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As is one of toxic metalloid commonly found on the earth's surface. In 

groundwater, arsenite (As3+) and arsenate (As5+) are most predominant As species. Arsenite is 

more toxic than arsenate. As removal through bioremediation technique can be applied as an 

alternative method. This study aimed to investigate the community of arsenite-oxidizing 

bacteria in As-contaminated groundwater and to correlated them to the geochemical 

parameters. Nineteen groundwater samples were collected from Ban-khai and Muang districts, 

Rayong province, Thailand. The communities of arsenite-oxidizing bacteria were detected by 

using PCR-cloning-sequencing techniques, targeting aioA gene. The results showed that the 

detected arsenite-oxidizing bacteria were associated with α-, β-, and γ-Protebacteria. The γ-

Protebacterial cluster was detected in groundwater with low to moderate As concentrations, 

while it was undetected in groundwater with high As concentration. PHREEQC geochemical 

model was used to identify the major As species in all groundwater samples. The predominant 

As species in most groundwater samples is arsenite (As3+) which presented in the form of 

H3AsO3. In addition, the statistical analysis demonstrated that the geochemical parameters 

affecting the distribution of arsenite-oxidizing bacteria in this study were Fe, Mn, As3+ and 

As5+. Fe, Mn, and As3+ showed the positive relationship to the β-Proteobacterial cluster, 

whereas As5+ positively correlated with α-Proteobacterial cluster. The knowledge gain from 

this study will help better understand the distribution of arsenite-oxidizing bacteria found in 

groundwater with a broad range of As concentrations. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

 Arsenic (As) is one of metalloids that widely distributes on the earth’s surface. 

It can be generally found in soil, surface water and groundwater (Lugtu et al., 2009). As 

is toxic to living organisms, especially to human. As is a trigger of many types of 

cancers (Casiot et al., 2006). In the present, it has been reported that As concentration 

in groundwater exceeds a standard level of 10 µg/l in many countries around the world 

such as Vietnam, China, Taiwan, Mexico, Argentina, Thailand, India and Bangladesh 

and millions of people in these countries have an adverse effect on their health by 

consuming As contaminated water (Smedley & Kinniburgh, 2002). In groundwater, As 

commonly appears in two forms: arsenate (As5+) in the forms of H3AsO4, H2AsO4
-, 

HAsO4
2- and AsO4

3- as well as arsenite (As3+) in the forms of H3AsO3, H2AsO3
- and 

HAsO3
2-. It is found that arsenite has more toxicity and mobility than arsenate in 

aqueous phase (Ohtsuka et al., 2013; Oremland et al., 2002). Arsenate is a predominant 

As specie in oxidizing condition while arsenite predominates in reducing condition 

(Zhang et al., 2008). 

 The study area is located on Ban Khai district and Muang district of Rayong 

province. According to the geological information, the Rayong groundwater basin in 

Ban Khai and Muang districts composes of young unconsolidated sediments derived 

from alluvial process and has a flat topography. This characteristic is supportive factor 

causing slowly groundwater movement and poorly flushing. As a result, As in 

sediments can be released and accumulated in groundwater (Department of Mineral 

Resources, 2007; Smedley & Kinniburgh, 2002). Furthermore, it has been reported that 

anthropogenic activities in this area can also cause As contamination in groundwater. 

For example, many As-containing compounds (i.e., pesticides and fungicides) have been 

used in agricultural activities, toxic As oxide is generated by industrial processes via 

As rich fossil fuel combustion and high As concentration wastewater is released by 
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mining operation (Department of Groundwater Resources, 2015; Smedley & 

Kinniburgh, 2002). According to the Department of Groundwater and Resources, the 

As level in groundwater in some areas exceed the drinking water standard (10 µg/l) and 

it has been reported that most people in this area use groundwater through their daily 

activities. So, they have an opportunity to get short or long-term effects by consuming 

this As contaminated groundwater (Department of Groundwater Resources, 2015). 

 To remove As from contaminated groundwater, many conventional techniques, 

including flocculation, coagulation, ion exchange, have been implemented for long 

time. It has been reported that these conventional methods require high cost for their 

operations and maintenance; however, their efficiencies are relatively low. In addition, 

these conventional methods can generate harmful by-products which are dangerous to 

both environment and human (Kao et al., 2013). An eco-friendly and cost-effective 

technique is required for As removal from groundwater. Biological method is 

considered as an alternative procedure for As removal and this method relies on the 

activity of microorganisms (Shakoori et al., 2010). In oxidizing environment, arsenate 

(As5+) is more abundant. It has been reported that arsenate controlling can be monitored 

by cytoplasmic and dissimilatory arsenate-reducing bacteria. Dissimilatory arsenate-

reducing bacteria can conserve energy from arsenate reduction to produce their cell 

masses (Oremland & Stolz, 2005; Roy et al., 2015). In reducing environment where 

arsenite (As3+) is commonly founded, heterotrophic and chemoautotrophic arsenite-

oxidizing bacteria play an important role in arsenite transformation. Arsenite-oxidizing 

bacteria change more toxic arsenite to less toxic arsenate by their cellular metabolism. 

Furthermore, chemoautotrophic arsenite-oxidizing bacteria can gain energy from 

arsenite-oxidizing process to support their growth (Oremland & Stolz, 2005). 

Groundwater environment is commonly found in a reducing condition. Arsenite-

oxidizing bacteria possibly play a role in transforming As species into less toxic form. 

 This study focuses on the investigation of the communities of arsenite-oxidizing 

bacteria in groundwater with various As concentrations within Rayong groundwater 

basin using cloning and sequencing of arsenite oxidase gene (aioA). As speciation in 
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groundwater will be explained using the PHREEQC modelling program. Geochemical 

parameters influencing the distribution pattern of arsenite-oxidizing bacteria detected 

in groundwater will also be demonstrated using the Pearson’s correlation coefficient 

and redundancy analysis. The knowledge gain from this study will help better 

understand the distribution of arsenite-oxidizing bacteria found in groundwater with a 

broad range of As concentrations.  

 

1.2 Objectives:  

1. To explore the communities of arsenite-oxidizing bacteria in groundwater with  

    various As concentrations 

2. To theoretically explain the As speciation in groundwater using the PHREEQC  

   geochemical model 

3. To investigate the relationship between geochemical parameters and the 

communities of arsenite-oxidizing bacteria 

 

1.3 Hypotheses:  

 1. Arsenite-oxidizing bacteria can be found in groundwater which corresponding 

 to various As concentrations.  

 2. PHREEQC geochemical model has efficiency to identify As species in  

                 groundwater. 

 3. The community of arsenite-oxidizing bacteria may be influenced by 

 geochemical parameters such as As concentration, pH, oxidation-reduction 

 potential (ORP) and dissolved oxygen (DO). Each bacterial community might 

 response to geochemical parameters differently. 
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1.4 Scopes of the Study:  

1. Nineteen groundwater samples will be collected from Rayong groundwater 

basin where impacted a variety of anthropogenic inputs.  

2. Geochemical parameters that will be measured on site are pH, temperature, 

conductivity, dissolved oxygen (DO) and oxidation reduction potential (ORP). 

3. Geochemical parameters, including the concentrations of NO3
-, NO2

-, NH4
+, 

SO4
2-, Cl- will be measured using Ion Chromatography (IC). Total As, Fe, and 

Mn will be measured using Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS). Ca, Mg, and K will be measured using Inductively Couple Plasma 

Optical Emission Spectrometer (ICP-OES). Total phosphorus (TP) and total 

carbon (TC) will be measured by ascorbic acid method and combustion method 

using a total organic carbon analyzer, respectively. 

4. The communities of arsenite-oxidizing bacteria will be analyzed by cloning and 

sequencing of arsenite oxidase gene (aioA). 

5. The PHREEQC modelling program will be used to explore the occurrence of As 

speciation in groundwater. 

6. The Pearson’s coefficient and redundancy analysis will be used to reveal the 

correlation between geochemical parameters and the communities of arsenite-

oxidizing bacteria detected in groundwater. 

 

1.5 Expected Outcome: 

 

1. The knowledge of the communities of arsenite-oxidizing bacteria recovered 

from groundwater with various As concentrations. 

2. The knowledge of geochemical parameters that influence the distribution of 

arsenite-oxidizing bacteria detected in groundwater. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

THEORETICAL BACKGROUND AND LITERATURE REVIEW 

Arsenic (As) is one of toxic metalloids considered as a toxic substance to both 

human and environment. According to the World Health Organization (WHO), the 

standard of As concentration in drinking water is 10 µg/l for many industrial countries 

such as USA, Japan, and European countries. In some countries including India, 

Bangladesh, Cambodia, Myanmar and Nepal As concentration of 50 µg/l is used as the 

standard because of economic and technological constraints (Banerjee et al., 2011). For 

Thailand, the Pollution Control Department has set the level of As in drinking water for 

10 µg/l ((Department of Pollution Control, 2014). It has been reported that many 

countries including Vietnam, China, Taiwan, Mexico, Argentina, India, Bangladesh 

and Thailand. have As contaminated groundwater problems (Smedley & Kinniburgh, 

2002). It was found that some regions in Bangladesh had As concentration in 

groundwater up to 1 mg/l (one hundred times higher than the WHO’s standard) and 

millions of people get effects from As by directly or indirectly consuming the 

contaminated water (Bachate et al., 2012).   

 

2.1 The sources of As 

  An origin of As in natural environment can be from both geogenic and 

anthropogenic origins. For geogenic origin, it has been found that there are many 

minerals containing As, particularly sulfide minerals such as arsenopyrite (FeAsS), 

realgar (AsS) and orpiment (As2S3) or oxide minerals for example iron oxides (Rahman 

et al., 2014; Smedley & Kinniburgh, 2002). These As-bearing minerals are formed by 

hydrothermal activities as a zoning mineralization. Arsenopyrite is generated firstly in 

a center of the zone, then realgar, orpiment, oxide and other sulfide minerals are formed, 

respectively. Besides, volcanic activity and forest fires can also produce As. For 

anthropogenic origin, As can contaminate an environment by several human activities, 

including agriculture, industry and mining. For example, agricultural activities use large 
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number of As-containing compounds such as pesticides, fungicides. As-rich fossil fuel 

can also release As into an environment by generating toxic As-oxide (As2O3) and 

Mining operations that generate mine waste water containing As in high concentration 

(Lièvremont et al., 2009; Smedley & Kinniburgh, 2002). 

 

2.2 Toxicity of As 

 As can cause both acute and chronic effects to living organisms. In human, it has 

been reported that acute effects of As relate to its oxidation form. The trivalent As 

(arsenite) is more toxic than the pentavalent As (arsenate). Many symptoms of acute As 

toxicity include gastrointestinal discomfort, vomiting, diarrhea, bloody urine, shock, 

and death. While the chronic As effects often relate to long time inorganic exposure. The 

characteristics of chronic As toxicity include skin lesions, Blackfoot disease, peripheral 

neuropathy, bone marrow depression, diabetes and cancers    (Hughes, 2002).  

