarke and Gorley, 2015). 221 

High-throughput sequencing files are deposited in the Short Read Archive (SRA) of the 222 

European Nucleotide Archive (ENA) under study accession number PRJEB15240.  223 

2.7 Heterotrophic plate counts on antibiotic-selective media 224 

Serial dilutions of the effluent samples over range of 10-1 to 10-3 –fold were prepared in sterile 225 

phosphate-buffered saline solution (PBS, pH 7.5), and then 100 µL of the diluted sample was 226 

spread-plated onto marine agar medium (Difco) supplemented with and without antibiotics. 227 

Either one of the three types of antibiotics was supplemented to the marine agar plates: 30 228 

µg/mL tetracycline (TC), 30 µg/mL sulfamethoxazole (SMX) and 8 µg/mL ceftazidime (CEF). 229 

These antibiotics were chosen because tetracycline and sulfamethoxazole were commonly used 230 

in aquaculture, and also because ceftazidime is a third generation cephalosporin.  Bacterial 231 

isolates resistant to ceftazidime would usually denote the presence of beta-lactamase enzymes 232 

that confer resistance against this new type of antibiotic. After spread-plating, the media plates 233 

were incubated at 37 oC for 48 h, and thereafter determined for the colony forming units (CFUs) 234 

on each plate.  235 

 236 
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2.8 Bacterial isolation and phylogenetic identification  237 

Single bacterial colonies that grew on the antibiotic-selective media were randomly picked, 238 

restreaked on new antibiotic-supplemented media plates, and further incubated at 37 oC for 24 h.   239 

Single colonies that grew after incubation were individually inoculated into 6 mL sterile marine 240 

broth for incubation at 37 oC for 12-14 h. Bacterial cultures were harvested by centrifugation at 241 

5000 g for 15 min, and the biomass pellet was extracted for its DNA using the Qiagen DNeasy 242 

Blood & Tissue kit as per the manufacturer’s protocol. PCR assays were carried out in a 50 µL 243 

reaction volume using a C1000 Touch Thermo Cycler machine. The 16S rRNA genes of 244 

bacterial isolates were amplified and sent in for Sanger sequencing at the KAUST Genomics core 245 

lab based on procedure described earlier (Ansari et al., 2015). The sequencing results were 246 

BLASTN (Basic Local Alignment Tool) against the National Center for Biotechnology 247 

Information (NCBI) 16S rRNA genes database.  248 

2.9 Quantitative microbial risk assessment (QMRA) 249 

Microbial risk arising from Staphylococcus aureus, the only opportunistic pathogenic species 250 

detected in this study, was further evaluated by QMRA. Two possible scenarios at which the 251 

public consumers or aquaculture farmers can be exposed to S. aureus were considered. The first 252 

scenario is through dermal contact while handling the fish during meal preparation. The second 253 

scenario is through open wound contact when handling fish without proper protection equipment 254 

during harvesting. The average number of CFU/mL obtained for the monochloraminated samples 255 

was 2.24 x 102, where 10% of the isolated bacterial colonies were identified to be S. aureus. S. 256 

aureus is hence estimated to be present in the monochloraminated water at 22.4 CFU/mL. 257 

Various assumptions were made to facilitate the QMRA. It was assumed that 10 mL of 258 

aquaculture water adhered onto the skin per fish, and that the transfer rate of S. aureus from fish 259 
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surface to hand is 10%. The surface area of hand exposed to the fish while handling was 1310 260 

cm2. In the first scenario, only 1 fish was handled per meal and that the consumption rate was 1 261 

fish per day per annum. In the second scenario, 50 fishes were caught and handled per day in the 262 

aquaculture facility, and that aquaculture workers practice a 5-days working week throughout the 263 

year. The risk from S. aureus was characterized using the exponential distribution model for 264 

daily risk, equation (1): 265 

P (response) = 1−e (−k × dose)                          (1)  

where k is a numerical constant that denotes the probability of an organism to survive to reach 266 

and infect a host, and P is the probability of infection or death. The k constant for S. aureus was 267 

estimated at 7.64 x 10-8 (Rose and Haas, 1999; Struve and Krogfelt, 2003)(Rose and Haas, 1999; 268 

