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DCMU-resistance mutation confers resistance to high salt stress
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The response of photosynthesis to salinity stress in wild-type and DCMU-resistant (strain DC-2) Porphyridium sp. was

investigated. Both wild-type and DC-2 were able to acclimate and establish a new steady state of growth when exposed to

salt stress, but growth rate of the DC-2 mutant strain was 1.25-fold higher than growth rate of wild-type cells. Following

establishment of a new steady state under the salt stress conditions, the maximal irradiance-saturated photosynthetic

capacity (Pmax), light saturation (Ik) and the photosynthetic efficiency (�) were 1.5-, 1.8- and 1.1-fold, respectively, higher

in the DC-2 mutant cells than wild-type. Furthermore, salt-stressed DC-2 mutant cells exhibited 1.6-fold higher maximal

efficiency of PS II (Fv/Fm) after 200min exposure and 3-fold higher level of D1 protein after 24 h exposure to salt than

wild-type cells. Exposing the salt-stressed cells to high photon flux density (3000mmolm–2 s–1) for 1 h resulted in a higher

resistance of mutant cells than wild-type to light stress, as reflected in 1.3-fold decline in the Fv/Fm. This finding corresponds

well with the levels of the D1 protein measured in the cells. These observations indicate that the D1 protein of the PS II

apparatus in the DC-2 mutant was more resistant to stress. However, under non-stressed (light and salt) conditions, no

differences were observed between wild-type and the DC-2 mutant cells for all the parameters studied. The DC-2 mutant

responded better than wild-type to environmental stresses, namely salinity and light due to the modification induced in PS II.

Key words: D1 protein, DCMU-resistant mutant, maximal photochemical efficiency (Fv/Fm), photoinhibition, photosynth-

esis, photosystem II, Porphyridium sp., red microalga, salt stress, variable chlorophyll fluorescence

Introduction

The response of photosynthesis to environmental
changes is well documented for a range of species
(reviewed in Baker, 1996; Powles, 1984). It has
been reported that one of the primary sites of
damage due to environmental stresses on photo-
synthesis is located in the reaction center of
Photosystem II (PS II) (Powles, 1984; Baker,
1991; Aro et al., 1993; Melis, 1999; Andersson &
Aro, 2001; Netondo et al., 2004).
Several studies in higher plants have shown that

salt stress inhibits PS II activity (Mishra et al., 1991;
Masojidek & Hall, 1992; Belkhodja et al., 1994;
Everard et al., 1994; Singh & Dubey, 1995;
Tiwari et al., 1997; Kao et al., 2003; Parida et al.,
2003), whereas others have indicated that salt stress
does not affect PS II (Robinson et al., 1983;

Brugnoli & Bjorkman, 1992; Morales et al., 1992)
and even increases PS II activity (Smillie & Nott,
1982). Salt stress very often occurs in combination
with light stress under natural environment. It
exerts two stress effects on living cells, namely an
increase in the osmotic pressure and the concen-
tration of inorganic ions (Karandashova &
Elanskaya, 2005) and apparently enhances the
photoinhibition of PS II induced by exposure to
high light intensity (Neale & Melis, 1989; Sharma
& Hall, 1992; Allakhverdiev et al., 2002). The effect
of salt stress has been examined in various
salt-sensitive and salt-tolerant plants, but the
mechanism by which salt stress enhances the photo-
damage of PS II still remains unclear.
DCMU is a herbicide that binds to the QB site in

the D1 protein of PS II and hence inhibits PS II
electron transport and oxygen evolution. Thus, a
DCMU-resistant mutant might serve as a useful
tool to study the impact of PS II modification on
the response of photosynthetic organisms to an
environmental stress.
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It has been reported that resistance to DCMU is
often acquired by an alteration of the herbicide-
binding site (D1 protein) on the thylakoid mem-
branes, which results in a reduced affinity of the
herbicide with the binding site (Galloway & Mets,
1984; Erickson et al., 1989; Galloway & Mets,
1989). DCMU-resistant mutants of higher plants
and green algae were shown to involve single
amino-acid substitutions in the D1 protein
(Hirschberg & McIntosh, 1983; Hirschberg et al.,
1987; Erickson et al., 1989; Mengistu et al., 2000,
2005). Such mutants usually present additional
pleiotropic effects, such as an increased sensitivity
to strong illumination (Sundby et al., 1993;
Alfonso et al., 1996), tolerance to irradiance
(Singh & Singh, 1997), tolerance to heat stress
(Alfonso et al., 2001) and tolerance to salt stress
(Singh & Kshatriya, 2002).
In this study, we have used a stable DCMU-

resistant mutant of Porphyridium sp. (DC-2) iso-
lated by Sivan & Arad (1995). We compared the
response of wild-type and mutant cells to salinity
and light stress in order to evaluate whether or not
the mutant cells, which had acquired resistance to
DCMU, adapted differently to multiple stress.