 Arsenate has similar structure to phosphate which can move into cells by 

phosphate transportation pathway and interrupt a phosphorylation mechanism 

producing adenosine triphosphates (ATP) for cell’s activities. Whereas arsenite can bind 

to sulfhydryl groups causing protein malfunctions (Santini & vanden Hoven, 2004; 

Shakoori et al., 2010).  

 

2.3 As species and Eh-pH diagram   

 In the environment, As can be founded in four main species such as arsine (-3), 

elemental arsenic (0), arsenite (+3) and arsenate (+5) (Abbas et al., 2014). The most 

common species of As in aquatic environment are inorganic soluble arsenite and 

arsenate which often exist as oxyanions forms, for example, arsenate (AsO4
3-, H3AsO4, 

H2AsO4
- and HAsO4

2), arsenite (H2AsO3
-, HAsO3

2- and H3AsO3). The occurrence of 

each form depends on pH value and redox condition. In oxidizing condition, the 

pentavalent species (arsenate) is predominant while the trivalent species (arsenite) can 
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Fig. 2.1. The Eh-pH diagram of As species at 25oC (Ferguson & Gavis, 

1972) 

be commonly found in an reducing environment (Dey et al., 2016; Smedley & 

Kinniburgh, 2002; Zhang et al., 2008). Both arsenite and arsenate are toxic, but the 

former is more toxic to living organisms and more mobile in aqueous phase than the 

latter. As mentioned previously, the speciation, solubility and distribution of arsenate 

and arsenite are controlled by pH value and redox condition of water (Sultana et al., 

2015). The appropriate conditions of each As specie are shown in Fig. 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Under oxidizing condition (high Eh value), arsenic acid species (arsenate acid 

species) are predominant. HAsO4
2- is abundant at high pH value. In contrast, H2AsO4

- is 

dominant at low pH value. Furthermore, AsO4
3- and H3AsO4 predominate in a highly 

akaline condition and acidic condition respectively. Under mildly reducing condition 

(fairly low Eh value), arsenious acid species (arsenite acid species) such as H3AsO3, 

H2AsO3
- and HAsO3

2- are commonly founded. At Eh value about 0 and presence of 

Sulfide, solid species: realgar (AsS)  and orpiment (As2S3) are plentiful. Metal As 

appears at initially negative Eh value and arsine (AsH3) is generated at extremely low 

Eh value. In conclusion, arsenate tends to be abundant in oxidizing environment where 

arsenite normally exists in the reducing environment. 
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2.4 As mobilisation  

 2.4.1 As mobilisation by geochemical conditions 

 

It has been reported that most As contamination in groundwater occurs in 

particular environmental conditions; for example, closed basin in arid and semi-arid 

area or highly reducing aquifer formed by a deposition of alluvial sediment, especially 

Holocene aged aquifer. These environments usually compose of young sediments 

containing As and have flat topography causing slow groundwater movement and 

poorly flushing. These environmental conditions promote an accumulation of asenic in 

groundwater by releasing from the sediments (Akai et al., 2004; Smedley & 

Kinniburgh, 2002). 

It has been founded that many mechanisms can describe an As mobilisation in 

aquatic environment, but there are two main processes which are considered as the most 

reliable causes of the As discharge into groundwater.  Firstly, increasing of pH value 

(>8.5) in arid or semi arid environments. Normally, As particularly arsenate  is absorbed 

to oxide minerals such as Iron oxides under oxidizing and mildly acidic condition. The 

cooperation between mineral weathering and evaporation can raise pH value in these 

regions. With the influence of the elevated pH, the absorbed As can desorp from the 

surface of the oxides to groundwater. If there are other oxyanions for example, 

phosphate (PO4
3-) and bicarbonate (HCO3

-) in water, they can be as rivals with As to 

bind with oxide’s surface and promote the accumulation of As in groundwater. 

Secondly, occurence of highly reducing condition at mildly acidic pH value. This 

condition is a result of fast accumulation and sedimentation which can be normally 

founded in many areas including wide valleys with meandering streams. A rate of 

reducing condition is handled by organic matter content in the sediments. If oxygen or 

other oxidants have a diffusion  rate lower than organic matter utilization rate, the 

reducing condition can take place for long time. This system can cause the reductive 

dissolution of oxides minerals, for instance, iron oxides and manganese oxides that can 

also unleash As into groundwater (Smedley & Kinniburgh, 2002). . 
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There are other machanisms that control As mobilisation in water including a 

reduction in surface area of oxide mineral: When fine grained iron oxides (i.e. hydrous 

ferric oxide (HFO), magnetite etc,.) that have a lot of surface areas continuously form 

large grain iron oxides such as goethite or hematite, the surface area is decreased and 

sorbed ions like As is dissloved in groundwater. Reduction on binding strength between 

As and minerals surface: Some Fe3+ ions on a surface of iron oxides can be reduce to 

Fe2+ under strongly reducing condition. This reaction contributes to lowering the 

surface’s net positive charge which makes electrostatic forces between the surface and 

anions decline. Then, the desorption of any anions occur (Smedley & Kinniburgh, 

2002). .  

Furthermore, As-rich groundwater can also be existed in mining area. By mining 

activities, As enables to contaminate groundwater by oxidation of sulfide minerals by 

using oxygen (O2), nitrate (NO3
-) or ferric ion (Fe3+) as an electron acceptor. As a water 

table continuously falls, it may expose to the sulfide minerals and lead to the 

distribution of As in groundwater. The reaction of this process is explained by a below 

equation  (Sracek et al., 2004). 

 

FeAsS + 3.5O2 + 4H2O = Fe(OH)3 + H3AsO4 + 2H+ + SO4
2-      (1) 

 

  Apart from arsenopyrite, it is founded that the distribution of As in groundwater 

also gets influence from ferric hydroxide (Fe(OH)3) as both arsenite and arsenate are 

able to be sorped on Ferric hydroxide’s surface. It has been reported that adsorption and 

desorption of arsenite and arsenate on ferric hydroxide are regulated by pH value 

(Stollenwerk, 2003). Under strongly oxidizing condition, the adsorption of arsenate on 

ferric oxide declines when pH is surged. Conversly, under weakly oxidizing condition, 

the adsorption of arsenite on ferric oxide tends to increase when pH is raised (Dixit & 

Hering, 2003; Sracek et al., 2004) 
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 2.4.2 As mobilisation controlled by microbial metabolisms 

 

 Other than geochemical conditions, microorganism can play an important role 

in As mobilisation in groundwater (Akai et al., 2004). Microbial metabolisms involved 

in As mobilisation are shown in Fig. 2.2 (Oremland & Stolz, 2005). 

 

As is able to be released into groundwater by an activity of iron reducing-

bacteria (Fig. 2.2a.). The sediments in aquifer are composed of iron minerals including 

hydrous ferric oxides (HFO) or scorodite (FeAsO4∙2H2O). These minerals tend to 

strongly sorb arsenate on their sorption sites. The iron reducing bacteria enables to 

reduce ferric (Fe3+) to ferous (Fe2+) by using ferric reductase, then arsenate can react 

with and subsequently dissolve into groundwater (Cummings et al., 1999). 

In a case of dissimilatory arsenate-reducing prokaryotes (DARP), the 

considerable As species in groundwater is arsenite(Fig. 2.2b.). These specific 

microorganisms can convert arsenate sorbed on hydrous ferric oxides (HFO) or alumina 

(Al(OH)3) surfaces to arsenite by using their arsenate reductase. Furthermore, if the 

microbes are iron reducing DARP (Fig. 2.2c.), the groundwater will be abundant with 

ferrous and arsenite. These microorganisms are able to reduce both ferric and arsenate. 

Fig. 2.2. The mechanisms of As mobilisation controlled by microbes in reducing 

aquifer (Oremland & Stolz, 2005). 
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Ferric is reduced to ferrous by ferric reductase, whereas arsenate is reduced to arsenite 

by arsenate reductase as mentioned previously. Some arsenite ions in groundwater can 

be reabsorbed on HFO or alumina surfaces by binding to Fe3+ ions on these minerals’ 

surfaces  (Ahmann et al., 1997; Zobrist et al., 2000). 

 

2.5 As treatment 

 Several physiochemical methods have been adopted to remove As from 

groundwater for long time. It has been found that these techniques are very expensive, 

inefficient, particularly when As concentration in groundwater is very low, in the range 

of  1-100 mg/l (Shakoori et al., 2010). Moreover, there are a lot of limitations of using 

physiochemical treatment. For example, chemical oxidation needs many oxidants 

namely ozone, chlorine or hydrogen peroxide. Precipitation or coagulation technologies 

require pH adjustment and can generate many harmful by-products affecting both 

human and environment. Reverse osmosis is another approach used to treat As-

contaminated water; however, its membrane needs to be frequently changed. Moreover, 

ion exchange needs controlling systems to handle suspended soils, dissolved solids or 

other inorganic ions which can interfere its removal efficiency (Bahar et al.,2012). 

Consequently, the cost effective and eco- friendly method is required to remove As from 

groundwater for sustainable remediation.  

 Nowadays, biological technique is considered as an alternative method and has 

high efficiency to remove As from groundwater. It is found that several microorganisms 

can grow in As contaminated environments and endure to high As concentration (Abbas 

et al., 2014). The principle of As bioremediation depends on their metabolisms such as 

As methylation, arsenate reduction and arsenite oxidation (Bahar et al., 2012). 

 As methylation, arsenate reduction and arsenite oxidation are considered as a 

detoxification process. The microbial As methylation is accomplished by repeatly 

reduction of arsenate with an oxidative addition of methyl groups. The final product is 

low toxic trimethylarsine (Bahar et al., 2012). Arsenate reduction and arsenite oxidation 
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involve the microbial cellular mechanism. Arsenate reducing bacteria can reduce 

arsenate to arsenite by their respiratory arsenate reductase through the respiratory chain 

or by using their cytoplasmic arsenate reductase in their cytoplasms. While the more 

toxic arsenite is oxidised to the less toxic arsenate by arsenite-oxidizing bacteria’s 

respiratory arsenite oxidase in their respiration process.  Furthermore, it has been 

reported that microbial biofilm can be used as one of the alternative As bioremediation 

techniques. Because of its unsusceptible to metal toxicity, biofilm can immobilize As 

in groundwater (Lievremont et al., 2009; Singh et al., 2006).      

