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Synechocystis PCC 6803 wild type (WT) switches from 
UV-resistant to UV-sensitive state on shifting from 
photoautotrophic to photoheterotrophic mode of 
growth. The strain also displays the differential UV 
sensitivity between the light and dark phase in the 
photoautotrophic mode of growth. Here we provide  
genetic evidence for the role of D1 polypeptide in  
repair/protective activity in the UV sensitivity switch-
ing phenomenon. The strain used can switch between 
photoautotrophy and photoheterotrophy, thereby 
permitting assessment of the role of photosystem II 
(PSII) components in functions other than photosyn-
thesis. We show that D1 mutants selected for altered 
UV sensitivity are novel and different from those 
known to affect the electron transport function or 
PSII assembly. To our knowledge this is the first re-
port on the involvement of any PSII constituent in ge-
nome housekeeping activity. The observation suggests 
a new pathway for stress management in cyanobacte-
ria and, by implication, also in higher plants. 
 
Keywords: Cyanobacteria, D1 protein, DNA repair/ 
protection, photosystem II, ultraviolet sensitivity  
switch. 
 
AMONG prokaryotes ultraviolet (UV) resistance of cyano-
bacteria is high, presumably because of adaptation to 
stress from solar radiation comprising unfiltered high UV 
component in the absence of ozone shield for a major  
period of their evolutionary history, that is estimated to 
be at least 2.3 billion years1–5. They occupy niches cover-
ing a wide range of abiotic and biotic stresses6–8. At high 
intensities of solar radiation, UV light adds to the stress 
by inflicting photo-oxidative damage to the electron trans-
port system and the genome9. The mechanisms for main-
taining functional states of these two targets are complex 
and of vital significance, particularly in obligate photo-
autotrophic cyanobacteria, because they are dependent

solely on light for supply of organic carbon. Their growth 
in the presence of organic carbon sources exogenously 
added to the medium is either blocked or poor in the dark.  
Obligate nature of photoautotrophy, apparently, has 
evolved in these organisms as the preferred mode of 
growth, presumably because it maximizes survival 
through enhanced dark repair of DNA damage accumu-
lated during growth in light10. 
 The complexity of UV stress response in cyanobacteria 
is also evident from its effect in a wide spectrum of 
physiological conditions of cultures of obligate photo-
autotrophs, prominent among which are: (i) the level of 
UV sensitivity switches reversibly in a distinctly different 
manner on transition between the light and dark phase11; 
(ii) UV sensitivity is affected by perturbation of redox 
level on addition of herbicides, DCMU or atrazine, that 
specifically interact with core polypeptide D1 of reaction 
centre (RC) of photosystem II (PSII) that blocks photore-
duction of plastoquinon Qb (refs 11 and 12); (iii) high 
sensitivity develops following arrest of protein synthesis 
in light by chloramphenicol, but not in the dark phase13,14; 
(iv) dominant effect of restoration of resistance by 
DCMU in photoautotrophic culture blocked for protein 
synthesis by chloramphenicol11; (v) UV sensitivity unre-
lated to replicative state of DNA11, and (vi) development 
of high resistance under near anerobic condition created 
by prolonged exposure to argon gas in light14. 
 Detailed treatment of a model to explain the above-
mentioned complex response of cyanobacteria to UVC 
has been published elsewhere12. Briefly, the model  
assumes: (i) DNA and functional PSII complexes are  
independent lethal targets, and (ii) PSII exists in two UV 
sensitivity states depending on a functional association of 
the high turnover RC polypeptide D1 with a UV-resistant 
subcomplex of PSII in dynamic equilibrium during 
growth in light, the ratio of the two kinds of PSII com-
plexes within a cell determining its viability when repair 
of DNA damage is saturated by prolonged dark incuba-
tion. The model makes several predictions. These are:  
(i) exclusive DNA repair system should not interfere with 
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UV sensitivity switching process during transition  
between the light and dark phase in autotrophic mode of 
growth; (ii) it should be possible to obtain mutants with 
altered UV sensitivity compared to wild type (WT), 
which should map the mutations to genes of some con-
stituent(s) of functional PSII complex, that confers altered 
UV sensitivity measured by lethal effect on colony-
forming ability without losing the capability to grow 
photoautotrophically; (iii) in mutants with functional PSII 
knocked out, UV sensitivity switch should be eliminated 
and the survival curves of cells from the light and  
dark phase should be identical, and the mutants should  
be at least as resistant as WT, if not more. The last  
prediction follows from the assumption in the model  
that damage to UV-sensitive functional PSII leads to  
loss of viability even when DNA is fully repaired, since 
DNA and PSII are considered independent lethal  
targets12. 
 In order to test prediction (i), we considered knocking 
out the best-studied regulatory network of multiple DNA 
repair systems in prokaryotes, similar to the SOS  
response in Escherichia coli controlled by recA–lexA 
gene pair, if present in cyanobacteria. If the light/dark 
UV sensitivity switching was due to some specific DNA 
repair system that evolved under the umbrella cover of 
the putative SOS repair system of cyanobacteria, knock-
ing out recA or lexA would disable the switch. Such an 
outcome would falsify the first assumption of the model. 
The homozygous recA mutant was, as expected, highly 
UV-sensitive, but the light/dark sensitivity switch was 
not disabled10. Similarly, an uvrA homozygous knockout 
mutant was sensitive to UV, as expected, but this too  
retained the light/dark sensitivity switch15 (Appendix 1). 
The results are consistent with prediction (i) of the 
model. However, they do not rule out the possibility of 
the yet unknown novel DNA repair system sensitive to 
light/dark shifts. Prediction (ii) was also tested by screen-
ing for mutants with altered UV-sensitivity among ran-
domly mutated psbA2 allele collection in a vector that 
was transformed into a psbA deletion derivative of 
Synechocystis PCC 6803, and the transformants selected 
for photoautotrophic growth as shown in the present 
study. Several UV-sensitive and UV-resistant autotrophic 
mutants with altered psbA2 allele sequences were  
obtained. Mutations were in regions different from those 
known from earlier studies to investigate the mechanism 
of electron transport function of D1. This is consistent 
with prediction (ii). In experiments reported here we 
show that only the first part of prediction (iii) is consis-
tent with the results. The second part that follows from 
the assumption that DNA and PSII are independent lethal 
targets of UV, is inconsistent with the results of the  
experiment designed to test the prediction of the model. 
Interestingly, as reported here, this discrepancy leads to 
the unexpected conclusion that the products of psbA gene 
family are required for protection or repair of damage to 

