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ABSTRACT 
 
         In the present study, the possibility of using Fluorescein Diacetate (FDA) method for 

assessing toxicity of chemicals in an aquatic environment was evaluated. Inhibition of enzyme 

esterase of bacteria Bacillus cereus was used as experimental end points. The optimum conditions 

for a toxicity test using a Fluorescein Diacetate (FDA) for assessing toxicity of chemicals, as well 

as the toxicity of four chemical groups were examined, including : 1) heavy metals cadmium and 

copper,  2) organic dye,  2,4 dinitrophenol, 3) the aromatic hydrocarbon benzene,  and 4) solvents  

ethanol and DMSO. Comparisons of esterase inhibition observed from different cell cultures of 

Bacillus cereus, i.e. fresh cell and lyophilized cell in response to toxics of the four chemical 

groups, were also performed. 

         The results showed that the suitable incubation time and viable cell count for toxicity 

testing with the FDA method were 2 hours 30 minutes and 3.5-4.5x107 CFUs/ ml, respectively. 

Results from toxicity testing of both fresh cell and lyophilized cell cultures with the 4 chemical 

groups indicated that the heavy metal group was the most toxic. The highest inhibition effect was 

found with copper. The toxic effect observed from fresh cell culture was IC50 = 1.12±0.33 mg 

Cu2+/l, while from lyophilized cell culture was IC50 = 1.46±0.40 mg Cu2+/l. The toxicity ranking of 

chemical groups on both fresh cell and lyophilized cell cultures, were heavy metal> organic dye> 

aromatic hydrocarbon > solvent, accordingly. Sensitivity comparison of fresh and lyophilized 

bacteria on the four reference chemical groups showed that fresh cell cultures of Bacillus cereus 

seemed to be more sensitive to toxicity than lyophilized cell cultures. The high sensitivity to heavy 

metal of the FDA toxicity test using Bacillus cereus indicated a good possibility exists for applying 

to screening for heavy metal contamination in the environment. This could greatly reduce the cost 

of using commercially available bacteria test kits for such a purpose. 
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ปฏิกิริยา ของเอสเทอเรส ในแบคทีเรีย  Bacillus cereus 
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SCIENCE) 

บทคัดยอ 
 

        การศึกษาคร้ังนี้เปนการศกึษาความเปนไปไดในการใช Fluorescein  Diacetate (FDA) method ในการ
ทดสอบความเปนพิษของสารเคมีในแหลงน้ํา  โดยใชระดับการยับย้ังเอนไซม esterase ของ แบคทีเรีย Bacillus cereus  
เปนตัวชี้วดัความเปนพษิ ทําการศึกษาถึงสภาวะที่เหมาะสมตอการทดสอบความเปนพษิของสารเคมีดวยวิธี FDA 
รวมถึงทําการทดสอบความเปนพษิของสารเคมีใน 4 กลุมใหญ คือ 1) กลุมโลหะหนัก ไดแก ทองแดง แคดเมียม 2) 
กลุมสียอมที่เปนสารอินทรีย ไดแก 2-4 dinitrophenol 3) กลุมสารอโรมาติกไฮโดรคารบอน  ไดแก เบนซิน  และ 4) 
กลุมตัวทําละลายไดแก เอทานอล และ DMSO   นอกจากนี้ยังทําการศึกษาเปรียบเทียบความไวตอการตอบสนองตอ
ความเปนพษิของตัวแทนสารเคมีทั้ง 4  กลุม ของเซลลแบคทีเรียสด และเซลลแบคทเีรียที่ผานกระบวนการทาํแหง
แบบเยือกแข็ง 

        จากผลการศกึษา พบวา ชวงเวลาในการบมเชื้อ และจํานวนเซลลที่มีชีวิต ที่เหมาะสมสําหรับวิธี FDA 
คือ 2 ชั่วโมง 30 นาท ี และ 3.5-4.5x107CFUs/ มล ตามลาํดบั สําหรับผลการทดสอบความเปนพิษของสารเคมีทั้ง 4 
กลุม ตอเซลลสดและเซลลที่ผานกระบวนการทาํแหงแบบเยือกแข็ง โดยพบวา ทองแดง มีความเปนพิษมากที่สุด โดย
มีคา IC50สําหรับเซลลสด เทากับ   1.12 ±0.33มก/ ลิตร ขณะที่คาความเปนพษิ (IC50 ) ของทองแดงตอเซลลที่ผาน
กระบวนการทําแหงแบบเยือกแข็ง มีคา IC50เทากบั 1.46 ±0.40   มก Cu2+/ ลิตร. โดยสามารถเรียงลําดบัคาความเปน
พิษของกลุมสารเคมีทั้งตอเซลลสดและเซลลที่ผานกระบวนการทาํแหง  ไดดังนี้ คือ กลุมโลหะหนกั > กลุมสียอม
อินทรีย > กลุมสารอโรมาติก ไฮโดรคารบอน > กลุมตัวทําละลาย   สําหรับการเปรียบเทียบการตอบสนองของเซลล
แบคทีเรียสดกับเซลลแบคทีเรียที่ผานกระบวนการทาํแหงแบบเยือกแข็ง พบวาแบคทเีรียสดมีแนวโนมวองไวในการ
ตอบสนองตอความเปนพิษของสารเคมีที่ใชทดสอบมากกวาแบคทีเรียทีผ่านกระบวนการทําแหงแบบเยือกแข็ง  
         ความไวในการตอบสนองความเปนพิษ ตอสารในกลุมโลหะหนัก ของวิธี FDA ที่ใชเชื้อ Bacillus 
cereus   แสดงใหเห็นถึงความเปนไปไดในการในการนําไปใชวิธีการนี้ไปใชในการตรวจสอบเบื้องตนในการหาการ
ปนเปอนของโลหะหนักในแหลงน้ําธรรมชาติซ่ึงจะลดคาใชจายในกรณีที่ตองซ้ือชุดทดสอบสําเร็จรูปในทองตลาด 
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CHAPTER I 

INTRODUCTION 

 

 

1.1 Background of the study 
          Recently, the use of toxicity testing has become very important in 

evaluating the quality of water and its potential effects on the aquatic ecosystem 

(Bitton and Koopman, 1992). The choice of toxicity bioassays should be based on 

reliable scientific knowledge and, possibly, on the availability of standardized 

procedures.  

         Application of toxicity testing for the control of the discharge of toxics 

into the environment have been performed in many countries. Based on the standard 

method published by U.S. EPA (1990), whole effluent toxicity test is widely applied 

for assessing the acute toxicity of pollutants in both effluent and surface water. Any 

test for a toxic chemical in aquatic environment requires an indicator organism, such 

as fish, amphibian, Daphnia, polycheate, echinoderm, nematode and amphipod to 

define the acute toxicity (Ames, McCann and Yakasai, 1975). These tests are quite 

complicated and expensive. They require relatively long period and highly skilled 

personnel to carry out. In addition, animal rights advocates object to using animals for 

this purpose. There is an obvious need for a simple, fast, and inexpensive method for 

toxicity evaluation of chemicals. Due to relatively short period required for bacterial 

test, they are advantageous as test organisms for screening bioassays (Bitton et. al., 

1992). They also have been proven to be sensitive indicators of contaminant stress 

(Johnson, 2005). 

         Microbioassays based on bacteria and their enzyme activities have become 

increasingly popular for the screening of environmental toxicants (Guven et al., 2003). 

Attractive features of these assays may include low cost, rapid response to toxicants, 

modest laboratory equipment, low sample volume, portability and reproducible 

responses (Bitton and Koopman, 1992). Several bacteria tests are now commercially 

available. Examples of these assays and their basis are: Microtox (bioluminescence) 
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(Johnson, 2005), MetPLATE (inhibition beta-galactosidase) (Bitton et al. 1994), 

ECHA Biocide Monitor (dehydrogenase activity) (Dutka and Gorrie, 1989), Toxi-

Chromotest (enzyme biosynthesis) (Reinhartz et al., 1987) and MetPAD (enzyme 

activity) (Bitton, Campbell and Koopman, 1992). An important feature common to 

these tests are the provision of standardized culture of bacteria in freeze-dried form 

(Bitton and Koopman, 1992). 

 .       For the present study, Fluorescein Diacetate (FDA) test method using the 

bacteria Bacillus cereus was applied to assess hazard of contaminated water samples. 

In order to extend the potential of the test method for further application as a screening 

test, freeze-dried cell cultures were also utilized as test organisms. As such, the 

method could be simplified and used more frequently for hazardous assessment of 

environmental samples. 

         The assay measured enzyme activity levels of microbial populations, 

which in turn can provide an estimate of overall microbial activity in an environmental 

sample. The FDA can be categorized as non-specific because it is sensitive to the 

activity of several enzyme classes including lipases, esterase and proteases. Activity of 

these enzymes results in the hydrolytic cleavage of FDA (colorless) into fluorescien 

(yellow-green). The intensity of the resulting yellow-green color is an indication of 

enzymatic of the FDA molecule and overall enzymatic activities in the sample. This 

can be quantified spectrophotometrically at 492 nm wavelength. 

 

1.2 Objectives 
         The Objectives of this study were:  

         1.2.1 To determine optimum conditions of a Fluorescein Diacetate (FDA) 

toxicity test using the bacteria Bacillus cereus. 

         1.2.2 To study inhibition effects of contaminated waters on esterase 

enzymes of the bacteria  Bacillus cereus. 

        1.2.3 To compare sensitivity of the developed test method with other 

commercially available test kits. 
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1.3 Hypothesis of the study 
        1.3.1 Toxicity of water samples could be evaluated using esterase 

reduction observed from both active, as well as lyophilized Bacillus cereus cells. 

        1.3.2 Lyophilized Bacillus cereus cell cultures were as sensitive to 

different group of test chemicals as their fresh cell cultures. 

 

1.4 Conceptual framework  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Conceptual  framework 
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1.5 Scope of study 
        1.5.1 Bacterial sample (Bacillus cereus) was obtained from the Bangkok 

Microbiological Resource Centers (MIRCENs), Thailand Institute of Scientific and 

Technological Research (TISTR) 

        1.5.2 Both fresh cell and lyophilized cell cultures were used for the 

purpose of  chemical sensitivity comparison 

 

1.6 Expected results 
        1.6.1. Modified Fluorescien Diacetate (FDA) test method using two 

different Bacillus cereus cell cultures for toxicity assessment 

        1.6.2  Sensitivity levels of esterase enzyme responding to toxicants of 

different chemical groups. 
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CHAPTER II 

LITERATURE REVIEW 

 

 

2.1 Bacillus cereus  
 

         The family Bacillaceae is gram-positive, rod-shaped bacteria, which form 

endospores, with two main divisions:   

• the anaerobic spore-forming bacteria of the genus Clostridium  

• the aerobic or facultative anaerobic spore-forming bacteria of the 

genus Bacillus  

         Characteristic of the Bacillus cultures are gram-positive when young, but 

may become gram negative as they age. Bacillus species are aerobic, sporulating and 

rod-shaped bacteria, which are ubiquitous in nature (Prescott et al., 2002). The 

optimum temperature for growth is 30-37 ˚C (Finny et al., 2000). Some strains can 

grow up to 55oC while others can grow as low as 4-5˚C, and many strains from dairy 

products are able to grow at low temperatures (Meer et al.,1991). The minimum pH 

for growth is 4.3, while the maximum pH is around 9.3 (Meer et al.,1991).  Bacillus 

cereus occurs ubiquitously in nature and in many raw and processed foods such as 

rice, milk and dairy products, spices, and vegetables. Many strains of Bacillus cereus 

are able to produce toxins and cause distinct types of food poison. Spores from 

Bacillus cereus can germinate and outgrow during storage, even at low temperatures 

(Ynte et al., 2003). Vegetative cells are readily killed by heat but spores are 

moderately heat resistant and can survive for long periods in dried foods (Ynte et al., 

2003).  This organism already exists on many foods and can therefore be transiently 

carried in the intestine of healthy humans. 

        Bacillus cereus is one of the major food-borne pathogenic bacteria and a 

common contaminant of food and dairy products. That is the causative agent of two 
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types of food poisoning, the emetic and diarrhea forms. The mechanism of the 

pathogenesis of Bacillus cereus has not yet been fully clarified. The vegetative 

bacterial cells can produce a number of virulence factors, including enterotoxins, of 

which at least three have been characterized (Granum, 1994). 

        Bacillus cereus is widely distributed in nature and can be found in soil, 

dust, air, water and decaying matter. Its ability to form spores allows survival through 

all stages of food-processing, other than retorting. 

 

2.1.1. Bacterial Growth  

Growth is an orderly increase in the quantity of cellular constituents. It 

depends upon the ability of the cell to form new protoplasm from nutrients available in 

the environment. In most bacteria, growth involves increase in cell mass and number 

of ribosome, duplication of the bacterial chromosome, synthesis of new cell wall and 

plasma membrane, partitioning of the two chromosomes, septum formation, and cell 

division. This asexual process of reproduction is called binary fission (Kenneth, 2002). 

Growth curve of bacteria population was shown in Figure 2.1. 
 

 
Figure 2.1 Growth curve of bacteria population (Raina et al, 2000) 
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1) Lag phase: Immediately after inoculation of the cells into fresh 

medium, the population remains temporarily unchanged. Although there is no apparent 

cell division occurring, the cells may be growing in volume or mass, synthesizing 

enzymes, proteins, RNA, etc., and increasing in metabolic activity.  

The length of the lag phase is apparently dependent on a wide variety 

of factors including the size of the inoculum; time necessary to recover from physical 

damage or shock in the transfer; time required for synthesis of essential coenzymes or 

division factors; and time required for synthesis of new (inducible) enzymes that are 

necessary to metabolize the substrates present in the medium.  

2) Exponential (log) phase: The exponential phase of growth is a 

pattern of balanced growth wherein all the cells are dividing regularly by binary 

fission, and are growing by geometric progression. The cells divide at a constant rate 

depending upon the composition of the growth medium and the conditions of 

incubation. The rate of exponential growth of a bacterial culture is expressed as 

generation time, also the doubling time of the bacterial population.  

3) Stationary phase: Exponential growth cannot be continued forever 

in a batch culture (e.g. a closed system, such as a test tube or flask). Population growth 

is limited by one of three factors, including exhaustion of available nutrients; 

accumulation of inhibitory metabolites or end products; as well as exhaustion of space, 

in this case called a lack of "biological space". 

During the stationary phase, if viable cells are being counted, it cannot 

be determined whether some cells are dying and an equal number of cells are dividing, 

or the population of cells has simply stopped growing and dividing. The stationary 

phase, like the lag phase, is not necessarily a period of quiescence. Bacteria that 

produce secondary metabolites, such as antibiotics, do so during the stationary phase 

of the growth cycle (secondary metabolites are defined as metabolites produced after 

the active stage of growth). It is during the stationary phase that spore-forming 

bacteria have to induce or unmask the activity of dozens of genes that may be involved 

in sporulation process. 

4) Death phase: If incubation continues after the population reaches 

stationary phase, a death phase follows, in which the viable cell population declines. 

(Note, if counting by turbidimetric measurements or microscopic counts, the death 
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phase cannot be observed.). During the death phase, the number of viable cells 

decreases geometrically (exponentially), essentially the reverse of growth during the 

log phase. 

 

2.1.2 Lyophilization 

Lyophilization is a well known method to preserve bacteria for long term 

storage. It is commonly used by culture collections since a strain can be kept in room 

temperature for years before revitalization (Gabrielson et al, 2005). Lyophilization or 

freeze-drying, could be described as drying-process in which no addition heat above 

room temperature is necessary. A frozen sample is exposed to an elevated temperature 

in a vacuum chamber as the process is performed below the triple of water (0.01°C), 

and the sample dries. This is feasible when drying heat-sensitive products such as food 

or living organisms. A disadvantage in a normal drying process is that the water floats 

from the inner to the outer parts of the sample bringing salts and other soluble particles 

to the surface. The locally increased concentration of the substance is seldom wanted 

and is avoided in a lyophilization process.  

