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เมทิลไวโอโลเจน (Methyl viologen) เป็นสารก าจดัวชัพืชท่ีใช้กนัอย่างแพร่หลาย สามารถรับอิเล็กตรอนจากระบบ
แสง และกระตุน้การก่อตวัของอนุมูลอิสระท่ีก่อให้เกิดความเครียดจากปฏิกิริยาออกซิเดชนัของเซลล์พืช ในไซยาโนแบคทีเรียท่ีสังเคราะห์
ดว้ยแสง อย่างไรก็ตามยงัไม่สามารถระบุโมเลกุลเป้าหมายที่แน่นอนของเมทิลไวโอโลเจนในเซลลไ์ด ้การศึกษาน้ีมีวตัถุประสงคเ์พื่อหาการ
กลายพนัธุ์ท่ีน าไปสู่การตา้นทานต่อเมทิลไวโอโลเจนในไซยาโนแบคทีเรียสายพนัธุ์ Synechocystis sp. PCC 6803 โดยมีการ
เพาะเล้ียงเป็นเวลา 30 วนั เพื่อให้ถึงระยะการเจริญเติบโตแบบคงท่ี (stationary-growth phase) และเกิดการกลายพนัธุ์ท่ีเกิดขึ้น
เองตามธรรมชาติ (spontaneous mutation) ในเซลล์ท่ีมีอายุมาก จากนั้นเซลล์ประมาณ 109 เซลล์ ถูกกระจายบนอาหารเล้ียง
เช้ือท่ีมีความเขม้ขน้ของเมทิลไวโอโลเจน 10 ถึง 40 ไมโครโมลาร์  ซ่ึงสามารถยบัย ั้งการเจริญเติบโตของเซลลไ์ดอ้ยา่งสมบูรณ์ หลงัจาก
เพาะเล้ียงผ่านไป 30 ถึง 40 วนั พบเซลล์กลายพนัธุ์ท่ีต้านทานต่อเมทิลไวโอโลเจนเกิดขึ้นถึง 23 176 และ 2,936 โคโลนี จาก
อาหารเล้ียงเช้ือท่ีมีความเขม้ขน้ของเมทิลไวโอโลเจน 40 20 และ 10 ไมโครโมลาร์ตามล าดบั จากนั้นไดเ้ลือกสายพนัธุ์ท่ีกลายพนัธุ์มา
ทั้งหมด 7 ตวั เพื่อวิเคราะห์ล าดบัจีโนมในการระบุต าแหน่งการกลายพนัธุ์ท่ีตา้นทานต่อเมทิลไวโอโลเจนในสายพนัธุ์กลายพนัธุ์  พบว่าใน
สายพนัธุ์ A9 มีการกลายพนัธุ์ท่ีไดร้หัสหยดุการสังเคราะห์โปรตีนก่อนก าหนด (stop codon gained mutation) และรบกวน
การท างานของยีน cntO_1 ท่ีถอดรหสัให้ตวัรับสัญญาณ TonB ซ่ึงมีหน้าท่ีเก่ียวขอ้งกบักระบวนการขนส่งสารท่ีมีประจุบวกขา้มผ่าน
เยื่อหุ้มเซลล์ ดงันั้นการกลายพนัธุ์ท่ีต าแหน่งตวัรับสัญญาณน้ีจึงถูกรบกวน และส่งผลให้เกิดการตา้นทานต่อเมทิลไวโอโลเจน ในสายพนัธุ์
กลายพันธุ์ C14 และ C21 พบการกลายพันธุ์แบบเฟรมชิพท์  (frameshift mutation) ส่งผลให้ระงับการท างานของ
ยีน menH_2 ท่ีถอดรหัสให้เอนไซม์ไตรเอซิลกลีเซอรอล ไลเปส (triacylglycerol lipase) ซ่ึงเป็นองค์ประกอบหลกัของเยื่อ
หุ้มเซลล ์เมื่อยีนน้ีถูกรบกวนจึงส่งผลต่อการขนส่งเมทิลไวโอโลเจนเขา้สู่เซลล ์ยิ่งไปกว่านั้นในทุกสายพนัธุ์กลายพนัธุ์พบการเปล่ียนกรดอะ
มิโนหน่ึงตวัในโปรตีนไม่ทราบหน้าท่ี (hypothetical protein) ท่ีถอดรหัสจากยีน FMAMFGPO_01147 ท่ีมีกรดอะมิ
โนทั้งหมด 92 ตวั จากการท านายโครงสร้างโปรตีนแสดงให้เห็นว่าโครงสร้างของโปรตีนท่ีไม่ทราบหน้าท่ีน้ีเกิดการเปล่ียนแปลงอย่างมี
นัยส าคญัเมื่อแทนท่ีกรดอะมิโนเมไทโอนีนต าแหน่งท่ี 53 ดว้ยกรดอะมิโนไลซีน ยิ่งไปกว่านั้นยงัพบการกลายพนัธุ์ในยีนท่ีเก่ียวขอ้งกับ
กระบวนการสังเคราะห์องค์ประกอบเยื่อหุ้มเซลล์ การสังเคราะห์เปบทิโดไกลแคนในผนังเซลล์ การสร้างไบโอฟิล์ม และกระบวนการ
ป้องกนัสารตา้นอนุมูลอิสระในสายพนัธุ์กลาย A9 C14 และ C21 จากการศึกษาน้ีสรุปไดว้่ากลไกการตา้นทานต่อเมทิลไวโอโลเจน
เก่ียวขอ้งกบัการเปล่ียนแปลงของการขนส่งเมทิลไวโอโลเจนในเซลลก์ลายพนัธุ์ องคป์ระกอบท่ีเปล่ียนแปลงของเยื่อหุ้มเซลลแ์ละผนังเซลล์ 
และการเปล่ียนแปลงกลไกการตา้นอนุมูลอิสระ ซ่ึงขอ้มูลท่ีไดน้ี้เป็นขอ้มูลพื้นฐานเก่ียวกบัการกลายพนัธุ์ท่ีเกิดขึ้นเองตามธรรมชาติในการ
ตา้นทานต่อเมทิลไวโอโลเจนของจุลชีพท่ีอาศยัอยู่ในแหล่งน ้า และมีความสามารถในการสังเคราะห์ดว้ยแสงได ้
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Methyl viologen (MV) is a widely used herbicide that competes electrons from 

photosystem I and induces the formation of active radical species causing cellular oxidative 

stress in plants and photosynthetic cyanobacteria. However, the exact target molecule of 

methyl viologen in the cells has yet to be identified. This study aimed to identify the 

mutation(s) that lead to MV resistance in cyanobacterium Synechocystis sp. PCC 

6803. Synechocystis wild type was cultured for 30 days to reach the stationary-growth 

phase to allow the occurrence of spontaneous mutations in aged cells. Approximately 109 

cells were spread on an agar medium containing high MV concentrations (10-40 µM), 

which could completely inhibit cell growth. After 30-40 days, spontaneous MV-resistant 

mutants up to 23, 176 and 2,936 colonies were obtained from agar plates containing 40, 20 

and 10 µM of MV, respectively. MV-resistant mutations were subsequently identified in 

seven selected MV-resistant mutants using genome sequencing. Mutant A9 contained the 

stop codon gained mutation that disrupted the function of the cntO_1 gene encoding the 

TonB-dependent receptor involved in the transport of positively charged ions across the 

cell membrane. Thus, this TonB-dependent receptor might transport MV to the cell, and the 

disrupted function leads to MV resistance. Mutant C14 and C21 contained the frameshift 

mutation that abolished the function of the menH_2 gene encoding triacylglycerol lipase 

(enzyme generating diacylglycerol, the main component of cell membrane), suggesting that 

this gene disruption may affect MV import to the cells. Moreover, mutant A9, A11, B1, 

B14, C10, C14 and C21 contained one amino acid alteration (53Met-->Lys) in a small 

hypothetical protein (a 92-amino-acid protein product of the gene FMAMFGPO_01147) 

with an unknown function. Protein structure prediction showed that the structure of this 

hypothetical protein was significantly changed upon 53Met-->Lys substitution. 

Additionally, the mutations in genes associated with the biosynthesis of cell-membrane 

component, the biosynthesis of cell-wall peptidoglycan, the biofilm formation, and the 

antioxidant defense were found in the MV-resistant mutants A9, C14 and C21. In 

conclusion, the mechanisms of MV resistance found in this study is related to the alteration 

of MV transport and the modified composition of the cell membrane. This data provides 

basic information on spontaneous MV resistance in an aquatic photosynthetic microbe. 
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CHAPTER I 

INTRODUCTION 
 

1.1 Background, rationales, and theories 

Herbicides has been used to kill unwanted weeds, but these chemicals have 

accumulated and are toxic for other plants, animals and human beings. Some 

herbicides have been known to be mutagenic or carcinogenic agents (Nguyen-Ngoc et 

al., 2009). Accumulation of herbicide waste in aquatic systems is one of a great 

concern due to its negative impact on aquatic ecosystems such as aquatic plant, and 

microalgal cyanobacteria.  

 

MV (N,N′-dimethyl-4,4′-bipyridinium dichloride) is typical in the form of salt 

with chloride or other anions (Fig. 1). MV is one of the most widely used herbicides 

in the world for the control of broadleaf weeds. MV is adsorbed very quickly by weed 

leaves and blocks photosynthesis by acting as electron acceptor at photosystem I 

complex of weeds (Fuerst & Vaughn, 1990). This action disrupts photosynthetic 

electron transfer systems and prevents the generation of NADPH (Fig. 2). As a result, 

the excess electron is transferred to molecular oxygen and generate the toxic reactive 

oxygen species (Ananieva et al., 2004), such as superoxide anions, singlet oxygen, 

hydroxyl and peroxyl radicals which are accumulated in chloroplasts of weeds (Autor, 

1974). These toxic compounds subsequently result in the productions of harmful 

hydroxyl radicals and hydrogen peroxide that cause DNA damage, protein 

degradation and lipid peroxidation which are the important cellular metabolisms 

(Casano et al., 1994; Szigeti & Lehoczki, 2003). Nevertheless, the cellular mechanism 

in photosystem I complex that is the target of MV inhibition is still unclear.  
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Cyanobacteria have also been found to be highly sensitive to MV(Li et al., 

2013). Previous study determined the localization of membrane proteins in 

Synechococcus sp. PCC7942 (Sherman et al., 1994). These authors speculated that 

MV could interact with photosystem I (PSI) and inhibit PSI function. 