the genome from UV stress, even when it is not a part of 
a functional PSII complex. 
 Synechocystis PCC 6803 has been used in this study 
since it is a facultative photoautotroph that can utilize  
exogenous glucose in light, thereby making carbon fixa-
tion through photosynthetic electron transfer function of 
PSII nonessential for growth16–19. Thus it was possible to 
check the effect of inactivation of photosynthetic CO2 
fixation without blocking the growth of Synechocystis 
PCC 6803 in light. This permitted determining UV sensi-
tivity of the strain in the absence of PSII core constitu-
ents, D1 and CP47, by deletion analysis and construction 
of mutant psbA2 alleles with altered UV sensitivity that 
we report here. 

Materials and methods 

Bacterial strains and culture conditions 

Synechocystis PCC 6803 was used as the WT strain 
(kindly provided by Takakazu Kaneko)20. The ΔpsbA, 
ΔpsbB and D1:ctrl strains were a gift from Julian  
Eaton-Rye (Table 1). All cultures were grown in BG-11 
medium21 with light intensity of ~ 800 lux, at 33°C in the 
presence of appropriate antibiotics at concentrations of 
chloramphenicol 15 μg/ml, spectinomycin 25 μg/ml and 
kanamycin 25 μg/ml. A constant mixed illumination of 
white light and tungsten lamp was used for growth in liq-
uid as well as on plates. Air from an aquarium pump was 
filtered and used for bubbling the liquid cultures. The WT 
and mutant cultures were stored at –80°C in sterile BG-
11 containing 15% glycerol. Solid media for plates were 
prepared by addition of 1.5% (w/v) agar, 10 mM TES/ 
NaOH, pH 8.2, and 0.3% sodium thiosulphate22 to the 
liquid medium. Glucose (5 mM) was added to both liquid 
and solid media for photoheterotrophic growth. Atrazine 
(20 μM) was added to the media of cultures of the PSII 
mutant strains for photoheterotrophic growth to ensure 
blocking of photosynthetic electron transfer function. 

UV sensitivity and photoreactivation 

Aliquots (100 μl) of various serial dilutions of log-phase 
cultures of the WT and the mutants were spread on the 
BG-11 plates. With lids removed, the plates were  
immediately irradiated with UV (254 nm, fluence rate: 
9.2 J m–2

 s–1) for different lengths of time. All the plates 
were then kept in the dark overnight at room temperature 
(about 22°C) to prevent photoreactivation. After dark in-
cubation, the plates were transferred to the light growth 
chamber till growth was visible (~ 10–14 days). For 
photoreactivation experiments, the plates were immedi-
ately transferred to the light growth chamber after irradia-
tion with no post-UV dark incubation period. For 
determining the change in UVC sensitivity on light to
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Table 1. Synechocystis sp. PCC 6803 strains 

Strain Relevant genotype Source 
 

Synechocystis sp. PCC 6803 Wild type (WT) Takakazu Kaneko 
D1:ctrl ΔpsbA1, ΔpsbA3, psbA2+, Kanr Julian J. Eaton-Rye 
ΔpsbA ΔpsbA1, ΔpsbA2, ΔpsbA3, Camr Julian J. Eaton-Rye 
ΔpsbB ΔpsbB, Specr Julian J. Eaton-Rye 
RKM118 ΔpsbB, phrA :: cam, Camr, Specr The present study 

 
dark transition, the growing culture in light was divided 
into two flasks, one covered with aluminum foil, both  
being otherwise identically treated for 24 h. UV irradiation 
and post-UV dark incubation were carried out as described 
above. Unless otherwise mentioned, we refer to viability 
measured by colony counts after allowing a 24 h incuba-
tion in the dark to eliminate photoreactivation following 
UV irradiation as UV-sensitivity or dark UV-sensitivity. 

