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PREFACE 

 

AMR is a major issue posing a serious threat to global health. Currently, 

infectious diseases with AMR result in around 700,000 deaths every year globally 

[1]. It is estimated that 10 million people will die every year in 2050, if no 

counter-measure will be taken [1]. To tackle AMR, WHO published a global 

action plan in 2015 [2]. The goal of the global action plan is to ensure continuity 

of successful treatment and prevention of infectious diseases with effective 

medicines. To achieve this goal, the global action plan sets out five strategic 

objectives. One of them is to strengthen knowledge of AMR through surveillance 

and research.  

To support the global action plan on AMR, FAO Regional office for Asia 

and the Pacific published a regional action plan in 2015 [3]. One of their focus is 

to develop country-specific integrated surveillance and monitoring systems for 

AMU and AMR in the Asia-Pacific region. The regional action plan was 

developed by multidisciplinary sectors since it is necessary to adopt “One Health” 

approach, with the involvement of public health and veterinary authorities, food 

and agriculture sectors and environmental specialists. However, the issue of AMR 

has been approached mainly from human and animal health aspect; hence little is 

known about the impacts that AMR in the environment may have on health [4]. 

Antimicrobials are commonly used for treatment of bacterial infections in humans 

and animals. Antimicrobials administered in large doses to humans and animals 

are eventually discharged into the environment, such as sewage and wastewater, 

so antimicrobials have been detected in the environmental water [5, 6]. 

In Thailand, infectious diseases with AMR have been responsible for the 

deaths of around 38,000 adults per year (Figure 1) [7]. The lives of the people in 

Southeastern Asian countries, including Thailand are closely linked to the water 

environment and, as a result, they are at high risk of exposure to ARB and ARGs. 

Therefore, it is necessary to investigate AMR in the environment especially in 

those areas. Thailand is one of the agricultural countries and antimicrobials are 

frequently consumed on farms to prevent livestock infections [8, 9]. Hence, the 

impact of these drugs on the surrounding environment is a concern. According to 

global database for AMR country self-assessment conducted by WHO, FAO and 

OIE, there is no legislation and/or regulations to prevent contamination of 

environment with antimicrobials in Thailand [10]. The selective pressure of 
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antimicrobials in the environmental water leads to the emergence of ARB and 

ARGs, in turn, the environmental water becomes a reservoir for them [11, 12]. 

In addition, ARB present in human and animal waste can spread directly 

into the environment. It is reported that ARB in poultry slaughterhouses were 

released into the environment via surface waters due to insufficient treatment 

within in-house wastewater treatment plants [13]. Given the detection of MDR 

Escherichia coli in livestock farms in Thailand [14, 15], it is possible that effluent 

from livestock farms contaminated with ARB and ARGs may spread to the 

surrounding environment. 

AMR can be transmitted among people, animals, and the environment via 

several different routes [16]. Many studies have highlighted the impact of the 

diverse nature of the reservoirs of ARGs on promoting the emergence and 

transmission of AMR organisms [17]. ARGs can be spread among microbial 

communities in the environment through horizontal gene transfer with mobile 

genetic elements, which is the main resistance acquisition mechanism in 

Enterobacteriaceae [18]. 

To control AMR in aquatic environments in Thailand, I carried out 

researches using bacterial isolates derived from environmental water. In 

CHAPTER I, the prevalence of ARB was examined from various environmental 

sites. In CHAPTER II, the genetic characterization was elucidated in ARB to 

reveal the transmission of ARGs in environmental water. 
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Figure 1. AMR threats in the world, Asia and the Pacific and Thailand.
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CHAPTER I: 

Antimicrobial resistant coliform bacteria and Aeromonas spp. in 

environmental water in Thailand 

 

1. Introduction 

It is important to select distinct indicator bacteria for efficient monitoring 

of AMR in the environment. However, no appropriate indicator bacteria for AMR 

in environmental waters have been established [4]. Coliforms are the commonly 

used indicator for assessing water quality, related to human health and they are 

abundant in the feces of warm-blooded animals but can also be found in soil, 

aquatic environments and vegetation [19-21]. In addition, Aeromonas spp. which 

showed similar characteristics with coliforms on DHL agar were suggested to be 

an effective marker for monitoring AMR in aquatic environments [22]. Hence, we 

decided to focus on both coliforms and Aeromonas spp. in the present study. 

The Thailand Antimicrobial Resistance Containment and Prevention 

Program was implemented from a One Health approach in 2012 [23]. One of the 

programs is to determine AMR drivers and the dynamics of the AMR chain to 

improve our understanding of how AMR develops and spreads among humans, 

animals, agriculture, and the environment in Thailand. It was reported that the 

magnitude of bacterial contamination of AMR in selected environments including 

wastewater samples from hospitals and washed fluid from open markets in 

Thailand [24]. However, the information on ARB isolated from the environmental 

water in Thailand is still limited. Hence, the objective of this study was to 

investigate the bacterial contamination with multiple classes of AMR in several 

aquatic environments in Thailand, including livestock wastewater, city canal, 

wastewater treatment plant, river and estuary. The biogas promotion project for 

livestock, especially pig farms, was launched in 1995, biogas plants have been 

spreading across the country for wastewater treatment [25]. Therefore, we 

compared the bacterial contamination and AMR prevalence between untreated and 

treated wastewater on the pig farms.
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2. Materials and Methods 

2.1. Sample collection 

Water samples were collected from 21 sites in Thailand during 2014-2015. 

Two pig farms (TRP1 and TRP2) and two chicken farms (TRC1 and TRC2) in 

Ratchaburi and six sites of canals (TBC1, 2, 3, 4, 5, and 6) and a wastewater 

treatment plant (TB-WWTP) in Bangkok were selected in 2014. In 2015, samples 

were collected in Trang, from three pig farms (TTP1, 2 and 3), three chicken 

farms (TTC, 2 and 3), two sites in the Trang River (TTR1 and TTR2) and two 

sites in the brackish water of the Parian River (TTE1 and TTE2). Water samples 

collected at the wastewater treatment plant in Bangkok, were differentiated 

between pre-treatment (TB-WWTP-IN) and post-treatment (TB-WWTP-OUT) 

since municipal wastewater was treated by contact-stabilization process. The pig 

farm effluent in Ratchaburi was treated by a biogas plant, thus, the samples were 

separated into pre-treatment (TRP1-IN, TRP2-IN) and post-treatment (TRP1-OUT, 

TRP2-OUT). All samples were collected using sterile 1-liter bottles, stored at 4°C 

immediately after the collection and used for culture within 12 hrs. The locations 

of the samples collection sites are summarized in Figure 2.  

 

2.2. Bacterial isolation 

DHL agar (Nissui Pharmaceutical, Tokyo, Japan) was used for the isolation 

of coliforms and Aeromonas spp. DHL agar supplemented with 4 µg/mL of CIP 

was additionally used to select of ARB efficiently. Each 100 µL of undiluted, 

10-fold diluted and 100-fold diluted water sample was spread on the DHL agar 

plate and incubated at 37°C for 24 hr. CFU of coliform-like bacterial colonies 

showing pink to red coloration and morphology on the DHL agar was counted. 

Over 300 colonies were determined to be an uncountable. Maximum of six 

colonies determined to be coliform-like bacteria on DHL agar without CIP were 

collected for the further analysis. 

 

2.3. Bacterial identification 

All bacteria isolated from water samples were analyzed by MALDI-TOF 

MS to confirm their species according to the manufacturer’s instructions. 

Individual colonies were picked and spotted onto a stainless steel MALDI target 

plate. All spots were overlaid with 1µL of α-cyano-4-hydroxy-cinnamic acid 

matrix. Once the matrix was dry, the plate was inserted into the Bruker MALDI 

Biotyper system (Bruker Daltonics, Bremen, Germany) and the results were 
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analyzed according to the instructions of the manufacturer and as outlined by 

Dierig et al. [26]. 