Struve and Krogfelt, 2003)(Rose and Haas, 1999; Struve and Krogfelt, 2003)(Rose and Haas, 1999; 269 

Struve and Krogfelt, 2003)(Rose and Haas, 1999; Struve and Krogfelt, 2003)(Rose and Haas, 1999).  270 

Annual risk was calculated based on the equation (2) below: 271 

P annual = 1−(1−Pdaily) number of exposure days per year         (2) 

To provide perspectives on the microbial risk outcomes, the annual risk evaluated in this study was 272 

compared against a microbial risk of 10−4 (Smeets et al., 2009). 273 

2.10 Quantitative PCR to determine copy numbers of antibiotic resistance genes 274 

The copy numbers of ARG encoding resistance against sulfonamide (i.e., sul1 and sul2) and 275 

tetracycline (tetZ) were quantified using qPCR on 7900 HT Applied Biosystems real time PCR 276 

thermal cycler (Thermo Fisher Scientific, Carlsbad, CA).  qPCR standards for the respective 277 

genes were prepared as described previously (Al-Jassim et al., 2015; Harb et al., 2016). To 278 

produce qPCR standard curves, plasmid DNA were diluted in series to form concentration 279 
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ranging from 102 to 108 copies/µL. Each reaction volume of 20 μL contained 10 µL of Power 280 

SYBR Green master mix, 0.4 µL of each primer (10 µM), 7 ng of DNA template and 8.5 µL 281 

H2O. The reaction for amplification was run using an annealing temperature of 60 °C, and 282 

melting curve analysis was performed with a dissociation cycle which included an increment of 283 

temperature from 60 oC to 95 oC, at an interval of 0.5 oC for 5s. The threshold cycle (Cq) values 284 

for each dilution were plotted against the log-transformed concentration of each dilution. The 285 

amplification factor of the standards ranged from 1.87 to 1.99 and with R-squared values ˃ 0.97. 286 

Amplifications to obtain standard curves were performed in triplicate, while test amplifications 287 

and negative non-template controls (NTCs) were run in duplicates. All NTCs did not have 288 

determinable Cq values. 289 

 290 

3. Results 291 

3.1 Aquaculture effluent quality  292 

The average values of pH, conductivity, salinity, ammonia and dissolved organic carbon was 293 

7.95 ± 0.07,  59.3 ± 1.2 mS/cm, 29.7 ± 0.6 g/L, 0.06 ± 0.03 mg/L and 4.27 ± 0.16 mg/L, 294 

respectively. Turbidity in the aquaculture effluent was more variable, increasing from 1.3 NTU 295 

in Set 1 to 2.8 NTU in Set 2, and then decreasing to 1.8 NTU in Set 3. Other inorganic anions 296 

that were detected include fluoride, chloride, sulfate and bromide at a concentration of 9.33 ± 297 

0.58 mg/L, 24.0 ± 0.17 g/L, 3.51 ± 0.03 mg/L and 231.0 ± 9.5 mg/L, respectively. No nitrite, 298 

nitrate and phosphate were detected for all three sets of aquaculture waters. Sulfamethoxazole 299 

was not detected for all three sample sets but tetracycline residues were detected at sub-300 

therapeutic level of 0.002 ng/L for Set 1 and 3.  301 
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 302 

3.2 Formation of brominated THMs  303 

High bromide content in the aquaculture effluent samples resulted in the formation of high levels 304 

of brominated THMs (i.e., bromodichloromethane and dibromochloromethane) when the 305 

aquaculture waters were chlorinated (Figure 1A to C). The amount of THMs formed in 306 

chlorinated Set 3 samples were the highest (Figure 1C) followed by Set 1 samples (Figure 1A). 307 