 

2.6 Arsenate-reducing and arsenite-oxidizing bacteria  

 2.6.1 Arsenate reducing bacteria 

 

 In oxidizing environments, arsenate is an abundant specie. Arsenate-reducing 

bacteria have an important role in arsenate controlling. Arsenate-reducing bacteria can 

be separated into two groups. The first group is heterotrophic cytoplasmic arsenate-

reducing bacteria. These bacteria reduce arsenate to arsenite by using their cytoplasmic 

arsenate reductase (encoded by arcC gene) and this activity is regarded as a 

detoxification process (Lloyd & Oremland, 2007; Roy et al., 2015). The reduction fo 

arsenate by heterotrophic cytoplasmic arsenate reducing bacteria is shown in Fig. 2.3 

(Silver & Phung, 2005). It has been reported that Lysinibacillus sphaericus strain B1-

CDA, isolated from cultivated lands in Chuadanga district, Southwest region of 

Bangladesh, had capability to reduce arsenate to arsenite and to survive in arsenate 

concentration up to 500 mM (Rahman et al., 2014). 
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Fig. 2.3. Cytoplasmic arsenate reduction (Silver & Phung, 2005). 

 

 

 

 

 

 

 

 

   

 The second group of arsenate-reducing bacteria is dissimilatory arsenate 

reducing bacteria. These microbes are also capable of transforming arsenate to arsenite 

by their anaerobic respirations and conserving energy for their growth (Oremland & 

Stolz, 2005). This mechanism occurs in an anoxic environments. Arsenate is utilized as 

an electron acceptor while an electron donor can be both organic compounds (i.e., 

acetate, formate and lacate) and inorganic compounds (i.e., hydrogen and sulfide). 

Arsenate is reduced to arsenite by their respiratory arsenate reductases (Arr) (Fig.  2.4a.).  

 Arsenate reductase is composed of two heterologous subunits: the large subunit 

(87 kDa, encoded by arrA gene) containing molybdenum atom, two pterin cofactors 

and [4Fe-4S] cluster where the small subunit (29 kDa, encoded by arrB gene) containing 

three [4Fe-4S] clusters (Roy et al., 2015; Silver & Phung, 2005). The structure of 

respiratory arsenate reductase is illustrated in Fig. 2.4b.  
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a
. 

b
. 

Fig. 2.4. (a). Respiratory arsenate reduction, (b). Structure of respiratory arsenate 

reductase (Silver & Phung, 2005). 

 

 

 

 

 

 

 

 

 

 

 Dissimilatory arsenate reducing bacteria Sulfurospirillum strain NP-4 and 

Desulfotomaculum auripigmentum, retrieved from sediments in Kean Svay district, 

Cambodia, had potential to reduce arsenate to arsenite by their respiration processes 

(Lear et al., 2007). Besides, it has been reported that Desulfosporosinus sp. strain Y5 

contained arrA gene encoding arsenate respiratory reductase. This bacteria utilized this 

enzyme for dissimilatory arsenate reduction by using aromatic compounds as an 

electron donor (Perez-Jimenez et al., 2005). Examples of arsenate-reducing bacteria are 

summarized in Table 2.1. 
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Table 2.1. Summary of arsenate-reducing bacteria detected in environments 

 
 

 2.6.2 Arsenite-oxidizing bacteria 

 

In reducing environment, arsenite is a predominant As specie. So the appropriate 

method to relieve As contamination problem is transforming more mobile and toxic 

arsenite to less mobile and toxic arsenate; this process can be performed by arsenite-

oxidizing bacteria (Banerjee et al., 2013; Smedley & Kinniburgh, 2002) .  The arsenite 

oxidation is performed by both heterotrophic and chemoautotrophic arsenite-oxidizing 

bacteria through their respiratory process (Fig. 2.5a.) (Roy et al., 2015; Silver & Phung, 

2005). For heterotrophic arsenite-oxidizing bacteria (HAO), the oxidation of arsenite is 

considered as an As detoxification process. Theses microbes require organic matter as 

their carbon sources but they cannot gain any energy from this activity to produce their 

cell materials (Cai et al., 2009).  
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The transformation of arsenite to arsenate involves with a function of 

periplasmic enzyme called respiratory arsenite oxidase (aox/aso/aro/aio). This enzyme 

is comprised of two heterologous subunits: the large subunit (88 kDa, encoded by aioA 

gene) containing molybdenum atom, two pterin cofactors and [3Fe-4S] cluster where the 

small subunit (14 kDa, encoded by aioB gene) composing of Rieske-type [2Fe-2S] 

cluster (Bahar et al., 2012; Santini & vanden Hoven, 2004). The structure of respiratory 

arsenite oxidase is shown in Fig. 2.5b (Silver & Phung, 2005). 

 

It has been reported that Pseodomonas stutzerie had the ability to oxidize 

arsenite to arsenate in natural and constructed wetlands with high As concentration, in 

Republic of Korea (Chang et al., 2010). It has also been discovered that an isolated 

heterotrophic strain Thermus HR13, recovered from the drainage channel of the 

Growler Hot Spring in Northern California, USA, was able to oxidize arsenite to 

arsenate within 16 h of incubation (Gihring & Banfield, 2001).  Bordetella sp. strain 

SPB-24 and Achromobacter xyloxosidans strain SPB-31, isolated from garden soil 

fromthe campus of University of Pune, India, could resist high As concentrations by 

cooperation with their As detoxification processes (Bachate et al., 2012).  

 Chemoautotrophic arsenite oxidizing bacteria (CAO) use carbon dioxide as a 

carbon source and arsenite as an electron donor. Oxygen or nitrate are used as a terminal 

electron acceptor; the former is utilized in aerobic condition whereas in anaerobic 

a. b. 

Fig. 2.5. (a). Respiratory arsenite oxidation, (b) Structure of respiratory arsenite 

oxidase (Silver & Phung, 2005) 
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condition the latter is used instead. It has been reported that these microorganisms can 

conserve energy from this respiratory process for their growth (Lloyd & Oremland, 

2007; Valenzuela et al., 2009). Herminiimonas arsenicoxydans strain UPLAs showed a 

chemoautotrophic growth and could tolerate arsenite concentration up to 500 mg/l 

(Weeger et al., 1999), Sinorhizobium-Ensifer strain SDB1 isolated from mine tailing in 

Sangdong mine area, Korea and Agrobacterium-Rhizobium strain NT-26 in a gold mine 

in the Northern Territory of Australia were enable to grow chemolithoautotrophically 

in the presence of arsenite and their optinum arsenite oxidizing pH value is about 7 and 

5.5, respectively (Lugtu et al., 2009; Santini et al., 2000). Examples of arsenite-oxidizng 

bacteria are summarized in Table 2.2. 
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Table 2.2. Summary of arsenite-oxidizing bacter detected in environments. 

  

 

2.7 Genes involved in As resistance 

 Since As at a particular level is likely toxic to living microorganisms, the 

existence of microorganisms in environments with high level of As involves As 

resistance mechamism. Both arsenate and arsenite microbial resistance depend on the 

coorperation of As resistance operon (ars operon) for As detoxification mechanism . This 

ars operon is commonly found in plasmids or chromosomes in a variety of bacterial 

species. In ars operon, there is a cooperation of five ars genes, including arsR, arsD, 

arsA, arsB and arsC, to encouter with As contaminated environment (Liao et al., 2011; 

Saltikov & Olson, 2002). Functionally, arsR and arsD are repressors handling the ars 

genes expression, while arsA and arsB control protein on baterial cell membrane to 

excrete arsenite out of microbial cell. Finally, arsC functions for encoding cytoplasmic 

arsenate reductase which can reduce arsenate to arsenite (Achour et al., 2007; Anderson 

& Cook, 2004; Macy et al., 2000). While dissimilatory arsenate-reducing bacteria has 
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arrA and arrB genes encoding respiratory arsenate reductase. In heterotrophic and 

chemoautotrophic arsenite-oxidizing bacteria, aioA and aioB genes encoding their 

repiratory arsenite oxidase can oxidize arsenite to arsenate as mentioned previously. 

Because As is toxic to organism, including bacteria, these genes play an important role 

in its As resistances to protect itself from As in environment (Bahar et al., 2012; 

Oremland et al., 2002; Roy et al., 2015; Santini & vanden Hoven, 2004).  

 

2.8 Mechanisms of arsenate-reducing and arsenite-oxidizing bacteria  

 Arsenate and arsenite can penetrate through bacterial cell by aquaglyceroporins 

(GlpF in E.coli) and phosphate transporters (Pit and Pst), respectively (Rosen & Liu, 

2009). In case of arsenate, dissimilatory arsenate reducing bacteria are considered as an 

arsenate respirer. They are able to reduce arsenate to arsenite by using their respiratory 

arsenate reductase (arr) (Sultana et al., 2015). On the other hand, arsenate is also 

converted to arsenite by cytoplasmic arsenate reductase of heterotrophic cytoplasmic 

arsenate reducing bacteria, then arsenite is pumped out by integral protein located on 

microbial cell membrane (Kruger et al., 2013). In heterotrophic and chemoautotrophic 

arsenite-oxidizing bacteria, more toxic form arsenite is oxidized to less toxic form 

arsenate by  periplasmic respiratory arsenite oxidase (aio) through their respirations 

(Rhine et al., 2007). In addition, As enable to be detoxified by  biological methylation 

process. When arsenate intrudes to cytoplasm of bacteria, it is transformed to 

methylated arsenite species for example, monomethyl arsenite (MMAs(III)), dimethyl 

arsenite (DMAs(III)) and volatile trimethyl arsine (TMAs). Then these compounds are 

transported to an outside environment by diffusion through microbial cell membrane 

(Bahar et al., 2013; Fisher et al., 2008; K. Hudson-Edwards & Santini, 2013; Kruger et 
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al., 2013). The mechanisms of arsenate reduction and arsenite oxidation are shown in 

Fig. 2.6 (Kruger et al., 2013) 

  

2.9 Modelling by PHREEQC program 

PHREEQC is a computer program used to simulate reaction and transportation 

of chemicals in natural water or laboratory experiment. A concept of this program is 

calculation a relationship between aqueous solutions and minerals, gases, solid 

solutions and sorption surfaces etc. The PHREEQC program has ability to perform 

many functions for example Forward modelling (speciation and saturation index 

calculation) that use to predict a chemistry evolution in water, 1D transportation that 

demonstrates effects of diffusion and dispersion in chemicals movement, Inverse 

modelling that identify controlling processes of water chemistry for a long time (Bisone 

et al., 2016; Parkhurst & Appelo, 2013)  

The forward modelling composes of calculation of speciaiton and saturation 

index. Speciation describes a distribution of aqueous species of interested chemicals in 

water while saturation index explains a possibility of minerals dissolution and 

precipitation in a system. The saturation index can be shown in a below equation. 