 

2.4. Drug susceptibility tests 

     Antimicrobial susceptibility of all coliforms and Aeromonas spp. isolates 

was determined using the agar dilution method, according to CLSI standards. The 

resistance rate of Aeromonas spp. isolated in livestock farm in Ratchaburi and city 

canal in Bangkok referred to a previous study [22]. The following antimicrobial 

compounds were assessed: ABPC, CEZ, CTX, KM, CIP and SMX (Sigma-Aldrich, 

St Louis, MO), TET and NA (Wako Pure Chemical Industries, Osaka, Japan). The 

breakpoints for each antimicrobial were in accordance with CLSI standards, 

ABPC: 32 µg/mL, CEZ: 8 µg/mL, CTX: 4 µg/mL, KM: 64 µg/mL, TET: 16 

µg/mL, NA: 32 µg/mL, CIP: 1 µg/mL, SMX: 512 µg/mL [27, 28]. E. coli 

ATCC25922, Staphylococcus aureus ATCC29213, Enterococcus faecalis 

ATCC29212 and Pseudomonas aeruginosa ATCC27853 were used as controls. 

For Aeromonas spp. the results did not include ABPC and CEZ resistance since 

Aeromonas strains may possess multiple, distinct and inducible β-lactamases and 

are uniformly resistance to ABPC and CEZ [29]. MDR coliforms were defined as 

bacteria that are non-susceptible to at least one antimicrobial in three or more 

antimicrobial classes [30]. 
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Figure 2. Sampling sites in Thailand.  

A: 6 sites (TBC1, 2, 3, 4, 5 and 6) at the city canals and 1 site (TB-WWTP) at 

wastewater treatment plant in Bangkok, 2 sites (TRP1 and TRP2) and 2 sites 

(TRC1 and TRC2) from pig and chicken farms, respectively, in Ratchaburi. B: 2 

sites (TTR1 and TTR2) in Trang river, 2 sites (TTE1 and TTE2) from brackish 

water in Palian river, 3 sites (TTP1, 2 and 3) and 3 sites (TTC1, 2 and 3) from pig 

and chicken farms, respectively, in Trang. 
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3. Results  

3.1. Bacterial isolation and CFU determination 

The CFU obtained from each water sample on DHL agar supplemented with 

and without CIP is summarized in Table 1. The number of coliform-like colonies 

varied widely among different environmental water. The most contaminated water 

with coliform-like bacteria was pig farm wastewater without any treatment in 

Ratchaburi, while the lowest was in the rural estuary. Pig farm wastewater in 

Trang was contaminated with the same level of bacteria as pig farm wastewater in 

Ratchaburi, while levels of contamination in chicken farm wastewater were lower 

than those in pig farms in both regions. CFU in treated water by biogas plant in 

the pig farm in Ratchaburi and in the wastewater-treatment plant in Bangkok were 

significantly lower than untreated water in each site (about 1/2,000 and 1/50, 

respectively). Ten to hundred thousand of coliform-like CFU/ml was observed in 

city canals, whereas it was less than 1,000 and 100/ml in rural river and estuary, 

respectively.  

On DHL agar supplemented with CIP, uncountable (>300) colonies were 

observed in both pig farms’ untreated wastewater in Ratchaburi and that in a pig 

farm in Trang. On the other hand, no CIP-resistant colonies were detected in four 

out of five chicken farm wastewaters. High number of CFU was detected in city 

canal in Bangkok, while any colonies were not observed in rural river and estuary. 

The number of CIP-resistant bacteria was significantly reduced after the treatment 

by biogas plant or wastewater treatment plant (Table 1).  

 

3.2. Bacterial identification  

Bacterial identification in each water sample was shown in Figure 3. In total, 

61 and 69 isolates were identified as coliforms and Aeromonas spp., respectively. 

Among coliforms, 16, 17 and 19 isolates were identified as E. coli, Enterobacter 

spp. and Klebsiella spp., respectively. The predominant bacteria varied by 

environmental water and location in Thailand. Coliforms including E. coli, 

Enterobacter spp., Klebsiella spp. and Pantoea spp. were predominant in all water 

samples in Trang. E. coli was not detected in Trang's brackish water. On the other 

hands, Aeromonas spp. accounted for 27/36 (75%) in the canal water in Bangkok, 

9/12 (75%) in pig farm wastewater in Ratchaburi, 9/9 (100%) in chicken farm 

wastewater in Ratchaburi and 11/11 (100%) in wastewater treatment plant.  
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Table 1. CFU of coliform-like bacteria in each environmental water obtained by DHL and DHL supplemented with CIP.  

CIP, ciprofloxacin. * estimated counts outside from the 30-300 per plate range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      DHL  

CFU/ml 

DHL with 

CIP 

Sites Sample code Character  original 
10-fold 

dilution 

100-fold 

dilution 
original 

Pig farm in Ratchaburi TRP1-IN wastewater >300 >300 183 1.83×105 >300 

  TRP1-OUT wastewater (treated) 5 0 0 5.0×10* 1 

  TRP2-IN wastewater >300 >300 >300 >3.0×105* >300 

  TRP2-OUT wastewater (treated) 20 0 0 2.0×102* 0 

Pig farm in Trang TTP1 wastewater >300 >300 160 1.6×105 >300 

  TTP2 pond 140 20 0 1.4×103 0 

  TTP3 wastewater >300 180 44 3.1×104 5 

Chicken farm in Ratchaburi TRC1 wastewater  150 0 0 1.5×103 0 

  TRC2 wastewater   141 0 0 1.41×103 0 

Chicken farm in Trang TTC1 wastewater  138 26 0 1.38×103 37 

  TTC2 wastewater 110 44 0 2.75×103 0 

  TTC3 wastewater 32 9 0 3.2×102 0 

City canal in Bangkok TBC1 canal >300 123 7 1.23×104 18 

  TBC2 canal >300 77 4 7.7×103 21 

  TBC3 canal >300 >300 75 7.5×104 123 

  TBC4 canal >300 >300 61 6.1×104 273 

  TBC5 canal >300 >300 103 1.03×105 78 

  TBC6 canal >300 >300 54 5.4×104 120 

Wastewater treatment TB-WWTP-IN influent >300 >300 50 5.0×104 108 

plant in Bangkok TB-WWTP-OUT effluent (treated) 95 9 0 9.5×102 1 

River in Trang TTR1 rural river 37 3 0 3.7×102 0 

  TTR2 rural river 42 6 0 4.2×102 0 

Estuary in Trang TTE1 brackish water 8 0 0 8.0×10* 0 

  TTE2 brackish water 2 0 0 2.0×10* 0 
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Figure 3. Diversity of isolates on genus level at each sampling site in 

Thailand. 

(a) On livestock farm and (b) in city canal, wastewater treatment plant, river and 

estuary. Others included 1 Acinetobacter spp. isolate and 1 Vibrio spp. isolate in 

pig farm (treated) in Ratchaburi (a) and 2 Providencia spp. isolates in river in 

Trang (b). Coliforms were shown in red frame. 
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3.3. Antimicrobial susceptibility  

     Comparison of antimicrobial susceptibility of coliforms in each water 

sample is shown in Figure 4. In pig farm wastewater in Ratchaburi, all coliforms 

were resistant to ABPC and CEZ, and more than 70% and 60% of coliforms were 

resistance to SMX and TET, respectively. Percentage of resistance to each 

antimicrobial in pig farm in Ratchaburi was higher than in both pig fa rm and 

chicken farm in Trang. In pig farms in both regions and city canals in Bangkok,  

resistant coliforms were detected in all eight antimicrobials examined including 

the third-generation cephalosporin, CTX. More than 80% of coliforms from city 

canal were resistant to ABPC and SMX. City canal contained a higher prevalence 

of resistance to each antimicrobial than the rural river.  

The trend of AMR in each bacterial species or genera in each water 

environment was shown in Table 2. E. coli detected in Ratchaburi and Bangkok 

tended to be more resistant to ABPC, CEZ and CTX than in Trang (Table 2a). In 

contrast, there were little differences among regions in Enterobacter spp. and 

Klebsiella spp. (Table 2b and c). The resistance to CTX and CIP in Aeromonas 

spp. was found in Ratchaburi and Bangkok, but not in Trang (Table 2d). 

Prevalence of MDR coliforms in each sampling site is shown in Table 3. 