The concentration of total trihalomethanes, primarily bromoform, exceeded the USEPA 308 

regulatory limit of 80 µg/L even at the lowest tested concentration of chlorine (1 mg/L) and 309 

contact time (1 h). Comparatively, THMs concentration was only detectable in 310 

monochloraminated Set 1 samples at an approximately 30 µg/L concentration (Figure 1A). 311 

Bromodichloromethane was not detected in the aquaculture effluent samples upon treatment with 312 

either disinfectant, regardless of contact time and disinfectant concentration. There were no 313 

detectable THMs in the non-disinfected aquaculture effluents. 314 

3.3 Dynamics of microbial communities in response to disinfection by high-throughput 315 

sequencing method 316 

Temporal variation and the type of disinfectant were the two predominant factors that accounted 317 

for differences in the microbial communities. This was exemplified from the multidimensional 318 

scaling plot that showed clustering of samples based on the three sample sets A, B, and C (Figure 319 

2). Within each sample set, there was a further sub-clustering of samples based on the 320 

disinfectant type, and that the average Bray-Curtis similarities shared between non-disinfected 321 

samples with chlorinated and monochloraminated samples were 82.6% ± 2.5% and 81.5% ± 322 

2.0%, respectively. Bacterial populations that accounted for more than 1% of the total microbial 323 
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community in the control (i.e., no disinfection) were shown in Figure 3, and evaluated for 324 

changes in their average relative abundances after disinfection. Bacterial populations, for 325 

example, unclassified Flavobacteriaceae, Cyanobacteria and Rhodobacteraceae decreased in their 326 

relative abundance upon exposure to either chlorine or monochloramine (Figure 3). In contrast, 327 

Bacillariophyta and Pseudoaltermonas increased in relative abundance after disinfection. 328 

Specifically, Pseudoalteromonas increased by up to 2.6-times and 1.3-times, respectively, after 329 

chlorine and monochloramine disinfection. Unclassified Alteromonadales increased in relative 330 

abundance by ca. 1.6-times only in presence of chlorine but not monochloramine (Figure 3). At a 331 

sequencing depth of 34,720 sequences, a total of 15658 ± 2823, 14231 ± 1700 and 14975 ± 919 332 

unique OTUs were identified based on < 97% 16S rRNA gene similarity to be present in the 333 

non-disinfected, chlorinated and monochloraminated samples, respectively. The slight decrease 334 

in the number of unique OTUs after disinfection was not significantly different compared to the 335 

non-disinfected samples (p > 0.2).   336 

3.4 Dynamics of microbial communities in response to disinfection by cultivation-based 337 

methods 338 

The average number of bacterial isolates in the non-disinfected samples that grew on the marine 339 

agar supplemented with sulfamethoxazole, tetracycline and ceftazidime were 5.33 x 104, 4.25 x 340 

104 and 8.75 x 103 CFU/mL. The average log reduction of bacterial isolates by 1 mg/L chlorine 341 

increased from 2.3-log to 3.2-log with increase in the exposure time. A similar increase in log 342 

reduction with exposure time was observed for 2 mg/L chlorine (Figure 4A). Log reduction 343 

achieved by monochloramination is generally lower than that achieved by chlorine. The 344 

reduction of bacterial isolates by 1 mg/L monochloramine for 1 h and 2 h exposure were 1.9 and 345 

2.1-log, respectively (Figure 4B). An application of 2 mg/L monochloramine increased the log 346 
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reduction to 2.8 and 2.9-log for 1 h and 2 h exposure, respectively (Figure 4B). A total of 21 347 

bacterial colonies that remained viable after chlorination were randomly picked and identified for 348 

their phylogenetic affiliation based on 16S rRNA gene sequence. Ruegeria, Pseudoalteromonas 349 

and Halobacillus individually accounted for 19% of the total isolates each, while three of the 350 

isolates were Bacillus spp.  A similar approach was made for the samples that were 351 

monochloraminated. A total of 30 bacterial colonies were isolated from the monochloraminated 352 

samples, and Sanger-based sequencing of 16S rRNA genes revealed that majority of the isolates 353 

were Pseudoalteromonas (33.3%). In addition, three isolates were identified to be 354 

