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1 Abstract 

Cyanobacteria are promising cell factories due to their minimal nutrient requirements and 

utilization of atmospheric carbon di-oxide as its sole carbon source. In particular, 

polyhydroxybutyrate (PHB) is an industrially useful bio plastic that is produced naturally by 

some cyanobacteria. Furthermore, PHB biosynthetic pathway is a starting point for production of 

the biofuel, 1-butanol. There has been much genetic engineering effort toward increasing the 

production of PHB from cyanobacteria. These have been focused on increasing the pool of 

acetyl-CoA precursor, or increasing the amount of the reductant NADPH. The upstream process 

for increasing these reactants is complex and involves many genes. In this context, cyanobacteria 

libraries will contribute to reveal genes or gene fragments that are responsible for production of 

PHB, alkanes and other high value compounds. In pursuit of finding these novel genes or gene 

fragments, a transcription factor library is created in this study with 50 transcription factors. 

Furthermore, the process is optimized towards the creation of genomic fragment library and 

metagenomic fragment library with 26 diverse strains. Members of the transcription factor 

library are over-expressed by a PHB - producing host Synechocystis PCC 6803 and the process 

towards creation of genomic and metagenomic libraries is optimized. The members of the 

metagenomic library can be screened for increased PHB, alkanes, lactate and other high value 

products and the potential members can be isolated and characterized. 

2 Introduction 

Cyanobacteria, with its ability to undergo oxygenic photosynthesis, harnessing sunlight and 

utilizing carbon dioxide are a prime choice to produce renewable biofuels, thermoplastics and 

many other high value products. Its potential to fix atmospheric carbon dioxide as the sole 

carbon source to generate high value compounds have gained a lot of attention and is an ideal 

source in several applications in the field of biotechnology (Abed, Dobretsov, & Sudesh, 2009). 

Cyanobacteria has developed physiological characteristics along the evolution and has 

acclimated to survive under varied environmental conditions including temperature, pH, nutrient 

availability, carbon-dioxide and oxygen (Kasting, n.d.). It is under these nutrient deficient 

conditions, several genes and a combination of them attained the ability to positively or 

negatively regulate metabolic pathways while expressing distinctly under different 

environmental stresses (Los et al., 2010)(Singh et al., 2010). For instance, Rre37, is involved in 

induction of glycolytic and glycogen catabolic genes during nitrogen depletion conditions 

(Azuma et al., 2011); SigE overexpression during nitrogen starvation enhances PHB levels (T. 

A. Osanai et al., 2013). Notably, transcriptomics study conducted by (Anfelt et al., 2013) to 

improve butanol tolerance of Synechocystis PCC 6803 (hereafter Synechocystis) and significance 

of SigB to improve temperature and butanol tolerance (Kaczmarzyk et al., 2014) reveals the 

importance of engineering transcriptomics and the related genes.  
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Furthermore, cyanobacteria are known for their short generation time to accumulate 

biodegradable thermoplastic polyester and a homo polymer, polyhydroxybutyrate (PHB) in 

photoautotrophic conditions (Balaji, Gopi, & Muthuvelan, 2013). Other putative materials from 

cyanobacteria include cyanophycin, polyphosphate and several bioactive compounds of great 

importance (Abed et al., 2009). Besides all these advantages and need for minimal nutrients in its 

culture media (B Panda & Mallick, 2007), cyanobacteria is one of the most economical and 

ecofriendly host for diverse products and applications. 

In this study, polyhydroxybutyrate (PHB) is of prime interest, a class of polyesters among the 

polyhydroxyalkanoates that are derived from central carbon metabolism and are deposited as 

insoluble inclusions in cytoplasm. Biodegradability of PHB bio plastics, environmental friendly 

properties and cost effective nature in comparison to the petrochemical synthetic plastics is of 

great importance in the industrial sector. Considering the physical and biodegradable properties 

of polyhyroxyalkanoates (PHA’s); with recorded degradation within 254 days at a temperature 

not exceeding 60 °C in aquatic environments, cyanobacteria proves to be an ideal choice for 

research in this regard (Balaji et al., 2013). 

Considering the fact that genes are regulated at various levels like transcriptional, post 

transcriptional mRNA modification translation and post translational protein modification 

(Matsumura, Lynch, & Gallivan, 2010), a library of the same is thought to be highly beneficial in 

several aspects.  In this context, a metagenomic library, genomic library and transcription factor 

library contributes insights in to biochemical, molecular and genetic basis for biosynthesis of 

various products, by products, and metabolites in Synechocystis. Metagenomics is the study of 

collective genomes involving recombination in to the genome of the host, while it is 

Synechocystis in this study. 

In this study, a transcription factor library is created with previously constructed plasmids 

bearing rationally selected transcription factors and is screened for PHB accumulation in 

Synechocystis. Construction of a genomic fragment library in Synechocystis using a replicative 

plasmid with fragmented genomic DNA of Synechocystis is also studied. A metagenomic library 

construction is followed in terms of direct evolution, utilizing the ability of Synechocystis to 

naturally undergo homologous recombination and integrating exogenous genetic material into its 

genomic DNA. Genomic and metagenomic libraries are expected to reveal new and novel 

functions while diverse DNA sequences interact with each other. These libraries can be screened 

for wide variety of promising products in Synechocystis including PHB and discover the 

corresponding functional genes. Upon sequencing the selected mutants carrying genomic and 

metagenomic fragments, an in depth understanding of the function encoded by the gene or gene 

fragments in the mutants and the metabolism underlying can be understood substantially.  

Furthermore, the members of the library can be examined and gained insights in terms of co-

expression, overexpression of selected genes; repression and deletion of genes that code for non-

essential competing pathways (Stephanopoulos, 2007)  in order to increase the productivity of 
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intended product, while in this study PHB is of higher priority. Unlike transcription factor 

library, where, genes are rationally chosen, this approach of constructing genomic and 

metagenomic libraries does not require much prior knowledge. But assessing the phenotype and 

identifying corresponding genotype plays a major role. 

3 Relevant background  

Molecular genetics and transcriptome analysis has revealed the importance of transcription 

factors and their role in protein translation process. These transcription factors play an important 

role in altering the metabolic pathway to produce high amounts of biodegradable 

polyhydroxybutyrate (PHB) and fine chemicals in cyanobacteria. As it is known fact that genes 

are regulated at transcription, post transcriptional mRNA modification, translation and post 

translational protein modification level (Matsumura et al., 2010), the same principles are focused 

towards increasing PHB production in Synechocystis. An integrative analysis of transcriptome 

data sets of core transcriptional genes (CTR) are found to be regulated under environmental 

perturbations and are involved in protein translation and stress protection (Singh et al., 2010). In 

this scenario, Synechocystis, a unicellular cyanobacterium, with the sequence of its genome 

completely determined (Kaneko et al., 1996) act as an ideal organism for investigation of PHB 

accumulation.  

Recent studies on Synechocystis, have determined that metabolic changes takes place upon 

nitrogen starvation and excess NADPH pool plays a key role in PHB synthase activity for 

regulation of PHB biosynthesis and metabolism (Hauf et al., 2013). The biosynthetic pathway for 

PHB accumulation along with the substrates, cofactors and the enzymes involved are shown in 

Figure 1. Where, the enzymes β-ketothiolase and acetoacetyl-CoA reductase are encoded by 

phaA and phaB respectively (Taroncher-oldenburg, Nishina, & Stephanopoulos, 2000), while 

PHA synthase is encoded by phaC and phaE (Hein, Tran, & Steinbüchel, 1998). In addition, a 

similar trend is observed in many other studies with Synechocystis under nitrogen and 

phosphorous starvation (Panda, et al., 2006) and these findings are further affirmed in the earlier 

mention report while overexpressing sigE (Osanai et al., 2013); (Singh et al., 2010) and (Los et 

al., 2010) suggests that transcription factors and stress inducers also involve in a similar 

regulation. Furthermore, the involvement of nitrogen starvation induced protein for PHB 

accumulation in Synechocystis is evidently reported in (Schlebusch & Forchhammer, 2010). 

Increase in transcription levels of genes encoding PHB synthesis i.e phaA, B, C and E under 

nitrogen starvation conditions (T. Osanai et al., 2006) further encourages to create a transcription 

factor library and investigate its contributions towards PHB accumulation under nitrogen 

starvation. 