Cloning and inactivation of the phrA gene of  
Synechocystis PCC 6803 

The slr0854 (phrA) gene was PCR amplified using Pwo 
DNA polymerase (Roche Molecular Biochemicals) from 
genomic DNA of Synechocystis sp. PCC 6803 using the 
primers P15 (5′-GCCAGTTGCCAGAATCATCAGTGT-
3′) and P16 (5′-GGAGTTCTACTCTTCGGCCTAGTG-
3′). The resultant fragment was directly used for cloning 
into the EcoRV site of pCR-ScriptTM Amp SK (+) plas-
mid (Stratagene), yielding the plasmid pphrA. 
 The phrA gene in the plasmid pphrA was inactivated 
by insertion of chloramphenicol resistance cassette into 
the unique HpaI site (1355 bp downstream of the start 
codon), yielding the plasmid pphrAcam. The chloram-
phenicol resistance cassette (hereafter referred to as cam) 
was PCR amplified from Tm9, using the primers: P17  
(5′-TGA CGG AAG ATC ACT TCG CA-3′) and P18  
(5′-CAC ACG GTC ACA TTG CTT CC-3′). The point of 
insertion of the cam cassette was verified by sequencing 
using the outward primers: P30 (5′-AGC TGA ACG GTC 
TGG TTA TAG GTA-3′) and P31 (5′-GCT TCC ATG 
TCG GCA GAA TGC TTA-3′). 
 Cyanobacterial chromosomal DNA was isolated from 
cultures grown to late log phase by the method described 
by Porter23. Transformation in E. coli was performed  
according to Sambrook et al.24. 

Transformation and selection of phrA::cam  
derivative of ΔpsbB mutant 

The plasmid pphrAcam was used to transform ΔpsbB 
strain of Synechocystis PCC 6803, according to Minda  
et al.10. Transformants were selected on BG-11 agar 
plates containing chloramphenicol 7.5 μg/ml, glucose 
5 mM, spectinomycin 25 μg/ml and atrazine 20 μM. 
Colonies appeared in about 10–12 days. 

 
 

Figure 1. Schematic diagram for introducing random mutagenesis 
into psbA2 allele for D1 protein. The P60–P61 fragment of psbA2 was 
subjected to random mutagenesis by PCR or hydroxylamine treatment, 
as described in text. It was then digested with HindII and ligated with 
pTZA2-K digested with HindII, and used for the transformation of 
competent DH5α cells. Plasmid was extracted from all the transfor-
mants and used for the transformation of Synechosystis PCC 6803 
ΔpsbA strain. 

Construction and sequencing of mutant psbA2  
alleles giving altered UV sensitivity 

Figure 1 shows a schematic diagram of steps in the gen-
eration of random D1 mutants. Random mutagenesis by 
PCR was performed using GeneMorph Random Muta-
genesis kit. The reaction mix was prepared by adding to 
37.5 ml of sterile DDW, 5 μl of 10× mutazyme reaction 
buffer, 4.0 ml of 10 mM dNTP mix, 1.0 μl (15 pmol) of 
each primer, 1.0 μl of template (10 pg–100 ng) DNA, and 
1 μl of mutazyme DNA polymerase. 
 For hydroxylamine mutagenesis, samples of pure 
plasmid DNA were added to 5 volumes of 0.1 M sodium 
phosphate buffer (pH 6.0) containing 1 mM EDTA, and 4 
volumes of 1 M hydroxylamine hydrochloride (pH 6.0)
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Table 2. Photoautotrophic growth rates of UV-sensitivity altered D1 mutants of Synechocystis PCC 6803.  
Altered amino acids in the sequences with respect to D1:ctrl strain are shown adjacent to the strain name. The  
 location of the mutations on the known D1 structure motifs is mentioned in the second column 

 Position of the mutations 
Strain in the helices of D1 protein Photoautotrophic growth rate (h) 
 

D1:ctrl Not applicable 20.6 
RKM112 (Leu353Ser) C-terminal tail 30.6 
RKM113 (Leu114Ser), (Phe255Leu) B helix, DE box 24.8 
RKM114 (Ala287Val) E Helix 28.3 
RKM115 (Leu341Pro) C-terminal tail 44.4 
RKM116 (Tyr262Cys), (Phe295Leu) DE box, E helix 21.7 
RKM117 (Gly166Ala) CD loop 26.3 