 The first step in the lyophilization process is to freeze the sample. The 

freezing- rate and temperature affects the result of the lyophilization. For 

lyophilization of microorganisms the freezing must be fast and in the most cases the 

temperature is as low as -70°C. The sample can be placed directly into a freezer, when 

an even higher freezing rate is desired they may be frozen in a bath with dry ice 

(Gabrielson et al, 2005). The next step is the actual lyophilization process. The frozen 

sample is moved into a vacuum chamber connected to a condenser. As the ice need 

some additional heat energy to sublime, the vacuum chamber must have a higher 

temperature than the frozen sample. In sampler lyophilizators, room temperature is 

used. For more sensitive samples it might be necessary to start at a lower temperature. 

The condenser is requisite since the speed of the process is depending on a low vapour 

pressure in a chamber. When all the ice has sublimated the process is finished and the 

sample can be kept under normal temperature and pressure (Gabrielson et al, 2005). 
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2.2  Toxicity 
        Toxicity is the properties of a toxicant that produces a harmful effect on a 

biological system. A toxicant is any substances cause a deleterious biological effect 

when organisms are exposed to it (Connell and Miller, 1984).  

        Of central importance in both toxicology and ecotoxicology is the 

relationship between the quantity of a chemical to which an organism is exposed and 

the nature and degree of consequent harmful (toxic) effects. Dose response 

relationships provide the basis for assessment of hazard and risks presented by 

environmental chemicals. The simple basic concept immediately raises question about 

the definition of poison, because everything depends on dose (Walker et al., 2006).  

        There are many different ways in which toxicity can be measured. Most 

commonly, the measure (end point) is death, although there is a growing interest in the 

use of more sophisticate indices. The desire to minimize lethal toxicity testing with 

vertebrate animals is a significant driving force here. Biochemical, physiological, 

reproductive and behavioral effects can all provide measures of toxicity. Many toxicity 

tests provide an estimate of the dose (or the concentration in food, air or water) that 

will cause a toxic response at the 50% level, e.g., the median lethal dose is the dose 

that will kill 50% of a population (Walker et al., 2006). 

        Any chemical substances can exhibit harmful effect when the amount 

introduced to an organism is high enough and sufficient length of time. The critical 

importance is the dose, or actual amount of chemical that enters an organism (Landis 

and Yu 1995). The relationship between dose and the biological effect is the dose-

response relationship plotted in Figure 2. 2 
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Figure 2.2 Concentration curve (Walker et al., 2006). 

 

        Several terms used in relation to toxicity testing require definition. First, 

in lethal toxicity testing, LD50 represents the median lethal dose, whereas LC50 

represents the median lethal concentration. In toxicity test that determine these values, 

it is also possible to determine the highest doses or concentrations that cause no 

toxicity, the no observed effect dose (NOED) and no observed effect concentration 

(NOEC), respectively. These values can be determined only in stimulations where a 

higher dose or concentration has produced an effect in the same toxicity test (Walker 

et al., 2006). 

        Toxicity is measured by exposing test organisms to toxicant. Numerous 

endpoints can be measured in toxicity test such as death, fertility, movement, growth 

and mutation (Connell and Miller, 1984). All measures of toxicity refer to either a 

concentration or dose that causes a toxic effect. Observed toxicity can be an early 

warning or even prediction of potential environmental damage and indicate whether a 

sample of chemical, waste, effluent, sediment or soil.  

        The principle measure of the toxic effect used in toxicity studies is the 

50% effect level, where 50% of the individual are more tolerant and 50% are less 

tolerant. 
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LD50 =  The dose that causes mortality in 50% of the organisms tests estimated 

by graphical or computational means. 

LC50 =  The concentration that causes mortality in 50% of the organisms tests 

estimated by graphical or computational means. 

ED50 = The concentration that has an effect on 50% of the organisms tests 

estimated by graphical or computational means. This parameter is 

used for effects that are not death. 

IC50 =  The inhibitory concentrations that reduces the normal response of an 

organism by 50% estimated by graphical or computational means. 

Growth rate of algae, bacteria and other organisms are often measured 

as an IC50. 

         An environmental chemical can enter a living organism by one or more 

routes of uptake. Depending on the chemical, the species, and the environmental 

condition, one route and uptake may be dominant, or more then one maybe significant. 

Both the efficiency of uptake and the degree of toxic effect differ among these routes, 

e.g., for most lipophilic compounds absorption from the gut vertebrate is faster than 

absorption from the skin. Consequently, toxicity is usually higher with oral 

administration than with topical application (Walker et al., 2006). 

 

2.2.1 Bacteria Assay 

Bioassays with bacteria are widely used as tools in estimating the 

potential risk of contaminated water and sediments.  Many types of bioassays using 

representatives from microorganisms, plants, invertebrates, and fish are available. In 

recent years, use of bacterial tests has become particularly popular because they are 

rapid, reproducible, simple to use, unambiguous, and cost effective and they cause no 

ethical problems (Mantis et al., 2005).  

Various bacterial bioassays have been developed for toxicity screening 

of water, wastewater sediment elutriates and soil extracts. In some recent tests solid 

samples (sediment, soil) can also be tested directly without any extraction.  

Most of the tests are based on measurements of growth inhibition 

respiration, mineralization or metabolism, enzyme activity and viability of bacterial 

cells. In the growth inhibition tests, the multiplication is usually monitored by optical 
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density measurements or by cell counting or fluorometry in algal tests. The respiration 

tests are base on carbon dioxide production or oxygen consumption during the test. 

The mineralization of added material containing organic nitrogen and production of 

metabolites is used for example in tests measuring nitrification (Jukka, 2002). Several 

microbial enzyme activities can be measured directly by luminescence or by specific 

substrate utilization and colour development. In one case the active movement of 

flagellated bacteria was used an assessed characteristic (Jukka, 2002). In anaerobic 

tests, the production of gases is simply measured as pressure changes during the test 

(Brouwer et al., 1990). 

Presently, Microtox is the worldwide standard for rapid and accurate 

toxicity monitoring ( Bitton and Koopman,  1992).Test system is based upon the use 

of a freeze dried luminescent bacteria (Vibrio fischeri) as the test organisms, to 

accurately measure toxicity from effluents, sediments, leachates, soils, sludges, ground 

water and surface water samples. Since bacteria's light-producing mechanism is tied to 

the metabolic processes of the cell, changes in light output can, thus, be used as the 

system endpoint. If these processes are changed or damaged by a toxic substance, a 

reduction in light output results.    

Several microbioassays are now commercially available. The names of 

the assays and their basis are: Microtox (bioluminescence), Polytox (respiration), 

ECHA Biocide Monitor (dehydrogenase activity), Toxi-Chromotest (enzyme 

biosynthesis), and MetPAD (enzyme activity) ( Bitton and Koopman,  1992).  

 Microbial test systems are well suited for testing purposes because they 

represent principal cell functions. Bacteria as test organisms are easily cultivated and 

the testing procedure is compared to other systems very quickly. The uptake of 

toxicants from the environment is more direct than in higher organisms, where the 

main exposure route of pollutants may be ingestion of sediment or organic material. If 

the metabolism of a bacterial cell is disturbed, this indicates a highly potential risk for 

other organisms (Grimme et al., 1993). Recently, bacterial test systems were 

developed, which allowed one to use the same test organism in aqueous solution, as 

well as in suspension with solids (Brouwer et al., 1990; Rönnpagel et al., 1995).  
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 2.2.2 Commercial Rapid Test Kits 
 
  Microtox 
  
  Bioluminescence is produced by a branch of the electron transport 

system driven by specific enzyme in marine bioluminescence bacteria. It has long 

been known that toxic chemicals can adversely affect the light output of these bacteria. 

As a result of several studies on toxic inhibition of bioluminescence, the first 

commercial assay was perposed in 1979 under the name of microtox. This assay 

utilizes freeze-dried culture of the bioluminescent bacterium, Photobacterium 

phosphereum (Bulich, 1979). This popular assay has been adopted by several 

laboratories and used in assessment of the toxicity of sewage effluents, complex 

industrial wastes (oil refineries, pulp, and paper), fossil fuel process water, sediment 

extracts, sanitary landfill and hazardous waste leachates (Munkittrick et al, 1991). 

Toxicity assays using Microtox have shown a general agreement with fish and 

invertebrate test (Curis et al, 1982). For example toxicity testing of biologically treated 

wastewaters by both Daphnia pulex bioassay and Microtox generally showed a good 

agreement between both tests. The toxicity of 400 organic chemicals has been 

published (Ribo and Roger 1990) and the toxicity data obtained, using Microtox, 

correlated well with other toxicity bioassays (Ribo and Roger 1990). Blaise et al 

(1987) observed a good agreement between Microtox and algae and fish bioassays. 

However, a critical review of the literature revealed that Microtox is not as sensitive to 

metals as Daphnia or rainbow trout (Munkittricket et al, 1991). 

 

   Polytox 

  The Polytox kit is marketed by Polybac Corporation and utilizes a 

mixture of bacterial cultures isolated from wastewater. The kit is intended for 

assessing the affect of chemicals on biological waste treatment. The test is based on 

the reduction of the respiration activity of the rehydrated cultures in the presence of 

the toxicants. Despite the distinct advantage of using a standard blend of wastewater 

bacteria for toxicity testing for wastewater treatment plants, the Polytox test was much 

less sensitive to inorganic and organic test chemical than Microtox (Elnabarawy et al, 

1988). 
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  ECHA Biocide Monitor 

  The ECHA Biocide Monitor, marketed by E. C. Hill is a dipstick-type 

test for monitoring the toxicity of environmental samples. The dipstick consists of and 

absorbent pad impregnated with the test microorganism and the oxidoreduction dye 

(tetrazolium salt) to visualize the growth of the test bacteria. The pad is dipped into the 

sample, drained off, and incubated at 35-37 ºC for 18-24 hr. Sample toxicity is 

assessed from the color of the pad. A red color specifies a nontoxic sample whereas 

the absence of the red color indicates a very toxic sample. However, the results 

obtained are not quantitative (Dutka and Gorrie, 1989). 

 

  MetPAD 

  MetPAD bioassay is based on enzyme inhibition in a mutant strain of 

Eescherichia coli by bioavailable heavy metals in aqueous samples. Bacterial response 

to a toxic sample is conveniently observed on an assay pad. The intensity of the purple 

color of a spot on the assay pad is an indication of enzyme activity in presence of the 

toxic sample. The lower the purple color intensity is, the higher the toxicity of the 

sample becomes. MetPAD is specific for heavy metal toxicity but does not respond to 

organic toxicity. This important feature allows distinction between heavy metal and 

organic toxicity when use in conjunction with other toxicity test. The assay does not 

require expensive instrumentation and can be carried out completely under field 

condition, provided a portable incubator is available (Bitton and Koopman, 1986). It 

was found to be useful for the determination of heavy metal toxicity in wastewater and 

in elutriates of sediment, soil, sludge, or ashes from waste incineration site.  

 

2.2.3  Enzymatic assay 

As described by Stanley (2003), enzymes are proteinaceous substances 

with highly specific structures that interact with particular substances or classes of 

substances called substrates. Enzymes act as catalysts to enable biochemical reaction 

to occur, after which they are regenerate intact to take part in additional reaction. The 

extremely high specificity with which enzymes interact with substrate results form 

“lock and key” action, based on the unique shape of enzyme.  
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Enzymes are extremely important because they must function properly 

to enable essential metabolism processes to occur in cell. Substances that interfere 

with the proper action of enzymes obviously have the potential to be toxic (Stanley, 

2003).  

Enzymes as indicators have often been used to measure the microbial 

biomass and activities in soil, sediment and water systems. Measures of enzyme 

activity can also be used to assess the impact of a toxicant on that enzyme. For these 

purposes it can be an advantage if the enzyme activity is associated either with a 

known microbial group (e.g., nitrate reductase) or is present in all microorganisms or 

even all organisms in the system (e.g., ATPase). Instead of measuring strictly enzyme 

activity, the concentration of a particular metabolic product or enzyme substrate is 

often measured (e.g., ATP). Changes in these enzyme activities or in the 

concentrations of metabolic products or substrates can form the basis for microbial 

toxicity assays. These measurements can be performed on single or mixed cultures, in 

model ecosystems, micro- and mesocosms or can be performed in-situ (Neal, 1996). 

Different criteria for selection of a microbial enzyme assay using a 

biochemical test have been applied depending on the objectives of the studies; 

enzymes or metabolic substrates or products present in most or all microorganisms 

(dehydrogenases, ATP, ATPases) may provide information applicable to a wider range 

of organisms (Mayfield, 2004). 

Recently, the enzyme inhibition has been explored as a basis for toxicity 

testing. Enzymatic tests rely on measurement of either enzyme activity or enzyme 

biosynthesis (Table 2.2). Dehydrogenases are the enzymes most used in toxicity 

testing (Bitton and Koopman, 1992). Other enzyme activity tests utilize ATPases, 

esterases, phosphatases, urease, luciferase, beta-galactosidase, protease, amylase, or 

beta-glucosidase  

Table 2.1 Toxicity assays base on enzymatic activity or biosynthesis 

Enzyme End point Comment 

Dehydrogenase Oxido-reduction dye such as 

INT or TTC 

Widely used for testing water, 

wastewater, soil and sediment 

ATPases Phosphate concentration using 

ATP as a substance 

In vivo and in vitro experiment 

have been used 
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Table 2.1 Toxicity assays base on enzymatic activity or biosynthesis (continued) 

Enzyme End point Comment 

Esterases Degradation of nonfluorescent 

substrates 

Acetylcholinesterase is sensitive 

to fluorescent products. 

Phosphatases Organic portion of substrate 

(e.g. phenols) or inorganic 

phosphate 

Very sensitive to heavy metals 

contamination in soil 

Urease Measure  ammonia production 

from urea 

Studied mostly in soils 

Luciferase Measure  light production 

using ATP 

Used in ATP-TOX bioassay as a 

substrate in conjunction with 

inhibition of ATP levels in a 

bacteria culture 

ß-galactosidase Measure hydrolysis of effect 

on both enzyme o-nitrophenyl-

D-galactosidase 

Toxicant activity and 

biosynthesis was tested. 

 

Tryptophanase  Add Ehrlich’s reagent for 

determining effects of the 

toxicant on enzyme 

Measure absorbance ; 

biosynthesis has been fast. 

Source: Bitton and Koopman (1992) 

 

 2.2.4 Factors of enzymatic activity  

Based on Minton  (2001), several factors could influence enzyme 

activities. These include the following: 

 

  1) Salt concentration 

Most enzymes cannot tolerate extremely high salt concentrations. 

The ions interfere with the weak ionic bonds of proteins. Typical enzymes are active 

in salt concentrations of 1-500 mM. Exceptions, however, have been observed in 

halophilic (salt loving) algae and bacteria. 
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2) Effects of temperature 

All enzymes work within a range of temperature specific to the 

organism. Increases in temperature generally lead to increases in reaction rates. There 

is a limit to the increase because higher temperatures lead to a sharp decrease in 

reaction rates. This is due to the denaturating (alteration) of protein structure resulting 

from the breakdown of the weak ionic and hydrogen bonding that stabilize the three 

dimensional structure of the enzyme. The "optimum" temperature for human enzymes 

is usually between 35 and 40°C. The average temperature for humans is 37°C. Human 

enzymes start to denature quickly at temperatures above 40°C. Enzymes from 

thermophilic area found in the hot springs are stable up to 100°C. However, the idea of 

an "optimum" rate of an enzyme reaction is misleading, as the rate observed at any 

temperature is the product of two rates, the reaction rate and the denaturation rate. If a 

relatively short period for an assay measuring activity is required, high activity would 

be observed at high temperatures. However a relatively long period for an assay 

measuring product formation is conducted, low activity would be specified at these 

temperatures.  

  

3) Effects of pH 

Most enzymes are sensitive to pH and have specific ranges of 

activity. All have an optimum pH. The pH can stop enzyme activity by denaturating 

(altering) the three dimensional shape of the enzyme by breaking ionic, and hydrogen 

bonds. Most enzymes function between the pH of 6 and 8. 