Metagenome and metagenomic library has an immense potential in discovering new functional 

characteristics in an organism. The potential and effectiveness of combinatorial approach 

reported in (Santos & Stephanopoulos, 2008) for phenotype optimization is highly noteworthy 
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for the current investigation. Mixing and matching enzyme functions from different sources 

leading to recombinant metabolic pathways might increase production levels and diversity of the 

product as well. This combination of enzymes and their compatibility to the pathways in the host 

organism with respect to a certain product results in combinatorial biosynthesis (Johnson & 

Schmidt, 2010). 

 
 

Figure 1. PHB biosynthetic pathway represented along with the enzymes, substrates and the cofactors 

involved. Figure adapted from (Taroncher-oldenburg et al., 2000) 

 

Additionally, catalytic promiscuity of the enzymes regulating the metabolic pathway under 

consideration can also be determined. These genomic and metagenomic libraries can be screened 

to determine wide range of enzyme functions, gene expressions, metabolic flux, and functional 

genomics that links wide variety of phenotypes to the corresponding genotype. It is also taken 

into consideration that Escherichia coli ribosomal protein S12 (Wittmann et al., 1971) confers 

resistance to (Ozaki, Mizushima & Nomura, 1969) and dependence on (Birge BE Kurland, 1969) 

streptomycin; a repressor gene of TN10 tetR gene encodes for tetracycline resistance in xL1-

Blue strains. This trait in the E coli strains is further utilized in designing control experiments 

and also employed for isolation and purification of the constructs used in this report. 

4 Hypothesis 

A transcription factor library will be created in Synechocystis with previously selected 

transcription factors and screened for higher PHB accumulation. Transformation of 

Synechocystis with previously constructed low copy number replicative plasmid pJA2 (Anfelt et 

al., 2013), bearing rationally selected transcription factors gives rise to an independent replicon 

in the host Synechocystis. Thereby, the harboring transcription factor or gene is over expressed 

and the successful transformants are expected to accumulate high PHB in the host, 

Synechocystis. In an act of this rational approach, the mutants in the Synechocystis mutant library 

with higher PHB accumulation can also be analyzed for the function of the transcription factor 

harboring, towards higher PHB accumulation in Synechocystis. 

A genomic library with the fragmented genomic DNA of Synechocystis will be created by 

employing replicative plasmids pJA2 and pJA8. Furthermore, a metagenomic fragment library 

will be constructed using genomic DNA from 25 different strains to form a metagenome in 
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Synechocystis and the members will be screened primarily for increased PHB production and 

other high value products like alkanes and lactate. In order to construct these Synechocystis 

mutant libraries, genomic DNA from 25 different strains along with the genomic DNA of 

Synechocystis has to be fragmented. A genomic DNA fragment length higher than 3000 bp are 

expected to constitute a complete gene or can be treated as DNA segment that can be correlated 

to a novel function. The genomic DNA fragments from 25 strains generated by two different 

fragmentation methods, sonication and partial enzymatic digestion will be ligated to a previously 

constructed non-replicating suicide vector, pCYJ3lib. pCYJ3lib harboring genes or gene 

fragments will be transformed to Synechocystis and its natural ability to undergo homologous 

recombination (Porter, 1986) will be exploited to form the metagenome. pCYJ3lib should be 

subsequently lost or become nonfunctional after integrating the gene or gene fragments in to the 

genome of Synechocystis to form a metagenome. Homologous recombination is preferred to 

replace the DNA fragments as this method is considered to be one of the most preferred form of 

mutagenesis based on its promising and meaningful results (Nair & Zhao, 2010).  

The location or site in Synechocystis genome is chosen so that only non-functional genes or the 

gene fragments coding for unimportant functions are replaced with genes or gene fragments from 

25 different strains of cyanobacteria, algae, and other bacteria. Members of the library will be 

screened for higher accumulation of PHB using fluorescence activated cell sorting (FACS) – 

flow cytometer and selected members will be isolated and characterized by sequencing. In this 

way, a reverse genetic analysis, termed as inverse metabolic engineering is performed on the 

selected members of the library to identify a genotype associated with the phenotype and 

discover new functional links and pathways leading to the product of interest (K. E. J. Tyo, Jin, 

Espinoza, & Stephanopoulos, 2009)(Santos & Stephanopoulos, 2008). 

A negative control experiment is also intended will be performed to check the antibiotic 

resistance of Synechocystis towards streptomycine and tetracycline, where E. coli strains TOP10 

and XL1blue are resistant to the same antibiotics respectively. Consequently, a positive control 

experiment can be designed to check the efficiency and feasibility of the process to carry forward 

DNA fragment larger than 3000 bp which can be determined by the number of survivals which 

eventually carry the antibiotic resistance gene. These control experiments act as a proof of 

concept and process for formation and productivity of the metagenomic library.  This will be 

conducted based on the result of Synechocystis resistance towards the considered antibiotics, 

where, the genomic DNA of the selected E. coli strain will be fragmented and ligated to 

pCYJ3lib to check for number of successful clones obtained. Finally, the no. of successful 

mutants can be determined by the no. of colonies observed when the clones are transformed to 

Synechocystis. This not only gives an idea about the efficiency and productivity of the method to 

cover majority of the genomic DNA of a certain strain, but also the probability of a specific gene 

to recombine into Synechocystis genome when transformed with mutants. While in the case of 

positive control experiment, it is the gene coding for the antibiotic resistance. 
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Meanwhile, to construct the metagenomic library, sonication and partial enzymatic digestion 

DNA fragmentation methods will be optimized to get fragments of size 3000 bp or higher to 

ensure that a complete gene is present in the majority of the fragments obtained. Genes coding 

for streptomycine and tetracycline are the genes to be retained in case of the positive control 

method mentioned above. In this scenario, the yield of PHB is expected to be optimized to a high 

value by up regulating the expression of selected genes based on their functional and regulatory 

functions from the libraries. Eventually, genes that have to be down regulated can also be 

identified and investigated further.  

 
Figure 2 Hypothesis for increased PHB production in the members of transcription factor library, 

genomic fragment library, and metagenomic library in Synechocystis. Part 1 involves selected 

transcription factors over expressed by a replicative plasmids pJA2 and pJA8 in Synechocystis and all the 

members are screened for increased PHB. Also, it involves fragments of Synechocystis genomic DNA 

over expressed by replicative plasmids pJA2 and pJA8. Part 2 Creation of metagenomic library using 

DNA fragments from genomic DNA of various strains and recombining them to the Synechocystis via 

homologous recombination using a suicide vector pCYJ3lib. All the members are primarily screened for 

PHB and other products like alkanes and lactate. 
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5 Materials and Methods  

5.1 Construction of plasmids 

In this study, previously constructed replicative plasmids (Anfelt et al., 2013), pJA2 and pJA8 

are used to over-express the genes or gene fragments in the host Synechocystis.  

 

Figure 3: (a) and (b) Replicative plasmid constructs used to create transcription factor library and 

genomic fragment library in Synechocystis. (c) A suicide vector pCYJ3lib employed to recombine DNA 

fragments into the genome of Synechocystis via homologous recombination to form a metagenome in 

order to create a metagenomic library. 
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The pJA2 and pJA8 vectors are identical except for the promoters Figure 3 (a) and (b). The 

pJA2 vector has the "PpsbA2" promoter, which is derived from cyanobacteria, and is of 

relatively weak strength.  The pJA8 vector has the "Ptrc" promoter, derived from an E.coli 

promoter, and is very strong. These plasmids replicate in cyanobacteria because they have the 

"RSF1010" type of origin of replication. 

The pCyJ3lib vector is a derivative of pBR322 and it has the Ptrc promoter. It does not replicate 

in cyanobacteria but instead is used for homologous recombination in the "neutral site" of the 

genome Figure 3 (c). The neutral site is a gene with locus number slr0168 in the genome of 

Synechocystis and identified to be a non-functional fragment. In a pursuit to integrate foreign 

gene or gene fragment to genome of Synechocystis, homologous recombination takes place 

mediated by the homologous sequences annotated as “H1” and “H2” as shown in Figure 3 (c).   

5.2 Construction of the pJA8 clones 

Initially, pJA8 vector backbone is amplified by HS Phusion PCR and its correct size is observed 

on agarose gel Figure 7 (7906 bp including the size of the vector specific primers). 

