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Abstract

Water quality parameters influence the abundance of pathogenic bacteria. The genera
Aeromonas, Arcobacter, Klebsiella, and Mycobacterium are among the representative path-
ogenic bacteria identified in wastewater. However, information on the correlations between
water quality and the abundance of these bacteria, as well as their reduction rate in existing
wastewater treatment facilities (WTFs), is lacking. Hence, this study aimed to determine the
abundance and reduction rates of these bacterial groups in WTFs. Sixty-eight samples (34
influent and 34 non-disinfected, treated, effluent samples) were collected from nine WTFs in
Japan and Thailand. 16S rRNA gene amplicon sequencing analysis revealed the presence
of Aeromonas, Arcobacter, and Mycobacteriumin all influent wastewater and treated efflu-
ent samples. Quantitative real-time polymerase chain reaction (QPCR) was used to quantify
the abundance of Aeromonas, Arcobacter, Klebsiella pneumoniae species complex
(KpSC), and Mycobacterium. The geometric mean abundances of Aeromonas, Arcobacter,
KpSC, and Mycobacterium in the influent wastewater were 1.2 x 10*-2.4 x 105, 1.0 x 10°-
4.5x10° 3.6 x 10°~4.3 x 10*, and 6.9 x 10°-5.5 x 10* cells mL™", respectively, and their
average log reduction values were 0.77-2.57, 1.00-3.06, 1.35-3.11, and -0.67-1.57,
respectively. Spearman’s rank correlation coefficients indicated significant positive or nega-
tive correlations between the abundances of the potentially pathogenic bacterial groups and
Escherichia coli as well as water quality parameters, namely, chemical/biochemical oxygen
demand, total nitrogen, nitrate-nitrogen, nitrite-nitrogen, ammonium-nitrogen, suspended
solids, volatile suspended solids, and oxidation-reduction potential. This study provides
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valuable information on the development and appropriate management of WTFs to produce
safe, hygienic water.

Introduction

Wastewater treatment facilities (WTFs) are vital components in reducing pathogens in
untreated wastewater [1]. The use of reclaimed water derived from treated wastewater for agri-
cultural irrigation; environmental enhancement; groundwater recharge; portable reuse; and
industrial, recreational, and urban use is gaining attention owing to rapid urbanization, espe-
cially in developing countries, and the increasing global water scarcity [2]. Jones et al. esti-
mated that 40.7 x 10° m” year™' of treated wastewater is intentionally reused for human
purposes [3]. A major concern regarding the discharge of wastewater into the environment
and the use of treated wastewater is the inadequate removal of pathogenic microorganisms.
Active pathogenic microorganisms in biologically treated wastewater can be effectively
removed using ultraviolet light, ozonation, or chlorination disinfection [4]. Although chlorina-
tion disinfection is the most common and cost-effective option, it produces mutagenic/carci-
nogenic disinfection by-products, such as trihalomethanes and haloacetic acids [5]. As high
pathogen reduction rates lead to low final disinfectant demand [6], the development and
appropriate management of WTFs with high pathogen reduction rates are crucial to reduce
not only disinfection costs but also the formation of disinfection by-products.

Recent advances in high-throughput DNA sequencing approaches (e.g., 16S ribosomal
RNA [rRNA] gene amplicon sequencing and metagenomic sequencing) have enabled
researchers to reveal the phylogenetic diversity, relative abundance, and putative pathogenic
traits of potentially pathogenic bacteria in wastewater environments [7-10]. Representative
and frequently observed potentially pathogenic bacteria in wastewater, identified by conven-
tional cultivation and high-throughput DNA sequencing approaches, include those from the
genera Aeromonas, Arcobacter, Klebsiella, and Mycobacterium [7-11]. Galagoda et al. recently
investigated the dynamics of potentially pathogenic bacteria in a Japanese municipal WTF
using quantitative 165 rRNA gene sequencing and a novel pathogen database [10]. While 69
potentially pathogenic bacterial genera were detected in the influent wastewater, only 13
potentially pathogenic bacterial genera, including abundant levels of Aeromonas, Arcobacter,
Klebsiella, and Mycobacterium, were quantitatively detected in the chlorine-disinfected, treated
effluent. These data indicate the potential importance of better understanding the abundance
and persistence of these potentially pathogenic bacteria in WTFs to reduce health risks associ-
ated with treated wastewater. However, to the best of our knowledge, the group-level abun-
dance and persistence of Aeromonas, Arcobacter, Klebsiella, and Mycobacterium in the existing
WTFs in East Asian regions remain largely unknown owing to limited investigation [10, 12].

The genus Aeromonas belongs to the family Aeromonadaceae within the phylum Pseudomo-
nadota (formerly Proteobacteria) and inhabits various aquatic environments [13]. Aeromonas
species are important human pathogens capable of causing various diseases, including gastro-
enteritis as well as blood-borne, skin, soft tissue, intra-abdominal, respiratory tract, urogenital
tract, and eye infections [13, 14]. The most common human pathogenic Aeromonas species
are Ae. hydrophila, Ae. caviae, Ae. veronii, and Ae. dhakensis [15, 16]. Biological wastewater
treatment can reduce the abundance of Aeromonas. For instance, a 1.14 and 2.57 log reduction
of Aeromonas was reported in a Moroccan basin wastewater treatment system [17] and a Bra-
zilian sanitary sewage stabilization pond [18], respectively, after biological treatment.

Members of the genus Arcobacter are aerotolerant Campylobacter-like bacteria with a psy-
chrotrophic nature and currently belong to the family Arcobacteraceae within the phylum
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Campylobacterota (formerly Epsilonproteobacteria). They are zoonotic food and waterborne
pathogens that cause gastroenteritis and bacteremia in humans [19]. The majority of Arcobac-
ter infections in humans and animals are caused by Ar. butzleri, Ar. cryaerophilus, Ar. skirro-
wii, and Ar. thereius [19]. Virulence genes responsible for adhesion, invasion, and cytotoxicity
have been reported not only in the Arcobacter species mentioned above but also in other taxo-
nomically diverse Arcobacter members [20, 21]. Although the predominant mode of transmis-
sion is contaminated food, contaminated water is also a potential source of Arcobacter
infection [21]. In the existing WTFs in Beijing, Denmark, and Southern Arizona, Arcobacter
reductions ranging from 1 to 3 logs were confirmed through molecular biological analyses [9,
12,22].

The genus Klebsiella belongs to the family Enterobacteriaceae within the phylum Pseudomo-
nadota. Environmental Klebsiella isolates have pathogenic potential [23, 24], and natural
aquatic environments are potential reservoirs for the growth and spread of Klebsiella species
[25]. The K. pneumoniae species complex (KpSC) generally refers to closely related Klebsiella
species that share a 95-96% average nucleotide identity with K. pneumoniae, a causative agent
of pneumonia, urinary tract infections, and wound infections [26]. KpSC includes seven phy-
logroups: K. pneumoniae (Kp 1), K. quasipneumoniae subsp. quasipneumoniae (Kp 2), K. varii-
cola subsp. variicola (Kp 3), K. quasipneumoniae subsp. similipneumoniae (Kp 4), K. variicola
subsp. tropica (Kp 5), K. quasivariicola (Kp 6), and K. africana (Kp 7). All KpSC bacteria are
potentially pathogenic to humans and animals, and some strains associated with this group are
hypervirulent and/or antibiotic-resistant strains [27]. In a municipal WTF, a 4.23-4.33 log
reduction of K. pneumoniae was confirmed through a K. pneumoniae-specific quantitative
real-time polymerase chain reaction (QPCR) assay [28]. However, to the best of our knowledge,
the group-level abundance and persistence of KpSC in the existing WTFs have not been
reported yet owing to the general lack of their quantification before the development of a
highly specific qPCR assay, as reported by Barbier et al. [27].