 

  4) Substrate saturation 

Increasing the substrate concentration increases the rate of reaction 

(enzyme activity). However, enzyme saturation limits reaction rates. An enzyme is 

saturated when the active sites of all the molecules are occupied most of the time. At 

the saturation point, the reaction will not speed up, no matter how much additional 

substrate is added. The graph of the reaction rate will plateau. 
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 2.2.5 Esterase Assay 

        As described by Adam and Duncan (2001), fluorescein diacetate (FDA) 

hydrolysis is widely accepted as an accurate and simple method for measuring total 

microbial activity in a range of environmental samples, including soils. Colourless 

fuorescein diacetate is hydrolysed by both free and membrane bound enzymes, 

releasing a coloured end product fluorescein which can be measured by 

spectrophotometry.   

        The use of fluorescein esters as a measure of enzyme activity was first 

noted by Kramer and Guilbault (1963) where a simple procedure was described for the 

assay of lipase activity in the presence of other esterases. It was not until 1980 that the 

use of fluorescein esters as a measure of microbial activity was applied to 

environmental samples. FDA is hydrolyzed by a wide variety of enzymes including 

esterases, proteases, and lipases. The product of FDA hydrolysis is the highly 

fluorescent molecule fluorescein, which is water soluble and can be detected 

spectrophotometrically or fluorometrically ( Schnurer and Rosswall 1982). 

        Fluorescein diacetate (3′,6′-diacetylfluorescein (FDA) is a fluorescein 

conjugated to acetate radicals. This colorless compound is hydrolyzed by both free 

(exoenzymes) and membrane bound enzymes (Stubberfeld and Shaw, 1990), releasing 

a colored end product, fluorescein. This end product absorbs strongly in the visible 

wavelength (490 nm) and can be measured by spectrophotometry. The enzymes 

responsible for FDA hydrolysis are plentiful in the soil environment. Non-specific  

esterases, proteases and lipases, which have been shown to hydrolyses FDA, are 

involved in the decomposition of many types of tissue. The ability to hydrolyses FDA, 

thus, seems widespread, especially among the major decomposers, bacteria and fungi 

(Schnurer and Rosswall, 1982). 

        Fluorescein diacetate can be hydrolyzed by a number of different 

enzymes, such as proteases, lipases, and esterases. The reaction is shown in Figure 2.3. 
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Figure 2.3  Fluorescein diacetate reaction  

Source: Adam and Duncan (2001) 

 

 

        The product of this enzymatic reaction is fluorescein, which can be visualized 

within cells by fluorescence microscopy. A search of the scientific literature revealed 

little information on the factors affecting the FDA hydrolysis in sample(Lundgren, 

1981). 
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CHAPTER III 

MATERIALS AND METHODS 

 

 
This experimental study concerned with an application of bacteria (Bacillus 

cereus) for toxicity testing of contaminated water. The test procedures were based on 

Fluorescien Diacetate (FDA) methods. Both fresh cell and lyophilized bacteria cell 

cultures were used for the purpose. It was conducted as follows:  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  Framework of the study 
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3.1 Materials 
 

1)  Water bath (Memmert, Model L-35) 

2) Autoclave (Hirayama, Model HA-300MII) 

3) UV/VIS spectrophotometer (Jesco, Model V-530) 

4) Micropipettes with tip (Boeco, Model 9215000) 

5) Vortex mixture (Scientific Industries, Inc, Model G-560E) 

6) Hot plate (Labinco, Model L35) 

7) Centrifuge (Hettich, Model Universal 16) 

8) pH meter (Orion, EA940) 

9) Incubator shaker (GyromaxTM, Model 737R) 

10) Incubator (Termarks, KB4115) 

11) Lyophilizer (Christ, Model Alpha 1-4) 

12) Freezer -40ºC and -80ºC (Sunyo, Model MDF 592) 

13) Glass wares 

 

3.2 Chemical reagents 
 

1)  Beef extract 

2) Peptone 

3) Glucose 

4) Agar 

5) Fluorescien diacetate (C24H16O7) 

6) Na2HPO42H2O 

7) Na2H2PO42H2O 

8) HCl 

9) NaOH 

10) Acetone 

11) Deionized water 

12) Distilled water  

13) CuCl2·H2O 
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14) CdCl2·H2O 

15)  DMSO 

16) 2,4 dinitrophenol 

17) Benzene 

18) Ethanol 

 

3.3 Preparation of cell culture 
 

For the purpose of toxicity testing, both fresh cell, as well as lyophilized 

cell cultures were prepared. 

. 

3.3.1 Test organisms 

 

Lyophilized culture of the bacteria Bacillus cereus TISTR 687 on agar 

medium was obtained from Microbiological Resource Centre (MIROCEN), Thailand 

Institute of Scientific and Technological Research (TISTR). 

 

3.3.2 Culture medium 

 

Nutrient broth (Atlas, 1997) was used as the culture medium. It contained 

3 g beef extract, 5 g peptone and 15 g agar in 1,000 ml of distilled water. The medium 

was autoclaved at 121°C, 15 lb/ in2 pressure for 15 minute. 

 

3.3.3 Cell suspension preparation  

 

For preparation of Bacillus cereus cell suspension, one loop of bacteria 

cells on nutrient agar was added to 100 ml of nutrient broth. The culture was allowed 

to grow in an incubator shaker at 37 ºC, 150 rpm. After 16 hrs incubation period, 

inoculums were removed and added to fresh nutrient broth (NB) to make up an initial 

optical density of 0.1. The suspension was further incubated until optical density (OD) 

of about 0.4 (at 600 nm wavelength) was observed. The incubation period represented 

the culture requirement to reach mid-exponential growth phase as described by Rönnpagel et 
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al. (1995). The obtained suspension was later used as fresh cell cultures for toxicity 

testing and as bacterial suspension for preparation of lyophilized cell cultures. 

 

3.3.4 Lyophilized bacteria cell cultures 

 

For preparation of lyophilized Bacillus cereus cells, a 2.5 ml Appendorf 

vial containing 1 ml bacteria suspension was stored until completely frozen at -60°C. 

Each frozen sample was removed into a vacuum chamber connected to a condenser 

(freeze dryer). This process was depended on a low vapour pressure in the chamber. 

When all ice has sublimated, the process was finished. The lyophilized cell culture 

was then stored at 4°C until used. 

In addition, lyophilized cells prepared with skim milk as cryoprotectant 

were obtained from National center for genetic engineering and biotechnology. 

 

3.4  Reference chemicals 
 

For preparation of reference chemical solutions, i.e. CuCl2, CdCl2, 

benzene, ethanol, DMSO and 2, 4 dinitrophenol, deionized water was used for the 

purpose. In the case of benzene, varying concentrations were prepared with deionized 

water after dissolved in 70% ethanol.  

 

3.5  Fluorescein diacetate method (FDA) 
 

For the present study, Fluorescein diacetate (FDA) sediment assay using 

Bacillus cereus adapted from Liβ (1997) was applied. This method was based on  

inhibition of esterase production (as amount of Fluorescein from enzyme reduction 

with FDA) using fluorescein diacetate dye. Overall test procedures were as follows: 

Two milliliter of bacteria suspension was transferred into each 15 ml 

screw – cap containing 1 ml water sample and 2 ml of 120 mM phosphate buffer 

saline (PBS) solution, which was made up of two separate solutions, solution I (1000 

ml) and II (170 ml). Solution I was prepared by dissolving 21.36 g Na2HPO4·2H2O in 
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1000 ml deionized water, while solution II was prepared by dissolving 3.312 g 

NaH2PO4·H2O in 170 ml deionized water and adjusted to pH 7.6 with 0.1 N NaOH 

and HCl solution. The buffer solution was autoclaved at 121°C, 15 Ib/in2 pressure for 

15 minutes. 

The samples were incubated on an incubator shaker in dark condition at 

150 rpm at 25ºC for 120 min. For experimental control, 1 ml of deionized water was 

added to each sample instead of the water sample. Subsequently, 20 µl freshly 

prepared fluorescein diacetate solution (prepared by dissolving 250 mg fluorescein 

diacetate in 10 ml acetone) was added to each sample. The samples were then 

incubated for an addition of 90 min. Hydrolysis reaction was stopped by adding 5 ml 

acetone. The samples were then centrifuged at 3,000 rpm for 10 min. 1 ml clear 

supernatant was collected and mixed with 2 ml of 60 mM PBS solution in a 15 ml 

clean tube. The intensity of FDA hydrolysis was measured spectrophotometrically at 

492 nm. Overall test procedures were shown in Figure 3.2 

 

 

 

        
                                                                   

 

 

  
  

 

 
                    

                     

 

 

 

 

 

Figure 3.2 Fluorescein diacetate test procedures 

Centrifuged at 3000 rpm, 10 min 

Collected 1 ml supernatant and 
added to 2 ml PBS (60 mM)

Determined adsorption 
spectrophotometrically at 492nm 

Incubate at 25°C in the dark, 90 min 
on an orbital incubator shaker 

Incubate at 25°C in the dark, 120 min 
on an orbital incubator shaker 

Mixed 2 ml bacteria with 1 ml water 
sample and 2 ml PBS (120 mM) 

Added 0.02 ml Fluorescein 
diacetate solutions (FDA) 

Add 5 ml acetone and manually shake the 
samples until complete mixture was obtained  
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3.6  Test optimization 
 

Factors that could have influences on results of the FDA esterase assay 

were studied. These included varying cell suspension, esterase activities, as well as 

different bacteria cell cultures. Results from the optimization processes were used to 

standardize the test procedures. 

 

3.6.1 Growth determination  

 

 In order to observe growth pattern of bacteria Bacillus cereus, cell 

suspensions from 3.3.3 were diluted with nutrient broth to an initial optical density 

(OD) of 0.1. The culture was then incubated in an incubator shaker under dark 

condition at 37°C and 150 rpm. Optical density of the bacteria suspension was 

measured spectrophotometrically at an interval of 1 hr at 600 nm wavelength until 

stationary growth phase was observed.  

Viable cell count was performed as described by Pepper et al. (1995). 

Dilution series of the culture suspension were prepared and 0.1 ml from each sample 

was added to sterilized agar plates. These were prepared as follows: Poured 15 ml of 

NA medium, which was previously warmed to 45-50°C, into each plate, mixed and 

allowed agar to solidify. Cultures were subsequently incubated at 37°C for 24 hr. 

Number of cells in each dilution were counted and calculated as CFU per ml.   

 

3.6.2 Esterase production  

 

In order to examine effects of varying cell density and growth period of 

tested bacteria on esterase production, relationship between esterase activity and 

incubation period were observed. 

For the purpose, esterase production at varying growth periods was 

observed. Hourly observation was conducted. This lasted 14 hrs. The test was 

performed with both fresh and lyophilized cell cultures as described earlier in 3.3.  
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  (∆Absorbance of control) x 100 
      
    Absorbance of sample 

3.7  Toxicity testing 
 

For the present study, inhibition of esterase production observed from 

bacteria Bacillus cereus was used as an endpoint for quantify toxicity of varying 

reference chemicals. These included CuCl2, CdCl2, DMSO, ethanol, benzene and 2,4 

dinitrophenol. The tests were conducted following procedures described in 3.6. The 

results obtained from differently prepared cell cultures, i.e. fresh cells and lyophilized 

cell cultures were then compared.  

 

3.8 Data Analysis 
 

3.8.1  IC50 determination 

 

The inhibition percentages resulting from FDA Assay was used for 

toxicity (IC50) assessment. The IC50 values represented inhibitory concentrations that 

reduce the normal response of organisms by 50 % and were estimated from the 

following formula (Duncker, 1994) 

 

 

 

 

 

IC50   =   the chemical concentration that inhibits enzyme at 50% 

C1   =  the chemical concentration that inhibits enzyme, less than 50% 

C2   =   the chemical concentration that inhibits enzyme, higher than 50% 

I1   =  % inhibition of C1 

I2    =   % inhibition of C2 

 

% Inhibition  =          100   - 
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3.8.2  Statistical analysis 

 

The average, standard deviations (SD) and % coefficient of variation 

(%CV) were calculated. The differences of values were compared using analysis of 

variance (one-way ANOVA). When F – ratios of data was statistically different at 

level 0.05, each of the average different values was ranked using t-test. All of the 

statistical analysis was performed with a computer package program SPSS11.5 for 

Windows. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 

4.1 Test optimization 
 

 The potential of using esterase activity of the bacteria Bacillus cereus 

as a rapid measurement of biological effects resulting from chemical substances were 

tested. For method optimization, effects of differently prepared bacteria cell cultures 

on enzyme activities were tested. In addition, relationship between optical density and 

viable cell counts was observed.    

 For comparison purpose, both fresh cell, as well as lyophilized cell cultures 

were utilized as test organisms for testing toxicity of cadmium, copper, 

dimethylsulfoxide (DMSO), ethanol, benzene and 2-4dinitrophenol. Reproducibility 

and precision of the test results were also presented here. 

 

4.1.1 Growth and esterase production 

 

In order to observe relationship between optical density of the cell 

suspension and viable cell counts, a growth curve of the bacteria Bacillus cereus in 

nutrient broth over 24 hr. incubation period was conducted. The results were shown in 

Figure 4.1 

Viable cells were found to increase slowly during the first two hours of 

incubation. After this period, their growth started to increase rapidly until the fifth 

hours of incubation was reached. The steady growth was observed between the fifth 

and the twelfth hour of incubation period. At early log phase after 2 hour and 30 min 

incubation period, cell suspension with 0.40-0.50 OD at 600 nm was found to contain.
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viable cells in the range between 3.5-4.5x107 CFUs/ ml. According to Liß (1997), this 

cell density was suitable for preparation of cell suspension for toxicity test procedure. 

Therefore, the observed OD was applied for all later toxicity assessment experiments.  

After 14 hrs incubation time, viable cell counts dropped rapidly, while 

optical density remained relatively stable. This indicated the death phase of the 

bacteria culture. 
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Figure 4.1 Growth curve of Bacillus cereus cultures incubated in a refrigerated shaker 

at 37 ºC, as a function of optical density (abs), determined at 600 nm 

wavelength, as well as the relative viable cell counts (CFUs/ ml), against 

incubation time (hr). Bar indicated standard deviation obtained from three 

separate experiments (n=3). 
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Level of observed esterase activity seemed to show similar trend as what 

observed from viable cell counts (Figure 4.2).  After 5 hrs incubation time of fresh 

cell, it reached stationary phase, while death phase was observed after 14 hrs 

incubation. 
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Figure 4.2 Relationship between varying viable cell counts, as well as levels of 

esterase production (abs) against incubation time (hr). Bars indicated 

standard deviation obtained from three separate experiments 

 

 

4.1.2 Esterase activity and bacteria cell cultures 

 

In order to simplify a toxicity test method, lyophilized cell cultures would 

be preferred over fresh or active cell cultures. For the purpose, esterase production of 

lyophilized cells prepared without a cryoprotectant, as well as with a cryoprotectant 

observed over varying incubation times were observed and compared with those of 

fresh cell cultures. The results were shown in Figure 4.3. 
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Figure 4.3  Comparison of esterase production observed from three differently 

prepared bacteria Bacillus cereus cultures, i.e. fresh cell, lyophilized cell 

with cryoprotectant and lyophilized cell without cryoprotectant. Bars 

indicated standard deviation obtained from three separate experiments 

(n=5). 

 

The results indicated that different culture preparation methods would 

probably lead to varying amount of observed enzyme activities.  Lyophilized cells that 

were not pretreated with cryoprotectant seemed to be much less viable or less active 

than the fresh cell cultures.  Their enzyme production levels were about half of that 

was observed from fresh cell cultures. For lyophilized cell cultures that undergone 

pretreatment with skim milk, the difference in enzyme production levels for each time 

intervals over the incubation time of 2 hr and 30 min remained under 20 %. 