SI = log(IAP / Ksp)       (2) 

 

Fig. 2.6. Arsenate reduction and Arsenite oxidation by bacteria (Kruger et al., 2013). 
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SI is a saturation index, IAP and Ksp are ion activity product and solubility 

product for a given temperature respectively. If SI  is a positive value, water is 

supersaturated and mineral tends to be precipitated. Nonetheless, If SI is a negative 

value, water is undersaturated and mineral has tendency to be dissolved. If SI equals 

zero, water and mineral are in an equilibrium. For the value of SI-index. The bigger 

positive or negative SI-index, the higher tendency of precipitaion or dissolution of As-

bearing minerals  (Sracek et al., 2004). 

It has been reported that PHREEQC program version 1.4 was used to identify 

As species in volcanic groundwaters in Quaternary volcanic sites in Southern Italy. A 

result showed that main As specie in groundwaters is arsenate  in forms of H2AsO4
- and 

HAsO4
2- (Aiuppa et al., 2003). Furthermore, it has been also reported that a speciation 

modelling was performed to describe As speciation of water and sediments ephimeral 

floodplain pools in Spain by using PHREEQC program. The result demonstrated that 

arsenate is a predominant As specie. In addition, the calculated SI values explained that 

water is supersaturated with jarosite, hematite and goethite while water is 

undersaturated with Fe(OH)3 and all sulfide minerals (Hudson-Edwards et al., 2005). 

In this study, the PHREEQC program is used to account As speciation and 

saturation indices of As bearing minerals to identnify which minerals have tendency to 

dissolve or precipitate in a groundwater system. 

 

2.10 Statistical analysis 

 2.10.1 Pearson’s correlation coefficient 

 

 The Pearson’s correlation coefficient is a statistical technique which are used 

to assess the strength relationship between the pair of data. This technique requires the 

data must has the linear relationship and normal distribution. Moreover, the data must 

be measure in interval or ratio scale (Hauke & Kossowski, 2011). The range of the 

value of Peason’s correlation coefficient is between -1 and +1 (Adler & Parmryd, 

2010). The strengthen value of the relationship can be described verbally for example, 
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0.00-0.19 as “very weak”, 0.20-0.39 as “weak”, 0.40-0.59 as “moderate”, 0.60-0.79 as 

“strong” and 0.80-1.0 as “very strong” (Evans, 1966) 

 

 2.10.2 Redundancy analysis (RDA) 

 

 The redundancy analysis is one of the multivariate analysis which is popularly 

used in microbial ecology. It is used to describe the microbial diversity pattern which 

associate with the environmental parameters or identify the major factors which 

influence the microbial communities (Ramette, 2007). Redundancy analysis is 

considered as a constrained version of the principle component analysis (PCA) which 

used to find the linear relationship in a set of response variables (species) influenced by 

a set of explanatory variables (environmental factors). Because redundancy analysis is 

an extended version of principle analysis, so its assumption can be described by the 

principle component analysis’ assumption. The assumption of principle component 

analysis is the data must be linearly related and normally distributed (Franklin Scott et 

al., 2009; Ramette, 2007; Todhunter, 2015). The result of redundancy analysis can be 

visualized by triplot which represent sample as dots, species and environmental factors 

as arrows (Shi et al., 2017). These previous studies show an application of redundancy 

analysis in the microbial ecology field for examples, assessment the relationship of 

environmental factors such as season, farm management, and soil properties on nitrogen 

fluxes and bacterial communities in semi-arid region of Western Australia (Cookson et 

al., 2006) and analyzing the diversity of As-metabolism genes in five paddy soils with 

low As content in China (Xiao et al., 2016). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

23 

CHAPTER 3 

METHODOLOGY 

3.1 Experimental Framework 

 This study was divided into two main parts. The first part involved groundwater 

geochemical analysis and geochemical modelling. The second part involved microbial 

analysis using molecular techniques. Experimental framework is shown in Fig. 3.1. 
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3.2 Sampling site description  

 The locations of  sampling sites are shown in Table 3.1. 

 

 

Table 3.1. The locations and related land uses of 19 groundwater sampling stations. 

Sample ID Latitude Longitude Land use 

1 12° 54' 2'' N 101° 22' 25'' E agriculture 

2 12° 53' 3'' N 101° 18' 53'' E agriculture 

3 12° 50' 35'' N 101° 18' 51'' E medium community 

4 12° 49' 13'' N 101° 17' 14'' E agriculture 

5 12° 48' 24'' N 101° 18' 4'' E agriculture 

6 12° 46' 25'' N 101° 18' 5'' E agriculture 

7 12° 45' 20'' N 101° 18' 43'' E medium community 

8 12° 44' 21'' N 101° 16' 55'' E large community 

9 12° 42' 56'' N 101° 19' 23'' E agriculture 

10 12° 41' 47'' N 101° 17' 55'' E large community 

11 12° 39' 42'' N 101° 17' 45'' E medium community 

12 12° 39' 58'' N 101° 15' 0'' E landfill 

13 12° 40' 8'' N 101° 14' 57'' E landfill 

14 12° 40' 18'' N 101° 14' 54'' E landfill 

15 12° 40' 48'' N 101° 10' 8'' E closed landfill 

16 12° 44' 2'' N 101° 9' 51'' E large community 

17 12° 44' 52'' N 101° 10' 54'' E large community 

18 12° 44' 38'' N 101° 6' 40'' E large community 

19 12° 46' 22'' N 101° 6' 54'' E mine 

 

 The study area located in the area of Rayong groundwater basin in Muang 

district and Ban Khai district, Rayong province, Thailand. According to geological 

information, there was Rayong river cut through this area. By the influence of alluvial 

process, it caused Rayong groundwater basin had characteristics of thick 

unconsolidated sediments layer and flat topography. These factors encouraged slowly 

groundwater movement and poorly flushing of the basin. Consequently, As 

contamination and accumulation in groundwater could be taken place by releasing from 

the sediments. For the Hydrology of groundwater, it was found that groundwater flowed 

from the edge to the center of the basin which was an area of Rayong river catchment. 

Then, groundwater finally flowed to the gulf of Thailand (Department of Mineral 
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Resources, 2007; Smedley & Kinniburgh, 2002). It was found that the groundwater is 

contaminated by heavy metals such as Lead, Iron, As etc. Especially As, an As 

concentration in groundwater was higher than a standard (10 µg/l).  Furthermore, it has 

been reported that there were many land utilizations in this area for example, 

agriculture, community, landfill and mine (Sonthiphand et al., under review). All of 

these activities were considered as possible cause of As releasing into groundwater. 

Therefore it could be implied that As contamination in groundwater in this area might 

be a result from geogenic and anthropogenic activities. Moreover, the local people 

which used groundwater as a main water consumption in their daily life might get health 

problems by directly or indirectly consuming of As contaminated groundwater 

(Department of Groundwater Resources, 2015). Eight groundwater samples (G1-G8) 

were collected from Ban-Khai district which reflected the impact from agricultural 

activities in the release of As. On the contary, eleven groundwater samples (G9-G19) 

collected from Muang district refered 

to the impact of industrial and mining activities.  The sampling site and all 19 sampling 

stations was shown in Fig. 3.2. 
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3.3 Groundwater samples collection 

 Groundwater samples were collected from 19 sampling sites which distribute 

through Muang district and Ban Khai district, Rayong province, Thailand.  For shallow 

groundwater wells, the sampling bailer with rope was dropped into the groundwater 

well until it touched the groundwater surface. The rope length was signed to decide the 

depth of the groundwater well. After the bailer was full, it was pulled from the well and 

poured in the bucket. For deep groundwater wells, it was found that the groundwater 

pumping system was already installed in all wells for groundwater consumption. 

Groundwater was pumped out for 15 minutes before collected. The geochemical 

parameters that were measured onsite including pH, oxidation-reduction potential 

(ORP), dissolved oxygen (DO) and conductivity. For other parameters such as total 

Fig. 3.2. Sampling site and 19 sampling stations 
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carbon (TC), Total phosphorus (TP), Total nitrogen (TN) including NO3
-, NO2

-, heavy 

metal (Fe, Mn), cation (Ca, Mg, K and NH4
+), anion (SO4

2-, Cl-) and arsenic 

concentration.  Three liters of groundwater was collected for each parameter. For total 

carbon, groundwater was collected in opaque bottle then acidified by H2SO4 until pH 

lower than 2 for degradation protection. For total phosphorus and nitrogen, groundwater 

was collected in high-density polyethylene (HDPE) bottles and acidified by H2SO4 until 

pH lower than 2. For heavy metal such as Fe and Mn, groundwater was filtered by using 

0.45 µm filter and stored in HDPE bottles then acidified by HNO3 until pH lower than 

2. For As concentraion, groundwater was collected and separated for total As and 

arsenite (As3+) concentration. In arsenite sampling, groundwater was filtered by using 

As-speciation cartridge. This cartridge composed of adsorbent which could adsorb 

arsenate in groundwater. Therefore, groundwater which passed through this cartridge 

contained arsenite only. Furthermore, three liters of groundwater was collected in 

plastic bottles for molecular analysis. After that, the groundwater samples were sent to 

Central Laboratory (Thailand) Co.,Ltd. Chachoengsao province to determine the values 

of parameters which were mention previously. The Groundwater samples were 

preserved and stored on ice during transportation. 
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3.4 Geochemical analysis 

 Geochemical parameters including pH, temperature, conductivity, dissolved 

oxygen (DO), and oxidation reduction potential (ORP) were measured onsite by using 

portable meters. Other geochemical parameters such as the concentrations of total 

nitrogen including NO3
-, NO2

-, anion (SO4
2-, Cl-) and NH4

+ were measured using Ion 

Chromatography (IC) with the detection limit of 0.1 mg/l. Total As, Fe, and Mn were 

measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with the 

detection limit of  0.008 µg/l, 0.004 µg/l and 0.009 µg/l respectively. Ca, Mg, and K 

were measured using Inductively Couple Plasma Optical Emission Spectrometer (ICP-

OES) with the detection limit of  0.004 mg/l, 0.005 mg/l and 0.02 mg/l respectively. 

Total phosphorus (TP) and total carbon (TC) were measured by ascorbic acid method 

and combustion method using a total organic carbon analyzer with the detection limit 

of  0.01 mg/l and 0.1 mg/l respectively.  