The genus Mycobacterium belongs to the family Mycobacteriaceae within the phylum Acti-
nomycetota (formerly Actinobacteria). Mycobacterium species are generally classified into two
distinct groups: the Mycobacterium tuberculosis complex (MTC) and nontuberculous myco-
bacteria (NTM) [29]. In humans, MTC members cause pulmonary/extrapulmonary tuberculo-
sis, whereas NTM members cause major clinical diseases, such as chronic pulmonary disease,
disseminated disease in severely immunocompromised patients, skin and soft tissue infections,
and superficial lymphadenitis, particularly cervical lymphadenitis in children [30]. NTM are
known as “environmental mycobacteria” owing to their ubiquitous distribution in the envi-
ronment [29, 30]. The rate of NTM infections is increasing, with the possibility of turning seri-
ous in the most vulnerable individuals [31]. Radomski et al. developed a specific qPCR assay
for the genus Mycobacterium [32]. This qPCR assay was later applied to reveal the behavior of
Mycobacterium in a WTF located in Paris, which used a combined process of physical-chemi-
cal decantation followed by biofiltration [33]. The reported data showed that most of the
Mpycobacterium population in the WTF influent was removed by a physical-chemical decanta-
tion process (2.4 log reduction) and then completely removed through subsequent
biofiltration.

Indicators for fecal contamination, such as Escherichia coli and total fecal coliforms, have
been used as water quality criteria for the use of reclaimed or recycled water and to adhere to
environmental and effluent standards [34-37]. Many previous studies have used these indica-
tors to assess the pathogen reduction performance of WTFs [1]. However, poor positive corre-
lations between the presence/abundance of fecal indicators and pathogenic bacteria have been
reported in several water environments [17, 38-41]. In addition, water quality parameters can
influence the abundance of pathogenic bacteria in water environments [17, 33, 40]. For
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instance, Boussaid et al. revealed a significant negative correlation between Aeromonas abun-
dance and chemical oxygen demand (COD) in the treated effluent of a Moroccan basin waste-
water treatment system [17]. Furthermore, Mycobacterium abundance in a WTF in Paris was
related to the COD, biochemical oxygen demand (BOD), orthophosphates, and suspended sol-
ids (SS) concentrations [33]. Information on such correlations could be useful to develop and
appropriately manage WTFs with high pathogen reduction rates; however, such correlation
data in wastewater and related environments are limited. Therefore, this study aimed to deter-
mine the abundance and reduction rates of the above-mentioned four potentially pathogenic
bacterial groups in the influent wastewater and treated effluent of existing WTFs in Japan and
Thailand. In addition, we aimed to reveal the correlation among the abundances of E. coli, the
potentially pathogenic bacterial groups, and various water quality parameters.

Materials and methods
Collection of wastewater samples

Wastewater sampling from six decentralized WTFs (A, B, C, D, E, and F) in Tokushima,
Japan, was conducted between November 2021 and August 2022. Wastewater sampling from
three centralized domestic WTFs (G, H, and I) in Bangkok, Thailand, was conducted between
November 2020 and December 2021. The nine investigated WTFs are summarized in Table 1.
WTFs A and B were small-scale on-site domestic WTFs, known as the Johkasou system [42],
that treated domestic wastewater from individual, private houses (design wastewater flow: 1.0
and 1.4 m’ day ™', respectively). WTF C was a rural community WTF that used a combined

Table 1. Overview of the wastewater treatment facilities included in the study.

Facility
System

Location

Design wastewater flow/ treatment
capacity (m’ day™")

Sewered population

Sampling time

Facility

System

Location

Design wastewater flow/ treatment
capacity (m> day ™)

Sewered population

Sampling time

Facility

System

Location

Design wastewater flow/ treatment
capacity (m® day™")

Sewered population

Sampling time

Johkasou A

Johkasou B Rural community wastewater treatment

Impurity removal and a fluidized bed
biofilter

Tokushima, Japan
1.0

4°
Nov 2021; Feb, May, and Aug 2022
Community plant D

Contact aeration

Tokushima, Japan

266

688
Nov 2021; Feb, May, and Aug 2022

Centralized domestic wastewater
treatment facility G

Contact stabilization activated sludge
Bangkok, Thailand
30,000

120,000
Nov 2020; Sep, Oct, and Dec 2021

Anaerobic filter beds and a fluidized
bed biofilter

Tokushima, Japan
14

5a
Nov 2021; Feb, May, and Aug 2022
Community plant E

Extended aeration

Tokushima, Japan

400

1,000
Nov 2021; Feb, May, and Aug 2022

Centralized domestic wastewater
treatment facility H

Cyclic activated sludge
Bangkok, Thailand
200,000

580,000
Nov 2020; Sep and Oct 2021

* The number of people living in the house where the Johkasou system was installed.

https://doi.org/10.1371/journal.pone.0291742.t001

facility C
Combined system of an anaerobic filter bed
and contact aeration

Tokushima, Japan
164.7

610

Nov 2021; Feb, May, and Aug 2022
Community plant F

Extended aeration

Tokushima, Japan

850

5,000

Nov 2021; Feb, May, and Aug 2022
Centralized domestic wastewater treatment
facility I

Activated sludge with nutrient removal
Bangkok, Thailand

350,000

1,080,000
Nov 2020; Sep and Oct 2021
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system of an anaerobic filter bed and contact aeration (design wastewater flow: 164.7 m*
day™"). WTFs D, E, and F were small-scale WTFs, known as community plants, that treated
domestic wastewater from different housing complexes (design wastewater flow: 266, 400, and
850 m® day ™, respectively). WTF D used a contact aeration system, whereas WTFs E and F
used an extended aeration system. WTFs G, H, and I were centralized domestic WTFs that
used contact stabilization activated sludge, cyclic activated sludge, and activated sludge with
nutrient removal systems, respectively [43]. The treatment capacities of WTFs G, H, and I
were 30,000, 200,000, and 350,000 m® day ™", respectively. Tertiary treatment based on chemi-
cal precipitation was not applied in any of the analyzed WTFs. A total of 68 grab samples were
collected, consisting of 34 influent wastewater and 34 treated effluent samples. The WTFs
located in Tokushima, Japan, considered for this study routinely used chlorination to disinfect
treated wastewater before discharging to the environment; however, we collected the treated
effluent samples before the disinfection process. The treated effluents from WTFs G, H, and I
in Bangkok, Thailand, were not subjected to any disinfection process [44]. Wastewater sam-
pling was permitted by the owners of the Johkasou systems; the Environment Division, Naka-
cho, Tokushima Prefecture; the Environmental Preservation Division, Tokushima City,
Tokushima Prefecture; and the Drainage and Sewage Department, Bangkok Metropolitan
Administration, Bangkok.