In order to reduce damage that might cause to cells during 

cryopreservation processes, a method based on freezing bacteria suspension with a 

cryoprotectant is usually conducted (Feltham et al, 1978). This probably was the  
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reason that lower esterase production from the lyophilized cell culture prepared 

without a cryoprotectant comparable to that of the culture prepared with a 

cryoprotectant were observed. Since suitable instruments required for pretreatment 

processes of cryoprotectants to the bacteria cells was not available, for the present 

study, lyophilized cells prepared with skim milk obtained from National center for 

genetic engineering and biotechnology were used for all later toxicity testing 

experiments.  

Results from 18 separated measurements showed that an average of about 

14% less esterase was produced by lyophilized cell cultures comparing to that 

produced by fresh cell cultures (Figure 4.4).  

Each  individual experiment showed very high precision with % CV was 

below 10 %.  Reproducibility of the method was also relatively good with 12 % CV 

for fresh cell cultures and 14 % for lyophilized cell cultures. 
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Figure 4.4 Comparison of esterase production (abs) observed from 20 separated 

measurements of fresh and lyophilized cell cultures (n=5) 
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4.2 Test procedures 
 

 For the present study, a sediment assay based on FDA method with 

bacteria Bacillus cereus (Liß,1997) was adapted as a tool for monitor toxicity of 

environmental, especially water samples. The toxicity tests on reference chemicals 

were performed with two different procedures. Each procedure required different type 

of bacteria cell culture.  One employed fresh bacteria culture for the purpose, while the 

latter required lyophilized bacteria cell culture for the purpose. The procedure I that 

use fresh cell cultures as test organisms required longer preculture period of 18 hr, 

while only 2 hr was necessary for lyophilized cell culture used in the procedure II. A 

minimum amount of 1 ml water sample was employed for the toxicity test. The 

exposure period, in which a water sample was allowed to contact with bacterial cells, 

was 2 hr. In order to measure amount of produced esterase, amount of fluorescein as 

end product of hydrolysis reaction between esterase and fluorescein diacetate was 

determined spectrophotometrically at 492 nm after an additional 1.5 hr hydrolysis 

period. Overall test procedures were summarized in Table 4.1.  

 As a standard practice for FDA method, procedure I using fresh bacteria 

cell cultures could be completely conducted in laboratory with ease and low cost. The 

18 hours required for preculture period of Procedure I using fresh bacteria cell 

cultures, however, is relatively long in comparison to the 2 hours required by 

procedure II using lyophilized cell cultures. Another advantage of application of 

lyophilized cell cultures for toxicity testing purpose is the convenient of preparing cell 

suspension for the test, as well as the prolonged shelf life period without requirement 

of frequent reculturing. processes. It also could lead to development of a test kit based 

on the method.  
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Table 4.1 Comparison of two different toxicity test procedures based on FDA test 

method 

Test conditions Procedure I Procedure II 

Test bacteria Bacillus cereus Bacillus cereus 

Cell culture fresh cell culture lyophilized cell culture 

Culture medium nutrient broth nutrient broth 

Preculture period (hr) 18  2  

Exposure period (hr) 2  2 

Hydrolysis period (hr) 1.5 1.5 

Test duration (hr) 3.5  3.5  

Optical density of working cell  

suspension (OD 600) 

 

0.05 

 

0.05 

Cell suspension (ml) 2 2 

Test chemical (ml) 1  1  

PBS Buffer solution (ml) 2 2 

Dye solution fluorescein diacetate fluorescein diacetate 

Incubation condition dark,  150 rpm dark,  150 rpm 

Incubation temperature (°C) 25  25  

Absorbance (nm) 492  492  

End point 

 

inhibition of  

esterase production 

inhibition of  

esterase production 

 

4.3 Toxicity testing  
 

 For Fluorescien Diacetate (FDA) method, toxicity of chemicals both in 

aqueous as well as in bound phase were tested. Fresh cell, as well as lyophilized cell 
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cultures of Bacillus cereus were utilized. A preliminary study, however, indicated that 

lyophilized cells prepared without pretreatment with a cryoprotectant were not suitable 

for the FDA method. This was verified through the very low esterase activities 

observed after 2 hrs incubation. From the finding, only fresh and lyophilized cells 

obtained from National center for genetic engineering and biotechnology were used 

for the purpose. The toxicity of each chemical was reported as IC50. Dose response 

curves of the growth and concentrations of each chemical were also provided. 

 

4.3.1 Sensitivity of differently prepared bacteria cultures on toxicity of 

reference chemicals  

 

The chemicals used for toxicity testing included some widely utilized 

chemical groups, i.e. heavy metals, solvent; organic dye; aromatic hydrocarbon, i.e. 

CuCl2, CdCl2; DMSO, ethanol; 2-4 dinitrophenol; and benzene. The results were as 

follows:  

 1) Copper 

  The dose-response curve of varied copper concentrations against levels 

of esterase production inhibition (%) was shown in Figure 4.5. Enzyme production 

was found to be quite sensitive to copper toxicity. For fresh cell cultures, the 

calculated IC50 was 1.12 ± 0.24 mg Cu2+/ l. while for lyophilized cell cultures, the 

calculated IC50 was 1.46 ±0.54   mg Cu2+/ l. 

 2) Cadmium 

The dose-response curve of varied cadmium concentrations against levels 

of esterase inhibition (%) was shown in Figure 4.6. The calculated IC50 was 3.38 ±0.35   

mg Cd2+/ l for fresh cell cultures. For lyophilized cell cultures, the calculated IC50 was 

4.46 ± 0.69  mg  Cd2+/ l. 

 3) DMSO 

The dose-response curve of varied DMSO concentrations against levels 

of esterase inhibition (%) was shown in Figure 4.7. From the results, the maximum 

concentration that could be prepared was 200,000 mg DMSO/ l. At this concentration, 

only 10 % inhibition effects on esterase activity of Bacillus cereus could be observed. 

Thus, the IC50 of DMSO could not be determined by the method. 
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4) Ethanol 

The dose-response curve of varied ethanol concentrations against levels 

of esterase inhibition (%) was shown in Figure 4.8. Relatively low toxicity was 

observed. The calculated IC50 was 10,204.27 ± 1.01 mg ethanol/ l for fresh cell 

cultures. For lyophilized cell cultures, the calculated IC50 was 9,514 ± 0.39 mg 

ethanol/ l. 

 5) 2-4 dinitrophenol  

  The dose-response curve of varied 2-4 dinitrophenol concentrations 

against levels of esterase inhibition (%) was shown in Figure 4.9. The calculated IC50 

was 1.99 ± 0.69 mg 2-4 dinitrophenol/ l for fresh cell cultures. For lyophilized cell 

cultures, the calculated IC50 was 2.19 ± 0.58 mg  2-4 dinitrophenol/ l. 

 6) Benzene 

 In order to keep the concentration of ethanol that used as a solvent to 

dissolve benzene to remain below none toxic concentration, the maximum 

concentration of benzene solution of 80 mg/ l could be prepared. The dose response 

curve of varied benzene concentrations against levels of esterase inhibition (%) was 

shown in Figure 4.10. The calculated IC50 of benzene was 4.97 ± 0.79 mg benzene/ l 

for fresh cell cultures. For lyophilized cell cultures, the calculated IC50 was 10.39 ± 

2.01 mg benzene/ l. 

From the obtained data, it is found that both fresh bacteria and freeze-

dried bacteria had similar sensivity to all test chemicals. This strongly indicated the 

possibility of applying lyophilized bacteria culture for testing toxicity of contaminants. 

This would lead to simpler procedure that could be used for routine monitoring of 

environmental samples. 

Grout et al. (1987) suggested that mixtures of cryoprotectants are less 

toxic and more effective in protecting cells during lyophilization than single-agent 

cryoprotectants. For this experiment, however, the lyophilized bacteria samples were 

prepared with skim milk as a cryoprotectant. This might be a possible reason that the 

lyophilized cell cultures were not as sensitive as fresh cell cultures to toxicity of test 

chemicals.   
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b) Lyophilization cell culture
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Figure 4.5 Dose response relationships between varied concentrations of copper and 

levels of esterase inhibition (%). Bar indicated standard deviation of three 

separate experiments (n=5). 
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a) Fresh cell culture
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b) Lyophilized cell culture
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Figure 4.6 Dose response relationships between varied concentrations of cadmium 

and levels of esterase inhibition (%). Bar indicated standard deviation of 

three separate experiments (n=5). 
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a) Fresh cell culture
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b) Lyophilized cell culture
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Figure 4.7 Dose response relationships between varied concentrations of DMSO and 

levels of esterase inhibition (%). Bar indicated standard deviation of three 

separate experiments (n=5). 
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a) Fresh cell culture
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b) lyopholized cell culture
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Figure 4.8 Dose response relationships between varied concentrations of ethanol and 

levels of esterase inhibition (%). Bar indicated standard deviation of three 

separate experiments (n=5). 
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a) Fresh cell culture
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b) Lyophilized cell culture
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Figure 4.9 Dose response relationships between varied concentrations of 2-4 

dinitrophenol and levels of esterase inhibition (%). Bar indicated 

standard deviation of three separate experiments (n=5). 
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a) Fresh cell culture
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b) Lyophilized cell culture
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Figure 4.10 Dose response relationships between varied concentrations of benzene 

and levels of esterase inhibition (%). Bar indicated standard deviation of 

three separate experiments (n=5). 
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From the results, chemicals in heavy metal group seemed to have higher 

toxicity to esterase production of Bacillus cereus than an organic dye, aromatic 

hydrocarbon and solvents. This finding agreed well with the results of other studies. 

Kubat et al. (1999) suggested that enzyme activities seemed to be a sensitive indicator 

for assessing toxicity of water contamination by heavy metal. A study by Walker 

(2006) also pointed out that various metal ions could pose a severe chemical stress 

toward cells as a result of their adverse effect on enzyme inactivation and membrane 

damage. This probably was mainly the results of inhibition to enzymatic reactions 

through either complexing with substrate or blocking the function groups of enzymes 

or reacting with complex enzyme-substrate  

Heavy metals are particular toxic to microorganisms because, as a result of 

their strongly ionic nature, they bind to many cellular ligands and displace native 

essential metals form their normal binding sites. Metals also disrupt protein by binding 

to sulfhydryl groups and nucleic acid by binding to phosphate or hydroxyl groups. As 

a result protein and DNA conformation are changed and function is disrupted (Raina 

et al, 2000). 

In addition to decreased growth, abnormal morphological changes, and 

inhibition of biochemical processes in individual cell, these metal-microbs interactions 

can as well have toxic effects on a community level (Raina et al, 2000). In response to 

metal toxicity, overall community number and diversity decrease. 

As an essential micronutrient for all plants and animals, copper is toxic at 

high concentrations. When exceeds homeostatic control, copper can cause direct 

effects on the structure and function of DNA, membrane cell, mitochondria, and 

protein (WHO, 1998). Copper has been used to control the growth of Legionella in 

hospital distribution system (Straub et al., 1995). For the present study, copper was 

found to have highest toxicity relating to esterase production. This is most possibly 

due to copper toxicity that causes inhibition of electron transport activities, cell 

division and esterase activates, as well as destruction of protein molecules and the 

organic content in the cell (Crapez , 2003 ; Frankin et al.,2001). 

Cadmium is a natural, usually minor constituent of surface and 

groundwater. It may exist in water as hydrated ions, as inorganic complexes such as 

carbonates, hydroxides, chlorides or sulphates, or as organic complexes with humic 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon                                                                                             Results and Discussion /  44

acids (OECD 1994). Much of the cadmium entering fresh waters from industrial 

sources may be rapidly adsorbed by particulate matter, and thus significant reduce 

mobility of cadmium in the aquatic environment (WHO 1992). Cadmium is toxic to a 

wide range of microorganisms in culture. For example cadmium competes with 

cellular zinc and nonspecifically binds to DNA (Raina et al, 2000). It is also a protein 

inhibitor of ion transporting enzymes (Vesbost, 1992) and is often bound to 

cytoplasmic protein (WHO,1992). For the present study, it was also found to one of 

the most toxic chemical to production of esterase enzyme. 

According to USEPA (1998), 2-4 nitrophenol is a potential skin irritant. In 

the environment, 2-4 nitrophenol is slightly to moderately toxic to birds and aquatic 

animals. Wild animals or plants are not likely to be exposed to 2-4 nitrophenol, 

however, due to its limited application. It thus is not expected to pose a risk to non 

target organisms. 

Human exposure to benzene is a global health problem. Benzene adversely 

affects liver, kidney, lung, heart and the brain and can cause DNA strand breaks, 

chromosomal damage, etc (Huff 2007). When released into soil, benzene will either 

evaporate very quickly or leach to groundwater. In surface water, most of benzene  

should evaporate within a few hours. Though it does not degrade by reacting with 

water, it may be degraded by microbes (USEPA, 2009).  

Ethanol is widely used as a solvent of substance intended for human 

contact or consumption, including scents, flavorings, coloring, and medicines (Myers 

2007). Ethanol is a central nervous system depressant, which may consequently lead to 

an increase in fatty acid synthesis, such as triglyceride (Stine and Brown, 1996). 

DMSO is an important polar solvent. It is less toxic than other members of 

this class such as dimethyformamide, dimethyacetamide, N-methyl-2-pyrrolidone, 

HMPA. Because of its excellent solvating power, DMSO is frequently used as a 

solvent for chemical reactions involving salts (Bordwell, 1988). In cryobiology, it is a 

significant cryoprotectant as well as an important constituent of cryoprotectant 

vitrification mixtures used to preserve organs, tissues, and cell suspensions, It is 

particularly important for long term storage of embryonic stem cells and bacteria cells 

(Hanslick, 2008). In the present study, the low toxic of DMSO did limit the 

application of the FDA method for its toxicity assessment. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.                      M.Sc. (Appro. Techn. for Resou. and Env. Dev.) /  45

4.3.2 Sensitivity of the test methods 

Table 4.12 summarized the results (IC50 values) obtained from the entire 

chemical test from the present study, as well as toxicity data obtained  from other 

microbial test methods.  Most of the cited data was effects of the tested chemicals to 

enzyme inhibition, with the exception for the study of luminescent bacteria by Victor 

et al. (2001) and Marco et al. (2008). Comparably to the cited data, the results of this 

study indicated that the FDA method using Bacillus cereus as test organisms had 

relatively higher sensitivity to all group of test chemicals. This was a significant 

evidence suggesting the possibility of applying this method for assessing toxicity of 

contaminants in environmental samples. 
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CHAPTER VI 

CONCLUSION AND RECOMMENDATION 

 

 
5.1 Conclusion 

 

 Our bacterial testing system was designed to provide rapid, accurate, easy to 

use and cost-effective solutions to a wide variety of applications for water testing. It 

concerned with an application of Fluorescein Diacetate (FDA) method for assessing 

toxicity of chemicals. Inhibition of esterase activities observed from fresh cell culture 

and lyophilized cell cultures, of bacteria Bacillus cereus were used as experimental 

end point. The first half of the study involved with optimization of the test methods. 

This included preparation of bacteria culture. Evaluation of suitable cell density used 

as test inoculum, as well as testing appropriate enzyme levels of the test methods. The 

second haft was toxicity assessment of six chemicals, including CuCl2, CdCl2, DMSO, 

ethanol, benzene and 2-4 dinitrophenol. The results were as follows: 

 1) For FDA method, the bacteria culture reached middle log phase (exponential 

phase) after 2 hours 30 minute incubation.  

 2) The suspension contained about 3.5-4.5x107 CFUs/ ml.  

 3)  The cell suspension in the range between 0.40-0.50 OD at 600 nm.  

 4) This result showed that suitable incubation time was 2 hours 30 minute.  