Consequently, the template DNA obtained is treated with DpnI to eliminate adenomethylated 

template DNA. This avoids unusual cloning of the inserts intended to ligate to the vector. The 

resultant is also dephosphorylated to avoid re-circularization. The constructs are purified using 

QIAquick PCR purification kit. 

pJA8eGFP (termed as pJA8) vector backbone amplified with primers and sticky ends generated 

via cut by XbalI and PstI in order to clone the inserts in place GFPmut3b E0040. 

Correspondingly, the sticky ends are designed as an extension to the sequence of the primers for 

various transcription factors. In case of pJA8 cloned with four inserts, xbalI and pstI are the 

restriction enzymes used to generate the sticky ends on the vector pJA8 and the transcription 

factors designed with corresponding sticky ends are used to ligate. The four selected inserts; 

hik34, sfsA, sigB and sigE are ligated to the sticky ends of the purified pJA8 template vector. An 

empty vector is also cloned to serve as a negative control. The successful constructs are isolated 

and concentrated for high purity plasmid DNA constructs using QIAprep Miniprep kit. 

5.3 TOP 10 E. coli transformation 

TOP 10 E. coli cells are collected from -80 ˚C freezer and thawed on ice for 15 minutes. A total 

volume of 12.5 µL (5 µL of ligation mix (5:1 insert : vector molar ratio) + 5 µL of H2O + 2.5 µL 

5X KCM) is added to an equal volume of TOP 10 E. coli cells. The mixture is incubated for 20 

minutes on ice followed by 10 minutes incubation in room temperature. Subsequently, 250 µL of 

TSBY media is added to the transformation mix and incubated for 1 hour at 37 ˚C. 100-200 µL 

of the final transformation mix is plated on agar plate and incubated overnight at 37 ˚C. 
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5.4 XL1-Blue E. coli transformation 

XL1-Blue E. coli cells are collected from -80 ˚C freezer and thawed on ice for 15 minutes. 

Plasmid DNA or ligation mix equivalent to (1/10) volume of XL1-Blue cells aliquot are mixed 

together and incubated on ice for 30 minutes. Subsequently, the resultant transformation mix is 

incubated on 42 ˚C heating block for 65 seconds. Thereafter, incubation on ice for 3 minutes is 

followed and 400 µL of TSBY without any antibiotic is added and incubated for 90 minutes at 

37 ˚C on rotation or shaking. Finally, 100-400 µL of the resultant transformation mix is spread 

on agar plate containing relevant antibiotic and incubated overnight at 37 ˚C. 

5.5 E. coli colony PCR 

Colonies from the agar plate are picked and re-suspended in 5-10 µL of H2O and 1 µL of this 

suspension is used as a template in the PCR. Dynazyme enzyme of 0.1 µL is used for 1 µL of 

template in a total volume of 25 µL consisting insert specific primers and buffers. PCR reaction 

is programmed depending on the GC content of the inserts. Finally, PCR product is run on 1 % 

agarose gel to check for the correct size of the inserts. The successful constructs are isolated and 

concentrated for high purity plasmid DNA using QIAprep Miniprep kit. 

5.6 Cyanobacteria natural transformation 

Culture of wild type Synechocystis is grown upto an OD730 ~ 0.7 and 10 mL of the culture is 

centrifuged at 4000 xg for 6 minutes. The cell pellet is then re-suspended in 100 µL of BG11. 

Sequentially, 1 µg of the plasmid DNA is added to the cells and grown for 5 hours at 30 ˚C. The 

resultant is plated on BG11 plates with kanamycin antibiotic and incubated for at least 2 weeks 

and the colonies are screened with cyanobacteria colony PCR. 

5.7 Electroporation of Synechocystis PCC 6803 

All the previously constructed pJA2 plasmids bearing transcription factors; pJA8 plasmids 

bearing various transcription factors constructed in this study are transformed into Synechocystis 

by electroporation. Synechocystis is transformed by electroporation as followed in (Anfelt et al., 

2013) with 2 µg (concentrated to 10-160 ng/µL) of purified plasmid constructs and plated on 

BG11 agar plates containing 25 µg/mL kanamycin antibiotic. The plasmid constructs are further 

conformed by cyanobacteria colony PCR. 

5.8 Cyanobacteria colony PCR 

Colonies from the BG11 agar plate grown at a light intensity of approximately 50 µE.m
2
.s

-1
 are 

picked and re-suspended in 5-10 µL 100% DMSO and subjected to heat at 95 ˚C for 5 min. 1 µL 

of the resultant suspension is used as a template in the PCR. Dynazyme enzyme of 0.1 µL is used 

for 1 µL of template in a total volume of 25 µL consisting insert specific primers and buffers. 

PCR reaction is programmed depending on the GC content of the inserts. Finally, PCR product is 
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run on 1 % agarose gel to check for the correct size of the inserts. The successful constructs are 

isolated and concentrated for high purity plasmid DNA by transforming TOP10 or XL1-Blue E. 

coli cells with the constructs and followed by QIAprep Miniprep kit. 

5.9 Glycerol stocks of constructs and cryopreservation of mutants 

A mini culture of transformed E. coli cells is started with the colonies containing plasmid DNA 

constructs conformed by E. coli colony PCR. 750 µL of the transformed cells were mixed in 250 

µL of 85% glycerol and stored in -80 ˚C freezer. 

The successful mutants obtained after Synechocystis is transformed and conformed by 

cyanobacteria colony PCR are cultured at a light intensity of approximately 50 µE.m
2
.s

-1
 in 10 

mL of BG11 media containing 25 µg/mL kanamycin. These mini cultures were grown for 7-10 

days and 920 µL of the culture is mixed with 80 µL of DMSO to get 8 % DMSO concentration. 

The suspension is stored in -80 ˚C freezer. 

5.10  Culturing the mutants and PHB screening 

The successful mutants conformed by cyanobacteria colony PCR are grown in BG11 at a light 

intensity of approximately 50 µE.m
2
.s

-1
 and consecutively grown in BG110 (nitrogen depletion 

i.e. BG11 devoid of nitrogen in the form of NaNO3). The methodologies followed in two 

different trials are detailed in Figure 5. PHB accumulation in mutant libraries is determined by 

the Nile red fluorescence observed in a flow cytometer. Nile red staining and fluorescence-

activated cell sorting (FACS) is performed as described in (K. E. Tyo, Zhou, & Stephanopoulos, 

2006). FACS is carried out on a Gallios (Beckman Coulter) to analyze 10,000 cells for PHB 

accumulation and mean of the same is obtained for further characterization and analysis of the 

library. 

5.11  Towards metagenomic library: Genomic DNA isolation. 

Genomic DNA isolation from 26 diverse strains is isolated according to the standard method 

described for cyanobacteria genomic DNA isolation (Porter, 1988). All the strains selected are 

grown at optimal conditions as specifies in Table 1. All the strains listed in Table 1 were 

cultured in 25-30 mL of suitable media in Erlenmeyer flasks and were grown under light 

intensity of 5-15 µE.m
2
.s

-1
 at room temperature. 

5.12  Sonication and partial enzymatic digestion 

The isolated genomic DNA is fragmented using two different methods, sonication and partial 

enzymatic digestion. Both the methods are optimized to produce DNA fragments of length 

ranging approximately 3000-6000 bp. Sonication optimization is performed by varying the 

process parameters in the rage of (16-21) % amplitude, (0-30) minute’s duration, and (7-50) 

pulse ratio with (2-40) µg of genomic DNA.  
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Table 1: List of the diverse strains selected for creation of metagenomic library  

 

S.No Strain/Species 
Culture  

collection 
Source Growth media 

1 Nostoc calcicola Brébisson A 402 Fresh water 
Bolds Basal Medium 

 BBM or BG-11 

2 Nostoc pruniforme C.Agardh A 401 Fresh water 
Bolds Basal Medium 

 BBM or BG-11 

3 
Synechocystis aquatilis 

Sauvageau 
A 801 Fresh water 

Bolds Basal Medium 

 BBM or BG-11 

4 Aphanocapsa sp. CCALA 011 Fresh Water 
No.1 (Medium Z) or 

BG-11 (no HEPES) 

5 Aphanothece hegewaldii CCALA 016 Fresh Water 
No.1 (Medium Z) or 

BG-11 (no HEPES) 

6 Aphanothece clathrata CCALA 013 Fresh Water 
No.1 (Medium Z) or 

BG-11 (no HEPES) 

7 Chroococcidiopsis thermalis CCALA 50 Fresh Water 
No.1 (Medium Z) or 

BG-11 (no HEPES) 

8 Chroococcidiopsis thermalis CCALA 049 Fresh Water 
No.1 (Medium Z) or 

BG-11 (no HEPES) 

