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Although many factors that affect the frequency of natural transformation of the unicellular cyanobacterium 
Synechocystis have been extensively reported, little is known regarding the effects of changes in the spectral 
quality and intensity of light on its natural transformation. The frequency of natural transformation was significantly 
enhanced or inhibited by the treatments with low light (LL) or high light (HL) under the incubation condition of cells 
and DNA before plating and/or on the plates in comparison with that by the treatment with growth light (GL); the 
changes in the spectral quality of light did not remarkably affect the transformation efficiency of Synechocystis. 
Further, the lengths of the appearance time of transformants were shortened or retarded by HL or LL illumination 
when cells and DNA were incubated on the plates relative to that by GL illumination. Further, the transformation 
efficiency of Synechocystis was closely associated with the permeability of the cell membranes. Treatment with LL 
significantly enhances the frequency of natural transformation whereas HL illumination remarkably shortens the 
appearance time of Synechocystis transformants. These phenomena can be extensively applied to future studies 
according to the specific demands of the transformation experiments. Possible mechanisms underlying these 
phenomena are discussed. 
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INTRODUCTION 

 
Synechocystis sp. strain PCC 6803 (hereafter referred to 
as Synechocystis) is a unicellular cyanobacterium that 
shows highly efficient homologous double recombination 
between the genome and the incorporated exogenous 
DNA (Grigorieva and Shestakov, 1982; Williams, 1988). 
Up to now, this system has been used successfully to 
study the molecular organization and function of the 
photosynthetic apparatus and other physiologically 
important cell components (Chauvat et al., 1989; 
Bouyoub et al., 1993; Yoshihara et al., 2000; Bhaya et al., 
2001; Kufryk et al., 2002), and to express the functional 
proteins involved in drugs and environments (Wang et al., 
2000; Song et al., 2001). However, the transformation of 
targeted genes is usually the first step  
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in developing such projects.  

Natural transformation of Synechocystis cells is more 
effective and popular than other methods such as 
electroporation and ultrasonic transformation (Zang et al., 
2007). A typical procedure for the natural transformation 
of Synechocystis is depicted in Figure 1. Many factors 
have been proposed to affect the efficiency of trans-
formation, including the concentration of exogenous DNA 
(Porter, 1986; Barten and Lill, 1995; Kufryk et al., 2002), 
use of linear or circular DNA (Barten and Lill, 1995; 
Kufryk et al., 2002), length of the homologous recom-
bination fragments (Chauvat et al., 1986; Williams, 1988; 
Labarre et al., 1989; Barten and Lill, 1995; Zang et al., 
2007), physiological condition of the cyanobacterium 
(Grigorieva and Shestakov, 1982; Zang et al., 2007), 
detailed procedure for transformation (Grigorieva and 
Shestakov, 1982; Williams, 1988; Kufryk et al., 2002; 
Zang et al., 2007), and genetic modification of the host 
strain (Kufryk et al., 2002). However, little is known 



  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Typical procedure for the natural transformation of Synechocystis. This 
procedure consists of at least 6 steps. 

 

 

regarding the effects of changes in the spectral quality 
and intensity of light on the natural transformation of 
cyanobacterial cells and the possible mechanism 
underlying such effects.  

The aim of this study was to investigate the effects of 
changes in the spectral quality and intensity of light 
during steps 4 and 5 of the transformation procedure 
(Figure 1) on the efficiency of transformation and 
appearance time of transformants on the plates. Com-
parison of the frequency of transformation, appearance 
time of transformants, and changes in the permeability of 
the cell membranes under the treatments with various 

 
 

 

light conditions indicated that low light (LL) illumination is 
the most efficient for enhancing the transformation 
efficiency and high light (HL) illumination shortens the 
lengths of the appearance time of transformants on the 
plates. Further, the possible working mechanisms and 
applications are discussed. 

 

MATERIALS AND METHODS 
 
Culture conditions 
 
Cells of Synechocystis, a glucose-tolerant  strain,  were cultured  at 



  
 
 

 
Table 1. Effects of the light intensities on the transformation efficiency of Synechocystis.  