 5) For the fresh cell cultures, heavy metals were found to be the most toxic 

chemical group, copper had the highest toxicity with  IC50 = 1.12 ± 0.24   mg Cu2+/l, 

while cadmium were less toxic with 3.38 ±0.35 mg Cd2+/ l. This followed by an 

organic dye with 1.99 ± 0.69 mg 2-4 dinitrophenol/ l, an aromatic hydrocarbon  with 

IC50 = 4.97 ± 0.79 mg benzene/ l, solvents with 10,204.27 ± 1.01 mg ethanol/ l and no 

toxic effects found in the case of DMSO. 
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 6) For the lyophilized cell cultures, the observed esterase activities inhibition 

of the six chemicals indicated as well that the heavy metals were the most toxic 

chemical group, following by organic dye, aromatic hydrocarbon and solvent, 

respectively. Copper had the highest toxicity with IC50 = 1.46 ±0.54  mg Cu2+/l., while 

cadmium was 4.46 ±0.69 mg Cd2+/ l. The IC50 of benzene was found to be 10.39 ± 

2.01 mg benzene/ l. For organic dye, 2,4dinitrophenol, the IC50 was found to be2.19 ± 

0.58 mg 2-4dinitrophenol/ l. For solvent group that included ethanol and DMSO 

seemed to be very low. The IC50 of ethanol was found to be 9,514 ± 0.39 mg ethanol/ 

l., while for DMSO the IC50 could not be assessed. 

 7) For comparison purpose, fresh cell cultures of Bacillus cereus seemed to be 

relatively more sensitive to toxicity of reference chemicals than lyophilized cell 

cultures. 

 8) For applications and the use of the sample, simplified aquatic toxicity test 

for detecting pollutant in water, which can be used to environmental sample and in 

easy manner. The study are easy to use lyophilized bacteria. Thus, there are no need to 

prepare culture bacteria in the test and it is easy to explain for the operator. 

 

5.2 Recommendation 

 

1. Further study on preparation methods of lyophilized cell cultures of the 

bacteria Bacillus cereus should be conducted. 

2. Application of the method to environmental samples including sediment 

samples should be conducted. Effects of environmental factors, such as salinity, pH, as 

well as temperature of water sample, should also be incorporated in further studies.  

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.  M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 49 

 

REFERENCES 

 

 

Adam, G., & Duncan, H.(2001). Development of a sensitive and rapid method for the 

measurement of total microbial activity using fluorescein diacetate (FDA) 

in a range of soils. Soil Biology and Biochemistry ,33, 943–951. 

Aldenberg, T., & Jaworska, J. S. (2000). Uncertainty of the hazardous 

concentration and fraction affected for normal species sensitivity 

distributions. Ecotoxicology and Environmental Safety, 46, 1–18. 

Agency for Toxic Substances and Disease Registry (ATSDR). (1997). Toxicological 

Profile for Benzene (Draft). U.S. Public Health Service. U.S. Department 

of Health and Human Services, Atlanta , GA.  

Ames, B.N., McCann, J. & Yakasai, E. (1975). Methods for detecting carcinogens and 

mutagens with Salmonella typhimurium minisome test, Mutatio Research,. 

31,347-364. 

Bitton, G., & Koopman, B. (1992). Bacterial and enzymatic bioassays for toxicity 

testing in the environment. Environmental Contamination and Toxicology, 

125, 1-22. 

Bitton, G., Campbell, M. and Koopman, B. (1992) MetPAD: A bioassay kit for the 

specific determination of heavy metal toxicity in sediments from hazardous 

waste sites. Environmental Toxicology and Water Quality 7:323–328. 

Bitton, G., Jung, K. and Koopman, B., (1994). Evaluation of a microplate assay 

specific for heavy metal toxicity. Archives of Environmental 

Contamination and Toxicology 27: 25–28. 

Bitton, G., Jung, K. and Koopman, B.and Wang, H.D. (1984).Baker’s yeast assay 

procedure for testing heavy metal toxicity. Belletin of Environmental 

Contamination and Toxicology;32:80-42. 

Blanck, H.,  & Blanck, A. (2002). Critical review of procedures and approaches used for 

assessing pollution-induced community tolerance (PICT) in biotic 

communities. Human and Ecological Risk Assessment ,85, 1003–1034. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon References / 50 

Bombardier, M., & Bermingham, N. (1999). The SED-TOX Index: toxicity-directed 

management tool to assess and rank sediments based on their hazard 

Concept and application. Environmental Toxicology and Chemistry, 18, 

685-698. 

Bretscho, G. (1991). Bed sediments, groundwater, and stream limnology. Verhaltungen 

der Internationale Verein fu¨r Angewandte Limnologie, 24, 1957-1960. 

Brouwer, H., Murphy, T., & McArdle, L. (1990). A sediment contact bioassay with 

Photobacterium phosphoreum. Environmental Toxicology and Chemistr, 9, 

1353–1358. 

Brunius, G. (1980). Technical aspects of 3′6′-diacetyl fluorescein for vital fluorescent 

staining of bacteria. Current Biology, 4, 321–323. 

Bubb, J. M., &  Lester, J. N. (1994). Anthropogenic heavy metal inputs to lowland 

river systems, a case study. The River Stout UK. Water Air and Soil 

Pollution 78, 279-296. 

Bulich, A.A. (1979). Use of luminescent bacteria determining toxicity in aquatic 

environments. In: Markings LL, Kimerle RA (eds) Aquatic toxicology. 

American Society for Testing and Materials, Philadaphia, USA. 

Burton, G. A. (1992). Sediment Toxicity Assessment, Lewis Publishers, Chelsea, MI, 

p.457.  

Campbell, P. G. C., &  Tessier, A. (1991). Biological availability of metals in 

sediment analytical approaches. In J. P. Vernet, Elservier, Amsterdam 

(Eds), In: Heavy metal in the environment pp. 161-173.  

Calmano, W., Ahlf, W., & FÖrstner, U. (1998). Study of metal sorption/desorption 

process on competing sediment component with a multichember device. 

Environmental Geology and Water Science. 11, 77-84. 

California Environmental Protection Agency (CalEPA). (1999). Air Toxics Hot Spots 

Program Risk Assessment Guidelines: Part III. Technical Support 

Document for the Determination of Noncancer Chronic Reference 

Exposure Levels. SRP Draft: Office of Environmental Health Hazard 

Assessment, Berkeley, CA. 

Connell, D.W., & Miller, G. J. (1984). Chemistry and Ecotoxicology of 

Pollution..New York.: John.Wiley &Sons. Inc. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.                        M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 51 

Crapez, M.A.C. (2003). Bacteria enzyme activity and bioavailability of heavy metals 

in sediment from Boa Viagem Beach. , 26, 60-68. 

Deng, S. P., &  Tababai, M. A. (1994). Colorimetric determination of reducing sugars 

in soils. Soil Biology and Biochemistry, 10.  

Dutka, B.J, & Gorrie, J.F. (1989). Assessment of toxicity activity in sediments by the 

ECHA.Biocide Monitor, Environmental Pollution ,57,1-7. 

Elnabarawy, M.T., Robideau, R.R., & Beach S.A. (1988). Comparison of three rapid 

toxicity test procedure. Toxicity Assessment, 361-370. 

Federle, T.W., Ventullo, R.M., & White, D.C. (1990). Spatial distribution of microbial 

biomass, activity, community structure and the biodegradation of Linear 

Alkylbenzene Sulfinate (LAS) and Linear Alcohol Ethoxylate (LAE) in the 

substance. Microbial Ecology. 20:297-313.  

Feltham, R. K. A., Power, A. K., Pell. P. A., & Snealth, P. H. A. (1978).  A simple 

method for storage of bacteria at -76 C.  Application  Bacterial 44, 313-

316. 

Finny, G. J., Kannangai, R., John, T. J., Sridharan, G., & Gopal, R. (2000). Vaccinia 

reactive antibodies in a South Indian population. Journal of Medical 

Virology, 62 (2), 293-297. 

Gabrielson, J. (2004). Assessing the toxic impact of chemicals using bacteria. 

Microbiology and Tumorbiology Center, Sweden: MTC Karolinska 

Institutet Stockholm. 

Gabrielson, K. L., Takimoto, E., Champion, H. C., Li, M., Belardi, D., Ren, S., 

Rodriguez, E. R., Bedja, D., Wang, Y., & Kass. D. A.(2005). Chronic 

Inhibition of Cyclic GMP Phosphodiesterase 5A Prevents and Reverses 

Cardiac Hypertrophy. Nature Medicine,11(2), 214-222. 

Granum, P. E. (1994). Bacillus cereus and its toxins. Society for Applied Bacteriology 

symposium series., 23, 61-66. 

Grimme, L. H., Riess, M. H., Manthey, M.,  Faust, M., & Altenburger, R. (1993). Cell 

physiological parameters to detect ecotoxicological risks. Science of the 

Total Environment.741–748. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon References / 52 

Grout, B. W. W., & Morris, G. J.(1987). Freezing and cellular organization, in The 

Effect of Low Temperature on Biological systems (Grout, B.W.W.and 

Morris, G.J., eds.), Edward Arnold, London, pp.147-174. 

Guven, K., Togrul, S., Uyar, F., Ozant, S., & Pomerai, D. I. (2003). A comparative 

study of bioassays based on enzyme biosynthesis in Escherichia coli and 

Bacillus subtilis exposed to heavy metals and organic pesticides. Enzyme 

and Microbial Technology., 32, 658–64. 

Harman, E.K, Rutherford, & W.M. (1999). Method of assessing viability of microbial 

cultures. US patent issued on august ,17. 

Hanslick, J. L., Lau, K., & Noguchi, K. K. (2008). Dimethyl sulfoxide (DMSO) 

produces widespread apoptosis in the developing central nervous system. 

Neurobiol Dis,34(1),1-10. 

Herr, C., & Gray, N. F. (1997). Sampling riverine sediments impacted by acid mine 

drainage: problems and solutions. Environmental Geology, 29, 37-45. 

Huff, J. (2007). Benzene-induced cancers: abridged history and occupational health 

impact. International Journal of Occupational and Environmental Health, 

13 (2), 213–21. 

Johnson B.T.(2005). Microtox acute toxicity test. Environmental Microbiology,  

Columbia Environmental Research center. 69-105.  

Jukka, A. (2002). Microbiological tests and measurements in the assessment of 

harmful substances and pollution. Monographs of the Boreal Environment 

Research, 22. 

Kramer, D. N., Guilbault G. G. (1963). A substrate for the fluorometric determination 

of lipase activity. Analytical Chemistry, 35, 588–589. 

Kenneth, T. (2002). Growth of bacterial Population. University of Wisconsin-

Madison Department of Bacteriology: Todar's Online Textbook of 

Bacteriology. 

Landis, W. G., & Yu, M. H. (1995). An Introduction to Environmental Toxicology: 

Impacts of Chemicals on Ecological Systems. Boca Raton: Lewis 

Publishing FL. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.                        M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 53 

Liaghati, T., Preda, M., & Cox, M. (2003). Heavy metal distribution and controlling 

factors within coastal plain sediments, Bells Creek catchment, southeast 

Queensland, Australia. Environment International, 29, 35-48. 

Liβ, W. (1997). Vergleich mikrobieller Biotests zur ökotoxikologischen Bewertung 

kontaminierter Sedimente unter Berücksichtigung der Wirkpfade von 

Schadstoffen. Fortschr. – Ber. VDI Reihe 15, Nr. 176. Düsseldorf. 

Liu, D., & Strachan, W. D. J. (1981). A rapid biochemical test for measuring chemical 

toxicity. Bull. Environmental Contamination and Toxicology,26, 145-149. 

Logue, C.L., Koopman, B. , Brown, G.K., & Bitton, G. (1989). Toxicity screening in a 

large, municipal wastewater system. Journal Water Pollution Control 

Federation 61:632-640. 

Lundgren, B. (1981). Fluorescein diacetate as a stain of metabolically active bacteria 

in soil. Oikos, 36, 17–22. 

Marco Vighia,  Sonia Miglioratib, & Gianna Serafina Monti. (2009). Toxicity on the 

luminescent bacterium Vibrio fischeri (Beijerinck). I: QSAR equation for 

narcotics and polar narcotics. Ecotoxicology and Environmental Safety , 72 

(1), 154 – 161. 

Mantis, I., Voutsa, D., & Samara, C. (2005) Assessment of the environmental hazard 

from municipal and industrial wastewater treatment sludge by employing 

chemical and biological methods. Ecotoxicology and Environmental Safety, 

62, 397-407. 

Mayfield, C. I. (2004). Microorganisms and their Application to Bioassay Testing. 

Department of Biology, Ontario: University of Waterloo. 

Meer, R.R., Baker, J., Bodyfelt, F.W. & Griffiths, M.W., 1991. Psychrotrophic 

Bacillus ssp. in fluid milk products: a review. Journal of Food Protection 

54, pp. 969–979. 

Minton, A. P. (2001). The influence of macromolecular crowding and macromolecular 

confinement on biochemical reactions in physiological media. The Journal 

of Biological Chemistry. 276 (14): 105,77-80.  

Morel, J.L., Bitton, G., Koopman, B. (1988). Use of Microtox for assessing copper 

complexation with organic ligands. Archives of Environmental 

Contamination  and Toxicology. 17:493-496. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon References / 54 

Munkittrick, K.R., Power. E.A., Sergy, G.A. (1991) The relative sensitivity of 

Microtox, daphnid, ranbow trout and fishead minnow acute lethality tests. 

Environmental Toxicology and Water Quality. 6:35-62. 

Myers, L. (2007). The 100 most important chemical compounds: a reference guide. 

Westport, Conn,Greenwood Press.  

Neal, J.L. (1996). Experiment 5. Measurement of phosphatase activity in soil. pp. 79-

92. In: Neal, J.L. 1996. Experiments in Soil Microbiology a laboratory 

manual. Microbiology and Immunology Section, Department of Biology, 

Virginia Polytechnic Institute and State University, Blacksburg, Virginia 

Nowierski, M. M., (2003). Sediment metal bioavailability and toxicity to the 

freshwater amphipod, Hyalella azteca. Canada: Department of Biology, 

University of Waterloo. 

Organisation for Economic Co-operation and Development (OECD). (1994). Risk 

Reduction Monograph No. 5: Cadmium OECD Environment Directorate. 

Paris: France. 

Prescott, L. M., Harley, J. P., & Klein, D. A. (2002). Microbiology. 5th ed. Boston, 

Mass: McGraw-Hill.  

Raina, M., Paper, L., & Charles, P., Gerba. (2000). Environmental Microbiology.  

Tucson: University of Arizona. 

Ribo, J.M., Roger, & F. (1990) Toxicity of mixture of aquatic contaminats using the 

luminesecent bacterial bioassay. Toxicity Assessment 5:135-152. 

Rönnpagel, K., Liß, W., Ahlf, W. (1995). Microbial bioassays to assess the toxicity of 

solid associated contaminants. Ecotoxicology and Environmental Safety, 

31, 99–103. 

Schnürer, J. & Rosswall, T. (1982). Fluorescein diacetate hydrolysis as a measure of 

total microbial activity in soil and litter. Applied and Environmental 

Microbiology, 6, 1256–1261. 

Stanley, J. K. (2003). Laboratory and field studies of cadmium effects on Hyalella 

azteca in effluent dominated systems. USA: University of North Texas, 

Denton. 

Stine, H. E., & Brown, T. M (1996). Principle of Toxicology. Bocaraton (FI): CRC 

Press. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ.                        M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 55 

Stubberfield, L. C. F., & Shaw, P. J. A. (1990). A comparison of tetrazolium reduction 

and FDA hydrolysis with other measurements of microbial activity. 

Journal of Microbiological Methods, 12, 151-162. 

Straub, T. M., Gerba, C. P., Zhou, X, Price, R., & Yahya, M. T. (1995). Synergistic 

inactivation of Escherichia coli and MS-2 coliphage by chloramines and 

cupric choride. Water Research, 24, 811-818. 

Swisher, R., & Carroll, G. C. (1980). Fluorescein diacetate hydrolysis as an estimator 

of microbial biomass on coniferous needle surfaces. Microbial Ecology, 6, 

217–226. 

Van, B. P. (2003).  A review on the application of microbial toxicity tests for deriving 

sediment quality guidelines. Laboratory for Ecotoxicology, Antonie van 

Leeuwenhoeklaan 9, 3721 MA, Bilthoven. 