Staphylococcus aureus and two isolates were identified as Tenacibaculum discolor.  355 

3.5 Microbial risk assessment for Staphylococcus aureus in monochloraminated samples  356 

Given that Staphylococcus aureus is present in the monochloraminated samples, microbial risk 357 

assessment was performed to determine if the presence of this potential opportunistic pathogen 358 

would be of concern. Two possible scenarios where public consumers and aquaculture farmers 359 

can be exposed to the S. aureus were considered (Table 1). Given the detected abundance of S. 360 

aureus in the water and the amount of fish handled per day for ingestion by the general public 361 

consumers, the exposure dose incurred while handling the fish for consumption was 1.71 x 10-2 362 

CFU/cm2. This exposure dose resulted in a point estimate and annual risk of 1.31 x 10-9 and 4.77 363 

x 10-7, respectively. Aquaculture workers with open wounds handle a larger number of fishes per 364 

day. However, the concentration of S. aureus detected in the monochloraminated samples and 365 

that were subsequently transferred onto the fish skin surface were insufficient to cause a 366 

considerable risk on the aquaculture workers. The point estimate risk in the second scenario was 367 

6.53 x 10-8 while the annual risk was 1.70 x 10-5 (Table 1).  Collectively, the two estimated 368 
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annual risks imposed on public consumers and aquaculture workers were lower than the 369 

benchmarked annual risk of 10-4.  370 

3.6 Change in the relative abundance of ARGs in response to disinfection  371 

Among all three sets of samples, the average copy numbers of sul1 was 3.29 x 102 ± 4.81 x 102, 372 

2.72 x 102 ± 3.57 x 102 and 4.08 x 102 ± 2.06 x 102 copies  per mL of non-disinfected, chlorinated 373 

and monochloraminated water, respectively. The average copy numbers of sul2 was about 10-374 

fold lower than that of sul1, and was 3.20 x 101 ± 3.70 x 101, 2.13 x 101 ± 1.67 x 101 and 2.57 x 375 

101 ± 2.67 x 101 copies mL of non-disinfected, chlorinated and monochloraminated water, 376 

respectively. There was no significant difference in the copy numbers of sul1 or sul2 that were 377 

detected among the non-disinfected, chlorinated and monochloraminated waters (p > 0.05). tetZ 378 

gene was also detected in the same order of magnitude as sul2 gene, with an average 1.73 x 379 

101 ± 1.59 x 101 , 1.03 x 101 ± 8.83 x 100 and 1.39 x 101 ± 1.12 x 101 copies per mL in non-380 

disinfected, chlorinated and monochloraminated water, respectively. No significant difference in 381 

the tetZ genes copy numbers were observed among non-disinfected and monochloraminated 382 

waters (p > 0.05). The copy numbers of tetZ in chlorinated waters was however lower than that 383 

in the non-disinfected and monochloraminated waters at a 90% confidence level (p < 0.10).  384 

 385 

4.  Discussion  386 

Disinfection in an aquaculture facility is commonly employed as a routine sanitary measure to 387 

eradicate specific bacterial or viral diseases in hatcheries and tank holding facilities. Depending 388 

on which stage of the aquaculture production, disinfectant may be used at varying concentrations. 389 

For example, pipelines can be filled with 50 mg/L of chlorine at a contact time of 30 min, while 390 
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aquaculture effluent is recommended to be applied with a minimum residual free chlorine 391 

concentration of 10 mg/L for 24 to 48 h (OIE, 2009). Although the use of disinfectant will assist 392 

in lowering the microbial risk, it may result in high chemical risk arising from the formation of 393 

disinfection byproducts (DBPs) that are potentially harmful to fish and human health (Gallard and 394 

von Gunten, 2002). The recommended guideline for best management practices in aquaculture 395 

facilities recognizes that the disinfectant in the aquaculture waters is toxic and should be 396 

neutralized prior to discharge or reuse. However, the neutralization step will not eliminate the 397 