 

However, MV may not be able to bind PSII because PSII locates at inner 

thylakoid membrane where MV may not be able to get in (Sherman et al., 1994). For 

this reason, the MV competes for the electrons only in the PSI. It has been 

hypothesized that MV blocks electron transport by interacting membrane-bound 

nonheme iron-sulfur proteins (Fa/Fb) in PSI because Fa/Fb is the reduction site of 

PSI. (Fuerst & Norman, 1991). However, this hypothesis has not been verified. In 

addition, eukaryotic algal Chlorella vulgaris, the expression of psaB gene encoding 

PSI protein was down regulated upon exposing to MV (Qian et al., 2009). Therefore, 

this result supported the hypothesis that MV inhibits PSI from above.  

 

   

 

 

Figure  1 Chemical structure of MV dichloride salt (N,N-dimethyl-4,4-

bipyridinium dichloride). 

It has the chemical formula [(C6H7N)2]Cl2. It belongs to the family of redox-active 

heterocycles (Michaelis, 1932). The structure is obtained from 

www.chemsrc.com/en/cas/. 

 

Since cellular mechanism that is a target of MV inhibition has not been 

identified. This research aims to identify mutation conferring MV resistance. We 

speculated that the product of gene(s) that is mutated is likely the target of MV 

inhibition. Therefore, the product of wild type gene is sensitive to MV, while the 

http://www.chemsrc.com/en/cas/
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product of the mutated gene(s) is resistant to MV. Thus, the isolation of MV resistant 

mutation is one way to suggest the cellular target of MV.  

 

Figure  2  MV inhibits photosynthesis by blocking photosystem I electron 

transport.  

Photosynthetic system and electron transport of Synechocystis sp. PCC 6803 

(Vermaas, 2001) Photosystem I (PSI) and photosystem II (PSII) containing pigments 

(such as chlorophyll a and carotenoid) absorbs light and transfers electron to the 

electron accepter protein complex. The electron transport chain moves from PSII to 

PSI via the cytochrome b6f complex which used for the reduction of NADP+ to 

NADPH. During electron transport a H+ gradient was used to generate ATP via 

ATPase. MV in the form of MV++ acts as an electron acceptor and competes electron 

flow in PSI transport. Hence, it is speculated that MV++ probably inhibits PSI electron 

transport by interacting membrane-bound nonheme iron-sulfur proteins (Fa/Fb). Then, 

MV+ is generated and was reacted to molecular oxygen (O2) and generated super 

oxides (O2
−). Next, O2

− induces lipid peroxidation and other oxidative stress 

responses. The information above was obtained and the figure was redrawn from 

Fuerst and Norman, 1991.  
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To isolate MV resistant mutants, spontaneous mutation was used. The 

spontaneous mutations are the infrequent and random mutation that occur in cells via 

the error of DNA replication and repair system. Probability that a mutation will be 

observed each time from the cells divided themselves generally between 1 in 10,000 

and 1 in a trillion (Engelkirk et al., 2020). In cyanobacteria (Prochlorococcus sp.) has 

the mutation rate about 1 in a ten billion mutations per base pairs per generation 

(Kashtan et al., 2014).  

 

Isolation of spontaneous mutation has been done in the well-studied 

cyanobacterium Synechocystis sp. PCC 6803 resistant to acetazolamide (Bedu et al., 

1990) and cadmium (Xu et al., 2018). MV resistant mutations have been reported 

(Table 1). In the plant Arabidopsis thaliana, the mutation in pqr2 gene encoding a 

polyamine uptake transporter is associated with the MV resistant phenotype, 

suggested that this transporter may involve in MV transport (Dong et al., 2016). In 

bacteria, the mutation in sodA1 gene encoding superoxide dismutase (Passalacqua et 

al., 2007) and the mutation in ubiG gene encoding a methyltransferase required for 

the ubiquinone biosynthesis (involving in cellular antioxidant response) were found in 

MV-resistant mutants (Gonidakis et al., 2011). These data suggested that these 

mutated enzymes may help the cells by destroying antioxidants occurred from MV 

exposure in these bacteria. In addition, the mutation in zwf gene encoding glucose-6-

phosphate dehydrogenase (G6PDH), an enzyme generation NADPH (the cofactor of 

enzymes in defense against MV toxicity) was report in Pseudomonas aeruginosa 

mutant that is resistant to MV (Ma et al., 1998). In Synechocystis, a single mutation in 

the gene involving in MvrA membrane transporter (Kreslavski et al., 2007), a single 

mutation in SodB superoxide dismutase (enzyme for antioxidant removal) (Nefedova 

et al., 2003) and the triple mutations potentially lead to MV secretion including that in 

Slr1901 ATPase, Slr1174 transporter protein and Slr0610 membrane transporter 

permease, lead to MV resistance (Prosecka et al., 2009). However, no report of a 
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mutation in PSI where is the target of MV inhibition. Thus, a mutation in PSII 

conferring MV resistance has yet to be isolated.  

 

Synechocystis sp. PCC 6803 is one of cyanobacterial models with well known 

for genome data, and with well-studied biochemistry, physiology and photosynthesis 

(Shevela et al., 2013). Thus, Synechocystis is suitable to be used as a strain for the 

isolation of spontaneous MV resistant mutants. Therefore, this study isolated 

spontaneous MV resistant mutants. Genomic mutations conferring MV resistance was 

identified using next generation sequencing. The mutated proteins were investigated 

for structural changes. The mutants were analyzed for cell growth under other osmotic 

and oxidative stresses and examined for the photosynthetic and antioxidant activity. 

The possible mechanism of MV resistant in cyanobacteria along with the 

cyanobacterial strategy of MV tolerance are discussed.
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Table  1  MV-resistant mutations, previously reported in plant, bacteria and 

cyanobacteria.   

NA: data not available  

Organism of 

MV resistant 

mutants 

Concen- 

tration 

of MV 

Mutation site Effect of cellular process Reference 

Arabidopsis 

thaliana 

2 μM pqr2 gene: encoding a 

polyamine uptake 

transporter 

Under MV treatment, the 

pqr2 mutation might 

significantly lessen 

superoxide buildup and 

cell death in the pqr2 

plants. 

Dong et al., 

2016 

Bacillus 

anthracis 

Sterne (34F2) 

100 μM – 

800 μM 

sodA1 gene: encoding 

superoxide dismutase.  

The mutants were found to 

alter expression of gene  

implicated in the 

glyoxalase pathway, 

metal/ion transport, 

bacillibactin siderophore 

production, and 

oxidoreductase activity. 

Passalacqua 

et al., 2007 

Escherichia 

coli 

300 μM ubiG gene: encoding a 

methyltransferase 

required for the 

ubiquinone biosynthesis 

The increasing of lifespan 

and enhance oxidative 

stress resistance in the 

ubiG mutant. 

 

Gonidakis 

et al., 2011  

Pseudomonas 

aeruginosa 

5 μM zwf gene: encoding 

glucose-6-phosphate 

dehydrogenase 

(G6PDH) an enzyme 

that convert NAD+ or 

NADP+ and glucose-6-

phosphate to 6-

phosphogluconate 

The mutant was more 

reactive to the superoxide-

producing substance 

methyl viologen. The 

latter studies indicate that 

this cofactor is necessary 

for the activity of enzymes 

crucial in the defense 

against MV toxicity 

because NADPH is one of 

the by-products of G6PDH 

activity. 

 

Ma et al., 

1998 
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Organism of 

MV resistant 

mutants 

Concen- 

tration 

of MV 

Mutation site Effect of cellular process Reference 

Synechocystis 

sp. PCC 6803 

4 μM mvrA:  encoding the 

transmembrane protein 

The MvrA protein is 

thought to be necessary for 

the effective removal from 

cells of harmful chemicals 

produced during oxidative 

stress or to take part in the 

repair of membranes 

damaged by oxidants. 

Nefedova 

et al., 2004 

6 μM sodB: encoding iron-

containing superoxide 

dismutase 

The sodB gene encodes 

the unique SOD (Fe-SOD) 

that neutralizes superoxide 

radical in Synechocystis 

6803 cells. Therefore, it is 

unlikely that an increased 

resistance to MV by 

changes in the activity of 

any other antioxidant 

enzyme 

Babykin et 

al., 2003 

10 μM Slr1901: encoding 

ATPase, Slr1174: 

encoding transporter 

protein and Slr0610: 

encoding membrane 

transporter permease 

Each component of the 

MV transporter (an ATP-

binding protein), which is 

made up of the products of 

the genes slr1901, slr1174, 

and slr0610, is essential 

for MV excretion. 

Prosecka et 

al., 2009 
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1.2 Hypotheses 

 

 When the mutation occurred, will provide the mechanism of PQ resistance in 

cyanobacteria Synechocystis sp. PCC 6803 which is the model system for the study of 

photosynthetic organisms and higher plants and will provide basic information for 

further development of other compound that can inhibit photosynthesis for further use 

in weed control. 

 

1.3 Objective 

 

1.3.1. To isolate mutant strain(s) that being resistant to MV 

1.3.2. To identify DNA mutation(s) in the mutant strain(s) by genome sequencing 

1.3.3. To determine cell growth and photosynthetic efficiency in the mutant 

1.3.4. To characterize mutated protein by bioinformatics computational analysis 
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CHAPTER II 

LITERATURE REVIEWS 
 

2.1 Implications of methyl viologen to wildlife and the environmental. 

Methyl viologen, an extremely hazardous herbicide has been used more than 50 years 

and has highest acute toxicity compared to all other pesticides. Due to its extremely 

high acute toxicity and lack of an antidote, paraquat is currently the most lethal 

pesticide on the market. The first use of methyl viologen (MV) occurred in Malaysian 

rubber plantations in 1961. (Calderbank & Farrington, 1995). Since then, it has been 

widely used. China is presently the country with the highest production. MV kills 

both grasses and weeds with broad leaves as a nonselective herbicide. It is used on 

field crops (maize), in direct planting (or conservation tillage), in forestry, and as a 

defoliant or desiccant to dry crop plants (cotton, pineapple, soybean, sugar cane, for 

example). It is also used on fruit and plantation crops (banana, cocoa, coffee, oil 

palm) (Tomlin, 2003) Additionally, MV has been utilized to manage aquatic weeds 

(Vismara et al., 2000). 