Vesbost, P.M., Flik, G., Lock, R.A., & Wendelaar Bonga, S.E. (1998). Cadmium 

inhibits plasmia membrane cadmium transport. The Journal of membrane 

Biology, 102, 97-104. 

U.S. Environmental Protection Agency. (1990). Technical Support Document for 

Water Quality-Based Toxics Control. Office of Water. Washington, DC. 

U.S.  Environmental Protection Agency. (1994). Methods for assessing the toxicity of 

sediment-associated contaminants with estuarine and marine amphipods. 

EPA/600/R- 94/025. Office of Research and Development, Narragansett,  

U.S. Environmental Protection Agency. (1994). ARCS Assessment Guidance 

Document. EPA 905-B94-002. Chicago, Ill.: Great Lakes National 

Program Office. 

U.S. Environmental Protection Agency Prevention. (1998). Pesticides And Toxic 

Substances (7508W) EPA-738-F-97-016. 

Victor, L. K., Jennings, Michael, H., Rayner-Brandes, & David, J. Bird . (2001). 

Assessing chemical toxicity with the bioluminescent photobacterium 

(vibrio fischeri): a comparison of three commercial systems. Water 

Research, 35 (14), 3448-3456. 

Walker, C. H., Hopkin, S. P., Sibly, R. M. & Peakall, D. B. (2006). Principles of 

Ecotoxicology. CRC Press Taylor and Francis group. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon References / 56 

West, N. J. (1995). Systemic antimicrobial treatment of foot infections in diabetic 

patients. American Journal of Health - System Pharmacy.52, 1199-207. 

World Health Organisation (WHO) (1998). Environmental Health Criteria 2000 : 

Copper :Genova.  

World Health Organisation (WHO) (1992). Environmental Health Criteria Cadmium 

International Programme on Chemical Safety (IPCS) Monograph. 

Ynte, P. V., Hornstra, L. M., Willem, M. V., & Tjakko, A. (2003). Growth and 

Sporulation of Bacillus cereus ATCC 14579 under Defined Conditions: 

Temporal Expression of Genes for Key Sigma Factors. Applied and 

Environmental Microbiology, 70(4), 2514-2519. 

Zarull, M. A., Hartig, J. H., Krantzberg, G., Burch, K., Cowgill, D., Hill, G., Miller, J., 

& Sherbin, I. G. (1999). Contaminated sediment management in the Great 

Lakes basin ecosystem. Journal. Great Lakes Research, 24(2), 412-422.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 57 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon  Appendices / 58 

 

APPENDIX  A 

 

 
Table A-1 Growth of bacteria Bacillus cereus incubated in nutrient broth at 37°C,  

 based on its optical density observed at 600 nm wavelength over 24 hour   

period (n = 3) 

 

Incubation 
duration  (hr) 

Optical Density  (OD) 
Mean SD %CV 

1 2 3 
0 0.10 0.12 0.11 0.11 0.04 36.36 
1 0.24 0.21 0.24 0.23 0.01 3.12 
2 0.45 0.42 0.46 0.44 0.01 2.75 
3 0.64 0.64 0.64 0.64 0.01 2.08 
4 0.84 0.84 0.82 0.83 0.02 2.68 
5 1.02 1.00 1.01 1.01 0.01 0.66 
6 1.25 1.21 1.24 1.23 0.01 1.17 
7 1.45 1.44 1.42 1.44 0.02 1.30 
8 1.52 1.51 1.52 1.52 0.01 0.80 
9 1.55 1.52 1.57 1.55 0.02 1.00 
10 1.58 1.56 1.58 1.57 0.01 0.73 
12 1.63 1.63 1.63 1.63 0.02 1.32 
14 1.68 1.66 1.68 1.67 0.01 0.64 
16 1.63 1.65 1.64 1.64 0.01 0.77 
18 1.63 1.67 1.64 1.65 0.01 0.47 
20 1.64 1.67 1.65 1.66 0.01 0.74 
22 1.65 1.66 1.66 1.66 0.02 0.92 
24 1.64 1.65 1.66 1.65 0.01 0.83 
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Table A-2Growth of bacteria Bacillus cereus incubated in nutrient broth at 37°C,  

based on its viable cell counts (CFUs/ml) over 24 hour period  (n = 3) 

 

Incubation 
duration 

(hr.) 

Bacteria concentration 
(cell/ml) x 107 

Mean SD %CV 
1 2 3 

0 0.09 0.08 0.12 0.10 0.02 22.31 
1 0.53 0.75 0.40 0.56 0.18 31.48 
2 1.21 1.36 1.36 1.31 0.08 6.50 
3 4.15 4.23 6.11 4.83 1.11 22.93 
4 6.63 7.13 6.90 6.89 0.25 3.63 
5 11.74 12.35 10.15 11.41 1.13 9.92 
6 11.41 12.41 12.42 12.08 0.58 4.79 
7 11.75 12.61 11.26 11.87 0.68 5.74 
8 12.11 13.04 11.15 12.10 0.95 7.81 
9 12.54 13.55 11.15 12.42 1.20 9.70 
10 12.45 13.62 12.54 12.87 0.65 5.08 
12 12.45 13.00 12.10 12.52 0.45 3.62 
14 4.15 5.11 4.10 4.45 0.57 12.75 
16 3.22 3.41 2.98 3.20 0.22 6.78 
18 1.05 1.24 1.05 1.11 0.11 9.93 
20 1.01 1.35 1.59 1.32 0.29 22.13 
22 1.15 1.10 1.33 1.19 0.12 10.07 
24 1.10 1.41 1.04 1.18 0.20 16.82 
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Table A-3 Relationship between varying viable cell counts, as well as levels of 

amount of end product from enzyme reaction with FDA against incubation time (hr). 

 

 
Incubation 

time  
 

 
enzyme activity (abs.) 

Mean SD Experiment 1 

Experiment 

2 

Experiment 

3 

0 0.005905 0.00425 0.00535 0.005 0.001 

1 0.0829896 0.08486 0.08376 0.084 0.001 

2 0.1489 0.13909 0.13879 0.142 0.005 

3 0.17985 0.19085 0.19195 0.188 0.005 

4 0.2569 0.25979 0.25899 0.259 0.001 

5 0.30176 0.297176 0.29786 0.299 0.002 

6 0.3201 0.310961 0.31071 0.314 0.004 

7 0.3145 0.315095 0.314905 0.315 0.000 

8 0.337 0.32907 0.32507 0.330 0.005 

9 0.3423 0.32045 0.32345 0.329 0.010 

10 0.3374 0.31527 0.31827 0.324 0.010 

11 0.34 0.320474 0.323474 0.328 0.009 

12 0.3498 0.32208 0.320208 0.331 0.014 

13 0.1565 0.1435 0.15095 0.150 0.005 

14 0.0573 0.0569 0.04689 0.054 0.005 
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Table A-4 Relationship between varying concentration of copper to esterase     

activity (abs) of fresh bacteria cells culture. 
 

Ex 1 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.13 0.112 0.099 0.086 0.062 0.050 0.024 
2 0.140 0.118 0.098 0.087 0.070 0.052 0.025 
3 0.133 0.118 0.094 0.086 0.072 0.054 0.022 
4 0.147 0.119 0.095 0.084 0.068 0.059 0.023 
5 0.138 0.110 0.099 0.088 0.070 0.050 0.025 

average 0.139 0.115 0.09738 0.08676 0.06876 0.05352 0.024 
SD 0.005403 0.004139 0.002369 0.001242 0.003907 0.003574 0.001236 

%CV 3.880057 3.574128 2.432703 1.431738 5.682706 6.677492 5.102058 

Ex 2 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.14 0.128 0.099 0.095 0.079 0.040 0.028 
2 0.145 0.130 0.098 0.086 0.070 0.049 0.029 
3 0.146 0.1297 0.097 0.086 0.068 0.049 0.027 
4 0.140 0.123 0.096 0.090 0.062 0.041 0.025 
5 0.148 0.129 0.103 0.092 0.071 0.046 0.029 

average 0.145 0.128 0.098 0.090 0.070 0.045 0.028 
SD 0.003013 0.002918 0.002616 0.003679 0.006125 0.004191 0.001875 

%CV 0.13924 2.273838 2.643939 4.083235 8.742783 9.2157 6.624853 

Ex 3 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.138 0.109 0.094 0.083 0.063 0.048 0.023 
2 0.132 0.119 0.097 0.083 0.068 0.042 0.023 
3 0.135 0.105 0.095 0.072 0.064 0.047 0.024 
4 0.132 0.118 0.089 0.079 0.062 0.042 0.025 
5 0.135 0.120 0.092 0.083 0.062 0.046 0.022 

average 0.134 0.114 0.093 0.080 0.064 0.045 0.023 
SD 0.002516 0.006474 0.003023 0.00476 0.002355 0.002742 0.001071 

%CV 1.867817 5.653115 3.219799 5.912704 3.662181 6.007662 4.515096 
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Table A-5   Relationship between varying concentration of copper to esterase activity 

(abs) of lyophilized cells culture. 

 

Ex 1 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.111 0.092 0.084 0.071 0.066 0.041 0.027 
2 0.110 0.098 0.088 0.077 0.067 0.038 0.027 
3 0.116 0.096 0.084 0.074 0.065 0.039 0.028 
4 0.117 0.099 0.085 0.074 0.069 0.038 0.027 
5 0.108 0.090 0.089 0.078 0.061 0.039 0.026 

average 0.112 0.095 0.086 0.075 0.065 0.039 0.027 
SD 0.003885 0.003877 0.002427 0.002887 0.003075 0.001168 0.001001 

%CV 3.440349 4.063789 2.806523 3.82334 4.662459 2.969669 3.636525 

Ex 2 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.102 0.098 0.078 0.069 0.050 0.045 0.0296 
2 0.115 0.080 0.079 0.067 0.050 0.040 0.0289 
3 0.108 0.098 0.078 0.068 0.051 0.046 0.0309 
4 0.107 0.097 0.079 0.072 0.058 0.051 0.0293 
5 0.100 0.087 0.078 0.070 0.051 0.044 0.0279 

average 0.106 0.092 0.078 0.069 0.052 0.045 0.02932 
SD 0.005953 0.008085 0.000573 0.002026 0.003286 0.003922 0.001092 

%CV 0.11292 8.74106 0.726974 2.90365 6.275842 8.556101 3.723696 

Ex 3 
inhibit 

0% 
CuCl2 (mg/l) inhibit 

100% 0.25 0.5 1 2 4 
1 0.108 0.095 0.080 0.079 0.053 0.039 0.026 
2 0.110 0.093 0.085 0.078 0.054 0.037 0.026 
3 0.114 0.095 0.089 0.079 0.055 0.038 0.024 
4 0.117 0.096 0.087 0.075 0.056 0.039 0.023 
5 0.118 0.09 0.086 0.070 0.054 0.038 0.025 

average 0.114 0.095656 0.085 0.076 0.054 0.038 0.025 
SD 0.004459 0.001585 0.003459 0.003931 0.000844 0.000879 0.001291 

%CV 3.909377 1.657459 4.03092 5.118653 1.53974 2.258587 5.099224 
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Table A-6  Relationship between varying concentration of cadmium to esterase     

activity (abs) of fresh bacteria cells culture. 

 
 

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.156 0.150 0.145 0.115 0.087 0.069 0.055 0.037 
2 0.160 0.145 0.144 0.118 0.088 0.068 0.058 0.039 
3 0.158 0.147 0.145 0.119 0.085 0.067 0.058 0.038 
4 0.158 0.148 0.142 0.111 0.087 0.068 0.054 0.037 
5 0.157 0.148 0.137 0.114 0.072 0.069 0.057 0.037 

average 0.158 0.148 0.143 0.115 0.0842 0.068 0.056 0.03 

SD 0.001595 0.001773 0.003647 0.003021 0.006859 0.000746 0.001668 0.000926 

%CV 1.008411 1.19674 2.549647 2.608602 8.146437 1.085089 2.939099 2.440155 
%inhibit  8.3666 9.595449 26.80152 46.77623 56.52339 64.12137  

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.134 0.112 0.089 0.083 0.075 0.069 0.055 0.045 
2 0.137 0.118 0.089 0.083 0.072 0.065 0.056 0.048 
3 0.139 0.119 0.088 0.082 0.073 0.063 0.057 0.044 
4 0.134 0.116 0.088 0.084 0.072 0.067 0.056 0.046 
5 0.135 0.115 0.089 0.084 0.075 0.064 0.055 0.045 

average 0.13612 0.11664 0.088 0.083 0.073 0.065 0.056 0.045 
SD 0.002166 0.002611 0.000676 0.000936 0.001413 0.001503 0.000773 0.001421 

%CV 1.591318 2.238623 0.760254 1.120463 1.916919 2.306115 1.375008 3.096442 
%inhibit  21.59166 34.67529 38.5983 45.8419 52.13047 58.68351  

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.116 0.117 0.107 0.084 0.064 0.050 0.042 0.02 
2 0.110 0.115 0.101 0.082 0.067 0.050 0.043 0.024 
3 0.118 0.121 0.104 0.086 0.063 0.055 0.042 0.024 
4 0.114 0.102 0.102 0.084 0.069 0.054 0.043 0.023 
5 0.122 0.100 0.099 0.080 0.064 0.056 0.043 0.021 

average 0.116 0.111 0.102 0.08352 0.065 0.053 0.043 0.022 
SD 0.004571 0.009444 0.002985 0.00204 0.002773 0.002847 0.000744 0.001882 

%CV 3.924557 8.500015 2.9006 2.442646 4.211307 5.329988 1.726985 8.306645 
%inhibit  5.734385 11.64148 28.2967 43.47527 54.13805 63.03228  
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Table A-7   Relationship between varying concentration of cadmium to esterase 

activity (abs) of lyophilized cells culture. 

 
 

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.128 0.109 0.082 0.078 0.072 0.056 0.040 0.037 
2 0.120 0.104 0.083 0.077 0.075 0.059 0.041 0.039 
3 0.126 0.106 0.084 0.078 0.076 0.054 0.040 0.038 
4 0.120 0.109 0.083 0.077 0.074 0.058 0.04 0.037 
5 0.123 0.105 0.085 0.074 0.073 0.056 0.042 0.037 

average 0.123 0.107 0.083 0.076 0.074 0.057 0.041 0.037 
SD 0.003537 0.00237 0.001222 0.001737 0.001415 0.002004 0.000773 0.000926 

%CV 2.858251 2.214579 1.455317 2.256367 1.903785 3.515345 1.883353 2.440155 
%inhibit  19.5338 32.15902 37.79897 39.93213 53.94312 66.82288  

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.103 0.106 0.098 0.081 0.059 0.044 0.036 0.021 
2 0.100 0.091 0.096 0.070 0.054 0.043 0.035 0.028 
3 0.109 0.099 0.101 0.071 0.051 0.049 0.034 0.028 
4 0.104 0.092 0.089 0.072 0.054 0.050 0.035 0.026 
5 0.104 0.10 0.082 0.079 0.058 0.046 0.032 0.025 

average 0.104 0.099 0.093 0.074 0.055 0.046 0.034 0.025 
SD 0.003134 0.006991 0.007537 0.004739 0.003167 0.002816 0.001598 0.002902 

%CV 3.005259 7.055764 8.062732 6.320194 5.693175 6.007638 4.619759 11.20357 
%inhibit  6.658163 10.37392 28.11122 46.67306 55.05273 66.82646  

rep 
inhibit 

0% 
CdCl2 (mg/l)  inhibit 

100% 0.3 0.625 1.25 2.5 5 10 
1 0.128 0.113 0.090 0.084 0.076 0.064 0.046 0.038 
2 0.123 0.113 0.090 0.088 0.073 0.065 0.046 0.039 
3 0.127 0.114 0.091 0.089 0.079 0.066 0.042 0.037 
4 0.125 0.113 0.090 0.083 0.073 0.062 0.047 0.034 
5 0.124 0.113 0.090 0.083 0.076 0.064 0.043 0.037 

average 0.125 0.113 0.090 0.085 0.075 0.064 0.045 0.037 
SD 0.002077 0.000385 0.000409 0.00285 0.002475 0.001514 0.002228 0.001717 

%CV 1.651643 0.337878 0.451155 3.322351 3.270716 2.346243 4.940639 4.583487 
%inhibit  13.45718 27.96246 31.77986 39.81231 48.67186 64.13234  
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Table A-8   Relationship between varying concentration of DMSO to esterase  

 activity (abs) of fresh cell culture. 