MDR was found in all aquatic environments where coliforms were isolated, 

except the river and estuary in Trang. Resistant coliforms against 5 classes of 

antimicrobials were observed in pig farm untreated wastewater in Ratchaburi, city 

canal in Bangkok and chicken farm wastewater in Trang.  

Prevalence of drug resistant bacteria in each environmental site is shown in 

Table 4. Eight out of 16 (50%) of E. coli isolates, 1/17 (5.9%) of Enterobacter 

spp. and 2/19 (10.5%) of Klebsiella spp. were resistance to more than 5 

antimicrobials. Pig farm untreated wastewater in Ratchaburi contained E. coli and 

Aeromonas spp. isolates which were resistant to all antimicrobials examined in 

this study. E. coli, Klebsiella spp. and Aeromonas spp. isolated from city canal 

were resistant to more antimicrobials than rural river.   
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Figure 4. Antimicrobial resistant rate of coliforms obtained from several 

aquatic environments.  

The number of isolates were 8 in pig farm in Ratchaburi, 8 in city canal in 

Bangkok, 13 in pig farm in Trang, 17 in chicken farm in Trang, 7 in river in Trang 

and 8 in estuary in Trang. ABPC, ampicillin; CEZ, cefazoline; CTX, cefotaxime; 

KM, kanamycin; TET, tetracycline; NA, nalidixic acid; CIP, ciprofloxacin; SMX, 

sulfamethoxazole.  
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Table 2. Antimicrobial susceptibility of (a) E. coli, (b) Enterobacter spp., (c) 

Klebsiella spp., (d) Aeromonas spp. Blue and pink show susceptible and 

non-susceptible isolates, respectively. ABPC, ampicillin; CEZ, cefazolin; CTX, 

cefotaxime; KM, kanamycin; TET, tetracycline; NA, nalidixic acid; CIP, 

ciprofloxacin; SMX, sulfamethoxazole. * referred to previous study [22]. 

 

(a) E. coli   <0.5 0.5 1 2 4 8 16 32 64 128 >128 

Ratchaburi and Bangkok (n=7) ABPC                     7 

  CEZ           1         6 

  CTX   1   1     1 1     3 

  KM         2 1       1 3 

  TET   1               1 5 

  NA 1     2     1       3 

  CIP 3 2     1   1       
 

  SMX                     7 

Trang (n=9) ABPC         1       1 1 6 

  CEZ       3 2 2   2       

  CTX 7       1   1         

  KM         4 1 2       2 

  TET       2 1         3 3 

  NA       3 1   1       4 

  CIP 7       1 1           

  SMX             1   1   7 

                          

(b) Enterobacter spp.   <0.5 0.5 1 2 4 8 16 32 64 128 >128 

Ratchaburi and Bangkok (n=4) ABPC       1             3 

  CEZ               1     3 

  CTX 3 1                   

  KM       4               

  TET       2 1 1           

  NA       2   1         1 

  CIP 3 1                   

  SMX                 2   2 

Trang (n=13) ABPC         1 1 3 3 3 1 1 

  CEZ       1 1   1 2 2   6 

  CTX 9 3 1               
 

  KM       5 7           1 

  TET       12             1 

  NA       6 5   1       1 

  CIP 12               1   
 

  SMX           2 1 2 5 1 2 
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Table 2. Antimicrobial susceptibility of (a) E. coli, (b) Enterobacter spp., (c) 

Klebsiella spp., (d) Aeromonas spp. (continued). 

(c) Klebsiella spp.   <0.5 0.5 1 2 4 8 16 32 64 128 >128 

Ratchaburi and Bangkok (n=5) ABPC               1 1 2 1 

  CEZ     1 1       2       

  CTX 4 1                   

  KM     2 3               

  TET       1 2 1   1       

  NA         2 1   1     1 

  CIP 3     2             
 

  SMX               1     4 

Trang (n=14) ABPC             2   7 2 3 

  CEZ     2 4 3 2 1 1 
 

1   

  CTX 12 2                   

  KM       7 3 3         1 

  TET     1 9       
 

1 1 2 

  NA     1 5 4 2   1 
 

  1 

  CIP 12   1           1   
 

  SMX             2 3 5 1 3 

                          

(d) Aeromonas spp.   <0.5 0.5 1 2 4 8 16 32 64 128 >128 

Ratchaburi and Bangkok (n=60)* ABPC         1   3 4 3 3 46 

  CEZ       3 8 3 2 7 10 10 17 

  CTX 40 4 4 3   
 

3   2   4 

  KM   2 11 13 12 9 3 5     5 

  TET   7 14 1 7   5 9 3 2 10 

  NA 12 5     1   2     3 37 

  CIP 43 3   1 2 5 3 3       

  SMX         3 2 1 6 3 3 39 

Trang (n=9) ABPC                 3   6 

  CEZ       1     1   3   4 

  CTX 6 2 1                 

  KM       5 2 1       1   

  TET     3 2 1   2 1       

  NA 1 3   2             3 

  CIP 8     1               

  SMX             1 1     7 
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Table 3. Prevalence of multidrug resistant coliforms in each sampling site.  

    Resistance to  Number (percentage) of 

isolates of multidrug 

resistance (%) 
Sampling sites n < 3 classes 3 classes 4 classes 5 classes 

Pig farm in Ratchaburi 3 0 0 1 2 3(100%) 

Pig farm (treated)  

in Ratchaburi  
5 2 3 0 0 3(60%) 

City canal in Bangkok 8 5 1 1 1 3(37.5%) 

Pig farm in Trang 13 7 2 4 0 6(46.2%) 

Chicken farm in Trang 17 11 2 0 4 6(35.3%) 

River in Trang 7 7 0 0 0 0 

Estuary in Trang 8 8 0 0 0 0 

Total 61 40 (65.6%) 8(13.1%) 6(9.8%) 7(11.5%) 21(34.4%) 
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Table 4. Number (percentage) of isolates of drug resistant bacteria in each sampling site in (a) coliforms and (b) Aeromonas spp. 

 (a) coliforms     
Susceptible 

Resistance to  

Bacterial genus Sites n 1 drug 2 drugs  3 drugs 4 drugs 5 drugs 6 drugs 7 drugs  8 drugs 

E. coli Pig farm in Ratchaburi 3             1   2 

  Pig farm (treated) in Ratchaburi  2         1 1       

  City canal in Bangkok 2       1       1   

  Pig farm in Trang 6   1   1 2 1   1   

  Chicken farm in Trang 2         1   1     

  River in Trang 1 1                 

  Total 16 1(6.3%) 1(6.3%) 0 2(12.5%) 4(25.0%) 2(12.5%) 2(12.5%) 2(12.5%) 2(12.5%) 

Enterobacter spp. Pig farm (treated) in Ratchaburi 3     2   1         

  City canal in Bangkok 1     1             

  Pig farm in Trang 2   1 1             

  Chicken farm in Trang 6     5         1   

  River in Trang 2   1 1             

  Estuary in Trang 3   1 2             

  Total 17   3(17.6%) 12(70.6%)   1(5.9%)     1(5.9%)   

Klebsiella spp. City canal in Bangkok 5     3   1   1     

  Pig farm in Trang 4     3     1       

  Chicken farm in Trang 6   3 2         1   

  River in Trang 4 2 1   1           

  Total 19 2(10.5%) 5(26.3%) 7(36.8%) 2(10.5%) 1(5.2%) 1(5.2%)   1(5.2%) 0 

Pantoea spp.  Pig farm in Trang 1   1               

  Chicken farm in Trang 1       1           

  Estuary in Trang 5 1 2 2             

  Total 7 1(14.3%) 3(42.9%) 2(28.6%) 1(14.3%) 0 0 0 0 0 
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Table 4. Prevalence of drug resistant bacteria in each sampling site in (a) coliforms and (b) Aeromonas spp. (continued). 

WWTP: wastewater treatment plant. * referred to previous study [22]. 