 

2.1.1 Soil 

 

In clay particles, MV is thought to be substantially adsorbed. In Thailand, 

sandy loam soils showed 5.83% desorption, while clay soils showed only 0.17% 

(Amondham et al., 2006). The 79% of the MV was adsorbed in a Spanish vineyard 

soil experiment, but 11% of it was desorbed later (Pateiro-Moure et al., 2010). 

Adsorption increases with increasing pH, and decreases with increasing acidity 

(Muhamad et al., 2011). Because of the strong adherence to the soil, MV is not 

readily available to plants or other creatures; as a result, it biodegrades very slowly. It 

is resistant to microbial destruction in both aerobic and anaerobic circumstances. 

According to the US EPA (2009) no microbial degradation was observed after 180 

days of aerobic incubation or after 60 days of anaerobic incubation following a 30 day 

aerobic incubation. While employing paraquat as a nitrogen source, some authors 

claim that bacteria, fungi, actinomyces, and yeast can significantly break down MV 
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(Amondham et al., 2006). Moreover, MV does not photodegrade, even when exposed 

to natural sunlight for 85 weeks, according to the US EPA (1997). 

2.1.2 Water 

 

 MV is adsorbed onto the suspended matter in water. It moves from the water 

itself onto aquatic weeds, sediment, and suspended solids. According to Eisler 1990, 

in freshwater habitats, MV is rapidly lost from the water phase, about 50% in 36 

hours and 100% in 4 weeks. In marine ecosystems, paraquat is typically lost from 

seawater between 50% and 70% within 24 hours(Eisler, 1990). MV is likely to enter 

surface waters attached to soil particles and then be redeposited into the bottoms of 

surface water bodies or lowland regions that receive eroded sediments from uplands 

(for example, riparian zones and wetlands) (US EPA 2009). Moreover, the reports 

from many countries showed the contamination of methyl viologen (MV) in the 

water. In Spain, MV was found in 6.6% of samples from a lagoon (maximum level 

3.95 µg/L), and in 9.35% of samples from a marsh (maximum level 1.45 µg/L), 

(Fernández et al., 1998). MV was found 5.3 µg/L in drinking water in the EU in 1995, 

also found in a number of rivers and dams at a maximum concentration of 1 µg. In 

Thailand, MV has been found in groundwater at levels up to 18.9 µg/L (Amondham 

et al., 2006). 

2.1.3 Wildlife 

 

Weed plants that are resistant to MV has been recorded since 1980 in Japan, 

Canada, USA, Belgium, Taiwan, Malaysia, and Sri Lanka. By June 2010, 22 species 

of weeds in 13 countries had developed resistance to MV (Heap, 2010) as showed in 

Table 2. However, as referred to earlier, aquatic plants can concentrate high levels of 

paraquat, sufficient to cause toxic, behavioral, and teratogenic effects in tadpoles 

(Calderbank & Farrington, 1995). 
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Table  2 Weed resistance to paraquat.  

Twenty-two species of weeds that are resistant to MV has been recorded since 1980 in 

thirteen countries. 

 

 

 

 

Weeds Countries 

Amaranthus lividus (Livid amaranth) Malaysia 

Bidens Pilosa (Hairy beggarticks) Kenya 

Conzya bonariensis (Hairy fleabane) 
Egypt, Japan, South Africa, 

USA 

Conyza canadensis (Horseweed) Japan, Canada, USA, 

Conyza sumatrensis (Sumatran fleabane) Japan, Canada, USA, Belgium 

Crassocephalum crepidiodes (Redflower 

ragleaf) 
Malaysia 

Cuphea carthagenenis (Tarweed cuphea) Fiji 

Eleusine indica (Goosegrass) Malaysia, USA 

Epilobium adenocaulon (American 

willowherb) 
Belgium, UK 

Erigeron philadelphicus (Philadelphia 

fleabane) 
Japan 

Hordeum glaucum (Wall barley) Australia 

Hordeum leporinum (Barley grass) Australia 

Ischaemum rugosum (Saramollagrass) Malaysia 

Landoltia punctata (Dotted duckweed) USA 

Lepidium virginicum (Virginia pepperweed) Canada 

Lolium rigidum (Rigid ryegrass) South Africa, Australia 

Mitracarpus hirtus (Small square weed) Australia 

Poa annua (Annual bluegrass) UK, Belgium 

Solanum americanum (American black 

nightshade) 
USA 

Solanum nigrum (Black nightshade) Malaysia 

Vulpia bromoides (Silvergrass) Australia 

Youngia japonica (Asiatic hawkbeard) Japan 
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2.2 Spontaneous mutation 

During an organism's life cycle, changes in DNA chemistry can result in 

spontaneous mutations, which are the overall effect (Glickman et al., 1986). 

Therefore, all mutagenic and antimutagenic biological mechanisms produce the types 

and quantities of spontaneous mutations. The fact that modest changes in 

experimental settings significantly alter the types and rates of spontaneous mutations 

is not commonly found. 

Figure  3 The origin of spontaneous mutations. 

The mapping is obtained from https://quizlet.com/79824919/chapter-14-how-life-

works-barrera-flash-cards/ 

 

The spontaneous mutations occur in cells via the error of DNA replication and 

repair system. A mutation will be observed each time from the cells divided 

themselves, generally between 1 in 10,000 and 1 in a trillion (Engelkirk et al., 2020). 

In cyanobacteria (Prochlorococcus sp.), the mutation rate is about 1 in a ten billion 

mutations per base pairs per generation (Kashtan et al., 2014). Moreover, spontaneous 
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mutation has been done in the well-studied cyanobacterium Synechocystis sp. PCC 

6803 resistant to acetazolamide (Bedu et al., 1990) and cadmium (Xu et al., 2018).  

 

2.3 Methyl viologen resistance mediated by the enhanced ability of antioxidant in 

others organism. 

2.3.1 Arabidopsis thaliana 

    

 

Figure  4 Effect of MV in plant Arabidopsis thaliana 

 

Methyl viologen (MV), a herbicide and research tool, stimulates ROS 

formation in the chloroplast when illuminated, although it is also hazardous to non-

photosynthetic organisms. MV was utilized to examine plant ROS signaling in 

locations other than the chloroplast. This study used natural variation, QTL mapping, 

and mutant experiments with MV when the chloroplast electron transport is inactive 

in the model plant Arabidopsis (Arabidopsis thaliana). Researchers investigated the 

relationships between organelles using the radical-induced cell death mutant, which is 

resistant to MV-induced ROS and has altered mitochondrial signaling. The outcome 

demonstrated a light-independent ROS-signaling mechanism triggered by MV, 

pointing to mitochondrial participation. Further support for the function of 

mitochondria is provided by the finding that mitochondrial Mn superoxide dismutase 
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was necessary for ROS tolerance and that the effect of MV was improved by 

exogenous sucrose. This study suggests that mitochondria are involved in response to 

ROS induced by MV in plants (Cui et al., 2019). 

Moreover, the study of mechanism paraquat (same meaning as MV) tolerance 

in plant that switches off activated oxidative response by targeting histone-modifying 

protein methyltransferase4b.          

 

Figure  5 A working model for PQT3 acting as a negative regulator of oxidative 

stress response in the higher plants. 

 

From Fig. 5, stress signaling increases PRMT4b expression while decreasing 

PQT3 expression in response to oxidative stress. This increased PRMT4b activity will 

activate APX1 and GPX1 and increase their antioxidation capacity. PRMT4b 

expression decreases, and PQT3 expression increases when oxidative stress is 

reduced. As a result, PQT3 activity increases, which causes the 26S proteasome to 

remove PRMT4b more rapidly. APX1 and GPX1 expression will decrease along with 

a rapid decline in PRMT4b activity and PRMT4b expression. Then, oxidative stress 

that activates the reaction is turned off (Luo et al., 2016). 
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2.3.2 Paraburkholderia xenovorans LB400 

 

Paraburkholderia xenovorans (strain LB400), has one of the largest known 

prokaryotic genomes (9.7 Mb) and is one of the best aerobic PCB degrading strains 

(Consortium, 2010). The physiological and molecular reaction of Paraburkholderia 

xenovorans (strain LB400) to Paraquat (same meaning as MV) and H2O2. In contrast 

to Paraquat, which showed adverse effects on growth and increased cytoplasmic ROS 

formation only after more prolonged exposure, H2O2 showed growth inhibition. It 

increased cytoplasmic ROS accumulation after a shorter incubation period, likely 

because of its oxidizing nature. This is likely because H2O2 first needs to produce 

radicals. Due to its ongoing production of superoxide in the cytoplasm and membrane 

diffusion limitation for H2O2, Paraquat demonstrated a greater loss in cell density than 

H2O2 (Méndez et al., 2022) 

Figure  6 Molecular oxidative stress response of P. xenovorans LB400 during 

exposure to paraquat and H2O2                           
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P. xenovorans LB400 had a report of genes for the antioxidant defense, 

including the oxyR, ahpC, ahpF, kat, trxB, dpsA and gorA genes, whose orthologous 

genes are regulated by the transcriptional regulator OxyR in E. coli. Additionally, the 

LB400 genome contains the genes soxR, fumC, acnA, sodB, fpr, and fldX, whose 

orthologous genes in E. coli. are controlled by the transcriptional regulator SoxR. The 

complementation of a null mutant P. aeruginosa, soxR gene demonstrated the 

functioning of the LB400 soxR gene. LB400 cells were more sensitive to paraquat 

than H2O2 in growth, susceptibility, and ROS production tests. Following exposure to 

H2O2, transcriptional studies in LB400 cells showed an increase of the oxyR, ahpC1, 

katE, and ohrB genes, whereas the oxyR, fumC, ahpC1, sodB1, and ohrB genes were 

increased in the presence of paraquat. The oxidative stress response proteins AhpCF 

and DpsA, the universal stress protein UspA, and the RNA chaperone CspA were all 

increased by paraquat, according to a proteome study. The Ohr protein, implicated in 

resistance to organic peroxide, was stimulated by both oxidizing agents. Thus, P. 

xenovorans LB400 has a wide range oxidative stress response, which accounts for its 

strong resistance to the oxidizing substances paraquat and H2O2 (Méndez et al., 2022) 

2.4 Methyl viologen resistance mediated by the alterations in cellular transport 

system. 