 

Ex 1 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.131 0.124 0.132 0.130 0.129 0.138 0.034 
2 0.125 0.125 0.126 0.126 0.136 0.127 0.036 
3 0.136 0.135 0.132 0.114 0.118 0.134 0.031 
4 0.128 0.118 0.127 0.132 0.127 0.12 0.035 
5 0.132 0.126 0.124 0.118 0.128 0.123 0.033 

average 0.130 0.126 0.128 0.124 0.127 0.128 0.034 
SD 0.003964 0.006352 0.003625 0.007715 0.006521 0.00776 0.002001 

%CV 3.030745 5.040413 2.816338 6.198083 5.101319 6.030433 5.874192 

Ex 2 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.111 0.124 0.112 0.124 0.117 0.118 0.028 
2 0.125 0.125 0.126 0.135 0.125 0.127 0.026 
3 0.136 0.11 0.112 0.114 0.138 0.104 0.026 
4 0.128 0.118 0.127 0.126 0.121 0.12 0.029 
5 0.132 0.126 0.114 0.119 0.114 0.123 0.028 

average 0.126 0.120 0.118 0.124 0.123 0.118 0.027 
SD 0.009577 0.006932 0.007658 0.007972 0.009362 0.008844 0.00132 

%CV 7.552677 5.734874 6.450309 6.425934 7.581576 7.452003 4.727251 

Ex 3 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.098 0.097 0.096 0.109 0.108 0.084 0.024 
2 0.104 0.096 0.098 0.082 0.088 0.096 0.024 
3 0.095 0.107 0.089 0.096 0.096 0.085 0.021 
4 0.100 0.089 0.109 0.089 0.089 0.097 0.025 
5 0.110 0.091 0.104 0.097 0.108 0.106 0.027 

average 0.101 0.096 0.099 0.095 0.098 0.094 0.024 
SD 0.005693 0.006909 0.007672 0.010046 0.009872 0.009292 0.001985 

%CV 5.589281 7.158524 7.69068 10.54814 10.03668 9.88276 8.003804 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Apinan  Suangoon  Appendices / 66 

Table A-9   Relationship between varying concentration of DMSO to esterase  

 activity (abs) of lyophilized cell culture. 

 

Ex 1 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.131 0.124 0.132 0.130 0.129 0.138 0.034 
2 0.125 0.125 0.126 0.126 0.136 0.127 0.036 
3 0.136 0.135 0.132 0.114 0.118 0.134 0.031 
4 0.128 0.118 0.127 0.132 0.127 0.12 0.035 
5 0.132 0.126 0.124 0.118 0.128 0.123 0.033 

average 0.130 0.126 0.128 0.124 0.127 0.128 0.034 
SD 0.003964 0.006352 0.003625 0.007715 0.006521 0.00776 0.002001 

%CV 3.030745 5.040413 2.816338 6.198083 5.101319 6.030433 5.874192 

Ex 2 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.111 0.124 0.112 0.124 0.117 0.118 0.028 
2 0.125 0.125 0.126 0.135 0.125 0.127 0.026 
3 0.136 0.11 0.112 0.114 0.138 0.104 0.026 
4 0.128 0.118 0.127 0.126 0.121 0.12 0.029 
5 0.132 0.126 0.114 0.119 0.114 0.123 0.028 

average 0.126 0.120 0.118 0.124 0.123 0.118 0.027 
SD 0.009577 0.006932 0.007658 0.007972 0.009362 0.008844 0.00132 

%CV 7.552677 5.734874 6.450309 6.425934 7.581576 7.452003 4.727251 

Ex 3 
inhibit 

0% 
DMSO (mg/l) inhibit 

100% 12,500 25,000 50,000 100,000 200,000 
1 0.098 0.097 0.096 0.109 0.108 0.084 0.024 
2 0.104 0.096 0.098 0.082 0.088 0.096 0.024 
3 0.095 0.107 0.089 0.096 0.096 0.085 0.021 
4 0.100 0.089 0.109 0.089 0.089 0.097 0.025 
5 0.110 0.091 0.104 0.097 0.108 0.106 0.027 

average 0.101 0.096 0.099 0.095 0.098 0.094 0.024 
SD 0.005693 0.006909 0.007672 0.010046 0.009872 0.009292 0.001985 

%CV 5.589281 7.158524 7.69068 10.54814 10.03668 9.88276 8.003804 
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Table A-10   Relationship between varying concentration of ethanol to esterase  

 activity (abs) of fresh cells culture. 

 

Ex 1 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.163 0.167 0.145 0.123 0.105 0.093 0.070 
2 0.179 0.167 0.147 0.130 0.111 0.096 0.088 
3 0.174 0.164 0.146 0.126 0.107 0.091 0.073 

4 0.168 0.165 0.152 0.131 0.101 0.092 0.082 
5 0.165 0.164 0.152 0.114 0.118 0.096 0.089 

average 0.169 0.166 0.148 0.125 0.108 0.0939 0.080 
SD 0.006546 0.001645 0.003144 0.006963 0.00649 0.002107 0.008607 

%CV 3.853393 0.991023 2.110448 5.565266 5.96542 2.242555 10.63867 

Ex 2 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.178 0.166 0.155 0.122 0.111 0.082 0.072 
2 0.188 0.174 0.153 0.141 0.124 0.094 0.077 
3 0.177 0.162 0.149 0.134 0.112 0.093 0.070 
4 0.178 0.163 0.156 0.131 0.129 0.088 0.072 
5 0.181 0.153 0.158 0.140 0.131 0.0951 0.075 

average 0.180 0.164 0.154 0.133 0.121 0.0904 0.073 
SD 0.004598 0.007729 0.003233 0.007843 0.009351 0.005475 0.002645 

%CV 2.545478 4.712016 2.089112 5.857962 7.689914 6.0512 3.602088 

Ex 3 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.150 0.144 0.119 0.086 0.064 0.053 0.046 
2 0.152 0.143 0.104 0.098 0.076 0.051 0.044 
3 0.146 0.152 0.127 0.091 0.065 0.058 0.047 
4 0.142 0.126 0.118 0.099 0.061 0.049 0.041 
5 0.159 0.133 0.117 0.091 0.077 0.043 0.043 

average 0.150 0.139 0.117 0.093 0.068 0.050 0.044 
SD 0.006612 0.010131 0.008149 0.005362 0.007292 0.005445 0.002265 

%CV 4.403528 7.239737 6.944608 5.737409 10.57155 10.70237 5.093362 
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Table A-11   Relationship between varying concentration of ethanol to esterase  

 activity (abs) of lyophilized cells culture. 

 

rep 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.095 0.088 0.071 0.058 0.043 0.037 0.021 
2 0.095 0.089 0.074 0.057 0.046 0.030 0.022 
3 0.096 0.084 0.072 0.053 0.043 0.038 0.021 
4 0.097 0.088 0.074 0.054 0.046 0.030 0.023 
5 0.095 0.088 0.071 0.056 0.043 0.038 0.024 

average 0.096 0.0881 0.072 0.056 0.044 0.035 0.022 
SD 0.001005 0.00184 0.001524 0.002157 0.001612 0.004306 0.001438 

%CV 1.046862 2.088351 2.099492 3.832355 3.61884 12.25429 6.323897 
average  10.78351 31.96833 54.21785 70.24297 83.07398  

rep 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.105 0.095 0.080 0.066 0.049 0.041 0.023 
2 0.104 0.097 0.081 0.065 0.048 0.042 0.029 
3 0.103 0.097 0.080 0.069 0.042 0.043 0.028 
4 0.105 0.096 0.083 0.064 0.046 0.042 0.027 
5 0.107 0.097 0.076 0.065 0.044 0.041 0.028 

average 0.105 0.096 0.080 0.066 0.046 0.042 0.027 
SD 0.001488 0.000764 0.002532 0.001804 0.00291 0.000974 0.002258 

%CV 1.410597 0.787484 3.1448 2.717914 6.309217 2.303959 8.336978 
%inhibit  10.8446 31.81934 49.88517 75.70809 80.63281  

rep 
inhibit 

0% 
Ethanol(mg/l) inhibit 

100% 2,500 5,000 10,000 20,000 40,000 
1 0.095 0.084 0.071 0.060 0.040 0.033 0.021 
2 0.098 0.088 0.079 0.059 0.041 0.032 0.021 
3 0.097 0.083 0.075 0.061 0.040 0.031 0.021 
4 0.095 0.081 0.076 0.053 0.049 0.032 0.023 
5 0.094 0.089 0.073 0.057 0.042 0.032 0.021 

average 0.096 0.085 0.075 0.058 0.042 0.032 0.02199 
SD 0.001763 0.003387 0.003047 0.003104 0.003896 0.00072 0.000698 

%CV 1.830559 3.969801 4.042794 5.276345 9.068658 2.211808 3.174646 
%inhibit  14.81033 28.18133 50.45736 71.79177 85.80845  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

Copyright by Mahidol University 



Fac. of Grad. Studies, Mahidol Univ. M.Sc.(Appro. Techn. for Resou. and Env. Dev.) / 69 

Table A-12 Relationship between varying concentrations of 2-4 paranitrophenol to 

esterase activity (abs) of fresh cells culture.  

 
 

Ex 1 
inhibit 

0% 
2-4 paranitrophenol (mg/l)  

inhibit 
100% 

0.625 1.25 2.5 5 10 20  
1 0.121 0.101 0.086 0.068 0.058 0.052 0.043 0.033 
2 0.126 0.110 0.092 0.067 0.059 0.052 0.042 0.036 
3 0.123 0.101 0.086 0.068 0.056 0.052 0.039 0.032 
4 0.124 0.102 0.092 0.069 0.062 0.055 0.037 0.035 
5 0.122 0.115 0.084 0.067 0.059 0.054 0.045 0.034 

average 0.123 0.106 0.088 0.0683 0.059 0.053 0.041 0.0342 
SD 0.001927 0.006356 0.003646 0.00096 0.002249 0.001264 0.003077 0.001559 

%CV 1.561013 5.982996 4.120501 1.404224 3.8092815 2.36564 2.36564 4.530759 

Ex 2 
inhibit 

0% 
2-4 paranitrophenol (mg/l)  inhibit 

100% 0.625 1.25 2.5 5 10 20 
1 0.151 0.131 0.116 0.088 0.074 0.062 0.053 0.043 
2 0.166 0.130 0.112 0.081 0.072 0.062 0.054 0.046 
3 0.153 0.131 0.116 0.085 0.076 0.062 0.059 0.042 
4 0.164 0.122 0.112 0.087 0.078 0.065 0.057 0.045 
5 0.152 0.135 0.114 0.080 0.076 0.064 0.054 0.044 

average 0.157 0.130 0.114 0.084 0.07572 0.063 0.055 0.044 
SD 0.007163 0.004637 0.002257 0.003547 0.0023647 0.001264 0.002622 0.001559 

%CV 4.549866 3.560452 1.971127 4.190988 3.1230071 1.992628 2.36564 3.510777 

Ex 3 
inhibit 

0% 
2-4 paranitrophenol (mg/l) inhibit 

100% 0.625 1.25 2.5 5 10 20 
1 0.111 0.101 0.083 0.047 0.048 0.049 0.031 0.023 
2 0.116 0.080 0.092 0.044 0.047 0.047 0.029 0.026 
3 0.113 0.112 0.086 0.048 0.046 0.048 0.0312 0.022 
4 0.114 0.092 0.088 0.046 0.048 0.044 0.039 0.025 
5 0.102 0.085 0.082 0.045 0.049 0.047 0.035 0.024 

average 0.111 0.094 0.086 0.0464 0.04794 0.047 0.0333 0.024 
SD 0.00556 0.01265 0.003958 0.001739 0.0010213 0.002035 0.00379 0.001559 

%CV 4.989183 13.40011 4.566401 3.743923 2.1303165 4.286416 11.36832 6.386106 
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Table A-13 Relationship between varying concentrations of 2-4 paranitrophenol to 

esterase activity (abs) of lyophilized cells culture. 

 
 

Ex 1 
inhibit 

0% 
2-4 paranitrophenol (mg/l) inhibit 

100% 0.625 1.25 2.5 5 10 20 
1 0.120 0.111 0.093 0.088 0.074 0.062 0.058 0.0431 
2 0.127 0.110 0.092 0.087 0.075 0.061 0.056 0.0464 
3 0.125 0.121 0.094 0.088 0.079 0.062 0.050 0.0428 
4 0.124 0.122 0.092 0.089 0.072 0.065 0.057 0.0456 
5 0.120 0.115 0.096 0.087 0.079 0.066 0.058 0.0442 

average 0.123 0.116 0.093 0.088 0.076 0.063 0.056 0.04442 
SD 0.003135 0.005559 0.001677 0.00096 0.0032122 0.002022 0.003191 0.001559 

%CV 2.538714 4.782387 1.786218 1.086454 4.2176528 3.177669 2.36564 3.510777 

Ex 2 
inhibit 

0% 
2-4 paranitrophenol (mg/l) inhibit 

100% 0.625 1.25 2.5 5 10 20 
1 0.171 0.153 0.118 0.103 0.093 0.087 0.075 0.060 
2 0.168 0.157 0.129 0.104 0.096 0.088 0.075 0.061 
3 0.173 0.160 0.128 0.116 0.096 0.085 0.070 0.062 
4 0.164 0.158 0.123 0.109 0.097 0.089 0.077 0.060 
5 0.172 0.159 0.124 0.108 0.097 0.089 0.074 0.060 

average 0.169 0.158 0.125 0.108 0.096 0.088 0.074 0.061 
SD 0.003698 0.002567 0.004149 0.005226 0.0017155 0.001402 0.002365 0.001119 

%CV 2.177168 1.623144 3.318939 4.814097 1.7806907 1.593385 2.36564 1.833707 

Ex 3 
inhibit 

0% 
2-4 paranitrophenol (mg/l) inhibit 

100% 0.625 1.25 2.5 5 10 20 
1 0.120 0.121 0.094 0.080 0.068 0.059 0.054 0.042 
2 0.125 0.110 0.096 0.077 0.067 0.064 0.053 0.046 
3 0.124 0.111 0.093 0.078 0.068 0.063 0.052 0.042 
4 0.129 0.112 0.096 0.079 0.072 0.059 0.056 0.045 
5 0.125 0.115 0.092 0.077 0.071 0.057 0.054 0.044 

average 0.124 0.114 0.094 0.078 0.069 0.060 0.054 0.0442 
SD 0.003162 0.004484 0.001613 0.001464 0.0023 0.003043 0.001635 0.001814 

%CV 2.531873 3.924752 1.702598 1.857778 3.3093525 4.998938 2.36564 4.103091 
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Table A-14 Relationship between varying concentrations of benzene to esterase 
activity (abs) of fresh cells culture. 