 

No Incubation
1
 Inducement

2
 Transformation efficiency × 10

-4
 (%) 

3
 Time (day) 

1  LL 22.3±4.1 (370.9±67.4) 12 

2 LL GL 10.8±2.2 (178.6±37.2) 6 

3  HL 6.6±1.2 (110.2±19.5) 3 

4  LL 13.3±1.8 (221.6±29.5) 12 

5 GL GL 6.0±1.2 (100.0±19.2) 6 

6  HL 3.4±0.6 (55.6±9.5) 3 

7  LL 10.9±1.5 (180.3±25.4) 12 

8 HL GL 4.4±0.6 (73.5±10.0) 6 

9  HL 3.2±0.4 (52.6±7.1) 3 
 

1
Incubation of the cell suspension and DNA before plating (step 4 in Figure 1). 

2
Incubation of cells with DNA after plating 

together with the inducement of colonies of transformed cells on the plates (step 5 in Figure 1). 
3
The transformation efficiency 

obtained under the GL incubation and succedent GL inducement (GL–GL) was assumed to be 100. 
 

 
30°C in liquid BG-11 medium (Allen, 1968) and buffered with Tris-
HCl (5 mM, pH 8.0) bubbled with 2% (v/v) CO2 in air under 
continuous illumination by using fluorescent lamps (40 µmol 

photons/m
2
/s). The transformants were grown on BG-11 solid 

medium containing 5 µg/ml kanamycin (Kam
R

) in the presence of 

2% (v/v) CO2. 
 
 
Construction of the pUC- ndhO plasmid 

 
The construction of the pUC- ndhO plasmid is schematically 
described in Appendix - Supplementary Figure 1 and is explained 
as follows: 

 
(1) The upstream DNA region containing the partial ssl1690 (ndhO) 
coding sequence (1 to 114) was amplified by PCR using primers a 
and b (Appendix - Supplementary Table 1). The PCR product (Up) 
was digested with SalI/BamHI and unidirectionally inserted into 
vector pUC19 to generate the pUC-Up plasmid.  
(2) The kanamycin gene coding sequence was amplified by PCR  
using primers C and D (Appendix - Supplementary Table 1). The 

PCR product (Kam
R

) was cleaved with BamHI/KpnI and 

unidirectionally cloned into pUC-Up to yield the pUC-Up-Kam
R

 
plasmid.  
(3) The downstream DNA region including the remanent nucleotides 
of the ndhO coding sequence (115 to 219) was also amplified by 
PCR using primers e and f (Appendix - Supplementary Table 1).  
The PCR product (Down) was digested with KpnI/SacI and 

unidirectionally inserted into pUC-Up-Kam
R

 to generate the pUC-

Up-Kam
R

-Down plasmid, or the pUC- ndhO plasmid, which was 
used for the plasmid DNA of natural transformation (step 1 in Figure 
1). The general methods and protocols used for molecular cloning 
were as described by Sambrook et al. (1989). 
 

 
Natural transformation of Synechocystis 

 
The procedure for the natural transformation of Synechocystis was 
performed as described previously (Williams, 1988) with some 
modifications (Figure 1). In brief, Synechocystis cells in the 

exponential growth phase (A730 = 0.8; Ma and Mi, 2005; Zang et 
al., 2007) were harvested by centrifugation at 5,000 × g for 5 min at 
room temperature. The cell pellet was suspended in fresh BG-11 

medium at a density of 7.0 × 10
8
 cells/ml and used immediately for 

transformation (step 2 in Figure 1). One hundred microliters of the 
cell suspension was mixed with 2 µl of pUC- ndhO DNA, and the 

 
 

 
final concentration of DNA was 50 µg/ml (step 3 in Figure 1). The 
mixture of cells and DNA was incubated for 6 h in a sterile test tube 
at 30°C under various light conditions (step 4 in Figure 1). The 
mixture was spread onto BG-11-agar plates supplemented with 
kanamycin at 5 µg/ml, and these plates were maintained at 30°C 

under 2% (v/v) CO2 in air and various light conditions (step 5 in 
Figure 1). After several days of inducement of the transformants, 
colonies of transformed cells could be seen on the plates, and no 
colonies appeared in the control experiment from which pUC-  

ndhO DNA was omitted (step 6 in Figure 1). 

 
Treatments with various light conditions during the 
transformation procedure 
 
During steps 4 and 5 of the transformation procedure (Figure 1), 
Synechocystis cells were illuminated with low light (LL; 5 µmol 

photons/m
2
/s, white light), low red light (LRL; 5 µmol photons/m

2
/s, 

620 nm), and low blue light (LBL; 5 µmol photons/m
2
/s, 460 nm); 

growth light (GL; 40 µmol photons/m
2
/s, white light); and high light 

(HL; 200 µmol photons/m
2
/s, white light) for several time points. 