Wastewater sample filtration and genomic DNA extraction

Filtration of wastewater samples and subsequent genomic DNA extraction were performed as
described previously [40]. Briefly, wastewater subsamples (40 mL each) were initially fixed by
adding 10 mL of ethanol. Next, 2.5-10 mL of ethanol-fixed samples (net sample filtration vol-
ume: 2.0-8.0 mL) were filtered through an Omnipore polytetrafluoroethylene membrane filter
(diameter, 25 mm,; pore size, 0.2 um; Merck KGaA, Darmstadt, Germany), and the filters were
stored at —80 °C until DNA extraction. DNA extraction from the resulting filters was per-
formed using an Extrap Soil DNA Kit Plus ver.2 (BioDynamics Laboratory Inc., Tokyo, Japan)
according to the manufacturer’s instructions. As a slight modification, the final DNA elution
volume in TE buffer (10 mM Tris-HCl and 1 mM EDTA [pH 8.0]) was set to 50 pL. The con-
centrations of the extracted DNA were determined using the Qubit dsDNA HS Assay Kit and
the Qubit 4 Fluorometer (Thermo Fisher Scientific K.K., Tokyo, Japan).

PCR primer design for quantitative detection of Aeromonas

A new PCR primer set Aero581F/Aero848R, targeting the 16S rRNA gene of the genus Aero-
monas, was designed using the probe design function of ARB v.6.0.6 [45] with the All-Species
Living Tree Project (LTP) database (release 132) [46]. The in silico coverage and specificity of
the primer set Aero581F/Aero848R and previously reported primer sets targeting the 16S
rRNA gene of the genus Aeromonas were verified using TestPrime v.1.0 [47] against the
SILVA reference database (release 138.1) (sequence collection: non-redundant [RefNR] and
LTP) [46, 48].

qPCR assays

qPCR assays were performed using the oligonucleotide primer/probe sets listed in Table 2 [27,
32, 40]. The detailed procedures of qPCR assays, qPCR data processing, and the determination
of the limit of detection (LoD) and limit of quantification (LoQ) of the qPCR assays are
described in S1 Text. All standard DNA fragments used in the qPCR assays were synthesized
by Eurofins Genomics K.K. (Tokyo, Japan), and the sequences are listed in S1 Table. The
determined LoD values for Aeromonas, Arcobacter, KpSC, and Mycobacterium quantification
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Table 2. Oligonucleotide primer/probe sets for quantitative real-time polymerase chain reaction (QPCR) assays.

Target group (Target gene/region)

Genus Aeromonas (16S rRNA gene)

Genus Arcobacter (16S rRNA gene)

Klebsiella pneumoniae species complex
(intergenic region of zinc uptake
regulator and hemolysin genes)

Genus Mycobacterium (16S rRNA gene)

Primer/probe Name Sequence (5" to 3") qPCR condition © PCR Reference
(concentration) efficiency d
Primer (0.20 pM) Aero581F | GCAGGCGGTTGGATAAGTTAG 40 cycles at95 *Cfor 10 | 1.87-1.93 This
Aero848R | GTCTCAAGGACACAGCCTC 5,64 "Cfor 105, and 72 study
*Cfor30s

Primer (0.40 uM) Arco605F | GAAGTGAAATCCTATAGCTTAAC | 40 cyclesat 95 °C for 10 | 1.88-1.95 [40]

Arco688R | CGCAATCGGTATTCCTTCTGAT | & 59 "Cfor 105, and 72
‘Cfor15s

Primer (0.20 uM) ZKIR_F CTAAAACCGCCATGTCCGATTTAA | 40 cycles at 95 °C for 10 | 1.83-1.89 [27]

ZKIR_ R | TTCCGAAAATGAGACACTTCAGA | 60 Cfor10s, and 72

*Cfor10s
Primer (0.30 uM) 110F CCTGGGAAACTGGGTCTAAT 40 cycles at 95 “C for 10 | 1.92-1.98 [32]
I571R CGCACGCTCACAGTTA sand 60 "Cfor 60 s
Probe (0.10 uM) ]I)—Il9Rm % | TTTCACGAACAACGCGACAAAC

* The probe sequence was slightly modified from the original HI9R probe sequence.

® The 5" and 3" ends of the oligonucleotide probe were labeled with 6-carboxyfluorescein and Black Hole Quencher 1, respectively.

© Each PCR program was preceded by an initial denaturation step at 95 °C for 5 min.

4 The PCR efficiency was calculated using the slope of the standard curve: 10

https://doi.org/10.1371/journal.pone.0291742.t1002

1/slope

were 0.31, 0.63, 3.1, and 3.1 cells mL-sample ™", respectively, whereas the determined LoQ val-
ues were 3.1, 6.3, 31, and 31 cells mL-sample ™, respectively. Abundances below the LoQ were
assigned a value of LoQ/2 for the calculation of geometric mean abundances and reduction
rates of the potentially pathogenic bacterial groups.

16S rRNA gene amplicon sequencing analysis

Amplicon sequencing was performed targeting the prokaryotic 16S rRNA gene hypervariable
region V4. The analyzed influent wastewater and treated effluent samples from the six WTFs
in Japan (i.e., A, B, C, D, E, and F) were collected in November 2021, whereas those from the
three WTFs in Thailand (i.e., G, H, and I) were collected in October 2021. 16S rRNA gene
amplicon libraries were prepared using a two-step tailed PCR method with the 515F/806R
primer set [49], as described previously [50]. Briefly, the first PCR targeting the 16S rRNA
genes in the genomic DNA extracts obtained using the above-mentioned DNA extraction
method was performed using TaKaRa Ex Taq HS (Takara Bio Inc., Shiga, Japan). Thermal
cycling for the first PCR consisted of an initial denaturation at 94 °C for 2 min, followed by 30
amplification cycles (94 °C for 30 s, 50 °C for 30 s, and 72 °C for 30 s) and a final extension
step at 72 °C for 5 min. The first PCR products were purified using the AMPure XP reagent
(Beckman Coulter Inc., Brea, CA, USA), and the purified products were subsequently sub-
jected to a second PCR using primers with unique index sequences [50]. 16S rRNA gene
amplicon sequencing was performed on a MiSeq system using a MiSeq Reagent Kit v3 (Illu-
mina, Inc., San Diego, CA, USA) at the Bioengineering Lab. Co., Ltd., Kanagawa, Japan.

The resulting sequence data were initially subjected to primer trimming using Cutadapt
v.4.1 with default parameters [51]. Sequence processing was then performed with mothur
v.1.48.0 [52] using the SILVA reference database (release 138.1) [48], following MiSeq stan-
dard operating procedures [53]. The assembly and quality filtering of the paired-end amplicon
reads were performed using the “make.contigs” command with the following options: maxam-
big = 0, maxlength = 275, maxhomop = 8, and trimoverlap = t. For operational taxonomic unit
(OTU)-based analysis, the obtained sequences were clustered into OTUs at 97% sequence
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similarity using the OptiClust clustering algorithm [54]. The closest cultured relatives of domi-
nant Aeromonas, Arcobacter, Pseudarcobacter, and Mycobacterium OTUs were determined
using the EzBioCloud 16S-based ID service with the 16S database v.2021.07.07 [55] and the
representative sequences of the dominant OTUs. The habitat preferences of the dominant
OTUs were analyzed using the ProkAtlas Online Toolkit with default parameters [56].