Materials and methods

Algal strains and growth conditions

Porphyridium sp. (UTEX 637) cells, obtained from
University of Texas Algal Culture Collection and
DC-2 mutant (DCMU-resistant mutant) cells previously
isolated by Sivan & Arad (1995), were grown in artificial
sea water (ASW) according to Jones et al. (1963). In 250-
ml Erlenmeyer flasks 100ml of culture was incubated
in a rotary shaker at 25�C under continuous white
light intensity of 150mmolm–2 s–1 in 1% CO2. Illumina-
tion was supplied continuously from above by cool-
white fluorescent lamps. The initial cell concentration
in culture was adjusted to 2� 106 cellsml–1 with the
aid of a haemacytometer.

Salinity stress

Exponentially-grown cells were harvested and resus-
pended in a 100ml fresh medium containing additional
1.0M NaCl in 250ml flasks. This concentration of NaCl
was chosen after preliminary studies, which showed that
1.0M additional NaCl was the maximum concentration
of salt within which wild-type cells can grow. Cell den-
sities of the cultures were 4 x 106 cellsml–1 and they were
incubated at 150mmolm–2 s–1 photon flux density
(PFD), at 25�C.

Photosynthetic activity

Oxygen evolution. Cultures were harvested by centri-
fugation and resuspended to a final concentration of
5.0 mg chlml–1 in fresh ASW supplemented with 0.02M

sodium bicarbonate. The photosynthetic activity was
assayed by measuring the rate of oxygen evolution
using a Clark-type O2 electrode in a thermo-regulated
double-jacket cylindrical glass vessel (internal diameter
1.5 cm). Illumination was provided by a slide projector
lamp, at an intensity of 150mmolm–2 s–1 and the tem-
perature was maintained constant at 25�C. For the
photosynthesis–irradiance (P–I) curves, light intensities
were changed by inserting different neutral density filter
between the cells and light source. The P–I curve graph
was created from the rate of photosynthesis measured at
various light intensities and subsequently values for P–I
parameters were calculated.

Photoinhibition experiments. Cells were harvested by
centrifugation and resuspended in fresh ASW supple-
mented with 0.02M sodium bicarbonate. Cells were
diluted to a final concentration of 25 mg chlml–1 and
10ml of resuspended culture was placed in a thermo-
regulated double-jacket cylindrical glass vessel (internal
diameter 1.5 cm) at constant temperature of 25�C and
then illuminated at high PFD of 3000mmolm–2 s–1 by
a high intensity halogen lamp (1000W). Plastic glass
chamber with 0.01% copper sulfate solution was
placed between the vessel and lamp, as a heat filter.
Samples were drawn at time intervals of 10, 20, 30, 45
and 60min and examined for their photosynthetic activ-
ity, namely oxygen evolution rate and maximal PS II
photochemical efficiency (Fv/Fm). The extent of photo-
inhibition was determined by calculating the rate of
photosynthetic activities expressed as percent of
a control measured immediately before photoinhibitory
treatment.

Chlorophyll fluorescence measurement. Chlorophyll
fluorescence was measured by a portable fluorometer
(Plant Efficiency Analyzer, Hansatech, UK). Cells
were diluted to a final concentration of 20.0mg chlml–1

with fresh ASW supplemented with 0.02M sodium
bicarbonate. Cells were kept in transparent tubes and
incubated in darkness for 5min to allow for full dark
adaptation. Excitation of chlorophyll was done by
exposing the culture to red light. Parameters of Fo
and Fm were measured. Fv/Fm was calculated as
(Fm–Fo)/Fm (Torzillo & Vonshak, 1994).

Electrophoresis

Sample preparation. Control and salt-stressed cells of
wild-type and DC-2 mutant strains were grown at var-
ious light intensities of 70, 150 and 300mmolm–2 s–1.
Cells were harvested by centrifugation and washed
twice with 50mM pH 7.0 sodium phosphate buffer
and resuspended in the same buffer. Cells were mechani-
cally disrupted by three cycles in the French press at
21 000 psi at 4�C. The cell lysate was centrifuged at
3000 rpm (1, 500� g for 10min), and the supernatant
was stored at 4�C for further use.