The detailed combinations of the light treatments are described in 
Tables 1 and 2. 

 

Analysis of the transformants 

 
The lengths of the appearance time of transformants were recorded 
as the time of the first transformant of Synechocystis. After the 
colonies of transformed cells grew on the plates for three days 
under HL illumination, six days under GL illumination, and twelve 
days under LL illumination, the number of transformants was 
counted. Subsequently, the transformation efficiency (%) was 
calculated as the number of transformants per total number of cells 
before transformation multiplied by 100. 

 

Measurements of cell membrane permeability 

 
Permeability of the cell membranes was measured by detecting 
electrolyte leakage during the HL or LL treatments. Synechocystis 

cells in the exponential growth phase (A730 = 0.8; Ma and Mi, 2005; 
Zang et al., 2007) were harvested by centrifugation at 5,000 × g for 
5 min at room temperature and then suspended in fresh BG-11 

medium at a density of 7.0 × 10
8
 cells/ml. After the cells were 

illuminated with HL or LL for several time points, the electric 
conductivities of the cell suspension were recorded at 25°C by 



 
 
 

 
Table 2. Effects of the light qualities under low intensities on the transformation efficiency of Synechocystis  

 

 No Incubation
1
 Inducement

2
 Transformation efficiency ×10

-3
 (%)

3
 Time (day) 

 1 LRL LRL 2.0±0.3 (92.5±7.5) 13 

 2 LBL LBL 2.1±0.3 (94.6±7.9) 14 

 3 LL LL 2.2±0.4 (100.0±18.2) 12 
 

1
Incubation of the cell suspension and DNA before plating (step 4 in Figure 1). 

2
Incubation of cells with DNA after plating 

together with the inducement of colonies of transformed cells on the plates (step 5 in Figure 1). 
3
The transformation 

efficiency obtained under the LL incubation and succedent LL inducement (LL–LL) was assumed to be 100. 
 
 

 
using a conductivity meter (CyberScan CON1500; EUTECH, USA). 
 

 

RESULTS 

 
Effects of light intensities on the natural 
transformation of Synechocystis 

 

Figure 1 shows that at least 6 steps are involved in the 
natural transformation of Synechocystis. Among these 
steps, the transformation efficiency can be regulated by 
light illumination during steps 4 and 5, namely incubation 
of the cell suspension and DNA before plating (hereafter 
referred to as incubation) and incubation of cells with 
DNA after plating together with the inducement of 
colonies of transformed cells on the plates (hereafter 
referred to as inducement), respectively.  

On illumination of the incubation of 6 h (that is., step 4) 

with low light (LL; 5 µmol·photons/m
2
/s, white light), 

growth light (GL; 40 µmol photons/m
2
/s, white light), or 

high light (HL; 200 µmol photons/m
2
/s, white light) and 

succedent inducement (that is., step 5) under the same 
GL, a high and low frequency of transformation was 
observed under LL and HL incubation, respectively, in 
comparison with that under GL incubation (Table 1). In 
contrast, on illumination of the incubation of 6 h with the 
same GL and succedent inducement with LL, GL, or HL, 
a high and low efficiency of transformation was observed 
under LL and HL inducement, respectively, relative to that 
under GL inducement (Table 1). Further, the LL incu-
bation and succedent LL inducement (LL–LL) exhibited 
the highest frequency of transformation whereas the HL 
incubation and succedent HL inducement (HL–HL) 
showed the lowest efficiency of transformation (Table 1). 
Thus, these results indicated that the light intensities 
significantly influenced the transformation efficiency of 
Synechocystis.  

Further, the lengths of the appearance time of trans-
formants depended on the light intensities of inducement 
but not those of incubation (Table 1). Specifically, the 
transformants appeared on the third day under HL 
inducement, sixth day under GL inducement, and 12th 
day under LL inducement (Table 1), indicating that HL is 
the most efficient light condition for inducing the 
appearance of colonies of transformed cells on the 

 
 
 

 

plates. 
 

 

Effects of light qualities on the natural transformation 
of Synechocystis 

 

To examine whether the light quality also affects the 
transformation efficiency of Synechocystis, the effects of 
changes in the spectral quality on the frequency of 
transformation were examined. As the LL–LL treatment 
exhibited the highest frequency of transformation, low red 

light (LRL; 5 µmol photons/m
2
/s, 620 nm) or low blue light 

(LBL; 5 µmol photons/m
2
/s, 460 nm) was applied for 

incubation and succedent inducement (that is., steps 4 
and 5 in Figure 1). Table 2 shows that the frequency of 
transformation under the LRL incubation and succedent 
LRL inducement (LRL–LRL) was similar to that under the 
LBL incubation and succedent LBL inducement (LBL– 
LBL), indicating that the light quality did not affect the 
transformation efficiency of Synechocystis.  