Water quality analysis

Water quality analysis of the influent wastewater and treated effluent samples collected from
the six WTFs located in Tokushima, Japan (i.e., A, B, C, D, E, and F) was performed as
described below. Water temperature, pH, and dissolved oxygen (DO) concentrations were
measured using MM-42DP portable water quality meters connected to a pH probe MM4-PH
or DO probe MM4-DDO (DKK-TOA CORPORATION, Tokyo, Japan). The oxidation-reduc-
tion potential (ORP) values were measured using an MM-41DP portable water quality meter
connected to an ORP probe MM4-ORP (DKK-TOA CORPORATION). COD determined
using the potassium dichromate method (CODc,), BOD, total nitrogen (TN), ammonium-
nitrogen (NH,"-N), nitrite-nitrogen (NO, -N), nitrate-nitrogen (NO; -N), SS, and volatile
suspended solids (VSS) concentrations were measured according to the Japanese Industrial
Standards (JIS) K 0102 methods [57]. The water quality parameters of the influent wastewater
and treated effluent samples collected from the three WTFs in Bangkok, Thailand (i.e., G, H,
and I) were determined as described previously [44, 58].

Measurement of colony-forming units (CFUs) of E. coli

The CFUs of E. coli of all analyzed samples were determined through the Compact Dry “Nis-
sui” E. coli/ Coliform Count (EC) method (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan)
[59]. In brief, we observed the formation of blue or bluish-purple colored E. coli colonies in
selective medium containing two chromogenic enzyme substrates: 5-bromo-4-chloro-
3-indoxyl-B-D-glucuronic acid cyclohexylammonium salt (X-Gluc) and 5-bromo-6-chloro-
3-indoxyl-B-D-galactopyranoside (Magenta-Gal).

Calculation and statistical analysis
The removal rates (%) of COD,, BOD, TN, SS, and VSS were calculated using Eq (1):

C.—C
Removal rate (%) = % x 100 (1)

inf

where C;,rand Ce represent the influent wastewater and treated effluent concentrations,
respectively.

The log reduction values (LRVs) of E. coli and the potentially pathogenic bacterial groups
were calculated using Eq (2):

LRV = log,, @f) (2)
eff

where Ni,¢cand N, are the abundances of E. coli (CFU mL™") or a potentially pathogenic bacte-
rial group (cells mL™") in the influent wastewater and treated effluent, respectively.

Statistical differences in the average LRV of the different WTFs were assessed using Stu-
dent’s t-test with the Benjamini-Hochberg (BH) correction. Spearman’s rank correlation coef-
ficient (p) calculation with the BH correction was performed to reveal the possible correlations
among the abundances of E. coli, potentially pathogenic bacterial groups, and water quality
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parameters. The obtained quantitative data of E. coli CFU counts and potentially pathogenic
bacterial abundances were log-transformed before the statistical analyses. Pooled data of all
influent wastewater and treated effluent samples of WTFs were used to calculate the Spear-
man’s p values. Spearman’s p values were calculated using the corr.test function of the R pack-
age psych v.2.2.9 [60], and the Spearman’s p matrix was generated using the R package corr.
plot v.0.92 [61]. Measurements below the LoQ were not included in the calculation. A p-

value < 0.01 was considered significant. All statistical analyses were performed using R v.4.1.0
[62].

Inclusivity in global research

Additional information regarding the ethical, cultural, and scientific considerations specific to
inclusivity in global research is included in S1 Checklist.

Results and discussion

16S rRNA gene amplicon sequencing analysis of influent and treated
effluent wastewater samples

16S rRNA gene amplicon sequencing analysis was performed to determine the presence and
relative abundance of the targeted potentially pathogenic bacterial groups in the analyzed sam-
ples. In this study, 31,845-46,464 sequences of the 16S rRNA gene were obtained per sample
from the influent wastewater and treated effluent samples following analysis using mothur.
The relative 16S rRNA gene abundances of the genera Aeromonas, Arcobacter, Klebsiella, and
Mycobacterium in the representative wastewater influent and treated effluent samples are sum-
marized in Fig 1. The SILVA reference database (release 138.1) used in this study reflected the
division of the genus Arcobacter into six Arcobacteraceae genera: Aliarcobacter (not defined in
the reference database), Pseudarcobacter, Malaciobacter, Halarcobacter, Poseidonibacter, and
Arcobacter (sensu stricto), as proposed by Pérez-Cataluia et al. [63]. However, On et al. [64]

Wastewater treatment facility

A B C D E F G H |
Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff.
Genus Aeromonas | 0.74| 0.06| 0.68| 0.19| 0.54| 0.18| 0.49| 0.13| 1.60| 0.05| 0.16| 0.27| 5.13| 1.50| 0.70| 0.33| 1.41| 0.28
Genus Arcobacter| 0.08/<0.01| 5.13| 0.94| 8.86| 0.58 0.26| 8.78| 0.24 4.12| 6.71| 9.12| 2.94| 1.44| 7.70| 1.23

Arcobacter

Halarcobacter i\l D D D D D D D D D D D D o}l <0.01<0.01 N[8 D
Malaciobacter s D D D D D D D D D D D D D D D D D
Poseidonibacter BlN» D D D D D D D D D D D D D D D D D
Pseudarcobacter| 0.87| 6.10| 8.36| 0.79| 1.07| 0.47| 0.30| 0.02 0.31| 0.20( 0.56| 1.01| 5.25| 0.41| 0.41| 0.81| 0.22
Genus Kilebsiella i\ D D D D ol <0.01 [lN[® D ol <0.01 [N[oJll <0.01 [N[o) D D Rl ND
Genus Mycobacterium | 0.07/10.60| 0.07| 1.62| 0.07| 2.36 0.02| 1.33| 0.01| 2.60| 0.03| 0.28 0.10| 0.19| 0.26| 0.45| 0.21| 0.98

Relative abundance (%): 8 5 10_20

Fig 1. Relative 16S rRNA gene abundances of the genera Aeromonas, Arcobacter, Klebsiella, and Mycobacterium in the representative influent

wastewater (inf.) and treated effluent (eff.) samples from the nine analyzed wastewater treatment facilities (A-I). ND, not detected.

https://doi.org/10.1371/journal.pone.0291742.9001
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Pseudarcobacter OTUO0006 | 0.86| 6.08| 8.40| 0.80| 1.10/ 0.48| 0.32 0.02

Mycobacterium OTU00014 | 0.04 10.49| 0.03| 0.04| 0.02 1.78“ 1.06/<0.01| 2.23| 0.02| 0.14| 0.05| 0.04| 0.21| 0.33| 0.16| 0.74

Arcobacter OTUO0002 | 0.08j\[sl 5.08 0.93| 8.82 0.58. 0.26| 8.80 024. 4.11| 6.87| 9.10| 2.93| 1.45| 7.69| 1.23

later proposed that these genera be considered a single genus Arcobacter based on phenotypic,
genetic, and phylogenomic data. The genera Aeromonas, Arcobacter, and Mycobacterium were
detected in all analyzed influent wastewater and treated effluent samples. The relative abun-
dance of the genus Arcobacter (the sum of the relative abundances of the five above-mentioned
Arcobacteraceae genera in the reference database) was markedly high (> 5.0%) in seven out of
the nine analyzed samples, indicating the presence of Arcobacter as a dominant prokaryotic
genus in most of the analyzed wastewater influent samples. The relatively high abundance of
the genus Arcobacter in the influent wastewater prokaryotic communities is in good agreement
with the previously reported 16S rRNA gene-targeted amplicon sequencing data [8-10].
Although the reason for the particularly high abundance of the genus Arcobacter in various
influent wastewater samples is still under debate, a compelling explanation is their ability to
grow in hydrogen sulfide-rich and oxygen-limited sewer pipe environments [65]. The relative
abundances of the genus Mycobacterium in the effluent samples were consistently higher than
those in the influent wastewater samples. The genus Klebsiella, which includes the KpSC, was
extremely low in abundance or undetectable in most of the samples analyzed. This may have
been caused by the insufficient variability of the 16S rRNA gene hypervariable region V4 to
distinguish the Enterobacteriaceae genera [66].