(b) Aeromonas spp. Number (percentage) of isolates of drug resistance (%) 

    
Susceptible 

Resistance to  

Sites n 1 drug 2 drugs  3 drugs 4 drugs 5 drugs 6 drugs 

Pig farm in Ratchaburi* 9     1 3 1 3 1 

Pig farm (treated) in Ratchaburi* 4 1 2         1 

Chicken farm in Ratchaburi* 9 5 1 3         

City canal in Bangkok* 27 1 7 7 7 4 1   

WWTP in Bangkok  5 1 1   1 2     

WWTP (treated) in Bangkok 6   4 1   1     

Pig farm in Trang 5 1 2 1 1       

Chicken farm in Trang 1   1           

River in Trang 3   3           

Total 69 9(13.0%) 21(30.4%) 13(18.8%) 12(17.4%) 8(11.6%) 4(5.8%) 2(2.9%) 
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4. Discussion 

In summary, we collected water samples from 21 sites in Thailand to 

investigate the occurrence of ARB and ARGs in the environment. As a result, a 

total of 61 coliforms and 69 Aeromonas spp. isolates were obtained from 

environmental samples in Thailand. For antimicrobial susceptibility of coliforms, 

percentage of resistance to each antimicrobial in pig farm in Ratchaburi was 

higher than in both pig farm and chicken farm in Trang and city canal contained a 

higher prevalence of resistance to each antimicrobial than the rural river. For 

antimicrobial susceptibility of Aeromonas spp., resistance to more antimicrobials 

were observed in Ratchaburi and Bangkok than in Trang. 

Coliform-like CFU on DHL agar obtained from pig farm wastewater in 

Ratchaburi was the highest of all water samples (Table 1). This could be due to 

direct contamination of farm effluent with bacteria derived from pig feces. On 

DHL agar with CIP, countless colonies were observed in both pig farm 

wastewater in Ratchaburi and a pig farm in Trang (Table 1), indicating that new 

quinolones had been used in significant amounts or frequency in those farms to 

contaminate the wastewater with CIP-resistant bacteria. On the other hand, in 

other pig farms in Trang and chicken farms, CIP-resistant bacteria were not 

detected or detected in smaller numbers. In the chicken farm TTC1 in Trang, fou r 

out of six coliforms isolates showed high resistance to CIP (MIC: 8~64µg/mL). 

This suggested the usage of new quinolones in this chicken farm. In this farm, 

enrofloxacin was frequently used for prophylaxis according to personal 

communications at the farm so it could be possible the discharge of enrofloxacin 

into the wastewater contributed emergence of resistant bacteria. There was a clear 

difference of CFU on DHL agar with CIP between city canal in Bangkok and river 

and estuary in Trang. This result was supported by the previous report that E. coli 

tended to show a high resistance ratio to fluoroquinolones in densely populated 

areas of the Chao Phraya River in Thailand [31]. In city canal in Bangkok, 

CIP-resistant coliforms were observed in more than 20%, while river and estuary 

in Trang did not contain CIP-resistant coliforms (Figure 4). This could suggest 

new quinolones residues in city canal in Bangkok. 

Aeromonas spp. were more common than coliforms in city canal and 

wastewater treatment plant in Bangkok and livestock wastewater in Ratchaburi, 

while coliforms were predominant in the livestock farms, the river and estuary in 

Trang (Figure 3). The presence and abundance of Aeromonas spp. has been 
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reported to be highly associated with eutrophication such as nitrogen, ammonium 

concentration, turbidity and water transparency [32]. A high percentage of 

Aeromonas spp. observed in Ratchaburi and Bangkok suggested high levels of 

contamination in those area. 

Around 60% of coliforms were resistant to TET in pig farm wastewater in 

Ratchaburi (Figure 4). Moreover, resistant Aeromonas spp. isolated in pig farms’ 

untreated wastewater in Ratchaburi showed high resistance to TET (MIC: 32~ 

>128µg/mL). This is probably related to the history of AMU on the farm. 

Chlortetracycline was used as a feed additive on the farms TRP1 and TRP2 and 

residual antimicrobials in wastewater might lead to select TET-resistant coliforms. 

This hypothesis was supported by the previous study that residual tetracyclines 

concentration was very high in pig farm wastewater and all Aeromonas spp. 

isolated from these farms showed 100 % resistance to TET [22].  

The percentage of resistant coliforms to each antimicrobial in city canal was 

higher than the rural river (Figure 4). Given the presence of hospital facilities and 

human residences nearby canals in Bangkok, it is speculated that ARB was 

probably selected by heavy antimicrobial discharges into the canals according to a 

previous study [33]. On the other hands, the lack of hospital facilities and 

residences in the rural area may make coliforms lower resistance to each 

antimicrobial than in city canals. Since more than 80% of coliforms from city 

canal were resistant to SMX (Figure 4). Sulfonamides have largely been phased 

out if use on livestock farms in Thailand [8], but are considered to still be in use 

on some farms. 

MDR coliforms including CTX resistance were observed in pig farms in 

both regions and city canals in Bangkok (Figure 4, Table 3). In particular in pig 

farm in Ratchaburi, four out of five isolated E. coli showed high resistance to 

CTX (MIC: 16~ >128µg/mL). CTX is classified as the highest priority 

antimicrobial for human medicine by WHO [34]. Given that the previous study 

highlighted that the rapid emergence and spread of ARB in humans, animals and 

the environment on a global scale [35], CTX-resistant E. coli in the environment 

should be monitored carefully. In addition, MDR coliforms against 5 classes of 

antimicrobials were determined in pig farm in Ratchaburi, city canal in Bangkok 

and chicken farm in Trang (Table 3). Contamination of environment including 

wastewater and city canal water by MDR bacteria would be potential danger to 

public health [36]. It is important to prevent the emergence of MDR bacteria 
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before flowing into the surrounding water environments. 

CLSI previously set the breakpoint of 19 antimicrobials for Aeromonas [29]. 

However, this breakpoint is applicable only for three members including 

Aeromonas caviae, Aeromonas hydrophila and Aeromonas veronii. In present 

study, other species such as Aeromonas simiae, Aeromonas schubertii, Aeromonas 

jandaei, Aeromonas ichthiosmia, were also observed in water samples. Therefore, 

the interpretative criteria were adapted from those for Enterobacteriaceae. As 

reported to be a first step of provisional epidemiological cut off values for 

Aeromonas, the common susceptibility tests at Aeromonas genus level are 

urgently required [37]. Pig farm wastewater in Ratchaburi and city canal in 

Bangkok tended to be resistant to more antimicrobials in Aeromonas spp. than 

those from pig farm wastewater and river in Trang (Table 2). This tendency for 

AMR patterns in region was similar to those in coliforms. Aeromonas spp. 

isolated from wastewater were reported to possess a variety of plasmids with 

ARGs and were capable of transferring to different bacteria including E. coli [38, 

39]. Therefore, monitoring for the presence of antimicrobial resis tant Aeromonas 

spp. are essential to minimize the potential risk of human infection caused by this 

bacterial transmission with mobile genetic elements.   

Treatment of pig farm wastewater by a biogas plant in Ratchaburi resulted 

in decreased CFU on DHL agar with or without CIP as well as prevalence of 

MDR coliforms, significantly (Table 1 and 3). Nine out of 12 isolates before 

treatment were resistant to CIP (MIC: 4~16 µg/mL), while only one out of eleven 

isolates after treatment were resistant to CIP. On the other hand, wastewater from 

pig farm in Trang TTP1 was contaminated with bacteria as same as untreated 

wastewater in Ratchaburi (Table 1). The previous study has shown that anaerobic 

digestion of a farm could reduce antimicrobials and ARGs [40]. Therefore, 

anaerobic digestion at a biogas plant was suggested to be effective in removing 

antimicrobial resistant coliforms and Aeromonas spp. The selection and 

implementation of technologies for the conversion of livestock wastewater in 

rural area should be spread more based on local condition and capacities. 

Treatment of municipal water at a wastewater treatment plant in Bangkok 

resulted in decreased CFU on DHL with or without CIP (Table 1). The number of 

bacteria in the environmental water after sewage treatment plants in Japan was 

also greatly reduced [33]. The present results suggested that a wastewater 

treatment plant worked effectively in reducing bacterial contamination including 
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CIP-resistant bacteria, which may prevent discharges into receiving water bodies 

such as rivers. 