 
containing 1 mM EDTA; the volume of the mixture was 
adjusted to 200 μl and contained 3 μg of plasmid DNA. 
The tube was kept on ice for 45 min, followed by incuba-
tion at 75°C for 30 min. After incubation, the mixture 
was dialysed extensively against 10 mM CaCl2 at 2°C 
and DNA was then used for transformation. 
 In order to isolate the UV sensitivity determining 
amino acid residues from those of the electron transport 
function required for photoautotrophic growth, random 
mutants of D1 were simultaneously screened for photo-
autotrophic growth and altered dark-survival following 
UVC irradiation. From about 800 independent transfor-
mants (kan-r), 35 UV-resistant and 49 UV-sensitive 
clones were homogenotized and further screened for UV 
sensitivity by spot test. Among these, 18 were selected 
for sequencing. The results revealed amino acid substitu-
tions in seven of them, of which two had identical 
changes. Thus, a total of six unique putative D1 mutants 
were obtained. All except one, RKM115 (Leu341Pro) 
(Table 2), turned out to be UV-sensitive compared to 
D1:ctrl. These were further analysed for photoautotrophic 
growth rate and UV dark-survival. The remaining 11 mu-
tants had nucleotide substitutions but no amino acid 
change and, therefore, were not studied further. 
 For sequencing, the PCR product was first treated with 
two hydrolytic enzymes, shrimp alkaline phosphate 
(SAP) and exonuclease I (Exo I) to remove the excess 
primers and dNTPs in the PCR reaction mixture. This 
was performed by adding 1.0 μl of SAP (2 units/μl) and 
1.0 μl of Exo I (10 units/μl) to 5 μl of PCR reaction  
mixture (~ 1.0 pmol DNA molecules). The contents  
were mixed well and incubated at 37°C for 15 min. The en-
zymes were inactivated by heat at 80°C for 15 min. Auto-
mated fluorescent sequencing was carried out on the ABI-
Prism 377 Automated sequencer (PE Applied Biosystems). 

Results 

The WT strain used in this study was selected as a glu-
cose-tolerant variant by Williams18 from a culture that 
was sensitive to glucose in light. Although this strain can 
utilize glucose, it still requires light for growth, but is  
independent of photosynthetic electron transport function 

of PSII. However, the original strain PCC 6803 is listed 
as being capable of utilizing glucose16. The genetic basis 
of this variation is not known, but is suspected to be due 
to metabolic imbalance25,26. 
 We refer to survival observed after allowing a 24 h 
dark incubation immediately following UV irradiation 
before transferring to light for colony development, as 
dark survival. The level of dark survival is the measure of 
‘UV sensitivity’ or ‘dark-UV sensitivity’ mentioned here. 
In the photoheterotrophic mode of growth with glucose as 
the carbon source, the differential UV sensitivity is abol-
ished in WT as well as in psbA and psbB deletion mutants 
(Figure 2). However, WT shows clear differential UV 
sensitivity in photoautotrophic mode of growth. There-
fore, we infer that development of UV resistance on tran-
sition occurs when in the preceding light phase the PSII 
complexes were proficient in light-dependent electron 
transport function, and not inactive. 
 We determined the dark survival of two deletion  
mutants, ΔpsbA and ΔpsbB, to test if the PSII complex or 
its constituent component(s) is required for UV resistance 
development during light to dark transition, without  
involving photosynthetic electron transport. psbA and 
psbB code for PSII RC subunits D1 and CP47 respec-
tively. Indeed differential UV sensitivity in light–dark 
transition is absent in both the deletion mutants and is 
more sensitive than WT under photoheterotrophic mode 
of growth when photosynthetic electron transport is 
blocked (Figure 2). The mutant strain harbouring ΔpsbA 
can not assemble even partial PSII complex, because the 
D–E lumenal loop of D1 is essential for initiation of the 
reaction centre core subassembly formation27,28. These re-
sults, however, do not rule out other components of pho-
tosynthetic electron transport system, rather than only the 
functional PSII complex per se in affecting the UV sensi-
tivity switching process. 

Genetic evidence that DNA alone is the lethal target  
in PSII defective strains 

The model to explain light–dark switching of UV sensi-
tivity assumed that DNA and PSII are both lethal  
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targets12. This assumption underlies the manifestation of 
differential UV sensitivity attributed to kinetics of tran-
sient change in the state of PSII. Therefore, in a PSII  
deleted strain the differential sensitivity should not occur 
and only DNA should be the lethal target. We introduced 
a phrA knockout gene replacing the WT allele in the 
ΔpsbB mutant strain in order to check whether it pre-
sented only DNA as a lethal target since the second lethal 
target, PSII, was missing. Figure 3 shows that the double 
mutant phrA::cam ΔpsbB is homozygous for phrA inser-
tion mutation. The difference in L/L and L/D of ΔpsbB is 
because of photoreactivation of damages caused only to 
the DNA (Figure 4). The dark survival of the single 
ΔpsbB mutant (L/D curve) following UV irradiation is 
nearly the same as survival of the double mutant under 
photoreactivation condition (L/L curve). The slightly 
higher survival at high UV fluence of the double mutant 
may be because of minor photoreactivation of DNA dam-
age by the product of the second allele, phrB (ref 29). 
PhrA, the photolyase enzyme, is known to specifically 
photoreactivate damage to DNA29,30. Therefore, we con-
clude that prolonged dark incubation following UV irra-
diation eliminates DNA damage by dark-repair system in 
ΔpsbB, implicating that DNA is the only lethal target in 
this strain. 