 

3.5 DNA extraction 

 The three liters of groundwater  samples were filtered by using 0.2 µm. cellulose 

nitrate membrane filters then the filters were stored at -20oc until use. DNA was 

extracted from the filters using the FastDNATM SPIN Kit for Soil and the FastPreo® 

instrument (MP Biomedicals, Santa Ana, CA). Then the extracted DNA was evaluated 

its quality and quantity by using agarose gel electrophoresis and spectrophotometer 

nanodrop, respectively. Finally, it were diluted to 5 ng/µl to use as a DNA template in 

PCR reaction. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 

3.6 Polymerase chain reaction (PCR) 

 A DNA template was used to amplify an arsenite oxidase gene (aioA gene) by 

adjusting conditions from the manufacturer protocol of BioLabs (Taq DNA Polymerase 

with Thermopol® Buffer : M0267S). The aio gene was repicated by using primers which 

are shown in Table 3.2 The reaction mixtures was composed of  2.5 µl. of 10X 

Thermopol reaction buffer, 0.5 µl. of 10 mM. dNTPs, 0.05 µl. of each 100 mM. primer, 

0.125 µl. Taq DNA polymerase, 1.5 µl. BSA (Bowine Serum Albumin), 1 µl. DNA 

template and nuclease free water to a final volume of 25 µl. PCR profile was as follow: 

initial denaturation at 95 oc for 30 seconds, followed by  35 cycles of denaturation (95 

oc for 30 seconds), annealing (55 oc for 30 seconds), extension (68 oc for 30 seconds), 

and final extension at 68 oc for 5 minutes. 

 

* The universal 16S primers used for any bacteria detection in groundwter samples. 

 

 

 

Table 3.2. Set of primers which are used in the study. 
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3.7 DNA purification 

 DNA purification was performed by following NucleoSpin® Gel and PCR 

Clean-up (Vogelstein & Gillespie, 1979). The PCR product was mixed with Buffer NT1 

with a volume ratio 1:2 in NucleoSpin® Gel and PCR Clean-up column within 2ml. 

collection tube, then was centrifuged for 30 seconds at 11,000 x g. The flow in the 

collection tube was discarded and the column was placed into the collection tube again. 

700 µl. of Buffer NT3 was added to the column, then was centrifuged for 30 seconds at 

11,000 x g. and left the flow respectively. After that, Centrifugation was done for 1 min. 

at 11,000 x g. before the column was put into 1.5 ml. Microcentrifuge-tube. Buffer  NE 

30 µl. was added into the column, then the microcentrifuge-tube was centrifuged for 1 

minute at 11,000 x g. following by incubation for 1 minute at room temperature. Finally, 

the column was removed and purified DNA in the microcentrifuge tube was stored for 

cloning. 

3.8 Clone library construction  

 3.8.1 Ligation 

 

 Ligation was done by using pGEM®-T and pGEM®-T Easy Vector Systems’s 

protocol as a guideline. 5 µl. of 2X Rapid Ligation Buffer, 1 µl. of pGEM®-T Easy 

Vector and 1 µl. of T4 DNA Ligase was put into PCR tube, then 3 µl. of purified DNA 

wwasadded to a final volume  of 10 µl. The tube was incubated overnight at 4 oc. 

 

 3.8.2 Transformation 

 

  Transformation was conducted by following the pGEM®-T and pGEM®-T Easy 

Vector Systems’s protocol. 50 µl. of XL1-blue supercompetent cells and 0.85 µl of β-

Mercaptoethanol was aliquotted into 1.5 ml. microcentrifuge-tube, then the 

microcentrifuge-tube was tabbed every 2 minutes until 10 minutes After that, 4 µl. of 

ligated product was added and incubated on ice for 30 minutes The heat shocking was 
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performed at 42 oc for 45 seconds After that 450  µl. of SOC medium was added. Then 

the tube was incubated in shaker at 37 oc for 1 hour with shaking at 250 rpm. The 

transformed product was  spread on an LB agar plate which 500 µl. of Ampicillin, 800 

µl. of X-gal and 250 µl.  of IPTG already added. The plate was  incubated overnight at 

37 oc., then the white colonies were  selected to check cloning efficiency by PCR 

technique. Finally, 20-25 colonies which contain arsenite oxidase gene (aioA gene) 

were  chosen for sequencing. 

 

3.9 DNA sequencing and analysis 

 50 µl. Of cloning products were sent to Macrogen company in South Korea to 

analyze DNA sequences by using ABI3730XL DNA analyzer. Then the operational 

taxonomic units (OTUs) was  done by CD-HIT suit: Biological sequence clustering and 

comparing large sets of  protein or nucleotide sequences to catagorize DNA sequences 

as clusters with the 97% similarity threshold (Li & Godzik, 2006). After that, the Basic 

Local Alignment Search Tool (BLAST) of the National Center for Biotechnology 

Information (NCBI) was  implemented to compare DNA sequences of each OTUs with 

database for bacterial specie identification. Finally, The phylogenetic tree was  

established by using Mega version 7.0.21 based on Neighbour-Joining method with 

1,000 bootstrap tests (Kumar et al., 2016; Saitou & Nei, 1987). 

 

3.10 Geochemical modelling 

 Water chemistry was predicted by using PHREEQC version 3-A downloaded 

from the website of United states Geological Survey (USGS). Groundwater Parameters 

including pH, Temp, DO, ORP, Cl-, SO4
2-, PO4

3-, Fe, Mn, Na, As were input into 

PHREEQC geochemical model to calculate As speciation in groundwater samples 

because they were considered as important factors influening on As species. 

Furthermore, the PHREEQC program was used to calculate saturation indices of each 
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As-bearing minerals which had potential to release As into the system (Parkhurst & 

Appelo, 2013). Then PhreePlot version 1.0 was applied to construct the pe-pH diagram 

of As (Kinniburgh & Cooper, 2011). 

 

3.11 Statistical analysis 

 Some geochemical parameters (pH, Temp., DO, ORP, Cl-, SO4
2-, Fe, Mn, Na, 

TC, TAs, As3+ and As5+;Table 4.1) and arsenite-oxidizing bacterial cluster composition 

(α- ,β-, γ-Proteobacterial cluster; Table A1) of eleven groundwater samples which 

displayed positive signals of arsenite-oxidizing bacteria detection were brought to 

calculate the Pearson Product-Moment Correlation coefficient and perform the 

Redundancy analysis (RDA) by using XLSTAT statistical software. The statistical result 

could explain that which geochemical parameters had influence on bacterial 

communities in study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Groundwater geochemistry 

 4.1.1 Description of groundwater geochemistry 

 

 The geochemical parameters of 19 groundwater samples were shown in Table 

4.1 In most groundwater samples, pH values were in the range of 5.26-7.85 (mildly 

acidic to mildly alkali). Only groundwater from sampling station (G15) had pH value 

of 3.53 which reflected highly acidic condition. Because this station was a landfill 

surrounding by factories, groundwater had a chance to be affected by industrial waste. 

Moreover, temperatures were quite constant in a range of 27.9-31.6 oC, while dissolved 

oxygen (DO) varied in the range of 0-7.8 mg/l. Normally, the dissolved oxygen in 

groundwater was very low or absent (Rose & Long, 1988). However, there were some 

groundwater samples (G3, G8, G15, G16) displayed the high dissolved oxygen 

concentration (>5mg/l). while the high amount of oxygen could be explained by the 

diffusion of oxygen from atmosphere. According to Table 4.1., it was found that the 

distance between water table and surface of groundwater well (G15) was short. 

Furthermore, it was also found that the groundwater well was shallow. Therefore, 

oxygen might directly diffuse to the water. In contrast, it was found that the wells of 

samples (G3, G8, G16) had high depth. Groundwater might be oxygenated by the effect 

of groundwater pumping. (Bonte et al., 2016). Oxidation-reduction potential (ORP) 

showed fluctuation which could be implied both oxidizing and reducing environment 

in groundwater samples. In particular sampling stations (G10-G15), the concentration 

of Cl-, SO4
2-, Na and total organic carbon (TOC) were higher than others. Moreover, 

the Cl- concentrations of samples (G10-G15) were in the range of 350.84-15,250.77 

mg/l, 174.44-1,160.35 mg/l, 316.936-7,849.375 mg/l, and 4.577-98.18 mg/l, 

respectively. These high values might be a result of the saltwater intrusion because the 

locations of these sampling stations were close to the gulf of Thailand (Department of 

Mineral Resources, 2007; Sadeg & Karahanoðlu, 2001). The level of PO4
3- were 

slightly low in all groundwater samples with the range of 0-6.9 mg/l. For the content of 
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some heavy metal such as Fe and Mn, their values displayed in range of 0-171.06 µg/l 

and 0-154.8 µg/l respectively which referred low concentration of them (the standard 

of Fe and Mn concentration in drinking water were 0.3 mg/l and 0.1 mg/l respectively) 

(Ellis et al., 2000). For As, the total arsenic (TAs) concentration in some sampling 

stations (G3-G6, G13, G19) exceeded the standard of 10 µg/l which related to some 

land utilizations such as agriculture, landfill and mine (Department of Groundwater 

Resources, 2015). In term of As speciation, As could theoretically appear in both 

trivalent (As3+) and pentavalent (As5+) species by pH and ORP consideration (Ferguson 

& Gavis, 1972). 
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 4.1.2 As speciation calculated by PHREEQC geochemical model 
  

 Some measured geochemical parameters might be factors influencing on As 

speciation from Table 4.1 such as pH, Temp, DO, ORP, Cl-, SO4
2-, PO4

3-, Fe, Mn, Na, 

As including the water chemistry database (WATEQ4F.dat; Table A4.) from USGS 

website were put into PHREEQC model to calculate possible As species in each 

groundwater sample. The possible As species calculated by PHREEQC model were 

shown in Table 4.2. It was found that the trivalent arsenite (As3+) was dominant in most 

of groundwater samples (~68.5%) and entirely presented in form of H3AsO3 while the 

pentavalent arsenate (As5+) appeared in small proportion (~31.5%) in form of H2AsO4
- 

and HAsO4
2-. With considering of pH and ORP values, the results from PHREEQC 

simulation showed that the appearance of As species was consistent with Eh-pH 

diagram (Ferguson & Gavis, 1972). Arsenate species were detected in groundwater 

samples with fairly high ORP values whereas most of arsenite species were found in 

groundwater samples with slightly low ORP values. Moreover, all predicted As form 

were common species which could be found in groundwater (Pal, 2015). 
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 After that, Phreeplot which was a supplementary function in PHREEQC 

program was used to create pe-pH diagram based on the Fe-As-HFO diffuse model 

(Kinniburgh & Cooper, 2011). The Fe-As-HFO diffuse model aimed to investigate the 

role of adsorption process of As on Fe-oxide minerals. In this model, the concentration 

of As, Fe, Na and Cl- from Table 4.1. was required. These parameters might play an 

important role on As adsorption on Fe-oxide minerals. The pe-pH diagrams of As in 

groundwater samples base on Fe-As-HFO diffuse model were shown in Fig. 4.1. 