2.4.1 Synechocystis sp. PCC 6803 

Genes that responded to MV stress have been identified in Synechcocystis 

wild type. sll1621 encoding peroxidase with the greatest fold change in the induced 

expression which has reported to be the core component in the antioxidant defense 

system and the dithiol-disulfide redox regulatory network of cyanobacteria (Dietz et 

al., 2011). Moreover, the expression of slr1516 encoding the SOD enzyme and the 

level of the SOD activity were upregulated after treat with MV at 6 and 12 hours. (Hu, 

Zhang et al. 2021). Importantly MV induced the oxidative stress resulting to reduce 

the rate of PSII photoinhibition repair and inhibits the synthesis of the D1 protein as 

well as the synthesis of other proteins (Allakhverdiev & Murata, 2004; Nishiyama et 

al., 2004; Nishiyama et al., 2001).  However, ABC transporters play an important role 

in the tolerance of toxic compounds by mediating active transport on the cell 

membrane. Therefore, the ABC transporters participate in the entire process of MV 

outflow and response (Dubey et al., 2016). In addition, the oxidative stress caused by 
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MV was the strongest when it was treated for 6 h, and the proportion of the 

upregulated genes and metabolites involved in the metabolic pathways were the most 

effected (Hu et al., 2021). 

    

Figure  7 Response of Synechocystis sp. PCC 6803 to MV 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 

 

 

CHAPTER III 

MATERIALS AND METHODS 

 

3.1 Materials 

3.1.1 Instrument 

 

   Autoclave HV-100: Hirayama, Japan 

Autopipette PIPETMAN Classic: Gilson, Paris, France  

   Bio clean bench MCV-B161F: Sanyo, Japan 

   BioPhotometer D30: Eppendorf, Thailand 

Gel documentation: Syngene, USA 

GENESYSUV-Vis spectrophotometer: Thermo Fisher Scientific, USA 

Geno ElectroPhore electrophoresis system: G-Biosciences, USA 

Innova 4000 digital incubator shaker: New brunswick scientific, USA 

Light shaker: Sac Science, Thailand 

Microwave: Sharp, Thailand 

   MIKRO 120 microliter centrifuge: Hettich, Germany 

   SevenEasy pH meter: Mettler-Toledo, Switzerland 

Sonopuls GM2200: Bandelin, Germany 

Sorvall Legend XTR refrigerated centrifuge: Thermo Fisher Scientific,                                                                  

                                                                         Germany 

   StableTemp ceramic stirring hot plate: Cole-Parmer, USA 

Synergy™ H1 microplate reader: BioTek, USA 

Vacuum Filter: Pyrex, USA 

Vortex-Genie 2: Scientific Industries, USA 

   Weighing PB303-S balances: Mettler-Toledo, Switzerland  
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3.1.2 Chemicals 

Agar powder biological grade: HIMEDIA, India 

Agarose: Invitrogen, USA 

Boric acid: Scharlau, Spain 

Calcium chloride: Sigma, USA 

Cethyl trimethyl ammonium bromide (CTAB): Kemaus, Australia 

Chloroform: Merck, Germany 

Citric acid: VWR International, UK 

Cobalt nitrate: Univer, Canada 

Copper sulphate: Fisher Scientific, UK 

Crotonic acid: Sigma, USA 

Ethanol: Merck, Germany 

Ethylene diamine tetra acetic acid: Sigma, USA 

Ferric sulphate: Merck, Germany 

Folin & Ciocalteu’s phenol reagent: Sigma, USA 

Glycerol: Univer, Canada 

HEPES-NaOH: Sigma, USA 

Hydrochloric acid: Merck, Germany 

Isoamyl alcohol: Sigma, USA 

Isocitric acid: Spectrum Chemical, USA 

Lysozyme: Sigma, USA 

Magnesium sulphate: Sigma, USA 

Manganese chloride: Univer, Canada 

Methanol: Merck, Germany 

Oxaloacetic acid: Sigma, USA 

Phenol: Thermo Fisher Scientific, Germany 

Potassium chloride: Fisher Scientific, UK 

Potassium dihydrogen phosphate: RANKEM, India 
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Potassium sodium tartrate: CARLO ERBA Reagents, France 

RNase: Sigma, USA 

Sarkosyl: Sigma, USA 

Sodium acetate: VWR International, UK 

Sodium carbonate: Sigma, USA 

Sodium chloride: CARLO ERBA Reagents, France 

Sodium hydroxide: Merck, Germany 

Sodium hypochlorite: Clorox, USA 

Sodium molybdate: VWR International, UK 

Sodium nitrate: VWR International, UK 

Sodium thiosulphate: Sigma, USA 

Sulfuric acid: Merck, Germany 

Taq polymerase kit: Volantis Technologies, Malaysia 

Tris(hydroxymethyl) aminomethane: Sigma, USA 

Zinc sulphate: Univer, Canada 

 

3.2 Methods 

3.2.1.  Cyanobacteria strains, cell cultivation and cell growth measurement  

Wild type Synechocystis sp. PCC 6803 (hereafter Synechocystis) was 

obtained from the Pasteur culture collection (PCC), France. Cells were grown 

in BG-11 (Rippka et al., 1979) liquid medium or agar medium supplemented 

with 20 mM HEPES-NaOH (pH 7.5). Cells were cultured at 30°C with the 

supply by the constant white light (50 µmol photons m-2 s-1). The growth of 

cyanobacterial cultures was determined by measuring the optical density at 

730 nm (OD730nm) using spectrophotometer. Methyl viologen (MV) was added 

to the medium when it was required.  
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3.2.2.  Generation of MV resistant mutants  

To generate MV resistant mutant, wild type Synechocystis sp. was 

grown in liquid media for 30 days to reach stationary-growth phase to allow 

the occurrence of spontaneous mutation(s) in aged cells. The cells (about 2 

OD730nm in one mL of the cell culture) were harvested and spread on agar 

medium (35 mL of agar medium in 0.7 cm diameter petri dish) containing 10, 

20, or 40 µM of MV. Cells were cultured under the continuous illumination 

for 30-40 days to obtain survival colonies of MV-resistant mutants. About 20-

34 colonies of MV-resistant mutants obtained from each MV concentration 

(10, 20, or 40 µM ) were selected and were restreaked two times into a single 

colony to obtain a pure genetic clone on a new agar medium plate containing 

the respective MV concentration. Wild type cells (as a negative control) were 

also streaked on agar plate containing MV as wild type cells were unable to 

grow in this agar plate containing MV to ensure the MV inhibition of the 

growth of wild type cells.  

 

 

Figure  8 Diagram showing the generation of spontaneous MV resistant mutants.  

The 30-day old cells (about 2 OD730nm) were spread on agar medium containing MV. 

Cells were cultured for 30-40 days to obtain survival colonies of MV-resistant 

mutants. 
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3.2.3.  Genomic DNA isolation and genome sequence 

Genomic DNA of Synechocystis sp. PCC 6803 were extracted using a 

modified protocol (Draper and Scott, 1998). Cells were harvest from the 

culture on BG11 Agar. Cells were suspended in 400 µL of Tris-EDTA 

solution (10 mM Tris-HCl and 1 mM EDTA at pH 8) and vortexed at 

maximum speed for 3 minutes. The cell suspension was added with 100 µL of 

50 mg/mL lysozyme and incubated at 37°C for 5 minutes with shaking. The 

mixture was added with 50 µL of 10% w/v sarkosyl and 600 µL of saturated 

phenol and mixed by shaking for 15 minutes. After centrifugation for 10 

minutes, the aqueous phase was collected, added with 10 µL of (2 µg/µL) 

RNase and incubated at 37°C for at least 15 minutes. The mixture was added 

with 100 µL of 5 M NaCl, 100 µL of CTAB-NaCl (10% w/v CTAB and 0.7 M 

NaCl) and 600 µL of chloroform:isoamyl alcohol (24:1, v:v). After 

centrifugation, the aqueous phase was added with 600 µL of isopropanol and 

centrifuged to precipitate genomic DNA. Genomic DNA was purified to 

remove RNA and other contaminants using Genomic DNA Clean & 

Concentrator Kit (Cat. No: D4010, Zymo research, USA). Genome sequences 

of wild type and mutants were determined using next-generation pair-read 

whole-genome sequencing which was operated by lllumina Sequencing-

MiSeq machine and conducted by Omics Science and Bioinformatics Center, 

Faculty of Science, Chulalongkorn University, Thailand. 

 

3.2.4.  Identification of mutation conferring methyl viologen resistance  

The obtained FASTQ formatted raw read sequences were aligned 

against the reference genome sequence of Synechocystis sp. PCC 6803 (NCBI 

accession number: PRJNA224116) using map command and BWA-MEM 

Galaxy software which has higher sensitivity and specificity for long read 

sequence (>100 nucleotide). The detection of mutation and the annotation of 

the mutated genes were conducted using the Galaxy softwares: FreeBayes and 

SnpEff eff. FreeBayes is a haplotype-based Bayesian genetic variant detector 

designed to detect single nucleotide polymorphisms (SNPs), insertions, 
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deletions, multi-nucleotide polymorphisms (MNPs) and complex events 

(composite insertion and substitution events) (Garrison & Marth, 2012).  

SnpEff eff is a flexible open source tool designed for annotating alterations in 

genes and proteins and for the prediction of effects of changes such as 

synonymous or non-synonymous replacement, and frameshift etc. (Cingolani 

et al., 2012). 