Effect of multiple alleles of psbA on the dark UV  
sensitivity 

A small but statistically significant difference in dark 
survival between the two deletion strains suggested that 
 

 
 

Figure 2. Inactivation of UV sensitivity switch in WT and PSII dis-
rupted mutants under photoheterotrophic growth with glucose in the 
medium. L/D, Pre-UV light/post-UV in dark for 24 h; D/D, Pre-UV in 
dark for 24 h/post-UV in dark for 24 h. Bars represent SE values from 
three or more independent experiments. 

ΔpsbB deletion mutant may be helped in protection 
against UV-induced damage because of the presence of 
all the alleles of psbA that are absent in mutant carrying 
ΔpsbA (Figure 5). The absence of CP47 presumably low-
ered the expression of psbA that resulted in lower resis-
tance of ΔpsbB strain compared to WT. We therefore 
 

 
 

Figure 3. Agarose gel analysis of PCR product from genomic DNA 
of Synechocystis sp. PCC 6803 wild-type and four phrA::cam ΔpsbB 
mutants. Lane 1, 500 bp molecular weight marker; lanes 2–5, Insertion-
ally inactivated phrA amplified from four putative phrA::cam ΔpsbB 
mutants (4.2 kb); lane 6, phrA amplified from wild-type Synechocystis 
sp. PCC 6803 (3.1 kb) and lane 7, Insertionally inactivated phrA ampli-
fied from pphr::Acam. 

 
 

 
 

Figure 4. Lack of photoreactivation in PSII disrupted strain harbour-
ing a phrA knockout mutation. L/D, Pre-UV light/post-UV in dark for 
24 h; L/L, Pre-UV light/post-UV light. All the strains were grown 
photoheterotrophically. Bars represent SE values from three or more 
independent experiments. 
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tested the effect of the presence of only one, the most ac-
tive WT allele of psbA, i.e. psbA2 (ref. 17), in the pres-
ence of psbB with electron transport inactivated by 
addition of atrazine. The introduction of psbA2 allele is 
expected to increase the D1 pool strength to over that of 
ΔpsbA. The alleles psbA1 and psbA3 were deleted in 
D1:ctrl strain, but harboured a functional psbA2 WT  
allele. The strain is able to grow photoautotrophically and 
also shows UV sensitivity switching between the light  
 
 

 
 

Figure 5. Dosage effect of psbA alleles in determining dark UV resis-
tance in cultures growing photoheterotrophically with glucose and 
atrazine in the medium. L/D and D/D refer to pre- and post-UV light–
dark regime as in Figure 2. Relevant genotype: WT (psbA1+, psbA2+, 
psbA+); D1:ctrl (ΔpsbA1, psbA2+, ΔpsbA); ΔpsbA (ΔpsbA1, ΔpsbA2, 
ΔpsbA3). Bars represent SE values from three or more independent ex-
periments. 

 
 

 
 

Figure 6. UV survival of six D1 mutants (RKM112–RKM117) and 
D1:ctrl strain of Synechocystis sp. PCC 6803. After irradiation the 
plates were incubated in dark for 24 h at room temperature (~ 22°C). 

and dark phase (data not shown). In photoheterotrophic 
mode of growth, this strain clearly has an intermediate 
level of UV sensitivity between that of WT and the 
ΔpsbA mutant lacking all the three alleles (Figure 4). The 
UV sensitivity is identical in both the light and dark 
phase. Therefore, the effect on UV sensitivity is unrelated 
to electron transport function as in other strains in hetero-
trophic mode of growth. Significantly, the gradation of 
UV sensitivity correlates with multiplicity of the psbA  
allele, showing a dosage effect of the gene.  

UV sensitivity and growth phenotypes of psbA2  
mutants 

The six mutants carried eight changes in amino acid resi-
dues. A literature survey showed that none of these sub-
stitutions generated by random or site-directed mutations 
was reported among the residues studied earlier for their 
role in electron transport function generation or oxygen 
evolution. 
 Figure 6 shows the alteration in UV sensitivity due to 
amino acid changes in the mutants. Table 2 shows the 
growth rates in the exponential region of the growth 
phase. It is not possible to attribute the changes in pheno-
type to one or both mutations in the strains RKM113 and 
RKM116, which harbour two mutations and on different 
motifs of the D1 protein. None of these mutations has 
been reported to be associated with changes in photosyn-
thetic electron transport function characteristics in the lit-
erature. It is, however, possible that UV sensitivity 
changes or decreased growth rate in some mutants may 
be an indirect effect of altered electron transport function 
under the growth conditions used. Nevertheless, since the 
mutants isolated in this study were selected for changes 
in UV sensitivity, we believe that these are primarily  
affected in DNA repair/protection function. The other 
phenotype changes could be secondary effects of DNA 
repair/protection defects. 