DBPs that were already formed during the disinfection procedure.  398 

DBPs that are formed include chloroform, bromoform, bromodichloromethane, 399 

chlorodibromomethane, which collectively comprised the four THMs regulated by most 400 

regulatory agencies. Chloroform, one of the four regulated THMs, was not evaluated in this 401 

study as chloroform is not expected to be produced at the high bromide concentration detected in 402 

the aquaculture effluents. Furthermore, chloroform is not mutagenic and genotoxic in a wide 403 

array of systems and endpoint measurements as compared to the other three THMs (Richardson 404 

et al., 2007). Most of the current available studies demonstrating genotoxicity and 405 

carcinogenicity of the DBPs were conducted based on ingesting potable waters, and not much is 406 

known about the minimal contaminant level for DPBs permissible in aquaculture waters. 407 

Nevertheless, using the current regulated THMs concentrations of 80 µg/L and 100 µg/L in 408 

drinking water defined by US-EPA and EU, respectively, as benchmark, it was observed that the 409 

concentrations of THMs formed when chlorine was used as a disinfectant exceeded that of the 410 

regulated concentrations. In contrast, negligible DBPs were formed when monochloramine was 411 

used. This observation is in agreement with past studies which reported a lower DBP formation 412 



19 
 

potential for monochloramine in natural waters and treated waters (Bougeard et al., 2010; Hua 413 

and Reckhow, 2007).  414 

However, monochloramine is generally a weaker disinfectant compared to chlorine. 415 

Considering that insufficient disinfectant can potentially increase microbial risk, it is important 416 

to assess the efficacy of monochloramine in inactivating microorganisms. Disinfection resulted 417 

in a selective increase in the relative abundance of Halobacillus and Bacillus spp., both of which 418 

are gram-positive spore-formers that were demonstrated to exhibit lower susceptibility to 419 

oxidative stress (Russell, 2003).  In addition, Pseudoalteromonas, which was ubiquitously found 420 

in the marine environment, were also selectively enriched in the relative abundance and 421 

remained viable on heterotrophic media despite being subjected to disinfection. Past genome 422 

sequencing of P. flavipulchra and P. tunicata revealed the presence of a large number of proteins 423 

(e.g. catalases, superoxide dismutase, alkyl hydroperoxide reductase) (Thomas et al., 2008; Yu et 424 

al., 2013) that may have been expressed in the presence of chlorination and/or 425 

monochloramination, and hence aided in overcoming oxidative stress.  426 

A wider diversity of bacterial populations was detected after monochloramination 427 

compared to chlorination, suggesting that some bacterial populations were able to survive the 428 

monochloramination but not chlorination. Emphasis was made to monitor the inactivation of 429 

ARB because pathogens that are resistant to antibiotics are generally harder to treat due to a 430 

limited options of antibiotics available for therapy, and that infected patients may face a higher 431 

morbidity and mortality rates than when infected by antibiotic-susceptible strains. It was found 432 

that regardless of the type of disinfection procedure, there was a corresponding change in the 433 

overall microbial community compared to the non-disinfected samples. Chlorination was 434 

particularly effective in inactivating antibiotic-resistant opportunistic pathogens as no species 435 
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identified to be opportunistic pathogens or pathogens were recovered from the viable plate 436 

counts. In contrast, S. aureus was detected in the samples that were subjected to only 437 

monochloramination. S. aureus is an indigenous species of the skin microbiota and when present 438 

in sufficiently high dose, are commonly associated with skin infections (e.g. atopic dermatitis) 439 