 

3.2.5.  Determination of minimum inhibitory concentrations (MIC) of MV 

resistance mutant 

The colony of each mutant was streaked on agar medium containing 0 

to 160 µM of MV. The MIC was recorded on the minimum concentration that 

the mutant cells could grow. 

 

3.2.6.  Determination of oxygen evolution  

The method is according to Towijit et al., 2018 (Towijit et al., 2018). 

The living cell culture of wild type and mutants (10 mL) was harvested by 

centrifugation 6,000 rpm for 10 minutes. The cell pellets were resuspended in 

2 mL of fresh BG-11 medium. Cells were incubated under darkness for 30 min 

and were determined for oxygen evolution using Oxygraph plus oxygen 

electrode (Hansatech Instruments, U.K.). The oxygen evolution measurement 

was conducted at 25 °C using fluorescent white light (50 µmol/m2/s) as a 

saturated light source. The unit of oxygen evolution rate was presented as 

μmol O2 /mgDW/h. 

 

3.2.7.  Determination of growth under osmotic and oxidative stresses 

3.2.7.1. Under the osmotic stress, cells at an initial concentration of 

0.1 OD730nm were cultivated in the absence or the presence of osmotic 

stress  inducing  agen t: sorbitol at 1M and sodium chloride at 1 M. 

These concentrations of sorbitol (Marin et al., 2006) and sodium 
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chloride (บุ ญ บู ร พ ง ศ์  et al., 2014) have been shown to induce osmotic 

stress and remarkably affect cell growth. The growth of cell cultures 

was determined by measuring optical density at 730 nm (OD730nm) 

using spectrophotometer. 

 

3.2.7.2. Under the oxidative stress, cells at an initial concentration of 

0.1 O D 730nm  were cultivated in the absence or the presence of 

oxidative-stress inducing agent: copper sulphate at 1µM and hydrogen 

peroxide at 7 mM. These concentrations of copper sulphate  (Giner-

Lamia et al., 2014) and hydrogen peroxide (Leksingto, 2018) have 

been shown to induce osmotic stress and remarkably affect cell 

growth. The growth of cultivation was determined by measuring 

optical density at 730 nm (OD730nm) using spectrophotometer. 

 

3.2.8.  Measurement of the scavenging capacity of antioxidants by 2,2-

Diphenyl-1-picrylhydrazyl (DPPH) assay.  

The method was modified from the method of Abe et al., 1998. The 

living cell culture of wild type and the MV-resistant mutants (1 OD730nm in one 

mL) was harvested by centrifugation at 6,000 rpm for 10 minutes. The cell 

pellets were resuspended in 1 mL of 50 mM potassium phosphate buffer (29 

mM Na2HPO4•7H2O and 21mM NaH2PO4•H2O) . Cells in the suspension was 

lysed using ultrasonic homogenizers (Sonopuls GM2200, Bandelin, Germany) 

at 15 hertz, for 50 cycles and 4 minutes. The supernatant was used for the next 

step. The supernatant of 0.04 mL was mixed with 0.5 mM DPPH ethanol 

solution (1 mL) and 10 mM acetate buffer (pH 5.5, 2 mL) and incubated at 

room temperature for 10 minutes. Then, the samples were measured for the 

absorbance at 517 nm using spectrophotometer (Thermo Fisher Scientific, 

USA). The percentage of radical scavenging activity: (A0-At)/A0 × 100% was 

calculated. A0 is the initial absorbance (immediately after mixing all reagents) 

and At is the absorbance after mixing all reagents at 10 minutes. 
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CHAPTER IV 

RESULTS 
 

4.1 Determination of Minimum inhibitory concentration (MIC) of MV for wild 

type Synechocystis 

Firstly, approximately the thousand colonies were obtained from 10 µM after 

treat with various of methyl viologen (MV) concentration. The colonies were survival 

after restreaking again in the agar plate that contained 10 of MV, but wild type 

Synechocystis sp. PCC 6803 (hereafter wild type) do not grow. Under the 20 µM and 

40 µM of MV found the number of colonies in the hundreds and the tens respectively 

(Table. 3). 

 

Table  3 The numbers of methyl viologen (MV)-resistant colonies of 

Synechocystis sp. PCC6803 obtained from a normal BG11 agar plate containing 

MV. 

Minimum inhibitory concentration of MV for wild type Synechocystis is 10 µM. The 

average number of MV-resistant colonies were derived from three independent agar 

plates. 

 

 

4.2 Generation of MV resistant mutants 

Spontaneous mutants of Synechocystis showing MV resistance were derived 

from agar plate containing 10, 20 and 40 µM of MV (Table 3), after 30-40 days. The 

lower MV concentration (10 and 20 µM) yielded the higher mutant colonies on agar 

plate than those of the higher concentration (40 µM) (Table 4). Some of MV-resistant 

colonies were selected as a mutant that were the subject for genomic DNA isolation 

and genome sequencing in the next section. 

MV concentration  
on agar plate (µM) Average number of MV-resistant colonies on an agar plate 

10 2,936 ± 188 

20    176 ±   13 

40      23 ±   11 
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Table  4 The MV-resistant colonies of Synechocystis sp. PCC6803 obtained from 

on a normal BG11 agar plate containing MV at 10, 20 or 40 µM.  

The picture was derived of one agar plate selected from three independent agar plates. 

 

MV concentration  

on agar plate (µM) 

 

MV resistant colonies derived from agar plate 

 

 

10 

 

 

 

 

 

 

 

20 

 

 

 

 

 

 

 

40 
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4.3 Determination of MIC of MV of MV-resistant mutants 

 Results in Table 5, the 31, 17 and 16 colonies from 40, 20 and 10 µM of MV 

respectively were tested for cell growth effect under the contained of higher MV 

concentration. The most effective growth of MV with a minimum inhibitory 

concentration (MIC) at 60 µM. At 80 µM of MIC test were found 90.3%, 41.2% and 

50% of survival colonies from 40, 20 and 10 µM of MV respectively. 

 

4.4 Isolation and quality determination of genomic DNA of the MV-resistant 

mutants 

The good quality of genomics DNA of wild type and mutants were obtained, 

and the purification of genomic DNA was successful in Fig. 9B and Fig. 10 (After 

purification). The amount and purity of the extracted genomic DNA samples was 

measuring at 230 nm, 260 nm and 280 nm. The ratio of absorbance 260 nm to 280 nm 

(A260/A280) represents a good indicator of protein contamination: when ≥ 1.8, it 

indicates a pure DNA sample. After cleanup with purification kit, most of extracted 

genomic DNA samples had higher ratio of A260/A280 (Table 4). As a A260/A230 is 

commonly in the range of 2.0-2.2. If the ratio is appreciably lower than expected, it 

may indicate the presence of contaminants which absorb at 230 nm. The result in 

Table 6 showed that most of extracted genomic DNA samples had higher ratio after 

cleanup with the kit. 

 

4.5 Mutations found in the genome of MV-resistant mutants. 

 Wild type and the selected seven MV-resistant mutant (Table 8) were 

subjected for genome sequencing.  Results in table 8 showed the mutation(s) found in 

each mutant. 

The mutant A9 harbors six-point mutations in six genes resulting in the 

disrupted function of five putative proteins (caused by either frameshift or stop-gained 

mutation) or and the single-amino acid change in one protein. Of particular relating to 

chemical transport is the disrupted function of cntO_1 gene encoding the ortholog of 

TonB-dependent receptor involving in the transport of Fe+++ across cytoplasmic 

membrane of Synechocystis (Katoh et al., 2000).  
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Table  5 MV minimum concentration of MV-resistant mutants.  

Each mutant clone was streak on the normal BG11 agar plate containing MV at 0–160 

µM. Cell growth was shown in (+) plus sign, while no cell growth was indicated by 

minus sign (-).  

MV concentration 

(µM) used to 

generate the mutant 

Mutant clone 
MV concentration (µM) 

MV minimum 

concentration 

(µM) 

20 40 60 80 160  

WT  - - - - -  

10 

  A1 -   A5 + + + + - 80 

  A6 -   A8 + + + - - 60 

  A9 - A10 + + + + - 80 

A11 - A12 + + + - - 60 

     A13 + + + + - 80 

A14 - A16 + + + - - 60 

20 

  B1 -   B3 + + + + - 80 

  B4 -   B5 + + + - - 60 

      B6 + + + + - 80 

  B7 -   B8 + + + - - 60 

  B9 - B10 + + + + - 80 

B11 - B12 + + + - - 60 

     B13 + + + + - 80 

B14 - B17 + + + - - 60 

40 

     C1 + + + - - 60 

  C2 -   C5 + + + + - 80 

  C6 + + + - - 60 

  C7 - C12, C14 - 

C20 
+ + + + - 80 

C21 + + + - - 60 

C22 - C23, C25, 

C27 - C34 
+ + + + - 80 
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Figure  9 Genomic DNA of M V-resistant mutants clone number A9-C14, 

analyzed on 0.8 % agarose gel electrophoresis.  

M: 1-kb DNA marker. The photos showed the results of genomic DNA before the 

purification (A), and after the purification using the kit: Genomic DNA Clean Kit, 

Zymo research, USA (B). 
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Figure  10 Genomic DNA of MV-resistant mutants clone number B14 and C21, 

analyzed on 0.8 % agarose gel electrophoresis.  

M: 1-kb DNA marker. The photos showed the results of genomic DNA before the 

purification and after the purification using the kit: Genomic DNA Clean Kit, Zymo 
research, USA. 

 

The mutants A11, B1, B14 and C10 contained the same point mutation which 

resulting the change of amino acid residue 93 (from Met to Lys) of a hypothetical 

protein with unknown function (Table 8-10 and Fig 14.). Results from the predicted 

3D protein structure (Fig. 14) shown that the alteration of Met→Lys lead to the 

obvious change of the protein structure of this hypothetical protein, particularly the 

reduction of helical structure. 
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Beside the change to Lys led to the presence of negatively charged residue, 

comparing to the Met with has no charge. Thus, this Met→Lys mutation may 

potentially affect the function of this protein. 