Discussion 

The kinetics of UV-sensitivity change during light–dark 
transition in Anacystis nidulans could be explained semi-
quantitatively by assuming that DNA and PSII are inde-
pendent lethal targets11,12. The obligate nature of its 
photoautrophy rules out designing experiments in which 
the phenomenon of UV-sensitivity switching could be 
decoupled from photosynthetic electron transport func-
tion of PSII that is essential for growth. In this article we 
report the effect on the mixotrophic strain of cyanobacte-
ria, Synechocystis PCC 6803, of decoupling obligatory 
growth requirement of light from that of the UV sensiti-
vity switch using glucose as the sole carbon source in 
mutants deleted for psbA and psbB genes which code 
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PSII RC constituents D1 and CP47 respectively. Consis-
tent with the prediction of the model, the light–dark 
switching of UV sensitivity of WT Synechocystis PCC 
6803 occurred in photoautotrophic but not in photohet-
erotrophic growth31 (Figure 2). Surprisingly, however, 
UV resistance is significantly lower in photoheterotrophic 
than in photoautotrophic growth, indicating that PSII 
plays a critical role in dark survival. Clear implication is 
that DNA and PSII are not totally independent lethal tar-
gets, since redundancy of PSII function for CO2 fixation 
should have eliminated the UV sensitivity contributed by 
the complex as a lethal target assumed for autotrophic 
mode of growth. Significantly, the deletion mutants, 
ΔpsbA and ΔpsbB, were more sensitive than WT  
(Figure 2). 
 The higher UV sensitivity of PSII deletion mutants 
compared to WT under photoheterotrophic growth can be 
explained by one of the following two hypotheses: (1) 
Photosynthetic electron transport function of PSII is es-
sential for repair. (2) Some constituents of PSII complex 
or its subassemblies containing D1 and CP47 are required 
for DNA protection/repair that does not involve photo-
synthetic electron transport function needed for CO2 fixa-
tion. 
 That the mechanism of switching to higher resistance 
in light to dark transition is likely to be independent of 
electron transfer function is indicated by several observa-
tions: (i) In autotrophic growth, adding DCMU/atrazine 
in light enhances UV resistance11. (ii) D1 degradation is 
blocked in dark or light in the presence of DCMU/ 
atrazine in cyanobacteria as well as in the chloroplasts 
that stabilize the D1 pool32. Transition to dark decreases 
the UV sensitivity of the WT Synechocystis PCC 6803. 
(iii) In double inhibitor experiment sharp fall in UV resis-
tance on blocking protein synthesis during autotrophic 
growth can be reversed quantitatively by addition of 
DCMU12. The above observations indicate that if D1 deg-
radation is blocked, UV resistance develops in light even 
in the absence of protein synthesis and photosynthetic 
electron transport function. Therefore, hypothesis (1) 
mentioned above is ruled out. 
 Hypothesis (2) is based on the inference that in photo-
heterotrophic growth, differential UV sensitivity is abol-
ished between light and dark-adapted cells because PSII 
is not a lethal target, which is consistent with the predic-
tion of the model. In PSII deletion mutants, DNA is the 
only lethal target. This is supported by the observation 
that on knocking out phrA gene in ΔpsbB strain, the UV 
sensitivity difference between dark and photoreactivation 
condition following UV irradiation is abolished (Figure 
4). The minor difference at high UV fluence is presuma-
bly due to the expression of the second photolyase gene, 
phrB, coding a cryptochrome29,30. Therefore, the differ-
ence in dark survival between WT and PSII deletion  
mutants suggests a housekeeping role in the dark of PSII 
or its subassembly containing D1 and CP47. 