9 Trichormus variabilis CCALA 205 Fresh Water No.1 (Medium Z) 

10 Lactobacillus 
  

TSBY 

11 Acaryochloris marina sp. RCC1983 Salt water PCRS11- Red Sea 

12 Microcystis sp. RCC26 Salt water PCRS11- Red Sea 

13 Synechococcus RS9917 RCC2376 Salt water PCRS11- Red Sea 

14 Xenococcus sp. RCC1767 Salt water PCRS11- Red Sea 

15 Synechococcus sp. PCC7942 Fresh water BG11 

16 Synechocystis sp. PCC6803 Fresh water BG11 

17 Chroococcidiopsis thermalis PCC7203 Fresh water BG-11 (no HEPES) 

18 Lyngbya sp. PCC8106 Fresh water MN 

19 
Alcanivorax borkumensis 

SK2 
DSM 11573 Salt water 

Marine broth  ( with 10% sodium 

pyruvate) 

20 
Marinobacter 

hydrocarbonoclasticus 
DSM 8798 Salt water Marine broth  

22 Synechococcus sp. PCC7002 
 

BG11 + ASN III  (+/- HEPES) 

23 TOP10 E. coli 
  

TSBY (Streptomycin resistance) 

23 TOP10 E. coli 
  

TSBY (Streptomycin resistance) 

24 XL1-Blue E. coli 
  

TSBY (Tetracycline resistance) 

24 XL1-Blue E. coli 
  

TSBY (Tetracycline resistance) 

25 Cyanothece WH8094 Salt water SO Medium 

26 Polythrix 
 

Salt water SO Medium 
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Sonicated genomic DNA fragments are repaired to produce blunt ends using Fast DNA End 

repair kit (thermoscientific). Partial enzymatic digestion is optimized using EcoRV restriction 

enzyme to fragment (2-40) µg of genomic DNA at 37 ˚C by varying the digesting time from 2-4 

minutes. Genomic DNA from TOP10 E. coli, XL1-Blue E. coli, Synechocystis and Synechococcus 

sp. are used to optimize the process. The fragmented DNA is purified by QIAquick PCR purification 

kit and run on 1% agarose gel to observe the scatter of fragment size and the concentration is 

measured on NanoDrop. 

5.13  Optimization of DNA fragments ligation into pCYJ3lib 

Digestion of pCYJ3lib by PmlI and ligation of DNA fragments obtained from sonication and 

partial enzymatic digestion is optimized by conducting experiments with varying process 

parameters as mentioned in Table 7. Digested and dephosphorylated pCYJ3lib is purified using 

QIAquick PCR purification kit. The ligation mix is transformed to XL1-Blue cells and E. coli 

colony PCR is performed to screen for the sizes of the inserts in the vector pCYJ3lib. The 

transformation mix plated on three different agar plates with 1%, 10% and 89% transformation 

volume on each plate respectively and incubated at 37˚C overnight. The colonies analysed for 

insert size are picked from all the three plates, where, 5, 10, and 8 colonies are picked 

respectively from three different plates carrying 1%, 10% and 89% transfromation volume. 

QIAquick Gel Extraction Kit and GeneJET Gel Extraction Kit are used to recover DNA 

fragments of size ranging 3000-6000 bp from 1% GTG agarose gel. 

6 Results 

6.1 Transcription factor library in Synechocystis 

Transformation of Synechocystis, with previously constructed plasmids bearing various selected 

transcription factors is performed according to the protocol in (5.7) materials and methods 

section. The successful transformants were comprehensively formulated as transcription factor 

library in Synechocystis and are investigated for increased accumulation of PHB. In order to 

examine and compare the transformation efficiency of the methods, transformation of 

Synechocystis is performed using both the methods with pJA2 vector carrying the same 

transcription factors. Considering the no. of colony forming units, natural transformation seems 

to be an inefficient method for transformation of the intended vectors as no colonies were 

observed in all the 5 individual transformations performed. However, natural transformation is 

restricted to only few strains and the mechanism is not well understood (León-Bañares, 

González-Ballester, Galván, & Fernández, 2004).  In contrast, transformation by electroporation 

resulted in seemingly significant no of colonies ranging from 2-25 colonies in various 

transformants. So, all other transformations were carried out by electroporation. 

Cyanobacteria colony PRC product (shown in Figure 4) of certain selected colonies out of 2-25 

colonies observed in each of the 39 successful transformants consisting various transcription 
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factors.  In this context, Figure 4 shows the sizes of transcription factors of 31 successful 

transformants that were observed out of 42 transformations performed by electroporation into 

Synechocystis with transcription factors previously cloned to pJA2 6803. In addition, Figure 4 

also shows 8 more cyanobacteria colony PRC products of previously transformed transcription 

factors numbered 2, 8, 16, 18, 19, 34, 39, and 47.  

In total, out of 39 successful transformants, the bands on gel for 36 successful transformants are 

observed at the expected size corresponding to the size of their inserts. The transcription factors 

numbered 30 and 31 did not show any band on the gel, while 23 have shown as incorrect size. 

However, 23 later found to show multiple bands, one at the correct size and the other at an 

incorrect size. The expected sizes of the remaining colonies and the corresponding sizes on the 

gel (Figure 4) are listed in the Table 3. 

 

Figure 4: 1% agarose gel run of cyanobacteria colony PCR product representing sizes of the inserts in 

selected successful transformants. 
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Table 2: Summary of transformations performed in Synechocystis using pJA2 and pJA8 constructs. 

 

Transformations pJA2 pJA8 

No of transformations 50 4 

Successful transformations  39 4 

correct size of inserts obtained 37 4 

Unsuccessful transformations 11 0 

 

Table 3: The sizes of the inserts observed in the cyanobacteria colony PCR and their expected sizes 

 

S.No 
Transcription 

factor 
Strain ID 

Size of the 

insert 

Expected size on gel 

(Insert + primers + 

flanking region ) 

Approximate 

size on the gel 

1 hik34 2 1395 1564 1564 

2 nusG 3 618 787 787 

3 sfsA 4 714 883 883 

4 exsB 6 699 868 868 

5 ycf29, rre1 8 849 1018 1018 

6 rre27 10 444 613 613 

7 rre38, ccaR 11 705 874 874 

8 sigA 12 1278 1447 1447 

9 icfG 14 1905 2074 2074 

10 sigE 16 1110 1279 1279 

11 rre37, atpE 18 753 922 922 

12 sigB 19 1038 1207 1207 

13 sigI 20 558 727 727 

14 rre39 21 1266 1435 1435 

15 rre29 22 789 958 958 

16 hik16 23 2112 2281 1000, 2281 

17 rre13 25 543 712 712 

18 degT 26 1158 1327 1327 

19 prqR 27 564 733 733 

20 suhB, ssyA 28 864 1033 1033 

21 pfsR 29 612 781 781 

22 cya1 30 1014 1183 No band 

23 hik42 31 1107 1276 No band 

24 sphU 32 675 844 844 

25 slr0418 33 912 1081 1081 

26 ycf27, rre26 34 705 874 874 
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S.No 
Transcription 

factor 
Strain ID 

Size of the 

insert 

Expected size on gel 

(Insert + primers + 

flanking region ) 

Approximate 

size on the gel 

27 hik8,sasA 35 1152 1321 1321 

28 ndhR 36 951 1120 1120 

29 rre32 37 630 799 799 

30 moxR 38 912 1081 1081 

31 rre31 39 726 895 895 

32 cmpR 40 915 1084 1084 

33 sigC 41 1215 1384 1384 

34 sigH 42 561 730 730 

35 pphA 43 765 934 934 

36 pixD, bluf 45 453 622 622 

37 hik33 47 1992 2161 2161 

38 sigF 48 777 946 946 

39 pJA2empty pJA2empty No insert 845 845 

40 sigB∆hik34 sigB∆hik34 1038 1207 1207 

6.2 Screening of transcription factor library for increased PHB 

accumulation 

A controlled experiment, trial 1 is designed (as shown in Figure 5) to screen for PHB 

accumulation according to the Nile red staining method described by (K. E. Tyo et al., 2006) to 

measure PHB accumulation in all the successful transformants of various transcription factors 

obtained as in Figure 4.  