The dominant Aeromonas, Arcobacter, Pseudarcobacter, and Mycobacterium OTUs with
relative abundances greater than 1.0% in at least one of the analyzed samples are summarized
in Fig 2. The genera Aeromonas, Arcobacter, and Mycobacterium were highly dominated by a
few OTUs. The data suggest the presence of specific Aeromonas, Arcobacter, Pseudarcobacter,
and Mycobacterium OTUs capable of occupying ecological niches in WTF environments. The
metabolic flexibility of these OTUs might allow them to become dominant in highly dynamic/
disturbed WTF environments [67]. The dominant Aeromonas, Arcobacter, and Mycobacte-
rium OTUs (i.e., OTU00002, OTU00014, OTU00016, and OTU00075) have a high 16S rRNA
gene sequence similarity (98.0-99.6%) to known biosafety level (BSL) 1 or 2 pathogenic bacte-
rial species defined by the Japanese Society for Bacteriology [68] (Table 3). Pseudarcobacter
OTU00006 showed relatively low 16S rRNA gene sequence similarity (94.9%) to pathogenic
Arcobacter species (i.e., Ar. butzleri [BSL 1] and Ar. cryaerophilus [BSL 1]), but the sequence

Wastewater treatment facility
A B C D E F G H |

Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff.r

Aeromonas OTUQO0016 | 0.72| 0.03| 0.67| 0.19| 0.54| 0.18| 0.49| 0.13| 1.59| 0.05| 0.15| 0.27| 5.10| 1.50| 0.69| 0.33| 1.41| 0.28

0.21| 0.56| 1.52| 5.74| 0.50| 0.47| 1.01| 0.23

MyCObaCterium OTUOO0075 0.03| 0.02| 0.04| 1.55| 0.05| 0.50({<0.01| 0.22|<0.01| 0.31| 0.02| 0.12| 0.04| 0.14| 0.04| 0.11| 0.03| 0.15

Relative abundance (%): g 5 1 20

Fig 2. Relative abundances of dominant Aeromonas, Arcobacter, Pseudarcobacter, and Mycobacterium operational taxonomic units (OTUs) in the
representative influent wastewater influent (inf.) and treated effluent (eff.) samples from the nine analyzed wastewater treatment facilities (A-I).

ND, not detected.

https://doi.org/10.1371/journal.pone.0291742.9002
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Table 3. Closest pathogenic bacterial relative(s) and habitat preferences of the dominant Aeromonas, Arcobacter, Pseudarcobacter, and Mycobacterium operational
taxonomic units (OTUs) in the analyzed wastewater samples.

OTU* Closest pathogenic bacterial

Sequence similarity to the | Habitat preference (score) ©
relative(s) (biosafety level) b

closest relative(s) (%)

Aeromonas Aeromonas allosaccharophila CECT 98.8
OTU00016 4199 (1)

Aeromonas caviae CECT 838 (1)

Aeromonas hydrophila subsp.
hydrophila ATCC 7966 (2)

Aeromonas salmonicida subsp.
achromogenes NCIMB 1110 (1)

Aeromonas salmonicida subsp.
masoucida NBRC 13784 (1)

Aeromonas salmonicida subsp.
pectinolytica 34mel (1)

Bioreactor (6.1), freshwater (5.4), groundwater (4.6), gut (6.0), marine (2.6),
paper pulp (10.3), soil (5.3), subsurface (12.1), and wastewater (47.7)

Aeromonas salmonicida subsp.
salmonicida ATCC 33658 (1)

Aeromonas veronii CECT 4257 (2)

Haemophilus piscium CIP 106116
1)

Arcobacter Arcobacter cryaerophilus CCUG 98.4 Freshwater (12.3), landfill (19.6), and wastewater (68.1)
OTU00002 17801 (1)
Pseudarcobacter Arcobacter butzleri RM4018 (1) 94.9 Wastewater (100.0)
OTU00006 Arcobacter cryaerophilus CCUG
17801 (1)
Mpycobacterium Mycobacterium flavescens ATCC 98.0 Biofilm (16.0), freshwater (8.6), fungus (2.1), lake water (24.3), marine (5.6),
OTU00014 14474 (2) peat (1.7), rhizosphere (16.6), root (3.1), soil (20.0), and subsurface (2.2)
Mpycobacterium Mpycobacterium sphagni ATCC 99.6 Activated sludge (1.6), biofilm (11.5), freshwater (6.0), freshwater sediment
OTU00075 33027 (2) (2.7), fungus (5.6), lake water (6.7), marine (7.6), peat (3.1), rhizosphere
Mycobacterium brisbanense ATCC (20.7), root (2.8), soil (30.4), and wetland (1.4)
49938 (1)

* The consensus taxonomy for each OTU was based on the SILVA reference database (release 138.1) [48].
® pathogenic bacterial species were defined by the Japanese Society of Bacteriology [68].
© The score represents the compositions of the retrieved environmental categories through the ProkAtlas analysis [56].

https://doi.org/10.1371/journal.pone.0291742.t003

showed high similarity (98.0%) to Ar. defluvii with virulence traits [69]. The habitat preference
of the dominant Aeromonas, Arcobacter, Pseudarcobacter, and Mycobacterium OTUs, as indi-
cated by the ProkAtlas analysis, is summarized in Table 3. The data suggest that most of these
OTUs can adapt to natural aquatic environments (e.g., fresh, ground, marine, and lake water),
in addition to WTF environments. Therefore, the release of these potentially pathogenic OTUs

into the environment without appropriate reduction may pose a potential threat to human
health.

PCR primers for quantitative detection of Aeromonas

16S rRNA gene-targeted PCR primers for the amplification of Aeromonas sequences have
been reported previously [70, 71]. However, our analysis revealed that the in silico coverage of
previously reported Aeromonas-specific primer sets A16SF/A16SR and Aer66f/Aer613r in the
SILVA reference database (release 138.1) (sequence collection: RefNR) was relatively low
(66.9% [658/983 sequences] and 69.0% [644/933 sequences] of coverage at 0 mismatch, respec-
tively) (S2 Table). Therefore, for a more comprehensive detection of environmental
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Aeromonas, we designed a new PCR primer set (Aero581F/Aero848R), which showed a
slightly improved in silico coverage of 74.3% (765/1030 sequences) at 0 mismatches in the ref-
erence database (sequence collection: RefNR). In addition, the new PCR primer set was shown
to cover 32 out of the 35 eligible 16S rRNA gene sequences of Aeromonas type strains in the
reference database (sequence collection: LTP) without any mismatches. Therefore, the new
primer set is expected to detect a broader range of environmental Aeromonas than the previ-
ously reported primer sets. Moreover, the relatively short amplicon size of Aero581F/
Aero848R (268 bp) is advantageous to ensure efficient amplification. The LoD and LoQ values
of the newly developed Aeromonas qPCR assay were 1 and 10 copies reaction” ', respectively.
Therefore, although previously reported PCR primer sets have been successfully applied to the
monitoring of environmental Aeromonas [71, 72], the new qPCR assay described herein is an
effective alternative option for the quantitative detection of environmental Aeromonas.