Further, the transformation efficiency under the LRL– 
LRL or LBL–LBL illumination was also similar to that 
under the LL–LL condition (Tables 1 and 2), suggesting 
that the transformation efficiency of Synechocystis 
depended on the intensity and not the spectral quality of 
light.  

On the other hand, the appearance time of trans-
formants under the LRL or LBL inducement was slightly 
retarded in comparison with that under the LL inducement 
(Table 2), implying that the white light was more efficient 
than that monochromatic light for inducing the 
appearance of transformants on the plates. 
 

 

Changes in the permeability of Synechocystis cell 
membranes caused by the treatment with high or low 
light 

 

As shown in Table 1 and Figure 2A, the efficiency of 
transformation under the LL–LL condition was over 7 
times than that under the HL–HL treatment. To determine 
the relationship between the permeability of the cell 
membranes and the frequency of transformation of 
Synechocystis, the permeability of the cell membranes 
under the HL or LL treatment, as determined by the 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Effects of high or low light treatment 
during both the incubation (step 4) and the 
succedent inducement (step 5) on the frequency 
of transformation (A) and permeability of the cell 
membranes (B). The permeability of the cell 
membranes was determined from the 
conductance. The intensities of high light (HL) 
and low light (LL) were 5 and 200 µmol 
photos/m2/s, respectively. The vertical bars 
represent the mean ± SE from at least five 
independent experiments. 

 

 

conductance, was measured at several time points. 
During the LL illumination, the permeability slowly rose 
until about 72 h and then gradually declined (Figure 2B). 
In contrast, the permeability always decreased during the 
HL treatment (Figure 2B). Therefore, the results 
suggested that the transformation efficiency of 
Synechocystis was closely associated with the 
permeability of the cells membranes. 
 
 
DISCUSSION 

 

The efficiency of transformation is reportedly affected by 
many factors, including the length, form, and 
concentration of the incorporated DNA (Chauvat et al., 

 
 

  
 
 

 

1986; Porter, 1986; Williams, 1988; Labarre et al., 1989; 
Barten and Lill, 1995; Kufryk et al., 2002; Zang et al., 
2007); length of the incubation time of the cell suspension 
with DNA before plating (Grigorieva and Shestakov, 
1982; Chauvat et al., 1986; Williams, 1988; Kufryk et al., 
2002; Zang et al., 2007); growth phase of the strain 
(Grigorieva and Shestakov, 1982; Zang et al., 2007); and 
genetic modification of the host strain (Kufryk et al., 
2002). The results of this study indicate that the intensity 
and not the quality of light during the incubation (step 4 in 
Figure 1) and succedent inducement (step 5 in Figure 1) 
influences the efficiency of transformation of 
Synechocystis (Tables 1 and 2). Although it has been 
proposed that the plasmid DNA uptake is a light-
dependent process (Chauvat et al., 1983; Golden and 
Sherman, 1984; Zang et al., 2007), to our knowledge, this 
is the first study to reveal the highest efficiency of 
transformation under the LL–LL treatment and fastest 
appearance of transformants on the plates under the HL 
inducement.  

Previous studies using the factor of light intensity 
mainly focused on the effects of light or dark conditions 
during the incubation (step 4 in Figure 1) but not the 
inducement (step 5 in Figure 1) on the frequency of 
transformation (Chauvat et al., 1983; Golden and 
Sherman, 1984; Zang et al., 2007). The findings of this 
study not only indicate that the highest efficiency of 
transformation occurs under the LL incubation but also 
demonstrate that the intensities of light during the 
inducement also significantly affect the frequency of 
transformation in Synechocystis (Table 1). This result 
indicates that the inducement of transformants on the 
plates (step 5 in Figure 1) can also regulate the 
transformation efficiency of cyanobacterial cells.  