 

Figure 5: PHB assay methodology followed in two different trials. An additional predilution step is 

introduced in trial 2 and the cultures are starved out of nitrogen for 5 days compared to that of 4 days in 

trial 1. Trial 2 is performed two times each consisting two replicas. 
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Figure 6: PHB accumulated by the members of the transcription factor library is measured in a 

flowcytometer (FACS - fluorescence activated cell sorting) represented as Nile red fluorescence. Trial 1 

results are represented as green bars that correspond to the PHB accumulated in BG11 and red bars 

correspond to PHB accumulated under nitrigen depletion conditiond (BG110). Trial 2 results are 

represented as blue bars, which is the mean of two repetitions trial 2 each consisting two replicas. The 

blue bars represent PHB accumulated BG110 in the form of Nile red fluorescence.  

 

Figure 6 shows the PHB accumulation by mutants bearing various transcription factors, that 

were grown according to the methodology described in Figure 5. PHB accumulation results in 

the Figure 6 implies an interesting tendency of higher PHB accumulation, where, 26 of the 39 
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transcription factors examined shows higher PHB accumulation than that accumulated by 

Synechocystis in nitrogen depleting growth in trial 1. While, 23 out of the same 26 transcription 

factors showed a phenomenal difference in accumulating higher PHB compared to their 

corresponding PHB accumulation in the presence of nitrogen. It is important to note that, among 

all the 39 transcription factors investigated in trial 1, 9 transcription factors accumulated less 

PHB in nitrogen starvation conditions compared to the PHB accumulated in the presence of 

nitrogen.  

In trial 2, only 12 out of the 39 transcription factors showed higher PHB accumulation than that 

in Synechocystis WT under nitrogen depletion conditions. Although, the increase in PHB 

accumulation is consistent with respect to transcription factor, it is substantially less compared to 

the PHB accumulated in trial 1 as can be observed in Figure 6. All the transcription factors 

except hik42 accumulated less PHB in trial 2 compared to that in trial 1 under nitrogen depletion 

conditions. 

6.3 Employing a replicative vector pJA8 with stronger promoter  

A previously constructed replicative vector pJA8 with a stronger (Ptrc) than that of pJA2 

(Ppsba2) is employed, which more likely boosts overexpression of the inserts that in turn 

facilitates higher PHB accumulation. As this difference in promoter enhances the transcription 

initiation efficiencies (Matsumura et al., 2010), transcription catalyzed by RNA polymerase 

sigma factor that is responsible for higher PHB accumulation, SigE (T. A. Osanai et al., 2013) 

along with other promising genes hik34, sfsA and sigC are cloned to pJA8. With reference to the 

fact that sigma factors has an essential role in protein translation process and their importance in 

metabolic functioning; hik34 (negative regulator of heat shock-responsive gene), sfsA (sugar 

fermentation stimulation protein) and sigC (general stress response) are cloned into pJA8eGFP.  

 

Figure 7: The figure shows gel run of pJA8 replicative plasmid backbone amplified and further after 

purification. It is followed by the gel run of the pJA8 constructs with inserts hik34, sfsA, sigB and sigE. 

One of the colonies corresponding to correct size of insert is isolated and concentrated using QIAprep 

Miniprep. 



19 

 

In this context, ligation mix is used to transform TOP10 competent cells and distinct colonies are 

observed for each case of the genes selected. Furthermore, no colonies were observed on the 

negative control plate, implying that the pJA8 vector does not ligate to itself. 

Also, the sticky ends generated on the plasmid and the inserts are complementary to each other. 

The constructs are examined is further conformed by the sizes of the bands observed on the 

agarose gel of E. coli colony PCR with insert specific primers. These sizes are in agreement 

(Figure 7) with the expected size (primers + insert + flanking region) in three colonies of 

pJA8+hik34 (1703bp), five colonies of pJA8+sfsA (1022bp), five colonies of pJA8+sigB 

(1346bp) and one colony of pJA8+sigE (1418bp). The successful transformants are 

cryopreserved in 8% DMSO at -80˚C. The concentrations of the purified vectors harboring 

selected inserts from selected colonies are mentioned in Table 4. 

Table 4: Concentrations of pJA8 constructs obtained after isolation 

 

S.No pJA8 carrying inserts Concentration (ng/µl) Total volume (µl) 

1 pJA8+hik34 74.7 35 

2 pJA8+sfsA 73.6 35 

3 pJA8+sigB 116.4 35 

4 pJA8+sigE 115.4 35 

5 pJA8 empty (control) 158 35 

 

6.4 Genomic DNA isolation for metagenomic and genomic libraries 

In order to construct a genomic fragment library using a replicative plasmid and metagenomic 

library using pCYJ3lib to recombine foreign DNA fragments in Synechocystis genome, atleast 

2µg of genomic DNA of Synechocystis and 25 selected strains is isolated Table 6.  In an attempt 

to find minimum growth of the culture required to isolate 2µg of genomic DNA, culturing and 

genomic DNA isolation method are examined. In this context, to optimize genomic DNA 

isolation method, three different organisms with varying morphology, growth rate, deviations 

and alterations in the process are analyzed against each other as mentioned in the Table 5. 

Genomic DNA is isolated (described in 5.11 under material and methods), considering 

Synechococcus sp. PCC7942 and Synechocystis sp. PCC6803 having almost the same 

morphology but varying in culture volume and OD730. In contrast, Lyngbya sp. PCC 8106 having 

completely different morphology, the same extraction process is compared against each other. 
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Table 5: Scrutinizing the genomic DNA isolation method for different strains 

 

S.No Parameter 
Synechococcus 

sp. PCC7942 

Synechocystis 

sp. PCC6803 

Lyngbya sp. 

PCC 8106 

Final selected 

standards 

1 
Cell assemblage/ 

Consistency 
Dense solution Dense solution Clumps 

  

2 Culture volume (mL) 30 20 - 30-50 

3 OD730 1.67 8.7 - maximum 

4 Cell mass (g) - - 
0.5 (excluding 

water content) 
maximum 

5 
Incubation time in 

ampicillin (hrs) 
12 - - - 

6 
Ampicillin concentration 

(µg/mL) 
200 - - - 

7 
Cell harvesting speed 

(xg) 
3000 6500 6500 3000 

8 
Volume of lysis buffer 

(mL) 
2.5 2 2 2.5 

9 No. of freeze thaw steps 2 2 2 2 

10 
Amount of lysozyme 

(mg) 
25 25 25 25 

11 % SDS concentration 1 0.5 0.5 1 

12 
Proteinase K final 

concentration (µg/mL) 
100 100 100 100 

13 
Phenol:chloroform 

extractions 

(2:1) (25:24) (25:24) (25:24) 

3 extractions 3 extractions 3 extractions 3 extractions 

14 Chloroform extractions 3 extractions 3 extractions 3 extractions 3 extractions 

15 
DNA precipitated in 

water (vol in µL) 
300 50 200 100 

16 
Concentration of DNA 

(ng/µL) 
271 1818 183 

maximum 

expected 

17 
Total amount of DNA 

(µg) 
81 91 37 

maximum 

expected 

18 A 260/280 ratio 1.8 1.8 1.96 
1.8 as a 

standard 

19 A 260/280 ratio 1.2 1.2 0.9 
2-2.2 as a 

standard 
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Table 6: Concentrations and purity of the genomic DNA isolated 

 

S.No Strain/Species 
Concentration  

(ng/µl) 

Volume  

(µl) 

A 

260/280 

A 

260/280 

Culture  

collection 

1 Nostoc calcicola Brébisson 1033 100 1.94 2.04 A 402 

2 Nostoc pruniforme C.Agardh   
 

    A 401 

3 
Synechocystis aquatilis 

Sauvageau 
2190 100     

A 801 

4 Aphanocapsa sp.   
 

    CCALA 011 

5 Aphanothece hegewaldii 384 100 1.86 1.3 CCALA 016 

6 Aphanothece clathrata 343 100 1.89 1.87 CCALA 013 

7 Chroococcidiopsis thermalis 718 100 1.98 1.72 CCALA50 

8 Chroococcidiopsis thermalis 872 150 1.93 1.78 CCALA 049 

9 Trichormus variabilis 359 100 1.98 1.45 CCALA 205 

10 Lactobacillus 4436 150       

11 Acaryochloris marina sp.  246 100     RCC1983 

12 Microcystis sp. 168 100     RCC26 

13 Synechococcus RS9917 1368 150 1.89 1.95 RCC2376 

14 Xenococcus sp.  427 100     RCC1767 

15 Synechococcus sp. PCC7942 271 300 1.8 1.2 PCC7942 

16 Synechocystis sp. PCC6803 1818 50     PCC6803 

17 Chroococcidiopsis thermalis 130 150 1.63 0.88 PCC7203 

18 Lyngbya sp. PCC 8106 172 200 1.96 0.9 PCC8106 

19 
Alcanivorax borkumensis 

SK2  
35.6 150 1.41 0.62 DSM 11573 

20 
Marinobacter 

hydrocarbonoclasticus  
36.7 150 1.46 0.4 DSM 8798 

22 Synechococcus PCC7002 1833 200 1.9 1.47   

23 TOP10 E. coli 4200 100 1.89 1.79   

23 TOP10 E. coli 4200 400 1.61 1.45   

24 XL1-Blue E. coli 4400 100 1.47 1.5   

24 XL1-Blue E. coli 4600 400 1.22 1.31   

25 Cyanothece  35 150 1.76 0.85 WH8094 

26 Polythrix 100 150 1.76 0.7   
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Considering the growth rate and the morphology of Synechococcus sp. PCC7942 and 