 

 

 

 

 

Table 4. 2. As speciation and saturation index of As-bearing minerals calculation by 

PHREEQC geochemical model compared with the result from laboratory. 
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Fig. 4.1. pe-pH diagram of As base on Fe-As-HFO diffuse model generated by Phreeplot. 
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 As a result, the pe-pH diagrams could be separated into six types base on the 

concentration of input parameters (As, Fe, Na and Cl-; Table 4.1). There were only three 

groundwater samples (G16, G17 and G19) which demonstrated As species adsorbed on 

iron-oxide minerals. In groundwater samples (G16, G17; Fig. 4.1a. and 4.1b.), the 

adsorbed As specie were arsenate presenting in the form of Hfo_wOHAsO4
3- while the 

adsorbed As specie in groundwater sample (G19; Fig. 4.1e.) was arsenite with the form 

of Hfo_wH2AsO3. This result also emphasized that both arsenate and arsenite could be 

adsorbed on iron-oxide minerals (Dixit & Hering, 2003). According to Table 4.2, the 

possible As-bearing minerals of these three groundwater samples were ferric oxide, 

goethite (FeOOH), hematite (Fe2O3), scorodite (FeAsO4·2H2O) and pyrolusite 

(MnO2·H2O). With positive saturation index (SI) values, ferric oxide, goethite and 

hematite had a tendency to precipitate in the groundwater system and adsorb As on their 

surfaces (Sracek et al., 2004). Therefore, the adsorption process might be a reason of 

low As concentration in groundwater samples (G16, G17). In most groundwater 

samples (Fig. 4.1f.), all As species appeared in oxyanion form of both arsenate and 

arsenite for example, H2AsO4
- , HAsO4

2- and H3AsO3. Although Fe concentration in 

some groundwater samples (G5, G6, G10; Table 4.1.) were higher than others, it tended 

to dissolve instead of precipitation in groundwater. The values of pH and ORP of these 

groundwater samples was not appropriate for Fe to form its solid phase which could be 

described by Fe Eh-pH diagram (Beverskog & Puigdomenech, 1996). Furthermore, the 

elevated As concentration in groundwater samples (G3, G4, G5, G6, G13 and G19; 

Table 4.1.) might be described by the iron dissolution process. From Table 4.2, the 

saturation index of As-bearing minerals especially scorodite and pyrolusite of these 

groundwater samples were negative. It means that these minerals had tendency to 

dissolve, then the adsorbed As might be released into groundwater (Sracek et al., 2004). 

In groundwater samples (G11-G15; Fig. 4.1c., 4.1d. and 4.1f.), none of As species were 

adsorbed on any iron oxide minerals. It appeared in the soluble form only. The reason 

might be a very high Cl- concentration in groundwater because these sampling station 

closely located to the gulf of Thailand impacting from seawater intrusion (Department 

of Mineral Resources, 2007). With consideration of SI of groundwater samples (G11-

G15; Table 4.2.), it was found that some As-bearing minerals such as goethite and 
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hematite could be formed. Due to Cl- concentration was extremely higher than As 

concentration (~4,000-70,000 folds), Cl- could act as competitive ions with As to bind 

on the sorption site of iron oxide minerals which caused As appeared as aqueous species 

(Smedley & Kinniburgh, 2002; Sun et al., 2015). The competition of As with any anions 

in the adsorption on the surface of iron oxide minerals could be explained by this 

binding affinity order: arsenate > phosphate > arsenite > silicate > bicarbonate > 

chloride (Bang & Meng, 2004; Meng et al., 2002). 

 

4.2 Communities of arsenite-oxidizing bacteria in groundwater samples 

 4.2.1 Screening of arsenite-oxidizing bacteria in groundwater samples 

 

 The existence of arsenite-oxidizing bacteria in all 19 groundwater samples was 

investigated by PCR approach using aioA gene specific primers. The screening results 

are demonstrated in Table 4.3. It was found that primers Aox BM1-2F ND and Aox 

BM2-1R ND were capable of amplifying arsenite-oxidation functional gene (aioA) 

which was considered as a genetic marker of arsenite-oxidizing bacteria (Quemeneur 

et al., 2008).  

 

Table 4.3. Screening results of aioA and 16S rRNA genes.* 

 
  

 The results showed that the aioA gene screening by using primers Aox BM1-2F 

ND and Aox BM2-1R ND gave the most positive outcomes. The PCR profile of aioA 

gene screening, using Aox BM1-2F ND and Aox BM2-1R ND primers, of 19 

groundwater samples is shown in Fig. 4.2. Eleven out of nineteen samples (G2, G3, G7, 

G9, G11, G12, G13, G14, G15, G16, G17 and G19) showed a positive amplification by 
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Aox BM1-2F ND and Aox BM2-1R ND primers (Table 4.3 and Fig. 4.2.). While the 

rest of groundwater samples (G1, G4, G5, G6, G8, G10, G12 and G18) showed negative 

results. These could be explained by two possible reasons. The first explanation was 

the absence or very low abundance of arsenite-oxidizing bacteria in these groundwater 

samples. The second explanation is that these samples, G1, G4, G5, G6, G8, G10, G12 

and G18 may harbor arsenite-oxidizing bacterial group that could not be captured by 

primers used in this study. However, general bacterial 16S rRNA gene showed a 

positive signal in all samples (Table 4.3.). This indicates that quality and quantity of 

extracted DNA used in this study was sufficient to be used for molecular analysis. Low 

quality from improper DNA extraction method may cause negative amplification 

(Boesenberg-Smith et al., 2012)  

 Although arsenite-oxidizing bacteria were amplified by Aox BM1-2F ND and 

Aox BM2-1R ND primers (Quéméneur et al., 2010). They could not be amplified by 

AOX-F-A2 and AOX-R-E2 primers as well as Primers #1F and Primers #1R primers. 

All 11 groundwater samples with positive arsenite-oxidizing bacterial signal were 

further analyzed the communities of arsenite-oxidizing bacteria by using cloning-

sequencing techniques. 

 

Fig. 4.2. Arsenite-oxidizing bacterial signal by Aox BM1-2F ND and Aox BM2-1R 

ND primers across 19 groundwater samples on agarose gel 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

43 

 4.2.2 Analysis of arsenite-oxidizing bacteria by cloning-sequencing approach 

 

 Eleven purified PCR products of positive aioA amplification G2, G3, G7, G9, 

G11, G12, G13, G14, G15, G16, G17 and G19) were cloned by using E.coli as 

competent cells to analyze bacterial diversity. The obtained DNA sequences of each 

library were clustered as an operation taxonomic units (OTUs) using similarity 

threshold of 97%. The numbers of OTUs and DNA sequences of 11 analyzed 

groundwater samples were shown in Table 4.4. The results showed that the numbers of 

OTUs varied across all groundwater samples, in the range of 3 to 16 OTUs. The 

numbers of OTUS were relatively low in samples G9, G14, G16, and G19, accounting 

for 3-5 OTUs. While the numbers of OTUs in the range of 8-11 OTUs found in samples 

G2, G7, G11, G13, and G15. The high OTUs number was observed in samples G3 and 

G17, accounting for 15 and 16 OTUs, respectively (Table 4.4.).  
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 The representative DNA sequences of each OTUs from each library (Table 4.4.) 

were blasted against the NCBI database (National Center for Biotechnology 

Information; NCBI) , using Basic Local Alignment Search Tool (BLAST)  to compare 

with previously reported sequences. The results showed that the analyzed DNA 

sequences found in this study were closely related to both cultured and uncultured 

arsenite-oxidizing bacteria. Percent identity associated with previously reported 

cultured and uncultured arsenite-oxidizing bacteria of each representative DNA 

sequence were shown in Table 4.5. However, short length of analyzed DNA sequence 

resulted in no match (Korf et al., 2004). Those unidentified sequences were removed 

prior to phylogenetic tree construction. 

 The BLAST results showed that the analyzed sequences from 11 samples were 

closely related to uncultured and cultured bacteria isolated from several environments 

(i.e., G2, G3, G15 and G19) with different As concentration (Table 4.5.). For example, 

Sinorhizobium sp. KGO-5 was detected in industrial soil contaminated with high level 

of As (1,000 mg/kg) (Dong et al., 2014). While Rhizobium sp. isolated from acid mine 

drainage which had a broad range of As concentration (2,000-13,000 µg/l) (Santini et 

al., 2000). Hydrogenophaga sp. and Acinetobacter sp. were also found in As 

contaminated groundwater aquifer with As concentration of 1-763 µg/l and 30 µg/l, 

respectively. (Ghosh et al., 2014; Li et al., 2015). Overall, the results implied that 

arsenite-oxidizing bacteria had the ability to survive in a broad range of As 

concentration.  
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 The aioA based phylogenetic tree was constructed using neighbor-joining 

method with 1,000 bootstrapping tests to demonstrate the clusters of arsenite-oxidizing 

bacteria found in this study (Fig. 4.3.). The analyzed sequences in the tree included 95 

representative OTUs sequences from 11 clone libraries, previously reported uncultured 

and cultured arsenite-oxidizing bacterial sequences retrieved from the NCBI database. 

Synechocystis sp. (NR276327) was used as the outgroup. The phylogenetic tree showed 

that arsenite-oxidizing bacteria detected in groundwater analyzed in this study were 

associated with the phylum Proteobacteria, including α-, β-, and γ-Proteobacteria, 

respectively (Fig. 4.3.). G17_3(1) was closely related to the uncultured bacteria clone 

N-2d12 (AB730873.1) which was isolated from aquatic sediment from small pond and 

eutrophic lake in Ibaraki province, Japan (Yamamura et al., 2014). While clones 

G9_2(11) and G19_4(1) were also associated with cultured bacteria Hydrogenophaga 

sp. strain B2 (AB638435.1) found in As contaminated soil near a mining area, Japan 

which had soluble As concentration of 0.13 mM (Ai et al., 2012). Moreover, G16_3(1), 

G16_5(1) and G17_7(1) were affiliated with the uncultured bacterial clone F9 

(KT992275.1) which was retrieved from a tailing of realgar mine in Hunan province, 

China and it has been reported that As content was in range of 0.06-117.47 g/kg (Zeng 

et al., 2016). The Phylogenetic tree also presented that the representative sequence 

G13_5(2) had bootstrap value of 99 with the uncultured bacterial clone R-1 

(KM355817.1) which was isolated from As polluted paddy soil, China (Hu et al., 2015). 

It was found that As concentration in this polluted paddy soil was higher than 246.6 

mg/kg that exceeded the standard of maximum allowable concentration (MAC) of total 

As in agricultural soil (Hu et al., 2015). Representative clones G11_2(2), G11_4(6), 

G11_9(1), G13_8(1), G17_10(1), and G17_13(1) were affiliated with the uncultured 

bacterial clone EM-d453 (AB838914.1), LCM-4d49 (AB838933.1), and N-4d5 

(AB730976.1) which was discovered in aquatic sediment, Japan (Yamamura et al., 

2014). In addition, G17_6(1) was similar to Aliihoeflea aestuarii sp. strain 2WW 

(HF570939.1) which was isolated from biofilter treating As-rich groundwater (Corsini 

et al., 2015). The results supported that arsenite-oxidizing bacteria were present in 

environments contaminated with various As concentrations.  
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 The phylogenetic analysis revealed that arsenite-oxidizing bacteria detected in 

this study were classified into three clusters which were α-, β-, and γ-Proteobacterial 

clusters (Fig. 4.3.). The results showed that the α-Proteobacterial cluster was composed 

of 72 out of 95 OTUs, whereas the β-Proteobacterial cluster was composed 22 out of 

95 OTUs. The γ-Proteobacterial cluster had only 1 out of 95 OTUs (Table. 4.4). 

Bacterial sequences belonging to the α-Proteobacterial cluster such as Gemmobacter 

aquatillis sp. (KX274407.1), Methylobacterium sp. (GU731253.1), Chetalococcus sp. 