Quantitative detection and reduction of E. coli and potentially pathogenic
bacterial groups in existing WTFs

The abundances of selected potentially pathogenic bacterial groups of Aeromonas, Arcobacter,
KpSC, and Mycobacterium in the influent wastewater and treated effluent of nine WTFs were
determined using qPCR assays. All target bacterial groups were detected with varying concen-
trations in all influent wastewater samples. The abundances of Aeromonas, Arcobacter, and
Mpycobacterium could be quantified in all analyzed effluent samples. In contrast, KpSC was not
detected or was below the LoQ (i.e., 3.1 x 10" cells mL™") in 17 out of 34 analyzed effluent sam-
ples. The geometric mean abundances of E. coli (determined using the Compact Dry “Nissui”
EC method) and potentially pathogenic bacterial groups (determined using qPCR assays) in
the influent wastewater and treated effluent of the WTFs are summarized in Fig 3. The average
LRVs of E. coli and potentially pathogenic bacterial groups in the WTFs are summarized in Fig
4.

Quantitative data on E. coli. The geometric mean abundances of E. coli in the influent
wastewater and treated effluent samples were 3.2 x 10° to 6.5 x 10* and 1.1 x 10" to 1.5 x 10°
(CFUmL™), respectively (Fig 3A). The geometric mean E. coli abundances in the treated efflu-
ents were slightly or markedly higher than the WHO’s strictest guideline value for unrestricted
irrigation (1,000 CFU 100 mL™) [34]. In contrast, the geometric mean E. coli abundances in
the treated effluent of seven WTFs were below the WHO’s guideline value for restricted agri-
cultural irrigation for processed food crops (10,000 CFU 100 mL™") [34]. Although the treated
effluent from Bangkok’s domestic WTFs is used for street washing, irrigation of green belts,
cleaning of temples, etc., without the application of a disinfection process [44], the E. coli abun-
dance data suggest that the hygienic safety of the treated effluent, especially that from central-
ized domestic WTF G, should be rigorously evaluated. Notably, fecal indicators, including E.
coli, have not been used in any effluent quality standards in Thailand [73]. The average LRV's
of E. coli calculated from the obtained CFU counts ranged from 1.05 to 3.71 (Fig 4A). A signifi-
cant difference in average E. coli LRV's was observed only between WTF G (1.05) and WTFs D
(3.71, p=0.0019) or E (3.71, p = 0.0019). The LRV's were consistent with those of several previ-
ously reported WTFs [1, 74, 75]. The markedly high geometric mean E. coli abundance found
in the effluent of centralized domestic WTF G (i.e., 1.5 x 10° CFU mL™) is likely attributed to
the low LRV (1.05).

Quantitative data on Aeromonas. The geometric mean abundance of Aeromonas in the
influent wastewater samples was 1.2 x 10* to 2.4 x 10 cells mL~", whereas that in the treated
effluent was 2.3 x 10° to 5.2 x 10° cells mL™" (Fig 3B). The relatively high Aeromonas abun-
dances in the influent wastewater and treated effluent are consistent with those reported in
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Fig 3. Geometric mean abundances of (A) Escherichia coli, (B) Aeromonas, (C) Arcobacter, (D) Klebsiella
pneumoniae species complex (KpSC), and (E) Mycobacterium in the influent wastewater and treated effluent of
the nine analyzed wastewater treatment facilities (A-I). Error bars indicate the maximum and minimum
abundances. Horizontal dashed lines indicate the limit of quantification (LoQ) for each quantitative real-time
polymerase chain reaction assay. *, KpSC abundances below the LoQ are indicated by the value of LoQ/2.

https://doi.org/10.1371/journal.pone.0291742.9003
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Fig 4. Average log reduction values (LRVs) of (A) Escherichia coli, (B) Aeromonas, (C) Arcobacter, (D) Klebsiella pneumoniae species complex
(KpSC), and (E) Mycobacterium in the nine analyzed wastewater treatment facilities (A-I). Error bars indicate the standard deviation. *, p < 0.01

according to Student’s t-test with the Benjamini-Hochberg correction.

https://doi.org/10.1371/journal.pone.0291742.9004
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previous studies. Martone-Rocha et al. detected Aeromonas in the raw sewage influent of a
Brazilian sanitary sewage stabilization pond treatment system, with abundance fluctuations
ranging from <3 to 3.0 x 10° most probable number 100 mL~" [18]. Moreover, in a Moroccan
basin wastewater treatment system, the average Aeromonas abundances in the influent waste-
water and treated effluent were 3.3 x 10* and 2.4 x 10> CFU mL™", respectively [17]. The aver-
age LRVs of Aeromonas in the nine WTFs analyzed in this study ranged from 0.77 to 2.57 (Fig
4B), and no significant difference was found in the average LRVs (p = 0.015-0.90). Most of the
average LRVs of Aeromonas were almost comparable with those of a Brazilian sanitary sewage
stabilization pond (2.57) [18] and a Moroccan basin wastewater treatment system (1.14) [17].

Quantitative data on Arcobacter. Among the quantified potentially pathogenic bacterial
groups, particularly high abundances of Arcobacter were confirmed in the analyzed influent
wastewater and treated effluent samples (Fig 3C). The geometric mean abundances of Arcobac-
ter in the influent wastewater ranged from 1.0 x 10° to 4.5 x 10° cells mL™". The geometric
mean abundances in the treated effluent ranged from 2.0 x 10 to 5.5 x 10* cells mL™". The
primer set Arco605F/Arco688R [40] used in this study was developed for the quantitative
detection of members of the genus Arcobacter as proposed by On et al. [64]. Highly abundant
Arcobacter populations in wastewater treatment environments have also been reported in pre-
vious research. Yang et al. [12] reported that the 23S rRNA gene abundances of Arcobacter in
the influent and treated effluent of a rural domestic WTF with a membrane bioreactor located
in Beijing, China were 1.01 x 10'" and 1.45 x 10® copies L', respectively (equivalent to
2.02 x 10" and 2.90 x 10* cells mL ™", respectively). Fluorescence in situ hybridization-based
quantification by Kristensen et al. [9] showed that the range of Arcobacter abundance in the
influent wastewater of 14 full-scale Danish municipal WTFs was 4.2 x 10° to 3.2 x 107 cells
mL™", whereas that in the treated effluent was 3.5 x 10*to 5.1 x 10° cells mL™". Ghaju Shrestha
etal. [22] reported the 16S rRNA gene copy numbers of Arcobacter in two WTFs in southern
Arizona using conventional activated sludge and biological trickling filter processes, respec-
tively. The average abundances of the influent Arcobacter 16S rRNA gene in the WTFs were
7.9 and 8.5 log, copies L' (equivalent to 1.6 x 10* and 6.3 x 10* cells mL™", respectively),
whereas those in the treated effluent were 6.4 and 6.1 log,, copies L™ (equivalent to 5.0 x 10
and 2.5 x 10* cells mL™", respectively). The observed average LRVs of Arcobacter in the nine
WTFs analyzed in this study were between 1.00 and 3.06 (Fig 4C). The maximum average LRV
of 3.06 was observed in WTF C, which is significantly higher than those observed at WTFs A
(1.25, p = 0.0049) and G (1.00, p = 0.0023). The observed average LRV's were comparable to or
slightly lower than those of a full-scale Danish municipal WTF with an enhanced biological
phosphorus removal process (LRV: 2.40) [9], two WTFs in southern Arizona (1.7 [conven-
tional activated sludge process] and 2.3 [biological trickling filter process]) [22], and a rural
Chinese domestic WTF with a membrane bioreactor (2.84) [12].