Synechocystis sp. PCC6803, it can be observed that higher OD730 and the ratio of phenol-

chloroform solution significantly effects the final concentration and amount of genomic DNA 

isolated. However, the purity of the DNA remains within the same range. Interestingly, digestion 

with ampicillin, and decrease in the volume of lysis buffer and SDS concentration did not affect 

the output significantly. In contrast, exactly same isolation methodology and the proportions of 

the components used for different morphology i.e. Synechocystis sp. PCC6803 and Lyngbya sp. 

PCC 8106, seem to greatly affect the final output of the genomic DNA and its purity. Non 

availability of all the cells in the clumps to lysozyme, lysis buffer, SDS, proteinase K and all 

other components for digestion of its cell wall could be the most probable reason for the decrease 

in the output. 

In order to attain full-fledged digestion, it is recommended to vortex or crush the clump to attain 

a granule like form, so that, all the cells will be available to undergo proper digestion by the 

ingredients to release all of the genomic DNA present in all the cells. Where, in case of 

Synechococcus sp. PCC7942 and Synechocystis sp. PCC6803  260/280 ratio indicates that there 

no contaminants that absorb at 280 nm, but, 260/230 ratio signifies that there are contaminants 

that absorb at 230 nm, i.e. the contamination with phenolate ions and other organic compound 

left over  during phenol chloroform extraction. In case of Lyngbya sp. PCC 8106, contamination 

by phenolate ions increased even more. This can be explained by the over accumulation of the 

phenol and other organic components in the final stages of the isolation, instead of DNA, as a 

result of low DNA content released from the cell in to the mixture due to improper digestion of 

the cells in the early stages of the isolation process. 

However, genomic DNA isolation from all other species is done according to the same 

standardized protocol with reference to the results obtained in the above three experiments. 

Where, highest possible OD at 730 nm is attained in a culture volume in the range of 30-50 mL 

depending on the growth rate of the species to obtain larger amount of cell pellet.  Incubation of 

cells will ampicillin is omitted and final selected standards mentioned in the table are chosen to 

proceed with the isolation of genomic DNA from all other species that are selected to build a 

metagenomic library. 

6.5 Optimization of sonication and partial enzymatic digestion  

It is hypothesized to have foreign genomic DNA fragments of length ranging within 3000 to 

6000 bp or longer to conserve a complete gene; fragmentation method is analyzed and optimized 

using sonication and partial enzymatic digestion. The Figure 8 a, shows the complete genomic 

DNA of various genomic DNA isolated; numbered as in Table 6. Figure 8 b-h represents the 

extent of fragmentation of 2 µg genomic DNA of TOP10 and XL1-Blue at varying amplitude, 

pulse ratio and varying time intervals, represented in minutes. Interestingly, Figure 8 b c and d, 

shows the stretch of fragments uniformly distributed along the scale of length and 

simultaneously follows a trend of decrease in length with increase in fragmentation time.  
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Figure 8: (a) Genomic DNA isolated from some of the strains listed in Table 6. (b)(c)(d)(e)(f)(g)(h) 

represents the optimization of the sonication fragmentation method using 2 µg of genomic DNA from 

TOP10 E. coli, XL1-Blue E. coli, Synechocystis and Synechococcus sp. Approximately 40-50 ng of 

fragmented DNA is run on the gel in all the cases.  

 

However, these smears are not highly concentrated within the range of length greater than 3000 

bp. Whereas, Figure 8 e f g and h, indicates that fragmenting the genomic DNA for less than 30 

seconds gives rise to fragments of length ranging above 3000 bp at 17-18 % amplitude and a 

pulse ratio of 7. However, most of the DNA fragments are concentrated at a lower size than 3000 

bp. Furthermore, Figure 8, it can be concluded that fragmenting the genomic DNA at (17-21) % 

amplitude and pulse ratio more than 40-50 will lead to concentrated fragments of length ranging 

3000 bp or longer. It can also observed in Figure 9 a c and d, that it shows a tendency of 

fragments to approach the length and concentration of interest as the fragmentation time is 

further decreased to 2 seconds.  However, this can be more accurately performed in a digital 

input sonicator as can be seen in Figure 9 and Figure 12. Here, uniformly distributed 

concentrated DNA fragments can be observed with in the intended range of length at 21 % 

amplitude, a pulse ratio of 50 and fragmentation performed for only one second. An optimal 

intensity vibration is generated when using these parameters with micro tip of diameter (1/8) ˝. 

In contrast, partial enzymatic digestion of 2 µg of TOP10 genomic DNA with EcoRV, Figure 9 

a c and d,   gives rise to fragments longer than 3000 bp when incubated at 37 ˚C for 2 minutes. A 

similar tendency is shown for 4 minutes incubation also but the size of fragments arguably 

shorter than those at 2 minute incubation. However, a highly concentrated spread of fragments 

can be observed in Figure 9 c, d and Figure 12 with in the rage of size higher than 3000 bp. 
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Figure 9: ‘S’ and ‘P’ represents sonication and partial enzymatic digestion of genomic DNA, where, 

approximately 40-50 ng of fragmented DNA is run on the gel (a) and (c) genomic DNA of TOP10 E. coli 

is represented by ‘g’followed by spread of DNA fragments of different size (b) pCYJ3lib digested by 

PmlI  (d) DNA fragmentation of XL1-Blue E. coli genomic DNA. 
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6.6 Optimization of process to create a metagenomic library 

 

 

Figure 10: Investigation of Synechocystis WT resistance towards tetracycline and streptomycin. (a) 

Synechocystis WT inoculated on three BG11 agar plates devoid of antibiotic, with 10 µg/mL of 

tetracycline and 60 µg/mL of streptomycin respectively (b) The same three plates after 3 days (c) The 

same three plates after 7 days. It can be observed that Synechocystis WT is nonresistant towards 

streptomycin.  
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In an attempt to prove the process and concept towards creation of a metagenomic library, a 

negative control experiment is designed. Antibiotic reisitance of Synechocystis sp. PCC 6803 

towards tetracycline and streptomycin in Figure 10 shows that it is resistant to tetracycline and 

completely nonresistant to streptomycin. This ensures to rule out the use of genomic DNA from 

XL1Blue for the control experiments hypothesized, which carries tetracycline resistant genes.  

This allows assuring the feasibility and efficiency of the process to ensure that the genes of 

interest are carried throughout the intermediate steps of ligation of DNA fragments to pCYJ3lib 

untill recombination in to genome of the host, Synechocystis sp. PCC 6803. Where, genomic 

DNA fragments carrying genotypes of interest from various organisms act as donor organisms 

listed in Table 6. 

 

Figure 11: 1% agarose gel run showing E. coli colony PCR product of the colonies containg pCYJ3lib 

constructs with ligated genomic DNA fragments generated by (a) sonication and (b) partial enzymatic 

digestion.  

 

Furthermore, to obtain a significant coverage of certain genomic DNA from a strain, it is 

important to have more no of clones (Sabree, Rondon, & Handelsman, 2009). So, in the first trail 

to check out the feasability of ligation and transformation, initially, TOP10 fragments from 

optimized experimental conditions by sonication and partial enzymatic digestion are ligated to 

pCYJ3lib according to the protocol ( 5.13 materials and methods). These constructs are 

transformed to XL1Blue and are analysed for size of the inserts ligated. The results from E. coli 

colony PCR for 23 colonies from sonicated fragments in Figure 11 a, shows that only 6 out of 

23 colonies carry fragments, where, one among them is nearly 1000 bp. Where, the total no of 
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colonies in all the plates are 4600. The same methodology carried out for fragments generated 

from partial enymatic digestion in Figure 11 b, which shows 13 out of 22 colonies carry 

fragmnets ligated. While, 1 colony each at nearly 3000 bp and 1500 bp can be observed, where 

total no of colonies in this case are 6000. 