(KX4321183.1), Shinella sp. (KT992342.1), and Aminobacter sp. (EU304278.1) were 

used as reference sequences for phylogenetic tree construction (Andreoni et al., 2012; 

Li et al., 2016; Quéméneur et al. , 2008; Sultana et al., 2012). The β-Proteobacterial 

cluster was represented by Ralstonia sp. (EU304273.1), Cupriavidus sp. 

(AB947345.1.), Leptothrix sp. (EU304264.1), Limnobacter sp. (EU304269.1) and 

Hydrogenophaga sp. (AB638435.1). The reference cultured bacterial sequences 

associated with the γ-Proteobacterial cluster were   Pseudomonas sp. (MF621575.1) 

and Acinetobacter sp. (EU304275.1) (Quéméneur et al., 2008; Ai et al., 2012). All these 

previously reported bacterial species included in the phylogenetic tree were able to 

relief As toxicity through their arsenite-oxidation which was considered as one of their 

cellular activities (Singh et al., 2006). For example, Sinorhizobium sp. strain SDB1 

isolated from mine tailing, Sangdong mine, Republic of Korea could 

chemolithotrophically oxidize arsenite to arsenate by using arsenite as an electron donor 

and carbon-dioxide as a carbon source (Lugtu et al., 2009). While Bordetella sp. and 

Achoromobacter sp. found in garden soils of university of Fume, India performed 

heterotrophic arsenite oxidation with various of carbon source such as citrate, lactate 

and succinate (Bachate et al., 2012).  Pseudomonas sp. strain As7325 recovered from 

sediment and groundwater of As-contaminated aquifer in Taiwan aerobically 

transformed 15,000 µg/l of arsenite to arsenate at 25 oC within three days (Kao et al., 

2013). 
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Fig. 4.3. aioA gene based phylogenetic tree constructed by using the neighbor-joining 

model with 1,000 bootstrap tests. 
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 4.2.3 Arsenite-oxidizing bacterial clusters in relation to groundwater with low, 

moderate, and high As concentrations 

 

 The As concentration contour map was plotted to demonstrate various As level 

within the sampling area (Fig. 4.4.). In this study, As concentrations were categorized 

into three levels: low means As concentrations in the range of 0-10 µg/l, moderate 

means As concentrations in the range of 10-50 µg/l, and high means As concentrations 

which were higher than 50 µg/l. Compared with the hand-made As concentration 

contour map (Fig. A1), it was found that most detail of both contour maps were similar 

to each other. However, there were some areas of these contour maps demonstrated 

different results. It might be explained by the lack of sampling stations. 

 As indicated in Fig. 4.4., arsenite-oxidizing bacterial positive signals were 

observed in sampling stations with a variety of As concentrations. The α-, β-, and γ-

Proteobacteria were found in analyzed groundwater samples. The proportions of 

Proteobacteria detected in 11 positive samples (G2, G3, G7, G9, G11, G12, G13, G14, 

G15, G16, G17 and G19) are shown in Fig. 4.5. The results showed that α-

Proteobacterial cluster was dominant, followed by β- and γ-Proteobacterial clusters, 

respectively. Samples G2, G7, G11, and G14 contained only α-Proteobacterial clusters 

while, sample G19 contained only β-Proteobacterial cluster. There were both α- and β- 

Proteobacterial clusters detected in samples G3, G9, G13, G15, and G16. Sample G17 

harbored arsenite-oxidizing bacteria associated with all three clusters, α-, β-, and γ-

Proteobacteria, (Fig. 4.5.). From the results, it was found that arsenite-oxidizing 

bacterial communities were diverse in groundwater samples collected from low As 

concentration (0-10 µg/l; Fig. 4.4.). On the other hand, the communities of arsenite-

oxidizing bacteria in G19 showed one dominant cluster related to the β-Proteobacteria 

(Fig. 4.5.). G19 was collected from the areas with high As concentration (56.52 µg/l; 

Table 4.1.).  However, G3, collected from the area with As concentration of 62.79 µg/l 

(Table 4.1.), contained α- and β-Proteobacterial clusters, accounting for 88.24 % and 

11.76 %, respectively. Therefore, it could be implied that the diversity of microbial 

community composition varied inversely with As concentration in groundwater. It 

seemed only specific arsenite-oxidizing bacterial clusters had capability to survive in 

high As environments. This study found that Acinetobacter sp. and Pseudomonas sp. 

were the main bacterial communities detected in high As groundwater.  (Li et al., 2015). 
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It has been reported that Bosea sp. strain AR-11, a member of the α-Proteobacteria 

could tolerate extremely high As concentration (120-140 µg/l) groundwater in Southern 

Yunlin country(Liao et al., 2011). Hydrogenophaga sp. strain B2, belonging to the β- 

Proteobacteria, also survived in high As-contaminated soils near a mining area, Japan 

which had soluble As concentration of 0.13 mM (Ai et al., 2012). Previous study also 

showed that Stenotrophomonas sp. strain MM-7, a member of γ-Proteobacteria, was 

able to heterotrophically grow in soils near lead smelter, Australia which contaminated 

with 8.8 mg/kg of As (standard of As in soils is 4.5 mg/kg) (Bahar et al., 2012; 

Vodyanitskii, 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. As concentration contour map. Black triangle represents positive 

aioA gene amplification. White triangle represents no amplification of aioA 

gene. 
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 Fig. 4.5. The proportion of α-, β-, and γ-Proteobacteria detected in 11 groundwater 

samples. 
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4.3 Relationship between the communities of arsenite-oxidizing bacteria and 

geochemical parameters.  

 4.3.1 Pearson’s correlation coefficient 

 

 To investigate the geochemical parameters influencing the communities of 

arsenite-oxidizing bacteria, the Pearson’s correlation coefficient of geochemical 

parameters (pH, DO, ORP, Temp., TOC, Total As, As3+, As5+, Fe, Mn, Na, SO4
2- and 

Cl-; Table 4.2) and bacterial clusters composition (α-, β-, and γ-Proteobacterial clusters; 

Table A1.) was calculated (Table 4.6). The data was assumed to have the linear 

relationship and normal distribution. There are many previous studies which tried to 

explain the microbial ecology by using statistical method including Pearson’s 

correlation coefficient and redundancy analysis (RDA). It was found that these studies 

investigated the relationship between geochemical parameters and bacterial 

communities by using low amount of samples. For example, the relationship between 

soil properties and soil bacteria communities in mining subsidence area, Shaanxi 

province, China was investigated by collecting only 6 soil samples (Shi et al., 2017). 

Only 12 of groundwater, surface water and soil samples were collected to find the 

correlation between geochemical parameters and the communities of arsenite-oxidizing 

bacteria in gold mine, Pichit province, Thailand (Kraidech et al., under submission).  

 In this study, the results showed that Fe and Mn had strongly positive correlation 

to β-Proteobacterial cluster and displayed highly negative correlation to α-

Proteobacterial cluster. The results showed that α-Proteobacteria significantly 

correlated to arsenate (As5+) while β-Proteobacteria tended to correlate to arsenite 

(As3+). However, it seemed none of geochemical parameters showed strong relationship 

with γ-Proteobacteria. Overall, the β-Proteobacterial cluster was positively correlated 

to Fe, Mn, and As3+, while it was negatively correlated to As5+.  In contrast to the β-

Proteobacterial cluster, the α-Proteobacterial cluster showed negative correlation to 

Fe, Mn, and As3+, but it was positively correlated to As5+. The γ-Proteobacterial cluster 

showed no significant correlation to any geochemical parameters analyzed in this study.  
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Table 4.6. Pearson’s correlation coefficient (r) between geochemical parameters and 

bacterial clusters. 

Variables α β γ 

pH 0.086 -0.098 0.212 

Temp. 0.092 -0.089 -0.101 

DO 0.046 -0.042 -0.107 

ORP 0.259 -0.260 -0.065 

Cl- 0.374 -0.372 -0.145 

SO4
2- 0.396 -0.393 -0.165 

Fe -0.754 0.770 -0.121 

Mn -0.636 0.637 0.146 

Na 0.370 -0.368 -0.144 

TC 0.356 -0.359 -0.026 

TAs -0.397 0.411 -0.167 

As3+ -0.670 0.686 -0.130 

As5+ 0.670 -0.686 0.130 
 

*The correlation is significant at the 0.05 level (p < 0.05). The significant parameters 

are indicated in bold. 

 

 4.3.2 Redundancy analysis (RDA) 

 

 To understand the relationship between geochemical parameters (pH, DO, ORP, 

Temp., TOC, Total As, As3+, As5+, Fe, Mn, Na, SO4
2- and Cl-) and arsenite-oxidizing 

bacterial clusters composition (Table A2.), the redundancy analysis was calculated 

(Fig. 4.6.). The RDA results were consistent with the Pearson’ s correlation coefficient 

(Table 4.5). Fe, Mn, and total As were positively correlated to the β-Proteobacterial 

cluster; however, they were negatively correlated to the α-Proteobacterial cluster. As3+ 

showed a positive correlation to the β-Proteobacterial cluster, but it showed a negative 

correlation to the α-Proteobacterial cluster (Fig. 4.6.). In contrast, As5+ showed a 

negative correlation to the β-Proteobacterial cluster, but it showed a positive 

correlation to the α-Proteobacterial cluster. From the result, it could interpret that the 

β-Proteobacterial cluster in this study area had tendency to be found in an environment 

with high concentration of Fe, Mn and As3+; on the other hand, the α-Proteobacterial 

cluster had a chance to be found in an environment with low concentration of Fe, Mn 
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and high concentration of As5+ instead. Moreover, it was found that pH showed slightly 

positive relationship with the γ-Proteobacteria cluster. Cl- showed slightly positive 

relationship with the α-Proteobacteria cluster (Fig. 4.6.). It has been reported that the 

pattern of arsenite-oxidizing bacterial communities was controlled by several 

geochemical variables such as DO, ORP, and As (Quéméneur et al., 2010).