Use of DHL agar was suggested to be good methods for selection of both 

coliforms and Aeromonas spp. isolates to investigate the degree of contamination 

with ARB. Further monitoring of ARB in environment is necessary to prevent the 

potential risk to human health.  
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5. Summary 

Our objective was to understand the situation of AMR in aquatic 

environment using coliforms and Aeromonas spp. as indicator bacteria. Water 

samples were collected from 21 sites including livestock farm wastewater, city 

canal, wastewater treatment plant, rural river and estuary in Bangkok, Ratchaburi 

and Trang in Thailand. In total, 61 coliforms and 69 Aeromonas spp. were isolated 

from water samples, and these bacteria showed various AMR patterns in each 

environmental site. In pig farm wastewater in Ratchaburi, all coliforms were 

resistant to ABPC and CEZ, and more than 70% and 60% of coliforms were 

resistance to SMX and TET, respectively. Prevalence of resistant coliforms to 

each antimicrobial was higher in pig farm in Ratchaburi than those in Trang, and 

city canal in Bangkok than river in Trang. MDR coliforms were frequently 

observed in livestock farm wastewater and city canal, however not found in river 

and estuary at all. The characteristics of resistance in each environmental water 

could be affected by AMU in humans and animals and discharge into 

environments. A biogas plant for wastewater treatment could be effective for 

decreased rate of ARB. Our findings suggested coliforms and Aeromonas spp. 

were practical indicators for monitoring of ARB in environments.  
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CHAPTER II: 

Genetic characterization of coliform bacterial isolates from environmental 

water in Thailand 

 

1. Introduction 

Mobile genetic elements including integrons and plasmids play a significant 

role in the dissemination of ARGs. Five classes of integrons have been reported, 

and among them, class 1 integrons which have been extensively found in clinical 

isolates, and most of the known ARGs cassettes belong to this class [41]. 

Plasmids are frequently categorized based on incompatibility groups, defined as 

the inability of two related plasmids to be propagated stably in the same cell. This 

phenomenon may be due to competition for the same replication or segregation 

sites caused by repression of replication initiation [42, 43]. Currently, there are 28 

known plasmid types in Enterobacteriaceae distinguished by PCR-based replicon 

typing [44].  

Among 322 E. coli isolates, four of these isolates contained intl1 and one 

isolate contained intl2 from the river that separates the United States from Mexico 

[45]. The frequencies of intl1-positive E. coli isolates cultured from wastewater 

treatment plant effluent, river upstream, and downstream in Poland were reported 

to be 11.0%, 6.0%, and 14.0%, respectively [46]. Concerning plasmid, 

wastewaters in Portugal enclose a rich plasmid pool belonging to FrepB, FIC, FIA 

I1, HI1, and U replicons, associated with integron-carrying bacteria (Aeromonas 

spp. and Enterobacteriaceae), and capable of conjugating to different bacterial 

hosts [38]. Zurfluh et al showed that blaCTX-M-1 genes encoded on IncHI1 plasmids 

were detected in isolates from rivers in Switzerland [47]. High levels of ARGs 

were detected in the sediments of the river in China and the conjugative plasmids 

with IncFII, IncP, and IncU played the role in horizontal transfer of ARGs in the 

environmental microbiome [48]. In contrast, information about characteristics of 

plasmids carrying ARGs in Enterobacteriaceae derived from environmental water 

in tropical Asian countries including Thailand is limited. This study, therefore, 

aimed to gain insight into genetic information of AMR in environmental water in 

Thailand. 
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2. Materials and Methods 

2.1. Bacterial isolation 

DHL agar and Chromocult Coliform agar (Merck, Darmstadt, Germany) 

were used for the isolation of coliforms and E. coli, respectively. DHL agar with 4 

μg/ml of CIP and Chromocult agar with 4 μg/ml of CTX were also used for the 

selection of AMR bacteria efficiently. Each of 100 μL water samples was spread 

on the medium and incubated at 37°C for 24 h. A maximum of six colonies 

determined to be coliforms based on pink to red coloration and morphology on 

DHL agar and a maximum of three colonies determined to be E. coli based on 

dark blue to purple colonies on Chromocult agar were collected for the analysis 

shown in Figure 5. Colonies on DHL or Chromocult agar plates were picked up, 

suspended in 0.5 ml TE buffer and boiled at 95°C for 10 min. DNA was recovered 

in the supernatant of centrifuge at 20,000 ×g for 1 min and used for polymerase 

chain reaction (PCR). 

 

2.2. Identification of bacterial isolates 

Bacteria isolated on DHL with CIP, Chromocult agar and Chromocult agar 

with CTX were identified by MALDI-TOF MS referred to CHAPTER I. 

 

2.3. Drug susceptibility tests 

Bacterial susceptibility was determined by agar dilution methods referred to 

CHAPTER I. 

 

2.4. Detection of ARGs and integrons  

The bla, tet genes, and integrons were detected by PCR as described 

previously using primers listed in Table 5 [49-54]. The PCR conditions were as 

follows: denaturation at 94 °C for 2 min, followed by 35 cycles consisting of 

denaturation at 94 °C for 30 sec, annealing at 57 °C for 30 sec, and extension at 

72 °C for 1 min and finalized by extension at 72 °C for 7 min for tet, denaturation 

at 95 °C for 2 min, followed by 35 cycles consisting of denaturation at 95 °C for 

30 sec, annealing at 55 °C for 30 sec, and extension at 72 °C for 1 min and 

finalized by extension at 72 °C for 7 min for bla and denaturation at 95 °C for 

2 min, followed by 35 cycles consisting of denaturation at 95 °C for 30 sec, 

annealing at 60 °C for 30 sec, and extension at 72 °C for 3 min and finalized by 

extension at 72 °C for 5 min for integrons.  
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Figure 5. Coliforms and E. coli isolation on DHL and Chromocult agar, 

respectively. 
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 Table 5. Primers for the amplification of antimicrobial resistance genes and 

integrons.

Genes Nucleotide sequence(5’－3’)  Length(bp) Reference 

Antimicrobial resistance genes     

tetA-F GCGCTNTATGCGTTGATGCA 387 

 
【49】 

 tetA-R ACAGCCCGTCAGGAAATT 

tetB-F GCGCTNTATGCGTTGATGCA 171 

 
【49】 

 tetB-R TGAAAGCAAACGGCCTAA 

tetC-F  GCGCTNTATGCGTTGATGCA 631 

 
【49】 

 tetC-R CGTGCAAGATTCCGAATA 

tetD-F  GCGCTNTATGCGTTGATGCA 484 

 
【49】 

 tetD-R CCAGAGGTTTAAGCAGTGT 

tetE-F GCGCTNTATGCGTTGATGCA 246 

 
【49】 

 tetE-R ATGTGTCCTGGATTCCT 

tetM-F GTTAAATAGTGTTCTTGGAG 656 

 
【50】 

 tetM-R CTAAGATATGGCTCTAACAA 

blaTEM-F  ATGAGTATTCAACATTTTCG 861 

 
【51】 

 blaTEM-R TTACCAATGCTTAATCAGTG 

blaSHV-F ATGCGTTATATTCGCCTGTG 841 

 
【51】 

 blaSHV-R TTAGCGTTGCCAGTGCTCGA 

blaCMY-2-F  GACAGCCTCTTTCTCCACA 1000 

 
【51】 

 blaCMY-2-R TGGACACGAAGGCTACGTA 

blaCTX-M-1group-F GCGTGATACCACTTCACCTC 260 

 
【52】 

 blaCTX-M-1group-R TGAAGTAAGTGACCAGAATC 

blaCTX-M-9group-F ATCAAGCCTGCCGATCTGGTTA 293 

 
【52】 

 blaCTX-M-9group-R GTAAGCTGACGCAACGTCTGC 

Integrons       

Intl1-F CCTCCCGCACGATGATC 280 

 

【53】 

 Intl1-R TCCACGCATCGTCAGGC 

Intl2-F TTATTGCTGGGATTAGGC 233 

 
【54】 

 Intl2-R ACGGCTACCCTCTGTTATC 

Intl3-F  AGTGGGTGGCGAATGAGTG 600 

 
【54】 

 Intl3-R TGTTCTTGTATCGGCAGGTG 
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2.5. Plasmid analysis 