 

Figure 12: (a) pCYJ3lib digested by PmlI and sonication of  4 µg of TOP10 E. coli genomic DNA 

performed in two different sets denoted as ‘S1’ and ‘S2’ (b) Partial enzymatic digestion of 4 µg TOP10 E. 

coli genomic DNA performed in two different sets denoted as ‘P1’ and ‘P2’ . Approximately 40-50 ng of 

fragmented DNA is run on 1% agarose gel in case of (a) and (b). (c) Gel extraction of ‘S1’ and ‘P1’ (from 

(a) and (b)) with a total amount of approximately 4 µg TOP10 E. coli genomic DNA fragments run on 1% 

GTG gel to recover DNA fragments of length approximately 500-6000 bp. (d) TOP10 E. coli genomic 

DNA run on 1% agarose gel  (e) Two sets of sonication and partial enzymatic digestion performed on 40 

µg of TOP10 E. coli genomic DNA in each case, approximately 40-50 ng of fragmented DNA is run on 

1% agarose gel in case (f) Gel extraction of ‘S1’ and ‘P2’ (from (e)) with a total amount of approximately 

40 µg TOP10 E. coli genomic DNA fragments run on 1% GTG gel to recover DNA fragments of length 

approximately 3000-9000 bp. (g) 20 ng of each gel extracted fragments from (f) run on 1% agarose gel 

run  (h) and (i) shows the scrutinity of the digestion of pCYJ3lib using PmlI. 
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In other words, partial enzymatic digestion lead to a better result interms of ligation of larger 

fragments and more no of fragments when compared to sonicated fragments. However, this is 

still less productive as these vectors carrying fragments has to be electroporated to the host 

Synechocystis sp. PCC 6803, where the transformation efficiency tends to be low. Although, the 

sonicated fragments are repaired to produce blunt ends, this additional step of repair and 

purification could partially explain the lower productivity in its corresponding result in Figure 

11 a. But, a common draw back in both the methodologies is that there are more small fragments 

in size available for ligation instead of larger ones. This can be observed in the bands in E. coli 

colony PCR Figure 11, where majority of the fragments ligated in the transformants are small 

even though this set of smaller fragments are not clearly observed in the Figure 9. 

In this context, an objective to have more larger fragments available for ligation led to trail 2, 

where sonication and partial enzymatic digestion is performed in two sets with 4 µg of initial 

TOP10 genomic DNA, Figure 12 a and b. One of the set in each fragmentation method is 

ligated as done in trail 1 but the other set is purified specifically for fragments within the range of 

1000-6000 bp with all the 4 µg of initial TOP10 genomic DNA available Figure 12 c. Here, S1 

and P1 are selected  based on their concentration after purification, where, it is 12.5 ng/µL and 

15 ng/µL; however, both the sets have the same concentration. But, gel extraction of these two 

sets resulted in very low yeild of fragmented DNA and very less DNA is recovered, where, 

intotal, 348 ng  and 164 ng of DNA fragments is recovred from S1 and P1 rspectively. 

In this context, trail 3 is experimented with the same strategy as that of in trail 2 implemented but 

with 40 µg of initial TOP10 genomic DNA. Figure 12 d, shows the genomic DNA of TOP 10 

before fragmentation and Figure 12 e shows the concentrated stretch of fragments in both 

sonication and partial enzymatic digestion. S1 (total DNA recovered after blunt end repair and 

purification is 2.775 µg) and P2 (total DNA recovered after purification is 8 µg) are chosen for 

gel extraction targeting fragments within the range of 3000 bp and higher size to avoid a large no 

of small fragments that can be observed in the corresponding gel images in Figure 12. However, 

only 500 ng is obtained after gel extraction in each of S1 and P2, but, Figure 12 g ensures a 

recovery of the interested fragments and significant concentration. 

Meanwhile, it is also observed that pCYJ3lib is self-ligating which might be a potential reason 

for less productivity in trail 1. So, prior to proceeding for ligation and transformation of the 

fragments, pCYJ3lib is analyzed for its reliable ligation to the DNA fragments. The reasons for 

its self-ligation are analyzed on the basis of its digestion with the enzyme PmlI and 

dephosphorylating with shrimp alkaline phosphatase (SAP). In this context, Table 7 shows a 

variation of experimental design in order to find the possible reasons for colony formation in 

negative control transformation, where, no DNA fragments are ligated and no colonies are 

expected. Self-ligation, improper digestion or incomplete digestion might be the potential 

reasons, which also justify less productivity in Figure 11. Where, enough digested and 

completely dephosphorylated pCYJ3lib is not available for the fragments to get ligated. 
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Table 7: Scrutinization and optimization of pCYJ3lib digestion using PmlI 

 

pCYJ3lib Trail 1 Trail 2 Trail 3 Trail 4 Trail 5 Trail 6 

Amount of pCYJ3lib 

digested  
2 µg 2 µg 2 µg 4 µg 500 ng 500 ng 

PmlI  1 µL 1 µL 1 µL 2 µL 2 µL 1 µL 2 µL 

Digestion  time  

at 37 ˚C 
2 hrs 

2 hrs  

15 min 

2 hrs  

15 min 
2 hrs 1 hr 4 hrs 4 hrs 

SAP 1 µL 1.5 µL         

Fast AP dephophatase     1 µL 4 µL 1 µL 2 µL 

De-phosphorylation time  
1 hr at 

37 ˚C 

1.5 hr at 

37 ˚C 

15 min 

at 37 ˚C 

5 min at 

75 ˚C 

15 min at 37 ˚C 

5 min at 75 ˚C 

15 min 

at 37 ˚C 

5 min at 

75 ˚C 

15 min 

at 37 ˚C 

5 min at 

75 ˚C 

Concentration of  

pCYJ3lib after purification 

30 

ng/µL 

30 

ng/µL 

10 

ng/µL 
45 ng/µL 3 ng/µL 3 ng/µL 

Amount of digested 

pCYJ3lib used for ligation 
200 ng 200 ng 200 ng 200 ng 100 ng 100 ng 

Ligation Volume 40 µL 40 µL 40 µL 40 µL 40 µL 40 µL 

Ligation time 1.5 hrs 12 hrs 1.5 hrs 1.5 hrs 1.5 hrs 1.5 hrs 

Ligation temperature 

Room  

temper-

ature 

16 ˚C 

Room  

temperat

-ure 

Room  

temperature 

Room  

temperat

-ure 

Room  

temperat

-ure 

Transformation volume 1250 µL 532 µL 466 µL 466 µL 510 µL 510 µL 

No of  colonies on 1% plate 48 28 7 30 20 20 

 

Trail 1 and trail 2 in Table 7, suggests that there is no significant change in the no of colonies on 

negative control with variation in de-phosphorylation and ligation. It was hypothesized that 

incomplete de-phosphorylation of the digested pCYJ3lib and insufficient time for all the DNA 

fragments to have access to the digested pCYJ3lib are potential reasons for the colonies formed. 

Subsequently, trail 3 in relation to trail 1 disproves that an alternative de-phosphatase Fast AP 

also does not contribute to overcome the formation of colonies in the negative control. A fed 

batch input of the digesting enzyme PmlI followed in trail 4 does not make a significant 
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difference in avoiding the formation of the colonies in the negative control plates. Furthermore, 

trail 5 and trail 6 concludes that digesting pCYJ3lib with double the amount of PmlI than that of 

prescribed for 500 ng of pCYJ3lib also did not overcome colony formation. Subsequently, 

dephosphorylating the same amount of pCYJ3lib with double the amount of de-phosphatase also 

does not result in reduction in no of colonies formed. In other words, the observed factors or a 

combination of them suggests that de-phosphorylation and ligation methodology are minor 

factors and are not responsible for unexpected result, but an ambiguous phenomenon is leading 

to majority of the pCYJ3lib undigested or partially digested as can be observed in Table 7 and 

Figure 12 h and i. 