Quantitative data on KpSC. The geometric mean abundances of KpSC in the influent
wastewater and treated effluent are shown in (Fig 3D). The geometric mean abundances of
KpSC in the influent wastewater ranged from 3.6 x 10° to 4.3 x 10* cells mL™". The geometric
mean abundances of KpSC in the treated effluent were comparatively lower than that of the
other quantified potentially pathogenic bacterial groups: the geometric mean abundances ran-
ged from < 3.1 x 10" (below the LoQ) to 1.6 x 10 cells mL™". Since the highly specific gPCR
assay for KpSC quantification was not available prior to the report by Barbier et al. [27], reli-
able data on KpSC abundance in the environment had not been obtained. To the best of our
knowledge, this is the first report on the KpSC abundances in the influent wastewater and
treated effluent of existing WTFs obtained using the specific qPCR assay. The observed average
LRVs of KpSC in the analyzed WTFs ranged from 1.35 to 3.11 (Fig 4D). The maximum LRV

PLOS ONE | https://doi.org/10.1371/journal.pone.0291742 September 28, 2023 14/25


https://doi.org/10.1371/journal.pone.0291742

PLOS ONE

Quantification and reduction of potentially pathogenic bacterial groups in wastewater treatment facilities

of 3.11 was observed in WTF C, which was significantly higher than those of WTFs A (1.35,
p=0.0082), B (151, p = 0.0088), and G (1.54, p = 0.0088).

Quantitative data on Mycobacterium. The geometric mean abundances of Mycobacte-
rium in the influent wastewater and treated effluent of the existing WTFs are shown in Fig
3E. In contrast to the other quantified potentially pathogenic bacterial groups, similar abun-
dance levels were confirmed in numerous analyzed influent wastewater and treated effluent
samples. The maximum and minimum geometric mean abundances of Mycobacterium in
the influent wastewater were 5.5 x 10* and 6.9 x 10” cells mL ™", respectively. The maximum
and minimum geometric mean abundances of Mycobacterium in the treated effluent were
5.5x 10*and 1.1 x 10> cells mL ™", respectively. The Mycobacterium abundances of influent
wastewater and treated effluent samples were higher than those of a WTF located in Paris
that used a combined process of physical-chemical decantation for suspended matter and
phosphorus removal, followed by biofiltration for organic matter and nitrogen removal [33].
The average Mycobacterium 16S rRNA gene abundance in the untreated influent sewage of
the WTF in Paris was 5.5 x 10> copies L™" (equivalent to 5.5 x 10® cells mL™"), whereas the
Mpycobacterium 16S rRNA gene was not detected in the treated effluent. The LRV's of Myco-
bacterium in the WTFs analyzed in this study are shown in Fig 4E. The LRVs of Mycobacte-
rium were lower than that of other quantified potentially pathogenic bacterial groups: the
average LRVs ranged from —0.67 to 1.57. The negative average LRVs of Mycobacterium sug-
gested the growth of Mycobacterium during wastewater treatment in the WTFs. The growth
of Mycobacterium in the WTFs analyzed in this study is not surprising as Mycobacterium has
been reported as an abundant bacterial genus in the activated sludge of many biological
WTFs [76, 77]. Moreover, the growth of Mycobacterium in various WTFs, including those
investigated in this study, might be due to their ability to degrade cholesterol, a major com-
ponent of sewage [77]. The highest average LRV of 1.57 was observed in WTF C, which was
significantly higher than those observed in WTFs B (-0.018, p = 0.0076), D (-0.67,

p =0.00049), E (-0.088, p = 0.0076), and G (-0.002, p = 0.0076). The second highest average
LRV was observed in WTF A (0.87), which was significantly higher than that of WTF D
(-0.67, p = 0.0076). The average LRVs observed in all WTFs investigated in this study were
lower than that of a WTF in Paris using a consecutive biofiltration process (average LRV:
3.2) [33].

Summary of the obtained quantitative data on E. coli and potentially pathogenic bacte-
rial groups. In this study, one or more average LRVs of Aeromonas, Arcobacter, and KpSC
were confirmed in all or most of the WTFs analyzed. In contrast, the analyzed WTFs did not
effectively remove the genus Mycobacterium. Despite differences in the treatment scale,
treatment system, and operating environment, most analyzed WTFs showed a similar reduc-
tion potential for the quantified potentially pathogenic bacterial groups. The significant dif-
ferences in the LRVs of Arcobacter, KpSC, and Mycobacterium observed between some
WTFs may be attributed to the significant differences in the water quality parameters of the
influent wastewater and treated effluent, as discussed later in this paper. The changes in the
water quality parameters may be influenced by the configuration and operating conditions
of the WTFs. Among the various treatment systems analyzed in this study, the combined
system of an anaerobic filter bed and contact aeration used in rural community WTF C
showed the highest average LRV’ for all potentially pathogenic bacterial groups quantified.
The data suggest that the combined system is an appropriate option for reducing the health
risks caused by Aeromonas, Arcobacter, KpSC, and Mycobacterium in wastewater. In con-
trast, the successful quantification of Aeromonas, Arcobacter, KpSC, and Mycobacterium in
treated effluents suggests the need for disinfection prior to discharge into the environment
and reuse for human purposes.
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Correlations between potentially pathogenic bacterial groups and E. coli

Correlations between the abundances of E. coli and the quantified potentially pathogenic bac-
terial groups are shown in Figs 5 and 6. Based on the Spearman’s p values, there was a signifi-
cant positive correlation between the abundances of E. coli, Aeromonas, Arcobacter, and KpSC
(p =0.62-0.85, p = 0.00) (Fig 5). In addition, a linear positive correlation was found between
the abundances of E. coli and Aeromonas, Arcobacter, or KpSC (coefficient of determination
R =0.526-0.695) (Fig 6A-6C). These data suggest the applicability of E. coli as a bacterial indi-
cator of Aeromonas, Arcobacter, and KpSC contamination levels in wastewater-related sam-
ples. Correlations between the abundances of E. coli and Aeromonas or Arcobacter have also
been reported in some non-wastewater environments. Solaiman et al. reported a positive cor-
relation between the abundances of Aeromonas and E. coli in reclaimed water sources and
non-tidal freshwater rivers/creeks, whereas no correlation was found in tidal brackish water
and irrigation ponds [78]. A positive correlation between E. coli and Arcobacter abundances in
surface water samples from canals and the Chao Phraya River in Bangkok, Thailand, was also
confirmed in our previous report [40]. The insignificant correlation between E. coli and Myco-
bacterium abundances (Figs 5 and 6D) also indicates the possible importance of independent
monitoring of Mycobacterium.