Plasmid profiling was performed according to previously described methods 

[55]. Inc groups were determined by PCR using primers shown in Table 6. To 

detect blaTEM and tetM encoding plasmid, PFGE with S1 nuclease (Promega 

Corporation, Madison, WI) was performed as in a previous study [56]. Briefly, 

S1-digested slices were applied into wells in 13×14 cm agarose gel and run in a 

CHEF-Mapper (Bio-Rad Laboratories, Inc., Hercules, CA) under the following 

conditions: run duration, 15.16 hr; temperature, 14 °C; Angle, 120°; Initial switch 

time, 22 sec; Final switch time, 15.54 sec; Gradient, 6.0 V/cm. MidRange PFG 

Marker (New England BioLabs, Ipswich, MA) was used as a size marker. DNA 

probes for ARGs (blaTEM and tetM) and plasmid (IncFrepB) detection were 

prepared using a PCR DIG Labeling Mix (Roche Diagnostic, Basel, Switzerland) 

according to the manufacturer’s instructions. CSPD® (Disodium 

3-(4-methoxyspiro {1,2-dioxetane-3,2’-(5’-chloro)tricyclo 

[3.3.1.13,7]decan}-4-yl)phenyl phosphate) was used for chemiluminescent 

substrate for detection of DIG-specific antibody conjugated with alkaline 

phosphatase. Amersham Imager 600 (GE Healthcare, Chicago, IL) was used to 

analyze the digital image to chemiluminescence exposed for 15 min. 

 

2.6. Conjugation assay 

Broth mating assays were performed with E. coli DH5α (RIF-resistant) and 

eight E. coli isolates containing tetM and blaTEM were used as recipient and donor 

strains, respectively. Transconjugants were selected in LB agar plate 

supplemented with RIF (50 µg/ml), CEZ (32 µg/ml), and TET (16 µg/ml). DNA 

of transconjugants were extracted to confirm the presence of tetM, blaTEM and 

FrepB. 

 

2.7. Data analysis  

Statistical analysis was performed with R, version 3.4.3 

(https://www.r-project.org/). Differences were considered to be significant if the 

p-value was < 0.05. 
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Table 6. Primers for replicon typing. 

Replicon type Nucleotide sequence(5’－3’)  Length(bp) 

B/O-F GCGGTCCGGAAAGCCAGAAAAC 
159 

B/O-R TCTGCGTTCCGCCAAGTTCGA 

FIC-F GTGAACTGGCAGATGAGGAAGG 
262 

FIC-R TTCTCCTCGTCGCCAAACTAGAT 

A/C-F GAGAACCAAAGACAAAGACCTGGA 
465 

A/C-R ACGACAAACCTGAATTGCCTCCTT 

P-F CTATGGCCCTGCAAACGCGCCAGAAA 
534 

P-R TCACGCGCCAGGGCGCAGCC 

T-F TTGGCCTGTTTGTGCCTAAACCAT 
750 

T-R CGTTGATTACACTTAGCTTTGGAC 

W-F CCTAAGAACAACAAAGCCCCCG 
242 

W-R GGTGCGCGGCATAGAACCGT 

FIA-F CCATGCTGGTTCTAGAGAAGGTG 
462 

FIA-R GTATATCCTTACTGGCTTCCGCAG 

FIB-F GGAGTTCTGACACACGATTTTCTG 
702 

FIB-R CTCCCGTCGCTTCAGGGCATT 

K/B-F GCGGTCCGGAAAGCCAGAAAAC 
160 

K/B-R TCTTTCACGAGCCCGCCAAA 

FIIA-F CTGTCGTAAGCTGATGGC 
270 

FIIA-R CTCTGCCACAAACTTCAGC 

Y-F AATTCAAACAACACTGTGCAGCCTG 
765 

Y-R GCGAGAATGGACGATTACAAAACTTT 

I1-F CGAAAGCCGGACGGCAGAA 
139 

I1-R TCGTCGTTCCGCCAAGTTCGT 

X-F AACCTTAGAGGCTATTTAAGTTGCTGAT 
376 

X-R TGAGAGTCAATTTTTATCTCATGTTTTAGC 

HI1-F GGAGCGATGGATTACTTCAGTAC 
471 

HI1-R TGCCGTTTCACCTCGTGAGTA 

N-F GTCTAACGAGCTTACCGAAG 
559 

N-R GTTTCAACTCTGCCAAGTTC 

HI2-F TTTCTCCTGAGTCACCTGTTAACAC 
644 

HI2-R GGCTCACTACCGTTGTCATCCT 

L/M-F GGATGAAAACTATCAGCATCTGAAG 
785 

L/M-R CTGCAGGGGCGATTCTTTAGG 

FrepB-F TGATCGTTTAAGGAATTTTG 
270 

FrepB-R GAAGATCAGTCACACCATCC 
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3. Results 

3.1. Bacterial isolation 

     One hundred-thirty coliforms were isolated from environmental water 

collected at 20 locations in Thailand. Of them, 89 and 41 were resistant and 

susceptible to CEZ, respectively. The resistant isolates were distributed among 

five bacterial species as follows; E. coli (n = 59), Enterobacter spp. (n = 16), 

Klebsiella spp. (n = 8), Pantoea spp. (n = 5) and Kluyvera spp. (n = 1). 

 

3.2. Antimicrobial susceptibility  

     A comparison of AMR rates in CEZ-resistant (n=89) and CEZ-susceptible 

(n=41) coliforms is shown in Figure 6. CEZ-resistant coliforms tended to be 

resistant to CTX (p < 0.0001), TET (p = 0.0015) and KM (p = 0.0019) with 

significance. Hence, further analysis focused on β-lactam antibiotics and TET 

resistance was required. 
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Figure 6. Phenotypic characteristics of CEZ-resistant and susceptible 

bacteria. Differences were considered significantly if the p-value was < 0.01(*) 

and < 0.001(**). ABPC, ampicillin; CTX, cefotaxime; KM, kanamycin; TET, 

tetracycline; NA, nalidixic acid; CIP, ciprofloxacin; SMX, sulfamethoxazole.
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3.3. Prevalence of ARGs and integrons 

     Table 7 shows the prevalence of β-lactamase and TET resistance genes and 

integrons detected in CEZ-resistant coliforms. blaCTX-M1, blaCTX-M9, blaTEM and 

blaCMY-2 were widely distributed in environmental water. In particular, blaTEM was 

frequently detected (60.0%) in pig farm pre-treated wastewater in Ratchaburi, 

while blaSHV was not detected from all environmental samples. Among tet genes, 

tetA was found in the highest number of coliforms, 87% in Ratchaburi pig farms 

(before treatment), and 52% in Bangkok canals. tetM was subsequently found in 

many environmental waters, with 60% in the Ratchaburi pig farm (before 

treatment). In contrast, tetD was not detected in any sample. 

Comparing wastewater before and after biogas plant treatment at pig farms, 

the percentage of coliforms with ARGs and intl1 was reduced in the treated water. 

intl1 was detected from all environmental samples except the rural river and 

estuary. intl3 was found in one strain from brackish water in the rural area. As 

shown in Table 8, the highest number of bla pattern was a single blaCTX-M, which 

accounted for about 17%. Although coliforms carrying three bla genes were found 

at 2.2%, more than half of coliforms did not contain any bla genes. The pattern of 

blaCTX-M groups in CEZ-resistant coliforms and the prevalence of blaCTX-M1 and 

blaCTX-M9 was 61.5% (16/26) and 38.5% (10/26), respectively. From the result of 

the presence of ARGs, statistical analysis shows that blaTEM was more likely to 

coexist with tetM (p = 0.0011) than tetA (p = 0.0097) based on the data shown in 

Table 9. Hence, further analysis focused on the eight E. coli isolates harboring 

blaTEM and tetM was conducted. 

 

3.4. Prevalence of plasmid replicons 

     The characteristics of 8 E. coli isolates harboring blaTEM and tetM are 

shown in Table 10. Each isolate possessed at least 2 plasmids, and a variety of 

incompatibility groups were found. Briefly, IncFrepB, IncY and IncFIB were 

detected in 7, 5 and 5 isolates, respectively. 
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Table 7. Prevalence of β-lactamase, tetracycline resistance genes and integrons detected in cefazoline-resistant coliform bacteria. 