  

Table  6 Determination of purity of genomic DNA extracted from MV-resistant 

mutants.  

The extracted genomic DNA before the purification and after the purification (using 

the kit: Genomic DNA Clean Kit, Zymo research, USA) were determined for the ratio 

of absorbance (A) at A260nm/A280 nmand A260nm/A230nm of. A260nm/A280nm was used to 

assess the purity of DNA and the leftover protein. A260nm/A230nm was used to assess the 

purity of DNA and the leftovers caused by organic compounds.  

MV -resistant 

mutants clone  

Absorbance (A) ratio of genomic DNA 

Before cleanup After cleanup 

A260nm/A28nm0 A260nm/A230nm A260nm/A280nm A260nm/A230nm 

A  9 1.55 1.35 1.94 2.15 

A10 1.40 0.94 1.83 1.80 

A11 1.27 0.94 1.70 1.48 

A13 1.61 1.43 1.98 2.22 

B  1 1.64 1.39 1.87 1.87 

B  2 1.44 1.12 1.96 2.07 

B  3 1.37 1.13 1.84 1.72 

B  6 1.12 0.68 1.87 1.90 

B14 1.80 1.63 1.20 0.66 

C  9 1.46 1.15 1.80 1.62 

 C10 1.45 1.07 1.94 2.10 

C12 1.27 1.09 1.92 1.99 

C14 1.55 1.35 1.76 1.52 

C21 1.86 1.48 2.03 0.87 
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The mutant C14 contains two-point mutation resulting in the disrupted 

function of one protein (triacylglycerol lipase, Table 10 and Fig. 12) and the change 

of amino acid residue 93 (from Met to Lys) of a hypothetical protein with unknown 

function (Table 10 and Fig 12.) Of particular relating to cell membrane function is the 

disrupted function of menH_2 gene encoding the ortholog of triacylglycerol lipase 

that converts triacylglycerol to diacylglycerol which is the main composition of the 

cell membrane.  

 

The mutant C21 harbors several point mutations in 21 genes. Of particular 

relation to cellular transport, the mutations in: (i) cpcF gene encoding heat repeat 

domain-containing protein (involved in intracellular transport (Andrade & Bork, 

1995), (ii) lpxD_1 encoding UDP-3-o-acylglucosamine N-acyltransferase (involved in 

the biosynthesis of lipid A, a phosphorylated glycolipid that anchors the 

lipopolysaccharide to the outer membrane of the cell (Consortium, 2010), mshA_4 

encoding glycosyltransferase family 4 protein (involved in Biosynthesis of cell-wall 

peptidoglycan , (Consortium, 2010)), and the arnC_4 encoding glycosyltransferase 

(involved in biofilm formation (Suban et al., 2022)) (Table 10). 
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Figure  11 The protein sequence of cntO_1 gene which obtained the stop-gained 

mutation in the genome of the MV-resistant mutant clone A9.  

(A) The gene cntO_1 is an ortholog of TonB-dependent siderophore receptor: 

chemiosmotic potential of the cytoplasmic membrane with siderophore uptake across 

the outer membrane (Ferguson & Deisenhofer, 2002). The protein sequence was 

obtained from Synechocytis genome NCBI accession number: PRJNA224116 (protein 

ID: WP_020861331). (B) the predicted 3D structure of the wild type protein. The 

structures were generated computationally using BIOVIA Discovery Studio 

Visualizer software (http://www.accelrys.com).  
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Figure  12 The protein sequence of menH_2 gene which obtained the frameshift 

mutation in the genome of the MV-resistant mutant clone C14.  

(A) The gene menH_2 is a triacylglycerol lipase: involved in the conversion of 

triacylglycerol to diacylglycerol by releasing one carboxylate (Sneha et al., 2018). 

The protein sequence was obtained from Synechocytis genome NCBI accession 

number: PRJNA224116 (protein ID: WP_010872033). (B) the predicted 3D structure 

of the wild type protein. The structures were generated computationally using 

BIOVIA Discovery Studio Visualizer software (http://www.accelrys.com). 
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Figure  13 The protein sequence of arnC_4 gene which obtained the frameshift 

mutation in the genome of the MV-resistant mutant clone C21.  

(A) The gene arnC_4 is a glycosyltransferase: Inactivation of glycosyltransferase 

homolog results in robust biofilm formation (Suban et al., 2022). The protein 

sequence was obtained from Synechocytis genome NCBI accession number: 

PRJNA224116 (protein ID: WP_010873051). (B) the predicted 3D structure of the 

wild type protein. The structures were generated computationally using BIOVIA 

Discovery Studio Visualizer software (http://www.accelrys.com). 
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Figure  14 The protein sequence of FMAMFGPO_01147 gene which obtained the 

missense mutation in the genome of the MV-resistant mutant all clone.  

(A) The gene FMAMFGPO_01147 is an unknown function. The protein sequence 

was obtained from Synechocytis genome NCBI accession number: PRJNA224116 

(protein ID: WP_020861648). (B) the predicted 3D structure of the wild type protein. 

The three possibilities of the mutated protein structures #1, #2 and #3 were predicted. 

The structures were generated computationally using BIOVIA Discovery Studio 

Visualizer software (http://www.accelrys.com) 
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4.6 Cell growth of the seven selected MV-resistant mutants under the absence 

and presence of MV 

 Under normal growth condition with the absence of MV, all seven MV-

resistant mutants grew at the comparable rate to wild type strain during 15-day period, 

but with the exception that at day 11 the growth of C21 mutant was slightly higher 

than that of wild type (Fig. 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  15 Growth profiles for Synechocystis sp. PCC 6803 wild type and the 

MV-resistant mutants.  

Cell cultures at an initial concentration of 0.2 OD730nm were cultivated with the 

indicated under 0 and 60 µM of MV concentration. Cell growth was defined as a 

significantly increased OD730nm level. The data shows the mean ± SD derived from 

three independent biological cultures. Significantly different levels (*, P < 0.05: two-

tailed student’s t-test). 
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Under the presence of 60 µM MV, wild type was not able to grow, while 

mutant can grow as the evidence in the significant increase of cell density during 15-

day period (Fig. 15). Thus, these results confirmed the MV-resistant phenotype of the 

mutants. 

 

4.7 Oxygen-gas evolution of MV-resistant mutants under the absence and 

presence of MV 

 

 Oxygen-gas evolution that represents the photosynthetic ability of the cells 

were determined. Under the absence of MV, wild type and MV-resistant mutants had 

comparable oxygen-gas evolution rate, but with the exceptions that B14 mutant 

(cultured for 1 day) and A9 mutant (cultured for 7 days) had the higher oxygen-gas 

evolution rate and C10 mutant (cultured for 1 day) had the lower oxygen-gas 

evolution rate than wild type (Fig. 16). 

 

The treatment by 60 µM MV completely inhibited oxygen-gas evolution rate 

of wild type. However, the MV exposure did not significantly affected oxygen-gas 

evolution rate of the mutants A9, C10, C14 and C21, or slightly reduced oxygen-gas 

evolution rate of the mutant B14 (Fig. 16). The results suggesting that the 60 µM MV 

exposure did not severely affect photosynthesis of the MV-resistant mutants. 
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Figure  16 Oxygen-gas evolution of wild type (WT) and the MV-resistant 

mutants (clones A9-C21) under the absence of presence of MV.  

Cell cultures at an initial cell density at 0.2 OD730nm were cultivated for 14 days. The 

data shows the mean ± SD derived from three independent biological cultures. 

Significantly different levels from that of wild type (*, P < 0.05: two-tailed student’s 

t-test). 

 

 

4.8 Cell growth of MV-resistant mutants under osmotic stress 

 Under normal growth condition (without external stress), the MV-resistant 

mutants and wild type grew at the comparable rate (Fig. 17). The osmotic stress by 

the treatment using 1M sorbitol (Marin et al., 2006) and 1M sodium chloride (บุญบูรพงศ ์

et al., 2011) for 15 days which has been previously used for osmotic stress generation 

in Synechocytis, was induced in the cultures of wild type and the mutants. Results in 

Fig. 17 showed that the growth of A9 and C10 mutants were remarkably negatively 
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affected, while the growth of wild type and other mutants were not significantly 

affected (Fig. 17). The severe growth inhibition caused by these osmatic stresses was 

clearly seen in A9 mutant. Thus, the mutations occurred in A9 and B10 mutants may 

be related to the defected ability of cellular export of such osmotic stress agents 

(sodium chloride or sorbitol) or the defective activity of cellular osmotic homeostasis.   

 

  

 

 

Figure  17 Growth profiles under osmotic stress of Synechocystis sp. PCC 6803 

wild type and the MV-resistant mutants.  

Cell were cultures at an initial concentration of 0.1 OD730nm under the absence or 

presence of sorbitol at 1 M (Marin et al., 2006) or sodium chloride at 1 M (บุญบูรพงศ์ et 

al., 2014) which have previously been used to generate osmotic stress in 

Synechocystis. Data are shown as the mean ±SD derived from three independent 

cultures. Significantly different levels from that of wild type (*, P < 0.05: two-tailed 

student’s t-test). 

 

Normal 

growth 

condition 

Sorbitol 

treatment 

Sodium 

chloride 

treatment 

O
D

7
3

0
n

m
 

O
D

7
3

0
n

m
 

O
D

7
3

0
n

m
 

Cultivation time (Day) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

55 

 

 

4.9 Cell growth of MV-resistant mutants under oxidative stress 

The oxidative stress induced by the treatment with copper sulphate had no or 

little effect on cell grow th of wild type and the mutants (Fig. 18). However, the 

stronger oxidative stress induced by the treatment by H2O2 did not affect growth of 

wild type, but remarkably reduced cells growth of the mutants A9, B14, and C10 (Fig. 

18). Thus, the mutations occurred in A9, B14 and C10 mutants may be related to the 

defected ability of cellular export of H 2O 2 agent or the defective activity of cellular 

antioxidant. In addition, H2O2 agent slightly affects growth of D14 and C21 mutants 

(Fig. 18). 

 

 

 

 

 

Figure  18 Growth profiles under oxidative stress of Synechocystis sp. PCC 6803 

wild type and the MV-resistant mutants.  