Correlation between abundances of potentially pathogenic bacterial groups
and water quality parameters

The water quality parameters of the influent wastewater and treated effluent of the WTFs and
the removal rates (%) of CODc,, BOD, TN, SS, and VSS are summarized in S3 Table. The
Spearman’s p values between the quantified potentially pathogenic bacterial groups and the
water quality parameters are shown in Fig 5. The Spearman’s p values indicated the presence
of positive or negative correlations between the abundances of potentially pathogenic bacterial
groups and several water quality parameters. Aeromonas and Arcobacter abundances were pos-
itively correlated with the COD,, BOD, TN, NH,"-N, SS, and VSS concentrations (p = 0.36-
0.75, p = 0.00) but negatively correlated with the NO;™-N concentration and ORP (p = —0.58
to —0.36, p = 0.00). Similarly, KpSC abundance was positively correlated with the COD,,
BOD, TN, NH,*-N, SS, and VSS concentrations (p = 0.47-0.74, p = 0.00), whereas it was nega-
tively correlated only with the NO;™-N concentration (p = —0.64, p = 0.00). Mycobacterium
abundance was significantly positively correlated with COD,, TN, NO,™-N, SS, and VSS (p =
0.39-047, p = 0.00), but no significant negative correlation was found with the other water
quality parameters (p = 0.10 and 0.04 for the DO concentration and water temperature,
respectively).

Pathogen reduction in WTFs is achieved by a combination of physical, chemical, and bio-
logical mechanisms [75]. The correlation between the four quantified potentially pathogenic
bacterial groups with the SS and VSS concentrations suggests that the adsorption of these bac-
terial cells to the activated sludge and their subsequent removal by the excess sludge is one of
the mechanisms to reduce the abundance of these potentially pathogenic bacterial groups [9].
Radomski et al. also reported that the Mycobacterium reduction in a WTF was related to the
behaviors of insoluble compounds [33]. However, relatively high geometric mean abundances
of Aeromonas, Arcobacter, and Mycobacterium (> 102 cells mL™") were observed in the ana-
lyzed effluent samples with relatively low average SS and VSS concentrations (2-19 and 1-16
mg L', respectively). These data suggest that a fraction of these potentially pathogenic bacte-
rial cells do not flocculate and attach well to the sludge flocs, which is consistent with the report
by Kristensen et al. [9], who studied the abundance and reduction of Arcobacter in full-scale
municipal WTFs.
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The correlations of Aeromonas, Arcobacter, and KpSC abundances with COD¢, and BOD
concentrations may reflect their robust growth/survival potential under organic matter-rich
wastewater conditions. In contrast, relatively low or insignificant correlations were found
between Mycobacterium abundance and CODc, or BOD concentrations, respectively. This
may be explained by the superior growth/survival potential of Mycobacterium under oligotro-
phic conditions [79].

Based on the correlations between the concentrations of NO; -N, NH,*-N, and ORP with
the abundances of the potentially pathogenic bacterial groups, Aeromonas, Arcobacter, and
KpSC are more susceptible to oxidative conditions, where NO;™-N can be accumulated by the
biological nitrification of NH,*-N, than Mycobacterium. Therefore, improving the nitrification
capacity of WTFs may be effective in removing Aeromonas, Arcobacter, and KpSC. The
observed correlation between the TN concentration and abundance of potentially pathogenic
bacterial groups, including Mycobacterium, might be caused by the enhanced survival potential
of the potentially pathogenic bacterial groups in the presence of the available TN [75]. Consid-
ering this correlation, the enhancement or introduction of a biological denitrification process
in WTFs could ensure further reduction of Aeromonas, Arcobacter, and KpSC, as well as the
effective reduction of Mycobacterium. Tomioka et al. [40] reported a negative correlation
between Arcobacter abundance and NO; ™ -N concentration or ORP, and a positive correlation
between Arcobacter abundance and TN or NH,"-N concentrations in surface water samples
from canals and the Chao Phraya River in Bangkok, Thailand. In our study, a significant corre-
lation between the NO, -N concentration and quantified bacterial group abundance was
found only in Mycobacterium. This correlation suggests the superior growth/survival capacity
of Mycobacterium under nitrite-accumulating conditions, where incomplete nitrification
occurs by insufficient oxygen supply. In fact, adaptation to transient and prolonged oxygen
deprivation has been demonstrated in saprophytic and pathogenic Mycobacterium species [80].

Opverall, our data indicate that changes in several water quality parameters affect the abun-
dances of the potentially pathogenic bacterial groups of Aeromonas, Arcobacter, KpSC, and
Mpycobacterium. The data also suggest that WTFs with a superior removal capacity of organic
matter, nitrogen compounds (caused by biological nitrification and subsequent denitrifica-
tion), and suspended solids can effectively remove the potentially pathogenic bacteria. Of note,
rural community WTF C with a high average removal rate of CODc, (93%), BOD (94%), TN
(77%), SS (98%), and VSS (98%) (S3 Table) showed the highest average LRV of Aeromonas
(2.57), Arcobacter (3.06), KpSC (3.11), and Mycobacterium (1.57). Also, although similar levels
of Aeromonas, Arcobacter, and KpSC reduction were confirmed in WTFs C and D (p = 0.015-
0.61), the average LRV of Mycobacterium in the combined anaerobic filter bed and contact aer-
ation system-based WTF C (1.56) was significantly higher than that of the contact aeration sys-
tem-based WTF D (-0.67, p = 0.00049) (Fig 4). The effective Mycobacterium reduction by
WTF C might be because of efficient TN removal (average removal rate: 77%) via the anaero-
bic filter bed process in which biological denitrification occurs effectively. This study has some
limitations. Conventional qPCR assays cannot distinguish between viable and non-viable cells,
which pose a low health risk. Therefore, further viability-qPCR assay-based surveys [81] may
provide additional insights into the development and appropriate management of WTFs to
produce safe and hygienic water. In addition, the correlation between antibiotic-resistant bac-
teria, antibiotic-resistance genes, and water quality parameters should be further investigated
to comprehensively reduce health risks associated with the discharge and use of treated waste-
water [82]. Furthermore, certain Aeromonas, Arcobacter, and Mycobacterium members can be
highly resistant to chlorine disinfection, which is the most cost-effective disinfection method
[83]. Therefore, the efficacy of different disinfection methods against these potentially patho-
genic bacterial groups warrants further investigation.
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Conclusions

In this study, we successfully determined the abundance of potentially pathogenic bacterial
groups Aeromonas, Arcobacter, KpSC, and Mycobacterium in the influent wastewater and
treated effluents of nine existing WTFs located in Japan and Thailand using qPCR assays. One
or more average LRVs of Aeromonas, Arcobacter, and KpSC were confirmed in most of the
WTFs analyzed. However, owing to the relatively high geometric mean abundances of Aero-
monas, Arcobacter, and Mycobacterium (> 10* cells mL™") in the influent wastewater and the
relatively low LRV of Mycobacterium (ranging from —0.67 to 1.57) in the existing WTFs, high
geometric mean abundances of Aeromonas, Arcobacter, and Mycobacterium (> 107 cells
mL™") were detected in all treated effluent samples analyzed. The LRV of Arcobacter, KpSC,
and Mycobacterium in some WTFs differed significantly. A linear, positive correlation was
found between the abundances of E. coli and Aeromonas, Arcobacter, or KpSC, suggesting the
applicability of E. coli as a bacterial indicator to predict the contamination levels of Aeromonas,
Arcobacter, and KpSC. Finally, Spearman’s p values suggested that changes in several water
quality parameters (CODg,, BOD, TN, NH,*-N, NO, -N, NO;™-N, SS, VSS, and ORP)
affected the abundance of the potentially pathogenic bacterial groups. The data obtained in
this study provide new insights into the establishment and proper administration of WTFs to
effectively generate safe hygienic water.
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