 Furthermore, the principle coordinate analysis (PCoA) of soil parameters and 

microbial compositions in Bangladesh also revealed that pH, phosphate, As and Fe 

played an important role on bacterial diversity (Gu et al., 2017). In term of Cl-, it has 

been reported that salinity influenced the distribution of β-Proteobacteria. Its 

community decreased in the areas of Yangtze estuary, China (Guo et al., 2017). This 

result corresponded to this study that there was only small number of the β-

Proteobacteria detected in areas closed to gulf of Thailand (Fig. 4.5.). 

 The RDA results also explained the relationship among Fe, Mn, arsenite (As3+) 

and arsenate (As5+). Both arsenite and arsenate tended to naturally adsorb on oxide 

minerals’ surface (Bang & Meng, 2004). The release of As into groundwater could be 

happened by dissolution of oxide-minerals, corresponding to the minus saturation 

indices of As-bearing minerals especially, ferric oxide, scorodite and pyrolusite (Table 

4.2). This negative value implied that these minerals tended to dissolve in the system 

then the adsorbed As was released into groundwater (Sracek et al., 2004). The RDA 

result showed that Fe exhibited a positive correlation with arsenite (As3+) and a negative 

correlation with arsenate (As5+) (Fig. 4.6.). This trend was also consistent with As 

species concentrations which showed that most groundwater samples had arsenite more 

than arsenate (Table 4.2).  

 Thus, it can be concluded that the geochemical parameters, influencing the 

arsenite-oxidizing bacterial clusters found in this study, might be Fe, Mn, arsenite, and 

arsenate. 
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Fig. 4.6. RDA plot of α-, β- and γ-Proteobacterial clusters and 13 geochemical 

parameters. The squares represent bacterial clusters. The red dots represent 

geochemical parameters. The green dots represent 19 sampling stations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 The predominant As species in most groundwater samples analyzed in this study 

was arsenite (As3+) which presented in the form of H3AsO3. The occurrence of As 

species was controlled by pH and ORP. The As-bearing minerals such as ferric oxide, 

goethite and hematite simulated by PHREEQC model also influenced the As species in 

groundwater. This is because As could be adsorbed on the surface of these minerals. 

The community of arsenite-oxidizing bacteria detected in this study composed of α-, β-

, and γ-Proteobacteria. It was found that the proportion of α-, β- and γ-Proteobacterial 

clusters was different across groundwater with various As concentrations. Only α- and 

β-Proteobacterial clusters were present in groundwater with high As concentration. 

While γ-Proteobacterial clusters were detected in groundwater samples with low As 

concentrations. This finding implied that only specific arsenite-oxidizing bacteria could 

survive in high As environment. Both α- and β-Proteobacteria, such as, Rhodobacter 

sp., Bosea sp., Rhizobium sp., Methylobacterium sp., Ancylobacter sp., Aminobacter 

sp. and Hydrogenophaga sp. could tolerate an elevated As concentration. Moreover, 

the statistical analysis demonstrated that Fe, Mn, arsenite (As3+), and arsenate (As5+) 

likely affected the distribution of arsenite-oxidizing bacterial clusters. Fe, Mn, and As3+ 

were positively correlated to the β-Proteobacterial cluster, while As5+ showed the 

positive correlation to the α-Proteobacterial cluster. In addition, Cl- could be considered 

as another geochemical parameter, influencing the β-Proteobacterial cluster. It seemed 

that the β-Proteobacterial cluster was absent in sample stations with extremely high Cl- 

concentration. This bacterial cluster may not be able to survive in a hypersaline 

environment. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

63 

5.2 Future work and recommendations 

 The results from this study demonstrated that all arsenite-oxidizing bacteria 

detected in this study were the member of α-, β-, and γ-Proteobacteria. Previous studies 

showed that the members of the α-, β-, and γ-Proteobacteria were able to tolerate and 

transform arsenite to arsenate by their cellular mechanism. Furthermore, only β-

Proteobacteria was found in elevate As concentration. Therefore, future work might 

focus on the enrichment and isolation of high efficient arsenite-oxidizing bacteria in 

order to develop the in-situ As bioremediation. However, it might have some problems 

to adapt this work for other As-contaminated sites. Because different sites also have 

different geochemical parameters which are suitable for arsenite-oxidizing bacteria. 

Therefore, the finding of appropriate conditions for bacteria should be considered as 

the first issue before any As bioremediation process. 

 This method would play an important role in pollution controlling, for example, 

it was cost effective and caused less site disruption. On the other hands, this process 

also has some disadvantages. It was time-consuming technique and the microbial 

activity might be affected from the change of some geochemical factors resulted from 

seasonal variations. Furthermore, the increasing of particular bacteria for 

bioremediation purpose might cause some impacts to other microorganisms including 

bacteria or fungi living in the same place which the in-situ bioremediation was done. 

However, bioremediation can cooperate with other techniques in groundwater As 

remediation. After the As-remediation was done by arsenite-oxidizing bacteria, 

groundwater might be abundant with arsenate. Although arsenate is less toxic than 

arsenite, it still causes severe effects to human body. In this case, the adsorbents such 

as oxide mineral (Fe-oxide or Mn-oxide) might be used to adsorb arsenate in 

groundwater. 

 For the government and related agencies, the information of As including 

danger, impact or even standard content in groundwater should be given to people who 

live in this area. The agriculturists might be recommended for low As-containing 

pesticides or fertilizers usage which can help to reduce the As loading to groundwater. 

The industrial owners might be told to install the treatment system to protect the release 

of high As content industrial waste to the environment. Furthermore, an As 
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concentration in groundwater should be monitored in every three or six months to 

confirm that As level in groundwater still follow the standard and to confirm that no 

one would get danger from As by consuming this groundwater.  
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Fig. A1. Hand-made As concentration contour map. 

 

 

 

 

 

Table. A1. Bacterial composition percentage of each clone library 

 

sampling 

station 

bacterial composition 

α β γ 

G2 100 0 0 

G3 88.24 11.76 0 

G7 100 0 0 

G9 56 44 0 

G11 100 0 0 

G13 91.3 8.7 0 

G14 100 0 0 

G15 52.9 47.0 0 

G16 80 20 0 

G17 50 43.75 6.25 

G19 0 100 0 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

74 

Table. A2. supplementary information for RDA result (Fig. 4.6.) 

Eigenvalues and percentages of inertia 

  F1 F2 F3 

Eigenvalue 0.201 0.000 0.000 

Constrained inertia (%) 99.824 0.176 0.000 

Cumulative % 99.824 100.000 100.000 

Total inertia 99.824 0.176 0.000 

Cumulative % (%) 99.824 100.000 100.000 

Scores (Response variables) 

  F1 F2 F3 

α-cluster 0.847 -0.020 0.000 

β-cluster -0.836 -0.021 0.000 

γ-cluster -0.011 0.041 0.000 

Scores (Observations) 

  F1 F2 F3 

G2 0.304 -0.037 0.053 

G3 0.164 -0.074 0.092 

G7 0.304 -0.037 0.053 

G9 -0.219 -0.176 0.198 

G11 0.304 -0.037 0.053 

G13 0.201 -0.065 0.082 

G14 0.304 -0.037 0.053 

G15 -0.255 -0.182 -1.092 

G16 0.067 -0.100 0.119 

G17 -0.290 1.098 0.003 

G19 -0.884 -0.352 0.383 

Scores (Explanatory variables) 

  F1 F2 F3 

pH 0.092 0.241 0.894 

Temp. 0.091 -0.079 -0.715 

DO 0.044 -0.098 -0.274 

ORP 0.260 0.004 -0.845 

Cl- 0.373 -0.051 0.024 

SO42- 0.395 -0.066 -0.105 

Fe -0.762 -0.325 -0.477 

Mn -0.636 -0.019 0.456 

Na 0.369 -0.051 0.024 

TC 0.357 0.067 0.236 

TAs -0.404 -0.280 0.323 

As (3+) -0.678 -0.315 0.346 

As (5+) 0.678 0.315 -0.346 
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Table A4. The water chemistry database (WATEQ4F.dat) used in PHREEQC 

program 

 

SOLUTION_MASTER_SPECIES 

As           H3AsO4        -1.0     74.9216         74.9216 

As (+3)    H3AsO3         0.0     74.9216         74.9216 

As (+5)    H3AsO4        -1.0     74.9216 

 
SOLUTION_SPECIES 

H3AsO4 = H3AsO4 

log_k        0.0 

H3AsO3 = H2AsO3
- + H+ 

log_k        -9.15 

delta_h     27.54 kJ 

H3AsO3 = HAsO3
2- + 2H+ 

log_k        -23.85 

delta_h     59.41 kJ 

H3AsO3 = AsO3
3- + 3H+ 

log_k        -39.55 

delta_h     84.73 kJ 

H3AsO3 + H+ = H4AsO3
+  

log_k        -0.305 

H3AsO4 = H2AsO4
- + H+ 

log_k        -2.3 

delta_h     -7.066 kJ 

H3AsO4 = HAsO4
2- + 2H+ 

log_k        -9.46 

delta_h     -3.846 kJ 

H3AsO4 = AsO4
3- + 3H+ 

log_k        -21.11 

delta_h     14.354 kJ 

H3AsO4 + H2 = H3AsO3 + H2O 

log_k        22.5 

delta_h     -117.48 kJ 

3H3AsO3 + 6HS- + 5H+ = As3S4(HS)2- + 9H2O 

log_k        72.314 

gamma     5.0     0.0 

H3AsO3 + 2HS-  + H+ = AsS(OH)(HS)- + 2H2O 

log_k       18.038 

gamma     5.0     0.0 

H3AsO3 + H2O = H3AsO4 + 2H+ + 2e-  

log_k       -18.897 

delta_h    30.015 kcal 
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Table A4. The water chemistry database (WATEQ4F.dat) used in PHREEQC 

program 

PHASES 

As_native 

As + 3H2O = H3AsO3 + 3H+ + 3e-  

log_k           -12.532 

delta_h        115.131 kJ 

As2O5(cr)   

 As2O5 + 3H2O = 2H3AsO4  

 log_k          8.228 

 delta_h       -31.619 

Scorodite   

FeAsO4:2H2O = Fe3+ + AsO4
3- + 2H2O  

 log_k          -20.249 

Arsenolite 

As4O6 + 6H2O = 4H3AsO3 

log_k           -2.801 

delta_h        14.33 kcal 

Claudetite 

As4O6 + 6H2O = 4H3AsO3 

log_k           -3.065 

delta_h        13.29 kcal 

Orpiment  

As2S3 + 6H2O = 2H3AsO3 + 3HS- + 3H+  

log_k           -60.971 

delta_h        82.89 kcal 

As2S3(am) 

As2S3 + 6H2O = 2H3AsO3 + 3HS- + 3H+  

log_k           -44.9 

delta_h        244.2 kJ 

Realgar  

AsS + 3H2O = H3AsO3 + HS- + 2H+ + e-  

log_k           -19.747 

delta_h        30.545 kcal 
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