7 Discussion  

An efficient transformation defined by no of colony forming units play a key role and affects all 

the subsequent steps in the process of constructing mutant libraries and accumulating higher 

PHB. A lower concentration of plasmid DNA with inserts could be the most probable reason for 

11 unsuccessful transformations encountered among all the 54 transformations (50 with pJA2 

and 4 with pJA8) performed in Synechocystis. However, the concentrations of the plasmid DNA 

used to transform Synechocystis ranges between 15-160 ng/µL, which is more than enough to 

transform Synechocystis, where 100 to 150 ng/mL is the minimum plasmid DNA concentration 

required (Porter, 1986). However, this will vary according to the plasmid used, the size of the 

insert and the yield and quality of the plasmid DNA. This variation has also been observed in the 

current study also, where, transformation of Synechocystis with pJA8 with higher plasmid DNA 

concentration have seemingly shown more no of colony forming units than that of the 

corresponding insert in pJA2 with comparatively lower concentration. It could be possible that 

the inserts induce some detrimental pathways that might lead the cells not to survive and 

propagate. Furthermore, it also important to note that in many of the potential transformants, 

kanamycin drug resistant selectivity might have taken place before the relevant gene have started 

to express after intruding in to the cell (Porter, 1986). However, a promoter that produces 

moderate steady-state concentrations of one transcript may produce too much or too little of 

another (Matsumura et al., 2010). In this context, pJA8 having a stronger promoter than that of 

pJA2 was also employed to enhance transcription initiation. It was later observed by sequencing 

that the forward primer was cloned in a reverse orientation even though the construct showed 

correct size in Figure 7. This could be the potential reason for inserts in pJA8 accumulated lower 

PHB. So, this requires further revision and proper cloning to check for increased PHB 

accumulation by employing pJA8. 

A bioprocess optimization of the promising mutants from the transcription factor library and the 

selected mutants that are expected to generate from the genomic and metagenomic libraries will 

lead to even better results. The data from the current study in relation to transcription factors and 

other genes investigated suggests that it’s not only PHA synthases (Rehm & Steinbüchel, 1999) 

that are responsible for PHB accumulation but also other genes significantly contribute to the 
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same function. However, from Figure 6 it is evident that there is an importance to consider the 

growth rate for every mutant and exact phase for the initiation of nitrogen starvation. The data 

from the current study suggests that rre1, rre27, rre38, sigA, sigE, rre37, sigB, sigI, prqR, pfsR, 

sphU, rre26, hik8, ndhR, sigC and pixD show a promising tendency to accumulate higher PHB 

Synechocystis. These potential genes consists of many regulatory genes that regulate 

transcription process, which is in agreement with the integrative analysis performed by (Singh et 

al., 2010). The promising genes also contain sigma factors like sigC, sigE, sigA, and sigB, which 

is also in agreement with the report of (T. A. Osanai et al., 2013). Further optimization of the 

bioprocess, nitrogen starvation, commencement of nitrogen starvation in the near stationary 

phase and employing pJA8 will possibly lead to even more PHB accumulation. 

In case of wild type Synechocystis, the stationary phase of growth attained approximately after 

21 days where highest PHB is accumulated and under nitrogen starvation it is approximately 

after 7 days (Bhabatarini Panda et al., 2006) (Wu, Wu, & Shen, 2001) (T. A. Osanai et al., 2013). 

So, mutant cultures grown BG11 and starved out of nitrogen and a strategic commencement of 

nitrogen starvation by considering the growth curves is highly noteworthy. 

Screening of the mutants in FACS using Nile red staining as described in (Materials and 

Methods), could involve potential problems as described in (K. E. J. Tyo et al., 2009). The mean 

of the PHB accumulation in terms of Nile red staining could be compounded by biological noise 

(K. E. Tyo et al., 2006) caused by coefficient of variation in PHB granules stained from cell to 

cell in a colony based sample and may also include false positives. The data in this study 

represents a similar format to large extent as in Figure 6, where error bars corresponding to trial 

2 PHB screening represent large variance in replicas of the bars represented in blue. Further, this 

indicates that all the cells are not completely in uniform phase of growth in all the four replicas 

and/or the growth is not normalized to stationary phase where highest PHB accumulation is 

expected. However, the error bars are not observed in all the mutants, which in turn indicated 

that the variation in the PHB assay methodology followed in trial 2, is not as productive as that 

followed in trial 1. The depreciation of the cells to a lower exponential phase caused by pre 

dilution (Figure 5) before nitrogen starvation could be one of the reason for lower PHB 

accumulation in trial 2 in contrast to trial 1, besides the Nile red staining problem mentioned 

earlier. 

Furthermore, constructing a similar transcription factor library with the plasmid vector pJA8 that 

has a stronger promoter than that of pJA2 is also noteworthy. However, a possibility to employ 

endogenous plasmids to overexpress the genes has to be investigated as they have a high copy 

number during the stationary phase (Berla & Pakrasi, 2012) where exactly nitrogen starvation 

also leads to finally attain a combination effect to accumulate high PHB. This approach also 

possibly results required higher phenotype observance irrespective of the fact that high copy 

number plasmids are unstable, lower productivity and growth deficits (Jones, Kim, & Keasling, 

2000). As the yield and productivity of the mutants was tends to be better in shake flasks with 
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approximately 10 mL than that in 24 well plates with 2.5 mL culture volume, increase in culture 

volume and using shake flasks will allow a better bioprocessing. 

The variance in different experimental conditions of trial 1 and trial 2 Figure 6 postulates that 

every transcription factor accumulates highest PHB at a certain point of the individual growth 

curve of the corresponding mutants and different nitrogen starvation periods. However, in trial 1 

26 out of 30 transcription factors observed show higher PHB that that in wild type Synechocystis 

under nitrogen depletion conditions (BG110), while, 3 of the same 26 transcription factors 

accumulated lower PHB in BG11 than that in BG110. In total 9 out of 39 transcription factor are 

observed to have higher PHB accumulated in BG11 than in BG110 (Figure 6). Whereas in trial 

2, 12 out of 39 transcription factors are observed to have higher PHB accumulation than that in 

the wild type Synechocystis under BG110 conditions. The same 12 transcription factors are also 

observed to accumulate higher PHB in trial 1 also, but there is a phenomenal decrease in trial 2.  

The fragmentation methods for the creation of metagenomic library are well optimized in the 

current study. The control experiments performed to ensure that more no of clones with inserts 

size ranging above 3000 bp reveal that partial enzymatic digestion is a suitable method (Figure 

11) in terms of no of clones obtained and the size of inserts. In case of sonication, there are 

comparatively less number of clones and majority of them have smaller inserts. The difficulty 

concerned with the size of the inserts can possibly be overcome by gel extraction performed as in 

Figure 12. However, in economical point of view, sonication is much appropriate method in this 

context and produces highly diverse genomic DNA fragments. This results in creation of a 

metagenomic library that justifies the concept, purpose, potential of metagenome and the goal of 

metagenomic library. Although, sonication method also produces DNA fragments composing 

incomplete genes, the diversity of fragments generated is high, whereas, partial enzymatic 

digestion is more specific to the restriction sites of the digesting enzyme used, EcoRV. For 

instance, complete digestion of Synechocystis genomic DNA by EcoRV results in 434 fragments 

depending on the number of restriction sites identified to produce blunt ends. Partial enzymatic 

digestion Synechocystis genomic DNA by EcoRV results the same fragments or a combination 

of them depending on the digestion time and amount of enzyme used. But, the diversity of the 

fragments is low and production of incomplete genes is certain depending on the restriction sites 

that EcoRV identifies. Also, this method generates highly concentrated smaller fragments as can 

be observed in Figure 12 f which reflects that this method generates a lot of incomplete genes. 

The same principle applies for the genomic DNA from all the 26 strains listed in Table 6. 

Furthermore, the probability of cutting the genomic DNA with in the reading frame and to 

produce incomplete genes is higher and certain in partial enzymatic digestion in contrast to 

sonication method. Considering all these complications, it can be concluded that sonication acts 

as a suitable method of genomic DNA fragmentation to create a metagenomic library. 
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8 Conclusion 

In this study, potential transcription factors influencing PHB production are found among the 50 

transcription factors investigated in the transcription factor library. Based on the promising PHB 

accumulating tendency observed, further investigation and optimization of the process facilitates 

even better results. The DNA fragmentation methods, sonication and partial enzymatic digestion 

are well established and optimized towards creation of a genomic and metagenomic libraries. 

The data and evidence in the current study supports and significantly contributes in the creation 

of productive genomic and metagenomic libraries.  
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