PFW, pig farm wastewater; CFW, chicken farm wastewater; pre, pre-treatment; post, post-treatment. 

 

 

    β-lactamase genes    Tetracycline resistance genes    Integrase  

    blaCTX-M1 

group  

(%) 

blaCTX-M9 

group  

(%) 

blaTEM 

(%) 

blaSHV 

 (%) 

blaCMY-2  

(%) 

  
tetA  

(%) 

tetB  

(%) 

tetC  

(%) 

tetD  

(%) 

tetE 

(%) 

tetM  

(%) 

  
int1 

 (%) 

int2 

 (%) 

int3  

(%) Sampling sites n     

PFW-pre in Ratchaburi 15 26.7 26.7 60.0 0 26.7   86.7 0 0 0 0 60.0   100.0 0 0 

PFW-post in Ratchaburi  9 0 0 22.2 0 11.1   66.7 0 0 0 0 33.3   55.6 0 0 

PFW in Trang 12 8.3 16.7 0 0 41.7   25.0 25.0 0 0 16.7 8.3   50.0 0 0 

CFW in Ratchaburi 2 0 0 0 0 0   50.0 0 0 0 0 0   100.0 0 0 

CFW in Trang 14 0 0 7.1 0 7.1   7.1 7.1 0 0 0 0   21.4 0 0 

City canal in Bangkok 27 40.7 14.8 14.8 0 3.7   51.9 14.8 7.4 0 0 18.5   70.4 0 0 

River in Trang 4 0 0 0 0 25.0   0 0 0 0 0 0   0 0 0 

Estuary in Trang 6 0 0 0 0 0   0 0 0 0 0 0   0 0 16.7 
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Table 8. Pattern of bla among cefazoline-resistant coliforms. 

Patterns of bla genes No. of isolates Percentage 

blaTEM + blaCMY-2 + blaCTX-M 2 2.2 

blaTEM + blaCMY-2  3 3.4 

blaTEM + blaCTX-M 8 9.0 

blaCMY-2 + blaCTX-M 1 1.1 

blaTEM only 3 3.4 

blaCMY-2 only 7 7.9 

blaCTX-M only 15 16.9 

blaSHV 0 0 

Negative for blaTEM, blaCMY-2, blaCTX-M1, blaCTX-M9, blaSHV 50 56.2 

Total 89 100 
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Table 9. P-value for co-existence of bla and tet genes by statistical analysis.  

Differences were considered significantly if the p-value was < 0.01(*). 

  blaCTX-M1  blaCTX-M9 blaTEM blaCMY-2 

tetA 0.0770 0.0013* 0.0097* 0.7851 

tetM 0.4583 0.0083* 0.0011* 0.6114 
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Table 10. Characteristics of eight E. coli isolates harboring blaTEM and tetM. TRP, Ratchaburi pig farm; pre, pre-treatment; post, 

post-treatment. 

Isolate No. Species Site Resistance phenotype bla/tet genes Integron Replicon typing Transconjugant 

1 E. coli TRP1 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, SMX blaTEM, blaCMY-2, blaCTX-M9, tetA, tetM intl1 FIB, Y, FrepB + 

2 E. coli TRP1 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, CPFX, SMX blaTEM, blaCTX-M1, tetA, tetM intl1 P, B/O, FIB, N, FrepB + 

3 E. coli TRP1 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, CPFX, SMX blaTEM, blaCMY-2, tetM intl1 P, FrepB + 

4 E. coli TRP1 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, CPFX, SMX blaTEM, blaCTX-M9, tetA, tetM intl1 Y, N, FrepB + 

5 E. coli TRP1 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, CPFX, SMX blaTEM, blaCTX-M9, tetA, tetM intl1 P, FIB, Y, FrepB - 

6 E. coli City canal in Bangkok ABPC, CEZ, CTX, KM, TET, NA, CPFX, SMX blaTEM, blaCTX-M9, tetA, tetB, tetM intl1 P, FIB, Y, FrepB + 

7 E. coli TRP2 pre in Ratchaburi ABPC, CEZ, CTX, KM, TET, NA, SMX blaTEM, blaCMY-2, blaCTX-M9, tetA, tetM intl1 FIB, FrepB + 

8 E. coli TRP2 post in Ratchaburi  ABPC, CEZ, CTX, TET, SMX blaTEM, tetA, tetM intl1 Y, L/M + 
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3.5. S1-PFGE and Southern blot hybridization 

     Among 7 E. coli isolates harboring FrepB plasmid shown in Table 10, the 

results of S1-PFGE and Southern blot hybridization elucidated the size of each 

tetM and blaTEM gene-encoding plasmid (Figure 7). TetM and blaTEM that were 

co-localized on FrepB plasmids ranged from around 33.5kbp to 145.5kbp in all 

isolates tested. 

 

3.6. Transferability  

     The result of the conjugation experiment on eight strains carrying blaTEM 

and tetM are shown in Table 10. Table 11 shows all 6 transconjugants contained 

tetM and FrepB plasmid, while 4 transconjugants contained blaTEM under the 

experimental condition. 
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Figure 7. Detection of plasmids carrying tetM, blaTEM, and IncFrepB by 

S1-PFGE and Southern blot hybridization.  

(a) S1-PFGE pattern stained by EtBr, (b)-(d) Southern blot hybridization with a 

tetM-specific (b), blaTEM-specific (c) and IncFrepB-specific (d) probe. Lane M: 

MidRange PFG Marker. Lane 1-5 & 7: E. coli from Ratchaburi pig farms 

pre-treatment, Lane 6: E. coli from city canal in Bangkok. Red asterisk shows the 

positive band of each specific probe. 
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Table 11. Characteristics of transconjugants. 

Isolate no. blaTEM tetM IncFrepB 

TC1 - + + 

TC2 + + + 

TC3 - + + 

TC4 + + + 

TC6 + + + 

TC7 + + + 
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4. Discussion 

     In this study, co-resistance to some antimicrobials among CEZ-resistant 

environmental coliform strains was analyzed, since MDR strains can result from 

the co-selection of several ARGs in the same genetic platform or from 

cross-resistance due to mechanisms responsible for resistance to different 

antimicrobials [57].  

     The β-lactamase gene, blaTEM, was detected in pig farm effluent (before 

treatment) in Ratchaburi at a high rate of 60% (Table 7). As blaTEM has also been 

previously reported from pig feces in Sa Kaeo province, Thailand [58], blaTEM in 

coliforms isolated from pig farm effluent in this study may be derived from pig 

feces. High prevalence of TET resistance genes was observed in pig farm 

wastewater in Ratchaburi than those in Trang (Table 7). Indeed, chlortetracycline 

was used in pig farm in Ratchaburi for a feed additive, while tetracyclines were 

not used in pig farm in Trang according to personal communications at the farms. 

It is possible that selective pressure of tetracyclines in Ratchaburi lead to higher 

prevalence of TET-resistant bacteria and resistance genes comparing to Trang. 

Various β-lactamase resistance genes were detected in the canals of Bangkok 

(Table 7). The percentage was considerably higher than the β-lactamase resistance 

genes (blaCTX-M group and blaTEM) detected in canals in the United States [59] and 

lower than that of the blaCTX-M1 group detected in the aquatic environment 

including rivers and canals in the Phitsanulok and Nakhon Sawan provinces of 

Thailand [60]. The diversity and abundance of ARGs is thought to be mainly 

influenced by local/national parameters related to sanitation and health [61]. The 

results of blaCTX-M1 and tetA, which showed high resistance rates in the canals of 

Bangkok, were not found from the rivers and brackish waters of Trang (Table 7). 

The difference of results between regions was considered by the prevalence of 

ARB selected by residue antimicrobials in environmental water. There are 

hospitals and human residences near the canals in Bangkok and the discharge of 

antimicrobials could flow into the canals, while there are few hospitals and houses 

around the river and estuary in Trang.  