(Machura et al., 2008) that can also spread through bloodstream to cause infections in other sites 440 

of the body. The concentration of S. aureus that remained viable after monochloramination was 441 

not likely to impose any major concern for both public consumers and aquaculture workers 442 

examined in this study (Table 1). However, in the event that the number of fish handled were to 443 

be increased to > 300 fishes per harvest, the estimated risk per annum would consequentially 444 

increase beyond the acceptable limits of 10-4 and would suggest a potential occupational health 445 

hazard for aquaculture workers on a long-term basis. Similar concerns pertaining to enteric 446 

infection from E. coli as an occupational health hazard have also been raised in an earlier study 447 

(Ogbondeminu and Okaeme, 1986). To mitigate microbial risks that remained after 448 

monochloramination, better hygiene practices (e.g. use of gloves and boots to minimize exposure 449 

to bacteria on fish skins and in aquaculture waters) can be adopted.  This would be more 450 

preferable than an increase in monochloramine dosage, which can lead to increase in formation 451 

of other carcinogenic DBPs like nitrosodimethylamine (NDMA) or other unknown toxic DBPs 452 

that were not considered and evaluated in this study.  453 

Despite demonstrating good efficacy in removing ARB, our findings suggest that only 454 

chlorination but not monochloramination achieved minimal removal of ARG from the 455 

aquaculture waters. ARG that are present as extracellular DNA can be horizontally transformed 456 

into naturally competent bacterial hosts including pathogens and opportunistic pathogens. An 457 

earlier study has found that in the presence of subinhibitory concentrations (i.e., 0.1 to 1 mg/L) 458 
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of disinfectants, there was an observed increase in ARG transfer within E. coli strains and across 459 

genera from E. coli to Salmonella enterica Typhimurium (Zhang et al., 2017). In this study, 460 

chlorine or monochloramine was therefore assessed for its ability to eradicate ARGs at ≥ 1 mg/L 461 

concentration so as to minimize the potential for horizontal gene transfer. It was observed that 462 

ARGs were present at concentrations up to 4.1 x 102 copies per mL of aquaculture water samples 463 

even though the associated antibiotic residues were not present in detectable concentrations. 464 

Specifically, the copy numbers of two of the three ARGs evaluated in this study were not 465 

significantly different from the control samples upon chlorination and monochloramination, 466 

suggesting that both disinfectants do not contribute to ARG removal. Past studies have also 467 

reported that chlorination was ineffective in removing ARGs in other types of water matrix. In 468 

one study, chlorination decreased tetracycline resistance genes at an overall removal level of 0.1-469 

log (Yuan et al., 2015), while a slight increase in the tetZ genes was observed in the chlorinated 470 

municipal wastewater effluent compared to the non-chlorinated effluent (Al-Jassim et al., 2015). 471 

Currently, there are no regulated standards on the level of ARGs permissible for discharge, and 472 

the extent of public health risks imposed by the presence of these ARGs in the aquaculture 473 

waters remains unknown. However, the results of this study suggest minimal impact on ARGs 474 

arising from the disinfection procedure, regardless of the type of disinfectant, and that other 475 

technologies would be required to effectively remove ARGs from aquaculture effluents.   476 

This study only monitored regulated THMs and attempt to seek a balance between the 477 

risks incurred from THM and that arising from microbial contaminants. However, it is to be 478 

noted that disinfecting seawater with high iodide level, especially with chloramines, can result in 479 

the formation of highly toxic iodinated DBPs (Yang et al., 2014) that were not evaluated in this 480 

study. Furthermore, total organic halogen (TOX) including total organic chlorine (TOCl), total 481 
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organic bromine (TOBr) and total organic iodine (TOI) were not evaluated as a collective 482 

parameter to provide a form of toxicity indicator. Future studies should aim to monitor these 483 

parameters so as to provide a more comprehensive assessment of chemical and microbial risks 484 

associated with the type of disinfectants used on aquaculture waters. 485 

5.  Conclusions  486 

In summary, this study demonstrates that a systematic evaluation is needed to determine the 487 

optimal disinfectant required to balance both microbial and chemical risks. Although a 488 

considerably lower amount of disinfectant and a shorter contact time was used in this study 489 

compared to what would have been used in actual practices, the findings indicated that 490 