Cell were cultures at an initial concentration of 0.1 OD730nm under the absence or 

presence of copper sulphate at 2 µM (Giner-Lamia et al., 2014) or hydrogen peroxide 

at 7 mM (From my Bachelor research, 2018) which have previously been used to 

generate oxidative stress in Synechocystis. Data are shown as the mean ±SD derived 

from three independent cultures. Significantly different levels from that of wild type 

(*, P < 0.05: two-tailed student’s t-test) 
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4.10 Cellular antioxidant activity of MV resistant mutants under the absence and 

presence of MV 

 DPPH assay was used to determine cellular antioxidant activity (Koleva et al., 

2003). Under normal condition, wild type and the mutants had comparable cellular 

antioxidant activities at 7, but at day 14, all mutants had significantly higher 

antioxidant activities than that of wild type (Table 11).   

 

Table  11 Quantitative analysis and in vitro free radical scavenging activity of 

wildtype and MV-resistant mutant under absence of MV.  

The supernatant of living cell culture from wild type and mutants (1 OD730nm in one 

mL of the cell culture) with the indicated under absence of MV concentration.  The 

data shows the mean ± SD derived from three independent biological cultures. 

Significantly different levels between wildtype and MV-resistant mutant (*P < 0.05, 

**P < 0.01: two-tailed student’s t-test).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Under 60 µM MV exposure, wild type and the mutants had comparable 

cellular antioxidant activities at day 7, but at day 14, A9, C10 and C21 mutants 

significantly exhibited higher antioxidant activities than that of wild type (Table 12). 

Thus, the mutations occurred in A9, C10 and C21 mutants may involve to the 

increased cellular antioxidant activity. 

 % Radical scavenging 

without MV 

Ascorbic 

acid 
88 ± 4 

 Day 0 Day 7 Day 14 

WT 61 ± 1 41 ± 1 31 ± 1 

A  9 54 ± 1** 40 ± 1 52 ± 0.5** 

B14 53 ± 1** 36 ± 4** 43 ± 1** 

C10 55 ± 3** 45 ± 1* 37 ± 1** 

C14 65 ± 0.4** 43 ± 1 43 ± 0.2** 

C21 57 ± 1** 43 ± 1 40 ± 0.4** 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

57 

 

 

Table  12 Quantitative analysis and in vitro free radical scavenging activity of 

wildtype and MV-resistant mutant under presence of MV.  

The supernatant of living cell culture from wild type and mutants (1 OD730nm in one 

mL of the cell culture) with the indicated under presence of MV concentration.  The 

data shows the mean ± SD derived from three independent biological cultures. 

Significantly different levels between wildtype and MV-resistant mutant (P < 0.05, 

**P < 0.01: two-tailed student’s t-test).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 % Radical scavenging 

with the MV treatment 

Ascorbic 

acid 
88 ± 4 

 
Day 0 Day 7 Day 14 

WT 61 ± 1  45 ± 1 33 ± 2 

A  9 54 ± 1** 44 ± 1 41 ± 3** 

B14 54 ± 1** 41 ± 2** 36 ± 3 

C10 55 ± 3** 41 ± 1** 44 ± 1** 

C14 65 ± 0.4** 45 ± 0.4 28 ± 1 

C21 57 ± 1** 41 ± 1** 50 ± 1** 
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CHAPTER V 

DISCUSSION 
 

MV can act as an electron acceptor at photosystem I in plant weeds (Fuerst & 

Vaughn, 1990). However, This action disrupts photosynthetic generation of NADPH  

(Fig. 2), and the excess electron is further transferred to O2 and generate toxic reactive 

oxygen species (Ananieva et al., 2004). These toxic compounds cause DNA damage, 

protein degradation and lipid peroxidation which severely affect the cellular 

metabolism (Casano et al., 1994; Szigeti & Lehoczki, 2003). Nevertheless, the 

cellular mechanism in photosystem I complex that is the target of MV inhibition is 

still unclear. In Synechocystis, wild-type cells grew poorly in the presence of 0.6 µm 

MV (Prosecka et al., 2009). Previous study determined the localization of membrane 

proteins in Synechococcus sp. PCC7942 and it was speculated that MV could also 

interact with cyanobacterial photosystem I and inhibit PSI function by interacting 

membrane-bound nonheme iron-sulfur proteins. For Synechocystis, treatment with 1 

μM methyl viologen drastically reduced the cell density, biomass production, total 

protein contents, phycobiliprotein contents and oxygen evolution (Sukkasam et al., 

2022). By improving the effectiveness of MV excretion from the cell, cyanobacteria 

can lower the levels of intracellular MV and oxidative stress. According to a recent 

study, the PrqA protein, which is a homolog of the multi-drug transporter (drug efflux 

protein), can remove intracellular MV in Synechocystis sp. PCC 6803, and the PrqR 

protein can control gene expression to influence how Synechocystis cells respond to 

ROS caused by MV. (Babykin et al., 2003). 

 

Spontaneous MV-resistant mutant has been reported in plant, bacteria and 

cyanobacteria (Table 2). In Arabidopsis thaliana, the mutation in Pqr2 uptake 

transporter of positively-charged polyamine (and also potentially uptake MV) is 

associated with the MV resistance (Dong et al., 2016). In bacteria, the mutation in 

Bacillus anthracis Soda1 superoxide dismutase (Passalacqua et al., 2007) and the 

mutation in E. coli UbiG methyltransferase required for ubiquinone biosynthesis 

(involving in cellular antioxidant response) were found in MV-resistant mutants 

(Gonidakis et al., 2011). In addition, the mutation in Zwf glucose-6-phosphate 
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dehydrogenase (an enzyme generating NADPH required as the cofactor of enzymes in 

defense against paraquat toxicity) was report in MV-resistant mutant of Pseudomonas 

aeruginosa (Ma et al., 1998).  

 

In Synechocystis, a mutation in MvrA membrane transporter (Nefedova et al., 

2003), a mutation in SodB superoxide dismutase (enzyme for antioxidant removal) 

(Babykin et al., 2003) and the triple mutations potentially lead to MV secretion 

including that in Slr1901 ATPase, Slr1174 transporter protein and Slr0610 membrane 

transporter permease, lead to a low level of MV resistance (up to 4-6 µM MV) in this 

cyanobacterium (Prosecka et al., 2009). Thus, the mechanisms of MV resistance 

found so far are related to the alteration of MV transport/excretion, and the increased 

cellular antioxidant activity. However, no report of a mutation in photosystem I (PSI) 

where is the molecular target of MV inhibition.  

 

This study has isolated six spontaneous mutants that exhibited a high level of 

MV resistance up to 60-80 µM MV (Table. 5) and identified mutations associated to 

this high-level MV-resistant phenotype. The mutant A9 harbors the disrupted function 

of TonB-dependent receptor involving in the transport of Fe+++ across cell membranes 

of Synechocystis and the altered FAD-binding oxidoreductase involving in the 

generation NADH (required as the cofactor of enzymes in defense against methyl 

viologen toxicity (Fig. 10 Table 8).  

 

For TonB-dependent receptor, it plays roles in TonB-dependent uptake 

systems that permit bacterial growth in a wide range of iron-limited environments 

(Guerinot, 1994). These systems are also considered as targets of the antibiotics 

because they contribute to the specific permeability of the gram-negative cell 

envelope (Ghosh et al., 1996). Advances in understanding iron carrying by gram-

negative bacteria have centered around two strategies: (i) uptalking small (< 1000 

Dalton) microbially produced ferric iron chelators called siderophores; and (ii) 

utilizing host iron-binding proteins (Moeck & Coulton, 1998). TonB-dependent 

receptor is possibly used to uptake MV by these siderophores because MV has 

molecular weight only 186.26 Daltons (Caspi R, SRI International: MetaCyc 
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Database) and also has positive charge like iron. It might possible that this TonB-

dependent receptor also transport MV to the cells and disrupted its function leads to 

MV resistance. 

 

The mutant C14 contains the disrupted function of triacylglycerol lipase 

(enzyme generating diacylglycerol, the main composition of cell membrane, Table 9 

and Fig. 11), suggesting this mutation may potentially affect cell membrane and MV 

transport. The mutant C21 harbors several point mutations in 21 genes including those 

relating intracellular transport, the biosynthesis of lipid A, the biosynthesis of cell-

wall peptidoglycan, and biofilm formation, Table 7). Thus, the mechanisms of MV 

resistance found in this study are related to the alteration of MV transport and 

excretion, the altered composition of cell membrane and cell wall, and the increased 

cellular antioxidant activity.  

 

Moreover, this study found that the mutants A11, B1, B14 and C10 contained 

the Met53→Lys alteration in 92-amino-acid hypothetical protein with unknown 

function (Table 10 and Fig. 11). This Met→Lys alteration possibly altered the overall 

3D structure of the protein, particularly the reduction of helical structure (Fig. 13). 

How this mutation leads to MV resistant is still unknown. Further investigation would 

highlight whether this 97-amino-acid hypothetical protein involves in the process of 

photosynthesis and PSI which are the molecular targets of MV interaction, remained 

to be studied. 

 

 The six MV-resistant mutants and wild type grew at the comparable rate (Fig. 

16), indicating that the mutation in these mutants did not affect cell growth. However, 

the osmotic stress induced by sorbitol and sodium chloride significantly affected cells 

growth of A9 mutant when compared with wildtype, but not wild type (Fig. 16). Thus, 

the mutations occurred in A9 and B10 mutants might be related to the defected 

cellular excretion of sodium chloride or sorbitol or the defective activity of cellular 

osmotic homeostasis. In agreement with this contention, A9 mutants has the disrupted 

function of TonB-dependent receptor involving in the transport of Fe+++. In addition, 

A9 also contains the disrupted function of FAD-binding oxidoreductase involving in 
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the generation NADH (required as the cofactor of enzymes for defense against abiotic 

stress (Fig. 10 Table 8). Thus, the disrupted FAD-binding oxidoreductase function 

may contribute to the cell sensitivity to osmotic stress of A9 mutant.  