 We checked this possibility in the D1:ctrl strain that 
has only one allele, psbA2 (ref. 15). Figure 5 shows that 
the D1 : ctrl harbouring only the WT psbA2 allele has a 
level of dark UV sensitivity, intermediate between that of 
WT which has all the three alleles (A1, A2 and A3) and 
ΔpsbA that has none. Clearly dark UV resistance  
increases with the increasing number of psbA alleles  
under heterotrophic mode in which photosynthetic elec-
tron transport and oxygen evolution are dispensable. The 
high UV sensitivity of ΔpsbB compared to WT in spite of 
the presence of all the three alleles of psbA, suggests a 
critical role of CP47 independent of the D1 or as a com-
ponent of the subassembly of PSII complex containing 
D1 in dark repair/protection against DNA damage. A  
minor but clear difference in UV survival characteristics 
of the two deletion strains, ΔpsbA and ΔpsbB, is consis-
tent with hypothesis (ii), if we assume that the expression 
of psbA gene is essential for protection against/repair of 
DNA damage in WT in the photoheterotrophic mode of 
growth (Figure 3). The above interpretation is also con-
sistent with the extensive literature on expression studies 
of PSII constituents in cyanobacteria and chloroplasts as 
discussed in the following. 
 A number of studies reveal a complex regulation pattern 
of psbA alleles and their dependence on environmental 
stimuli21,25,33–43. Though core reaction centre polypeptide 
D1 of PSII complex is a high turnover protein in both cya-
nobacteria and eukaryotic photosynthetic microbes like 
Chlamydomonas and higher plants, the PSII assembly and 
stability in cyanobacteria are not known to be controlled 
by epistasy of synthesis (CES), but largely regulated by 
degradation kinetics under stress44. Transcripts of psbA in 
WT Synechocystis PCC 6803 culture grown in dark or 
light-activated heterotrophy, exist though at a lower level 
than in photoautotrophic growth, and the PSII complex is 
also formed in the dark40. In the ΔpsbA mutant CP43, 
CP47, D2 and cytochrome b559 were synthesized, but 
proteins did not assemble43. These observations suggest 
that the D1 protein or RC assemblies containing it in the 
ΔpsbB mutant may be responsible for slightly higher UV 
resistance than in ΔpsbA under non-photoreactivating 
condition, indicating its significance in dark repair/ 
protection. The proposed critical role of D1 in light-
independent (dark) repair/protection of DNA is consistent 
with the observation that transcripts of psbA2 and psbA3 
alleles of Synechocystis PCC 6803 are maintained at high 
and stable level in dark condition compared to that in 
light under autotrophic growth in which psbA2 transcript 
is processed to mature form in the dark34. 
 The D1 protein has received considerable attention 
since it is not only a key polypeptide of RC of functional 
PSII complexes in photosynthesis in all oxygenic photo-
synthesis-dependent microbes and plants, but also be-
cause of its enigmatic high turnover characteristics that 
have been only recently understood at the molecular level 
as a cue to a complex set of stress-management mecha-
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nisms that protect against and/or repair damage to the 
PSII complex32,43,45–48. Our earlier and present studies 
show that it is also responsible for switching of dark UV 
sensitivity during light–dark transition in both A. nidu-
lans and Synechosystis PCC 6803 in photoautotrophic 
mode of growth10–12. Indeed, the high turnover of D1  
under normal growth conditions may be a consequence of 
its being drawn into another pathway that protects or re-
pairs the damage to DNA from photo-oxidative stress 
with basic chemistry similar to that in functional PSII. 
 In the present study, we have shown that D1 affects the 
UV sensitivity by selecting homozygous mutants of D1 
which are altered in UV sensitivity as measured by dark 
survival that reflects the net effect of DNA damage and 
repair in the absence of light following UV exposure. 
This implies, irrespective of the mechanism we postulate, 
that D1 is involved in DNA repair or protection, whether 
or not the association of D1 and DNA is transient. We 
have obtained several such mutants and sequenced six 
which show altered UV sensitivity. As would be expected, 
if D1 is involved in housekeeping activity to repair dam-
age to DNA even under normal growth conditions, most 
mutants are more sensitive to UV (Figure 6) and also 
grow at a slower rate compared to WT (Table 2). The  
mutant RKM112 having the mutation Leu353Ser, pro-
vides the clinching evince for our model. The residue 353 
is within the last 16 residues of the C-terminal region that 
is eliminated in the mature D1 protein 360 amino acids 
long, before its assembly into a functional PSII complex 
of Synechocystis PCC 6803 (refs 49, 50). Therefore, UV 
sensitivity of the mutant RKM112, with substitution of 
serine for leucine at position 353, clearly indicates the 
role of unprocessed D1 in housekeeping activity and not 
in electron transport function or oxygen evolution. We 
believe that all the UV sensitive mutants reported here 
are most likely structurally defective in the formation of a 
complex that is needed for DNA repair or protection. 
 Form 1 of D1 protein, a product of psbAI allele in Cy-
nothece sp. ATCC51142, is maintained at a steady level 
in the light–dark cycle38. It is indicative of the role of D1 
presumably in the dark phase as well and may be required 
for protection against DNA damage throughout the cell 
cycle. Form 2 of D1, product of alleles psbAII and 
psbAIII, in light, has been attributed to photoinhibition-
resistant PSII complex in Synechococcus strain PCC 
7942, whereas the specific role of form 1 is suggested to 
support efficient photosynthesis37. Similar function in 
Synechocystis PCC 6803 is also attributed to form 1 
product35,40–44. The difference between form 1 and form 2 
of D1 in Synechocystis PCC 6803 is less distinct, though 
their transcripts are differentially regulated35. Therefore, it 
is likely that both forms may be involved in photoprotection 
and photosynthesis. Genetic evidence presented here, 
however, clearly suggests that at least form 2 or a subas-
sembly containing it is essential also for dark resistance 
against UVC-induced lethality from DNA damage. 