monochloramination was able to achieve minimal regulated THMs formation and yet achieve a 491 

reasonably good inactivation of ARB present in the aquaculture effluents.  Both chlorination and 492 

monochloramination did not provide any significant reduction of ARGs. Compared to chlorine, 493 

monochloramine may be a more appropriate disinfection strategy for the treatment of aquaculture 494 

effluents prior to discharge or for recirculatory use in the aquaculture facility, although further 495 

assessment is required to evaluate if monochloramination of aquaculture waters would enhance 496 

the formation of emerging toxic iodinated DBPs.  497 
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Table 1. Quantitative microbial risk assessment for Staphylococcus aureus that were detected in 610 
the monochloraminated water samples.  611 

Scenario 1: Open wound while preparing fish for consumption  
Abundance of S. aureus in water 22.4 A 
Amount of water adhered on fish skin 10 B 
Transfer rate of S. aureus from fish surface to 
hand 

0.1 C 

Number of fish handled per time 1 D 
Surface area of hand exposed 1310 E 
k constant for S. aureus (exponential model) 7.64 x 10-8 F 
Exposure dose 1.71 x 10-2 G = A*B*C/D 
Point estimate risk 1.31 x 10-9 H = 1- exp(-F * G)  
Annual risk 4.77 x 10-7 I = 1-(1-H)365 
   
Scenario 2: Open wound during fish harvesting and handling  
Abundance of S. aureus in water 22.4  
Amount of water adhered on fish skin 10  
Transfer rate of S. aureus from fish surface to 
hand 

0.1  

Number of fish handled per time 50  
Surface area of hand exposed 1310  
k constant for S. aureus (exponential model) 7.64 x 10-8  
Exposure dose 1.71 x 10-2 G = A*B*C/D 
Point estimate risk 6.53  x 10-8 H = 1- exp(-F * G)  
Annual risk 1.70 x 10-5 I = 1-(1-H)260 
   
   

 612 

  613 
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Figures legend 614 

 615 

Figure 1. Amount of bromodichloromethane, dibromochloromethane and bromoform (i.e., 616 

trihalomethanes) formed in (A) set 1 samples, (B) set 2 samples and (C) set 3 samples.  617 

MA refers to control. A1 and A2 were subjected to 1 mg/L chlorine for 1 h and 2 h, respectively. 618 

A3 and A4 were subjected to 2 mg/L chlorine for 1 h and 2 h, respectively. B1 and B2 were 619 

subjected to 1 mg/L monochloramine for 1 h and 2 h, respectively. B3 and B4 were subjected to 620 

2 mg/L monochloramine for 1 h and 2 h, respectively.  621 

 622 

Figure 2. Multivariate analysis of the microbial communities as shown on a metric 623 

multidimensional scaling plot. Samples are clustered according to the sampling set 1, 2 and 3. 624 

Within each sample cluster, samples are further sub-clustered according to the disinfectant type.  625 

 626 

Figure 3. Average relative abundance of predominant bacterial populations (> 1 % of total 627 

microbial community). Relative abundance of these predominant bacterial populations altered 628 

according to the type of disinfectant when compared to the control. 629 

 630 

Figure 4. Log reduction values of antibiotic resistant bacteria recovered from three types of 631 

media plates supplemented with three types of antibiotics (-S denotes sulfamethoxazole, -T 632 

denotes tetracycline and –C denotes ceftazidime), upon exposure to (A) chlorine, and (B) 633 

monochloramine. A1 and A2 were subjected to 1 mg/L chlorine for 1 h and 2 h, respectively. A3 634 

and A4 were subjected to 2 mg/L chlorine for 1 h and 2 h, respectively. B1 and B2 were 635 

subjected to 1 mg/L monochloramine for 1 h and 2 h, respectively. B3 and B4 were subjected to 636 

2 mg/L monochloramine for 1 h and 2 h, respectively. * denotes no bacteria recovered and hence 637 

log reduction values are not applicable.  638 
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