Among plasmid replicons found in this study, IncFrepB was the most 

common type (Table 10). IncFrepB belongs to IncF and is a different replicon 

type from IncI and IncH, which were often found in the European environment 

[44]. Enterobacteriaceae isolates with IncFrepB plasmid were reported from 

human patients in India, China, and Italy [62-65] and no report of IncFrepB from 
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the environment in Southeast Asia has been found. The origin of IncFrepB found 

from the environment in this study should be further elucidated.  

     Although the incompatible plasmids are not usually present in one cell, 

there are several FrepB plasmids observed in one isolate in present study. In a 

previous study, E. coli strains carrying more than 2 plasmids with the same inc 

type were reported and the transconjugant obtained from donor strains were 

shown to have only one plasmid [56]. Hence, the observation on the carriage of 

more than two plasmid with IncFrepB in this study might be possible. Only one of 

a few FrepB plasmids detected in this study would finally be maintained and 

contribute to transmission. 

blaTEM and tetM in all E. coli strains tested in this study were co-localized 

on the IncFrepB plasmid (Figure 7). The co-selection of ARGs due to selective 

pressure of antimicrobials might cause this phenomenon [66]. IncFrepB plasmid 

harboring blaTEM and tetM may be spreading in a pig farm, therefore appropriate 

use of antimicrobials and good hygiene management at farms are required to 

prevent the emergence and spread of ARB and ARGs. Further research is required 

to investigate if IncFrepB plasmids carry other genes conferring resistance to 

aminoglycoside, quinolone and sulfonamide. 

     Biogas plant treatment significantly reduced the percentage of resistance 

genes (Table 7). The same biogas plant as this study was previously reported to 

result in decreased rates of resistance to six antimicrobials, as well as  reduced 

concentrations of antimicrobials [22]. Thus, biogas plant treatment is a promising 

way to avoid spread of ARGs in the aquatic environment.  

     In conclusion, IncFrepB plasmids in pig farms effluent might be playing a 

significant role in the spread of ARGs. Hence further studies focused on the 

plasmids are necessary to elucidate their origin including human and prevent 

further dissemination of ARGs. 
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5. Summary  

In contrast to the study in other part of the world, information about 

characteristics of plasmids carrying ARGs in Enterobacteriaceae derived from 

environmental water in tropical Asian countries including Thailand is limited. 

This study, therefore, aimed to gain insight into genetic information of AMR in 

environmental water in Thailand.  

Coliforms were isolated from environmental water collected at 20 locations 

in Thailand and identified. Then, susceptibility profiles to ABPC, CEZ, CTX, KM, 

CIP, SMX, TET, and NA were assessed. In addition, ARGs, integrons, and 

replicon types were analyzed. And furthermore, plasmids carrying blaTEM and 

tetM were identified by S1-PFGE analysis and transmissibility was confirmed by 

transconjugation experiments. 

In 130 coliforms isolated, 89 were resistant to cefazoline while 41 isolates 

were susceptible. CEZ-resistant coliforms were found to be significantly resistant 

to CTX and TET as compared to susceptible isolates. Hence, blaTEM and tetM 

correlating with β-lactam antibiotics and tetracyclines resistance, respectively, 

were found to co-localize on the IncFrepB plasmids in isolates from pig farms’ 

wastewater by S1-PFGE analysis. And furthermore, transmissibility of the 

plasmids was confirmed.  

Results obtained in this study suggested that ARGs in coliforms may have 

been spreading on the farm via IncFrepB plasmids. Hence, appropriate use of 

antimicrobials and good hygiene management on the farm is required to prevent 

the spread of ARGs. 
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CONCLUSION 

 

     AMR is a major issue posing a serious threat to global health. ARB and 

ARGs are transmitted between human, animal and environments. However, the 

information on prevalence of AMR in bacteria derived from environmental water 

is limited. To control further spread of AMR in environments, monitoring the 

prevalence of AMR and appropriate countermeasures are urgently required. In the 

present studies, the occurrence of ARB and ARGs derived from livestock farm 

wastewater, city canals, wastewater treatment plants, rivers, and estuaries in urban 

and rural environments in Thailand were investigated.  

In CHAPTER I, antimicrobial resistant coliforms and Aeromonas spp. were 

isolated in environmental water and there was a clear difference on the magnitude 

and characteristics of resistance in each region and environmental site. Pigs 

farms’ wastewater tended to contain resistant bacteria against more antimicrobials 

in Ratchaburi than in Trang. Environmental water in city canals in Bangkok 

showed more resistance to antimicrobials than in rural river in Trang. These 

differences were probably due to the antimicrobial discharge into the environment 

after the use of antimicrobials on humans and animals, which would lead to the 

emergence of ARB under selective pressure. Biogas plant treatment would be a 

good measure for decrease in degree of AMR in pig farms and countermeasures 

for wastewater treatment on farm level was recommended not to disseminate ARB 

into the environments. 

In CHAPTER II, I demonstrated that the potential role of specific plasmids 

detected in pig farms’ wastewater in Thailand on the spreading of ARGs. 

IncFrepB plasmids were detected for the first time in environmental water in 

Thailand. blaTEM and tetM correlating with β-lactam antibiotics and tetracyclines 

resistance, respectively, were analyzed found to co-localize on the IncFrepB 

plasmids in isolates from pig farms’ wastewater. These results suggested that 

ARGs in coliforms may have been spreading on the farm via IncFrepB plasmids. 

To prevent the dissemination of ARGs, further analysis related to the origin of 

IncFrepB is necessary. 

ARB, ARGs and their potential transmission were found in aquatic 

environments in Thailand, which were affected by anthropogenic activities, such 

as the use of antimicrobials in livestock farms and the presence of wastewater 

treatment process. This research could be helpful for future studies on 

surveillance and monitoring to understand a role of the environmental water on 
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the dissemination of ARB and ARGs. 
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和文要旨 

 

薬剤耐性は我々の健康に深刻な脅威をもたらすとして世界で大

きな問題となっている。薬剤耐性菌、耐性遺伝子は人、動物、環境間で伝

播する。しかし、環境水由来の薬剤耐性菌、耐性遺伝子に関する情報は限

られているのが現状である。環境中での薬剤耐性菌の拡散を抑制するため

には、薬剤耐性菌のモニタリングと適切な対策が必要である。本研究では、

タイの都市部と田舎において水圏環境中に存在する薬剤耐性菌、耐性遺伝

子の疫学調査を行った。 

第一章では、環境水中から薬剤耐性大腸菌群とエロモナス属菌

が分離され、地域やサンプルによって耐性度合やどの薬剤に耐性になりや

すいか等の特徴に明確な違いがあることを明らかにした。豚農場排水はト

ラン県よりもラチャブリ県で薬剤耐性菌が多く分離される傾向にあった。

バンコクの都市部に流れる水路はトラン県の農村部の河川よりも薬剤耐性

菌の割合が高かった。耐性菌が多く分離された場所は、人や動物に抗菌薬

を使用した後に環境中に排出される抗菌薬の量が多く、選択圧の影響を受

けて耐性菌の出現につながったと考えられる。バイオガスプラント処理は

豚農場排水の薬剤耐性菌の割合を低下するための有効な手段であると考え

られ、農場ごとの排水処理方法は今後の課題である。 

第二章では、環境水中で薬剤耐性遺伝子の伝播にプラスミドが

果たす役割について明らかにした。βラクタマーゼ遺伝子とテトラサイク

リン耐性遺伝子がIncFrepBプラスミド上に共存し、豚農場排水中に存在する

ことが分かった。これらの結果より、薬剤耐性遺伝子を保有するIncFrepBプ

ラスミドが伝播することで薬剤耐性遺伝子が豚農場で拡散している可能性

が示唆された。タイの水圏環境中でIncFrepBプラスミドは初めて検出された

ため、環境中の薬剤耐性遺伝子の拡散を防ぐためにIncFrepBプラスミドのさ

らなる解析が必要である。 

タイの水圏環境において、人為的活動の影響によって薬剤耐性

菌、耐性遺伝子が発生し、それらは環境中でプラスミドを介して伝播して

いる可能性が示唆された。本研究は耐性菌および耐性遺伝子の伝播に関与

する環境水の役割について、今後の疫学調査やモニタリングに役立つと考

える。
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