 The high UVC resistance of A. nidulans under argon 
atmosphere in light is similar to that of dark phase in 
aerobic atmosphere13. This resistance in microaerobic 
condition in light is presumably due specifically to form 1 
of the D1 protein. It has been shown that psbA allele  
coding for form 1 in some stains of both Synechococcus 
and Synechocystis is actively transcribed in microaerobic 
conditions and is known to be silent in a wide variety of 
stresses51. The authors suggest that such a regulation may 
be useful for survival of cyanobacteria trapped in ice for 
long periods, where aerobic environment may not exist. 
However, it is possible that this is the original and only 
gene with its signature for transcription unaltered and  
active early in evolution of cyanobacteria when the  
atmosphere was still reducing, devoid of gaseous oxygen, 
and so effectively microaerobic. With the gradual build-
up of oxygen in the atmosphere, the family of psbA  
alleles evolved by duplication and/or horizontal gene 
transfers without losing the original phenotype in some of 
the extant species. The process could accelerate adapta-
tion to changing quality and intensity of solar radiation 
available with concomitant decrease in UV flux because 
of emergence of ozone in the atmosphere from oxygen 
discharged by its own photosynthetic water oxidation  
activity. 
 The reason for the existence of several constituents of 
PSI and PSII in the plasma membrane (PM) is not 
known52–54. D1 and D2 proteins have been clearly located 
in the PM. Recent studies have also shown that the  
assembly of PSII, though not under CES regulation,  
involves a sequence of multiple steps in cyanobacteria as 
well as in higher plants43,48,55–57. It is intriguing that in 
cyanobacteria the initial subcomplex of PSII is formed in 
the PM, the first subassembly being D1/D2, and that the 
incorporated D1 is required to be processed before it  
acquires competence for electron transport and is pre-
sumably carried to the thylakoid membrane54,56,58. We 
speculate that a fraction of the RC subassemblies is dedi-
cated to DNA repair and is functionally associated with 
the PM harbouring a pool separate from that associated 
with thylakoid membrane. We know little about chromo-
somal replication of cyanobacteria59,60. It is reasonable to 
assume that in cyanobacteria PM plays an analogous role 
in DNA replication as in other prokaryotes61. Taken  
together with our findings, the current evidence suggests 
a role of D1 in a protective/repair role against damage to 
DNA and perhaps also in DNA replication. Significantly, 
recA insertion mutant though highly sensitive to UVC, 
can grow nearly as well as the WT in low light (~ 800 lux) 
autotrophically and also display the light–dark switching 
of UV sensitivity9. We, therefore, conclude that RecA 
and D1 or a subassembly of RC of PSII containing D1 
formed in the PM54 (discussed above) are involved in 
DNA housekeeping activity in at least two mutually  
exclusive, but essential pathways. A recent proteomic 
analysis showed that expression of lexA, a component of 
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putative and presumably modified recA–lexA system of 
SOS regulation homologous to that in E. coli, is enhanced 
on shifting from photoautotrophic to heterotrophic 
growth that also downregulates photosynthesis-associated 
genes of the WT62. It seems the down-regulation of PSII 
constituents for DNA repair is compensated by induction 
of SOS-like system in cyanobacteria that occurs in het-
erotrophic growth. Domain et al.63 have reported down-
regulation of recA and lexA genes on UV irradiation 
under photoautotrophic mode of growth and concluded 
that the SOS system does not operate for DNA repair62 in 
Synechocystis PCC 6803. Presumably two different DNA 
repair regulatory systems operate that are switched on/off 
depending upon the mode of growth. The PSII constituent 
plays a critical role in autotrophic mode, as this study  
indicates, and presumably SOS-like system dominates in 
heterotrophic growth in relatively low light intensity, 
conditions likely to prevail during growth in mats abun-
dantly found in stromatolites1. 
 There is at least one more important phenomenon of 
ecological and evolutionary significance that may be  
interpreted in the light of the findings reported here as a 
protective function of D1. Most of the cyanobacterial 
phage and chloroplast genomes harbour one psbA allele. 
The phages may have acquired psbA gene from their  
respective hosts for enhancing photosynthesis in the early 
stages of infection as suggested by Lindell et al.64. How-
ever, in view of our findings reported here, we suggest 
that the advantage of protecting their own while destroy-
ing the genome of the host, at a later stage of develop-
ment, including the phage genome packing step may be a 
more stringent selective pressure to maintain their own 
genome free of oxidative and UV-induced damage, when 
repair systems of the host are compromised by lytic 
growth of the phage. Consistent with this hypothesis, 
 
 

Appendix 1. Evidence for light–dark UV sensitivity switching in  
UV sensitive uvrA::cam knockout mutant of Synechocystis PCC 6803 
(Figure 7)15. 

 
 

Figure 7. Dark survival characteristics of WT and uvrA knockout mu-
tant in light and dark phase. L/D; Pre-UV light/post-UV dark; D/D, 
Pre-UV dark/post-UV dark. The strain was constructed and verified to 
be homozygous as described in the text for constructing phrA::cam. 

there are no alleles of psbA gene found in cyanobacterial 
plasmids, though some are larger than the phages that 
carry a copy of one from their hosts65. Chlororespiration 
in cyanobacteria can reduce plastoquinones in the  
absence of PSII complex to carry out photosynthetic elec-
tron transport using the PSI complex66. Therefore, it is 
reasonable to assume that under stress, PSII constituents 
may be harnessed for housekeeping activity unrelated to 
its electron transport function for water oxidation, as sug-
gested in this study. Obligate photoautrophy, presumably, 
ensured a high-level expression of the psbA genes neces-
sary for protection of the genomes of both the hosts and 
their phages under high intensity of solar radiation in the 
course of evolution of cyanobacteria.  
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