Extracellular appendages on the cell surface, such as 
type IV pili (Tfp), are essential for twitching or gliding 
mobility of a glucose-sensitive strain of Synechocystis 
(Wall and Kaiser, 1999; Yoshihara et al., 2000, 2001; 
Bhaya et al., 2001; Fiedler et al., 2005). In contrast, a 
glucose-tolerant strain of Synechocystis, used in this 
study, is incapable of motility because of a frameshift 
mutation in the spkA gene (Kamei et al., 2001), 
suggesting that Tfp are lost in this strain; this was 
confirmed by the results of scanning electron microscopy 
(SEM; Appendix - Supplementary Figure 2) and 
transmission electron microscopy (TEM; data not shown). 
Recently, studies using reverse genetics indicated that 
the frequency of transformation is closely associated with 
the presence and type of Tfp in the glucose-sensitive 
strain of Synechocystis (Yoshihara et al., 2001; Okamoto 
and Ohmori, 2002). Unfortunately, however, the strain in 
this study lost the Tfp. Thus, Tfp are not responsible for 
influencing the efficiency of transformation in the glucose-
tolerant strain of Synechocystis. 
 

The results of this study indicate that the frequency of 
transformation of Synechocystis is closely associated 
with the permeability of the cell membranes (Figure 2A 



 
 
 

 

and B). The highest efficiency of transformation and 
permeability of membranes occurred under the LL–LL 
treatment (Table 1 and Figure 2). Under nutrient 
limitation, the capturing of food has been proposed as a 
selective force to increase the ability of cells for DNA 
uptake (Redfield, 1993, 2001). It seems likely that under 
the LL condition in this study, the hungry cells of 
Synechocystis increased their demand for capturing of 
food, including the DNA molecules, by slightly enlarging 
the permeability of the membranes (Figure 2), thereby 
enhancing the frequency of transformation (Table 1). This 
might be a major strategy for Synechocystis cells to 
enhance the efficiency of transformation under the 
environments with LL.  

The activity of photosynthesis will significantly decrease 
under treatments with LL and monochromatic light. This 
is the reason why the appearance of transformants on the 
plates was retarded under the inducement in these light 
conditions (Tables 1 and 2).  

These findings of this study can be extensively applied 
to future studies according to the specific demand of the 
transformation experiments of Synechocystis. For 
example, functional complementation analysis based on 
the known genomic sequence of Synechocystis depends 
considerably on a high transformation frequency at low 
DNA concentrations (Kufryk et al., 2002; Vermaas, 1998). 
In this case, the LL–LL condition is a preferential choice 
(Table 1). In contrast, to acquire the colonies of 
transformed cells on the plates rapidly and effectively, the 
application of the LL–HL condition is suitable (Table 1). 
 
 
Conclusions 

 

Our results with a unicellular cyanobacterium increase 
the knowledge regarding the effects of changes in the 
spectral quality and intensity of light on the efficiency of 
transformation, indicating that (1) the low intensity and 
not the quality of light enhances the frequency of 
transformation of Synechocystis and (2) the HL 
inducement shortens the lengths of time for the 
appearance of transformants. Under these conditions, the  
(1) and (2) phenomena are most likely caused by 
increasing the demand for capturing of food (e.g. 
exogenous DNA molecules) and the activity of 
photosynthesis, respectively. Further, these findings can 
be extensively applied to future researches according to 
the specific demands of the cyanobacterial transformation 
experiments. 
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APPENDIX  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Figure 1. Schematic describing the construction of the pUC- ndhO plasmid. 

 
 

Supplementary Table 1. Primer sequences for the construction of the pUC- ndhO plasmid.  
 

DNA fragment No Primer sequences (5’-3’) 
 

Upstream region 
a GCGTCGACAGCGCTTATGGTCATAC 

 

b CGGGATCCGCTATGGAAAAGGTAG 
 

 
 

Kanamycin gene 
c CGGGATCCGGGGGGGGGGGGAAAG 

 

d GGGGTACCGGGGGGGGGGGGCG  

 
 

Downstream region 
e GGGGTACCAAAGGAGAAGTGTTG 

 

f CGAGCTCTTAACCGTCGCTAAC 
 

 
  

 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
Supplementary  Figure  2.  Scanning electron microscopy  
(SEM) of a glucose-tolerant strain of Synechocystis  after  
the treatments of high light (HL) or low light (LL). Under the  
HL or LL illuminations, the mixture of cells and DNA was 
incubated for 6 h and spread onto the BG-11-agar plates  
for 48 h; then, the cells on the plates was collected and  
used for the measurements by SEM. The intensities of HL 
and LL were 200 and 5 µmol photons/m

2
/s, respectively. 