 

 For oxidative stress effect, A9, B14 and C10 showed the significantly reduced 

growth under H2O2 oxidative stress, while wild type did not. Since A9 contained the 

disrupted TonB-dependent receptor (Fig. 16), and the disrupted FAD-binding 

oxidoreductase (Fig. 16), these two proteins may involve in cellular export or 

detoxification of H2O2. B14 and C10 contains the Met53→Lys alteration in 92-

amino-acid hypothetical protein with remarkably altered the overall 3D structure of 

the protein (Table 10 and Fig. 11). Thus, this hypothetical protein may involve with 

the cellular response to H2O2 stress.  

 

MV treatment affected photosynthesis by inhibiting PSI electron transport and 

resulting in the reduced or terminated photosynthetic O2 evolution in wild type 

Synechocystis (Kreslavski et al., 2007). In this study MV treatment at 60 µM 

completely terminated O2 evolution in wild type, but not in those five mutants. Thus, 

MV did not inhibit photosynthesis in the mutants. This may be resulted from that MV 

cannot get into the cells due to a loss of MV transport ability or cellular strong 

antioxidant activity. These contentions were supported by the presence of the 

disrupted function of proteins related to ion transports in the mutants A9, and the 

increased antioxidant activity in the mutants A9, C10 and C21. It has been also found 

that a spontaneous MV-resistant mutant of Nostoc punctiforme exhibited the increased 

catalase activity in the presence of MV (Moirangthem et al., 2014). 

 

Genes that responded to MV stress have been identified in Synechcocystis 

wild type (Hu et al., 2021). The significantly up-regulated genes (Hu et al., 2021) 

include: (i) sll1621 encoding peroxidase playing roles in antioxidant defense system 

in cyanobacteria (Dietz, 2011); (ii) slr1516 encoding the SOD (Superoxide 

dismutases) enzyme responsible for degrading superoxide ; ABC transporters playing 

an important role in MV transport (Dubey et al., 2016). In addition, MV reduced the 

rate of PSII photoinhibition repair and inhibited the synthesis of the D1 protein (the 
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major component of the PSII reaction center) as well as the synthesis of other 

photosynthetic proteins (Allakhverdiev and Murata 2004; Nishiyama et al., 2001, 

2004). Overall wild type Synechocystis enhanced expression of genes responsible in 

oxidative stress defense and inhibited genes encoding photosynthetic components to 

respond to MV stress. These data are in agreement with the characteristics of the MV-

resistant mutations found in this study (Table 8-10, Fig. 11-14) that these mutations 

involve in the increased cellular antioxidant activity found in the mutant A9, and the 

MV detoxification by mediating MV excretion found in the  

mutants A9, C14 and C21.
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CHAPTER VI 

CONCLUSION 
 

Seven MV-resistant mutants were obtained. The genome of seven mutants was 

fully sequenced. They contain the mutations in genes associated with the biosynthesis 

of cell-membrane components, the biosynthesis of cell-wall peptidoglycan, the 

biofilm formation, and the antioxidant defense found in the MV-resistant mutants A9, 

C14 and C21. The mechanisms of MV resistance found in this study may be related to 

the alteration of MV transport, the modified composition of the cell membrane and 

cell wall and the change in antioxidant mechanism that may lead to the inability to 

import MV to the cells. Further specific gene knockout of these mutation sites would 

help confirm whether these mutations cause MV resistance. Characterization of other 

MV-resistant mutants may lead to the understanding of MV transport, as well as the 

mechanism of MV resistance in cyanobacteria. This knowledge provides basic 

information for the further development of other compounds that can inhibit 

photosynthesis for further use in weed control. Additionally, the MV-resistant 

mechanism found in this study might be applied to generate economic and agricultural 

plants or algae that can tolerate MV and related herbicides. 
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APPENDIX A 

MEDIA AND SOLUTION 

 

BG11 medium (Rippka et al., 1979) 

Stock         per 1 liter 

1.Dipotassium phosphate       4.00 g 

2.Sodium nitrate               150.00 g 

3.Calcium chloride dihydrate       3.60 g 

4.Magnesium sulfate heptahydrate      7.50 g 

5.Ammonium ferric citrate, green      0.60 g 

6.Citric acid         0.60 g 

7.Sodium carbonate        2.00 g 

8.Disodium ethylenediaminetetraacetate dihydrate    0.10 g 

         per 1 liter 

9.Trace metal solution   

   Boric acid         2.86 g 

   Manganese II chloride tetrahydrate      1.81 g 

   Zinc sulphate heptahydrate       0.22 g 

   Sodium molybdate dihydrate      0.39 g 

   Copper sulfate pentahydrate      0.08 g 

   Cobalt II nitrate hexahydrate      0.05 g 
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BG11 agar medium 

         per 1 liter 

Stock solution number 1-8      10 mL/1solution 

Stock solution number 9        1 mL 

Bacteriological agar       15 g 

Adjust pH to 7.1 with 1M sodium hydroxide or 1 M hydrochloric acid 

Adjust the volume to 1 liter with distilled water 

Autoclave under a pressure of approximately 15 psi and achieve a chamber 

temperature of a least 121°C for 15 minutes 

 

BG11 broth medium 

         per 1 liter 

Stock solution number 1-8      10 mL/1solution 

Stock solution number 9        1 mL 

Adjust pH to 7.1 with 1M sodium hydroxide or 1 M hydrochloric acid 

Adjust the volume to 1 liter with distilled water 

Autoclave under a pressure of approximately 15 psi and achieve a chamber 

temperature of a least 121°C for 15 minutes 
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Tris-acetate-EDTA buffer (TAE) (Green & Sambrook, 2012) 

50X stock solution TAE buffer (1 liter) 

 242.0 g Tris-base 

   57.1 mL of 99.85% acetic acid 

100 mL of 800 mM ethylene diamine tetra-acetic acid sodium salt dihydrate pH8 

Adjust the volume to 1 liter with distilled water 

 

Potassium Phosphate buffer (AAT Bioquest, 2022) 

   4.7 g Potassium phosphate dibasic 

   3.2 g Potassium phosphate monobasic 

Adjust pH to 7 with 1M sodium hydroxide or 1 M hydrochloric acid 

Adjust the volume to 1 liter with distilled water 
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APPENDIX B 

PICTURE AND DATA 

 

Colonies of Synchocystis sp PCC 6803 on BG11 agar plate 

10 µM of MV  

 

 

 

 

 

 

20 µM of MV  

 

 

 

 

 

 

 

40 µM of MV  
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Oxygen-gas evolution of wild type (WT) and the MV-resistant mutants (clones 

9A-21C) under the absence of presence of MV. 
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Growth under osmotic stress of Synechocystis sp. PCC 6803 wild type and the 

MV-resistant mutants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Av OD STD OD Av OD STD OD Av OD STD OD Av OD STD OD Av OD STD OD Av OD STD OD Av OD STD OD Av OD STD OD

Day9 Day11 Day13 Day15

Strain

Day1 Day3 Day5 Day7

WT 0.210 0.063 0.427 0.015 0.624 0.044 1.045 0.070713 1.473 0.0680.932 0.066 1.004 0.056 1.004 0.075877

1.380 0.0810.552 0.025 0.848 0.034 0.919 0.0289A 0.242 0.014 0.371 0.003

14B 0.216 0.007

0.951 0.026438 0.989 0.023106

1.461 0.0680.945 0.077 0.987 0.014297 1.002 0.0358880.400 0.014 0.586 0.021 0.955 0.037

10C 0.253 0.013 0.449 0.028 0.653 0.029 1.078 0.041892 1.525 0.0611.003 0.044 1.039 0.062 1.121 0.062176

1.431 0.1330.631 0.012 0.887 0.099 0.961 0.05614C 0.243 0.003 0.424 0.014

21C 0.234 0.009

0.998 0.14051 1.024 0.127999

1.570 0.0331.019 0.029 1.086 0.050518 1.039 0.0157890.434 0.008 0.662 0.052 0.922 0.035

WT 0.248 0.011 0.255 0.019 0.354 0.028 0.330 0.032633 0.495 0.1400.284 0.070 0.327 0.060 0.471 0.26194

0.150 0.0290.180 0.009 0.155 0.044 0.160 0.0349A 0.226 0.010 0.195 0.014

14B 0.212 0.004

0.177 0.095123 0.193 0.017841

0.330 0.1990.245 0.078 0.145 0.084499 0.209 0.055880.256 0.022 0.191 0.067 0.115 0.035

10C 0.244 0.014 0.157 0.017 0.131 0.018 0.195 0.044024 0.202 0.1640.088 0.064 0.189 0.046 0.116 0.032538

0.332 0.2340.289 0.071 0.166 0.059 0.217 0.07014C 0.248 0.006 0.272 0.012

21C 0.244 0.008

0.207 0.088758 0.287 0.121032

0.274 0.1530.300 0.197 0.259 0.103027 0.253 0.0933260.178 0.013 0.235 0.168 0.179 0.120

WT 0.219 0.018 0.222 0.007 0.299 0.017 0.675 0.047837 0.998 0.0500.411 0.022 0.539 0.022 0.684 0.055968

0.388 0.0270.134 0.004 0.078 0.009 0.151 0.0089A 0.199 0.020 0.148 0.000

14B 0.217 0.004

0.153 0.01036 0.200 0.040211

0.222 0.011 0.193 0.002 0.213 0.004

1.039 0.0540.638 0.045 0.720 0.023558 0.720 0.0449840.227 0.005 0.371 0.014 0.503 0.049

0.219

0.228

0.003

0.009

0.528 0.052843 0.831 0.0520.239 0.045 0.351 0.034 0.483 0.034727

0.030

0.029

0.464

0.507

0.014

0.053

0.246

0.282

0.007

0.016

0.229

0.216

0.011

0.020

14C

21C

0.333

0.381

0.101747

0.038595

0.869

1.005

0.121

0.014

0.577

0.659

0.048375

0.017176

0.571

0.694

BG-11

Sorb

NaCl

10C



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

116 

 

 

 

Growth under oxidative stress of Synechocystis sp. PCC 6803 wild type and the 

MV-resistant mutants 
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