 
 

Ex 1 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.089 0.075 0.062 0.053 0.042 0.035 0.019 
2 0.087 0.076 0.061 0.056 0.043 0.034 0.019 
3 0.089 0.077 0.063 0.057 0.041 0.036 0.018 
4 0.088 0.074 0.062 0.058 0.042 0.038 0.017 
5 0.087 0.075 0.067 0.057 0.043 0.035 0.018 

average 0.088 0.075 0.063 0.057 0.04268 0.0360 0.018 
SD 0.001276 0.001189 0.002365 0.001945 0.001057 0.001276 0.000847 

%CV 1.442591 1.566961 3.733742 3.409877 2.476294 3.541197 4.523283 

Ex 2 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.078 0.070 0.057 0.049 0.040 0.030 0.0185 
2 0.075 0.073 0.059 0.048 0.041 0.036 0.0189 
3 0.079 0.074 0.058 0.050 0.040 0.038 0.0187 
4 0.082 0.071 0.059 0.050 0.041 0.038 0.0185 
5 0.077 0.073 0.057 0.048 0.040 0.038 0.0186 

average 0.078 0.072 0.058 0.0496 0.041 0.036 0.0186 
SD 0.002472 0.001457 0.000864 0.000879 0.000638 0.003387 0.000155 

%CV 3.143209 2.005301 1.474397 1.76859 1.552983 9.205224 0.83087 

Ex 3 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.082 0.076 0.060 0.05 0.046 0.040 0.019 
2 0.0853 0.075 0.065 0.056 0.048 0.039 0.018 
3 0.0844 0.075 0.068 0.058 0.048 0.041 0.019 
4 0.0865 0.075 0.063 0.064 0.046 0.037 0.019 
5 0.0854 0.075 0.063 0.054 0.047 0.038 0.019 

average 0.08472 0.075 0.064 0.057 0.047 0.0394 0.019414 
SD 0.001693 0.000485 0.002896 0.003869 0.000876 0.00131 0.000357 

%CV 1.998609 0.64038 4.5034 6.715319 1.842633 3.319006 1.836938 
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Table A-15 Relationship between varying concentrations of benzene to esterase 

activity (abs) of lyphilized cell culture. 

 

Ex 1 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.069 0.060 0.052 0.048 0.041 0.038 0.016 
2 0.067 0.063 0.050 0.046 0.043 0.032 0.016 
3 0.069 0.061 0.054 0.047 0.044 0.036 0.017 
4 0.068 0.064 0.052 0.048 0.042 0.038 0.017 
5 0.068 0.062 0.050 0.047 0.043 0.035 0.016 

average 0.068 0.062 0.051 0.048 0.043 0.036 0.016 
SD 0.000999 0.001724 0.001932 0.00085 0.001178 0.00237 0.000576 

%CV 1.452879 2.760549 3.719864 1.769234 2.733774 6.543404 3.393283 

Ex 2 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.058 0.050 0.048 0.040 0.037 0.030 0.016 
2 0.057 0.053 0.046 0.044 0.037 0.032 0.016 
3 0.059 0.053 0.049 0.042 0.042 0.033 0.016 
4 0.052 0.053 0.045 0.041 0.043 0.034 0.016 
5 0.057 0.055 0.045 0.045 0.038 0.032 0.016 

average 0.057 0.053 0.047 0.043 0.039 0.032 0.016488 
SD 0.002959 0.001605 0.001941 0.001913 0.003004 0.001466 0.000225 

%CV 5.184975 3.012957 4.110284 4.449099 7.540054 4.476499 1.363213 

Ex 3 
inhibit 

0% 
benzene(mg/l) inhibit 

100% 1 2 4 8 16 
1 0.068 0.060 0.057 0.050 0.048 0.041 0.016 
2 0.068 0.061 0.059 0.050 0.049 0.039 0.016 
3 0.068 0.060 0.058 0.050 0.047 0.042 0.016 
4 0.068 0.065 0.053 0.051 0.046 0.037 0.016 
5 0.068 0.065 0.059 0.052 0.047 0.034 0.016 

average 0.068 0.062 0.057 0.05121 0.04796 0.0391 0.016944 
SD 0.000114 0.002548 0.002353 0.000817 0.001099 0.003049 4.28E-05 

%CV 0.16679 4.061528 4.077397 1.595763 2.291682 7.797366 0.25247 
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Table A-16 Comparison of enzyme activity levels observed from three differently 

  prepared bacteria Bacillus cereus cultures, i.e. fresh cell, lyophilized 

  cell with cryoprotectant and lyophilized cell without cryoprotectant.  

 

 
rep 

 
Cultivation time of lyophilized cell 

30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.0582 0.0655 0.0821 0.1017 0.1327 
2 0.0582 0.0767 0.0984 0.1081 0.1322 
3 0.0598 0.0748 0.0999 0.1094 0.1328 
4 0.0575 0.0638 0.0851 0.1023 0.1353 
5 0.05511 0.0663 0.0989 0.1085 0.1341 

average 0.057762 0.06942 0.09288 0.106 0.13342 
SD 0.001706 0.005887 0.008555 0.003688 0.001264 

%CV 2.953136 8.480293 9.210431 3.479073 0.947178 

rep 
 

Cultivation time of lyophilized cell 
30 min 1 hour 1.30 hour 2 hour 2.30 hour 

1 0.0562 0.0648 0.1091 0.1287 0.1335 
2 0.0562 0.0657 0.0904 0.1201 0.1398 
3 0.0578 0.0754 0.0959 0.1274 0.1478 
4 0.0575 0.0758 0.0961 0.1143 0.1483 
5 0.05901 0.0743 0.0989 0.1295 0.1391 

average 0.057342 0.0712 0.09808 0.124 0.1417 
SD 0.001186 0.005469 0.006888 0.00658 0.006292 

%CV 2.068089 7.680543 7.02265 5.306672 4.440689 

rep 
 

Cultivation time of lyophilized cell 
30 min 1 hour 1.30 hour 2 hour 2.30 hour 

1 0.0532 0.0705 0.0921 0.1447 0.1477 
2 0.0545 0.0707 0.0894 0.1391 0.1372 
3 0.0564 0.0648 0.0909 0.1434 0.1548 
4 0.0545 0.0653 0.0831 0.1423 0.1503 
5 0.0551 0.0646 0.0979 0.1335 0.1451 

average 0.05474 0.06718 0.09068 0.1406 0.14702 
SD 0.001159 0.003133 0.005322 0.004478 0.006555 

%CV 2.11706 4.663902 5.868815 3.184724 4.458524 
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Table A-17 Comparison of enzyme activity levels observed from three differently 

  prepared bacteria Bacillus cereus cultures, i.e. fresh cell, lyophilized 

  cell with cryoprotectant and lyophilized cell without cryoprotectant.  

 

rep 
Cultivation time of fresh cell 

30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.071 0.0805 0.1157 0.1486 0.1657 
2 0.072 0.0767 0.1071 0.1433 0.1632 
3 0.074 0.0818 0.1244 0.1386 0.16428 
4 0.075 0.0798 0.1053 0.1487 0.1643 
5 0.0711 0.0853 0.1095 0.14 0.1671 

average 0.07262 0.08082 0.1124 0.14384 0.164916 
SD 0.001795 0.003128 0.007775 0.004711 0.001509 

%CV 2.471761 3.870846 6.917224 3.275128 0.915252 

rep 
Cultivation time of fresh cell 

30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.062 0.0848 0.1269 0.1425 0.17 
2 0.062 0.0857 0.1271 0.1489 0.1698 
3 0.068 0.0854 0.1274 0.145 0.172 
4 0.065 0.0858 0.1253 0.148 0.1703 
5 0.061 0.0843 0.125 0.143 0.1651 

average 0.0636 0.0852 0.12634 0.14548 0.16944 
SD 0.002881 0.000636 0.001106 0.002886 0.002577 

%CV 4.52983 0.746944 0.875331 1.98354 1.521129 

rep 
Cultivation time of fresh cell 

30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.0652 0.0795 0.1287 0.139 0.165 
2 0.0645 0.0817 0.1201 0.124 0.1622 
3 0.0664 0.0788 0.1274 0.13 0.1678 
4 0.063 0.0753 0.1143 0.139 0.1633 
5 0.065 0.0806 0.1295 0.128 0.155 

average 0.06482 0.07918 0.124 0.132 0.16266 
SD 0.001234 0.002432 0.00658 0.006745 0.004775 

%CV 1.903261 3.0721 5.306672 5.110128 2.935402 
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Table A-18 Comparison of enzyme activity levels observed from three differently 

  prepared bacteria Bacillus cereus cultures, i.e. fresh cell, lyophilized 

  cell with cryoprotectant and lyophilized cell without cryoprotectant.  

 

rep 
Cultivation time of lyplilized with cryoprotectant 

30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.028 0.0401 0.0534 0.0678 0.0856 
2 0.0275 0.0402 0.0574 0.0684 0.0845 
3 0.029 0.0435 0.0538 0.0656 0.0835 
4 0.028 0.0486 0.0596 0.0675 0.0848 
5 0.0271 0.0437 0.0521 0.0698 0.0846 

average 0.02792 0.04322 0.05526 0.06782 0.0846 
SD 0.000712 0.003468 0.003122 0.001524 0.000752 

%CV 2.550284 8.024055 5.64998 2.246846 0.888493 

rep Cultivation time of lyplilized with cryoprotectant 
 30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.0342 0.0356 0.051 0.0648 0.0856 
2 0.0372 0.0346 0.0532 0.0654 0.0866 
3 0.034 0.0389 0.0591 0.0648 0.0835 
4 0.0322 0.0376 0.0534 0.0625 0.0864 
5 0.0351 0.0395 0.0528 0.064 0.0874 

average 0.03454 0.03724 0.0539 0.0643 0.0859 
SD 0.001822 0.002101 0.003058 0.001122 0.001487 

%CV 5.273705 5.641015 5.673056 1.745719 1.730625 

rep Cultivation time of lyplilized with cryoprotectant 
 30 min 1 hour 1.30 hour 2 hour 2.30 hour 
1 0.0369 0.0328 0.0528 0.0623 0.0865 
2 0.037 0.032 0.0532 0.0612 0.0827 
3 0.036 0.0338 0.0534 0.065 0.0874 
4 0.0383 0.0319 0.0578 0.0631 0.0856 
5 0.0379 0.0305 0.0534 0.063 0.087 

average 0.03722 0.0322 0.05412 0.06292 0.08584 
SD 0.000904 0.001219 0.002072 0.001388 0.00188 

%CV 2.428481 3.78449 3.828001 2.206237 2.189687 
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APPENDIX B 

STATISTIC ANALYSIS 

 

 
ANOVA 
 
1. Statistic comparison of IC50 of fresh cell  culture and lyophilized cell sample with 

One-way ANOVA analysis at ∝ ≤ 0.05. 

 
 
Fresh cell sample 
 

  Sum of Squares df Mean Square F Sig. 
Between Groups 317423853.783 5 63484770.757 36.337 .000 
Within Groups 20965233.488 12 1747102.791    
Total 338389087.271 17     

 
 
 

Lyophilized cell sample 
 

 Sum of Squares df Mean Square F Sig. 
Between Groups 227389067.955 5 45477813.591 581.591 .000 
Within Groups 938346.893 12 78195.574   
Total 228327414.848 17    
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Multiple Comparisons 
 
 
Post Hoc Tests 
 
Dependent Variable:  Fresh cell sample 
 
Tukey HSD  
 

(I) GROUP (J) GROUP 
Mean Difference 

(I-J) Std. Error Sig. 95% Confidence Interval 

     Lower Bound Upper Bound 
cop cad -.0033 1079.22898 1.000 -3625.0481 3625.0414 

 eth -11267.4167(*) 1079.22898 .000 -14892.4614 -7642.3719 
 dms 3.4100 1079.22898 1.000 -3621.6347 3628.4547 
 para 1.4483 1079.22898 1.000 -3623.5964 3626.4931 
 nitro -1.5610 1079.22898 1.000 -3626.6057 3623.4837 

cad cop .0033 1079.22898 1.000 -3625.0414 3625.0481 
 eth -11267.4133(*) 1079.22898 .000 -14892.4581 -7642.3686 
 dms 3.4133 1079.22898 1.000 -3621.6314 3628.4581 
 para 1.4517 1079.22898 1.000 -3623.5931 3626.4964 
 nitro -1.5577 1079.22898 1.000 -3626.6024 3623.4871 

eth cop 11267.4167(*) 1079.22898 .000 7642.3719 14892.4614 
 cad 11267.4133(*) 1079.22898 .000 7642.3686 14892.4581 
 dms 11270.8267(*) 1079.22898 .000 7645.7819 14895.8714 
 para 11268.8650(*) 1079.22898 .000 7643.8203 14893.9097 
 nitro 11265.8557(*) 1079.22898 .000 7640.8109 14890.9004 

dms cop -3.4100 1079.22898 1.000 -3628.4547 3621.6347 
 cad -3.4133 1079.22898 1.000 -3628.4581 3621.6314 
 eth -11270.8267(*) 1079.22898 .000 -14895.8714 -7645.7819 
 para -1.9617 1079.22898 1.000 -3627.0064 3623.0831 
 nitro -4.9710 1079.22898 1.000 -3630.0157 3620.0737 

para cop -1.4483 1079.22898 1.000 -3626.4931 3623.5964 
 cad -1.4517 1079.22898 1.000 -3626.4964 3623.5931 
 eth -11268.8650(*) 1079.22898 .000 -14893.9097 -7643.8203 
 dms 1.9617 1079.22898 1.000 -3623.0831 3627.0064 
 nitro -3.0093 1079.22898 1.000 -3628.0541 3622.0354 

nitro cop 1.5610 1079.22898 1.000 -3623.4837 3626.6057 
 cad 1.5577 1079.22898 1.000 -3623.4871 3626.6024 
 eth -11265.8557(*) 1079.22898 .000 -14890.9004 -7640.8109 
 dms 4.9710 1079.22898 1.000 -3620.0737 3630.0157 
 para 3.0093 1079.22898 1.000 -3622.0354 3628.0541 

 
*  The mean difference is significant at the .05 level. 
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Multiple Comparisons 
 
 
Post Hoc Tests 

Dependent Variable: Lyophilized cell sample 
 

(I) GROUP (J) GROUP 
Mean Difference 

(I-J) Std. Error Sig. 95% Confidence Interval 

          Lower Bound Upper Bound 
copper cadmium -3.1737 228.32079 1.000 -902.9249 896.5776
  ethanol -9539.4703(*) 228.32079 .000 -10439.2216 -8639.7191
  dmso 1.2730 228.32079 1.000 -898.4783 901.0243
  paranitrophenol -1.0677 228.32079 1.000 -900.8189 898.6836
  benzene -9.0743 228.32079 1.000 -908.8256 890.6769
cadmium copper 3.1737 228.32079 1.000 -896.5776 902.9249
  ethanol -9536.2967(*) 228.32079 .000 -10436.0479 -8636.5454
  dmso 4.4467 228.32079 1.000 -895.3046 904.1979
  paranitrophenol 2.1060 228.32079 1.000 -897.6453 901.8573
  benzene -5.9007 228.32079 1.000 -905.6519 893.8506
ethanol copper 9539.4703(*) 228.32079 .000 8639.7191 10439.2216
  cadmium 9536.2967(*) 228.32079 .000 8636.5454 10436.0479
  dmso 9540.7433(*) 228.32079 .000 8640.9921 10440.4946
  paranitrophenol 9538.4027(*) 228.32079 .000 8638.6514 10438.1539
  benzene 9530.3960(*) 228.32079 .000 8630.6447 10430.1473
dmso copper -1.2730 228.32079 1.000 -901.0243 898.4783
  cadmium -4.4467 228.32079 1.000 -904.1979 895.3046
  ethanol -9540.7433(*) 228.32079 .000 -10440.4946 -8640.9921
  paranitrophenol -2.3407 228.32079 1.000 -902.0919 897.4106
  benzene -10.3473 228.32079 1.000 -910.0986 889.4039
paranitrophen
ol 

copper 1.0677 228.32079 1.000 -898.6836 900.8189

  cadmium -2.1060 228.32079 1.000 -901.8573 897.6453
  ethanol -9538.4027(*) 228.32079 .000 -10438.1539 -8638.6514
  dmso 2.3407 228.32079 1.000 -897.4106 902.0919
  benzene -8.0067 228.32079 1.000 -907.7579 891.7446
benzene copper 9.0743 228.32079 1.000 -890.6769 908.8256
  cadmium 5.9007 228.32079 1.000 -893.8506 905.6519
  ethanol -9530.3960(*) 228.32079 .000 -10430.1473 -8630.6447
  dmso 10.3473 228.32079 1.000 -889.4039 910.0986
  paranitrophenol 8.0067 228.32079 1.000 -891.7446 907.7579

 
*  The mean difference is significant at the .05 level. 
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