Protein assay. Cells were disrupted in a French press
as described above. Total protein and chlorophyll were
assayed. Total protein was estimated using a Lowry pro-
cedure (Lowry et al., 1951) with Bovine serum albumin
as the reference standard (0–80 mg/ml).

K. Manandhar-Shrestha et al. 340

D
ow

nl
oa

de
d 

by
 [

C
O

N
R

IC
yT

] 
at

 2
0:

01
 0

3 
Ju

ly
 2

01
5 



SDS–PAGE. The total protein from Porphyridium sp.
were denatured in Laemmli sample buffer by heating at
70�C for 5min. Samples were loaded in equal amounts
of protein in each well of SDS–PAGE (Laemmli, 1970).
The stacking gel contained 5% polyacrylamide and the
separating gel contained 12% polyacrylamide.

Western-blot analysis. Proteins were resolved by
SDS–PAGE as described above and transferred onto a
nitrocellulose membrane (Bio-Rad tank transfer system).
The membrane was blocked and probed with anti-D1
antiserum, and followed by anti-rabbit secondary anti-
body conjugated with Horse radish peroxidase. The anti-
gen–antibody complexes were detected by colour assay.

Results

Effect of elevated NaCl concentration

Growth. Cells of wild-type and the DCMU-resis-
tant mutant (DC-2) of Porphyridium sp. grown in
the artificial sea water (ASW) medium containing
27 g l–1 (0.466M) NaCl. Cell cultures of 4 x 106

cellsml–1 were incubated in rotary shaker at 25�C
under continuous white light intensity of
150mmolm–2 s–1 in 1% CO2. The cells were then
exposed to an additional 1.0MNaCl. Porphyridium
sp. cells exposed to the high salinity stress were able
to acclimate and establish a new steady state of
growth as depicted in Fig. 1. While no difference
in the growth rate between wild-type and DC-2
mutant cells was observed under control condi-
tions, the growth of both strains was significantly
reduced under the additional 1.0M NaCl (Fig. 1).
However, the growth of DC-2 mutants was less
inhibited than that of wild-type cells. The specific
growth rate of stressed wild-type culture was 0.16
day–1 as compared to 0.20 day–1 of the DC-2
mutant culture, indicating that the mutant cells tol-
erate high salinity better than wild-type cells.

P–I curve. Comparison of the light response
curves (P–I) of wild-type and the DC-2 mutant
cells may provide additional information on the
nature of the induced mutation and indicate if
the improved ability of the mutant cells to cope
with salt stress is correlated with the modification
in the photosynthetic apparatus.
We followed the P–I curve of wild-type and

DC-2 mutant Porphyridium sp. cells grown at
steady state under optimal or at the high salinity
conditions (Fig. 2). The different parameters were
calculated and are summarized in Table 1. No sig-
nificant difference between wild-type and mutant
cells was observed when grown under control
conditions. However, significant changes in the
light-saturating (Ik), maximal irradiance-saturated
photosynthetic capacity (Pmax) and photosyn-
thetic efficiency (�) were observed between
wild-type and mutant cells. The decline in all the

parameters was higher in wild-type than DC-2
mutant cells. In salt-stressed cultures, the maximal
irradiance-saturated photosynthetic capacity
(Pmax) of wild-type cells was lowered by 42% as
compared with 10% in the DC-2 mutant. Ik and �
values were also lowered in the salt-stressed wild-
type cultures by 66% and 24%, respectively,
whereas in the DC-2 mutant the decrease was
only 42% and 8%. This observation showed that
the DC-2 mutant tolerates high salinity stress and
maintains a higher level of activity than wild-type
cells in all measured photosynthetic parameters
after acclimation to salt stress.

Maximal photochemical efficiency of
photosystem II (Fv/Fm)

To further characterize the nature of the induced
mutation and its correlation with the ability of cells
to acclimate to salt stress, the changes in the max-
imal photochemical efficiency of PS II (Fv/Fm)
were followed during the initial stages of exposure
to high salinity. Upon exposure to additional 1.0M
NaCl, an immediate decrease in Fv/Fm in both
cultures was observed (Fig. 3). After 15min of
exposure, the reduction was 25% in wild-type
cells and 12% in DC-2 mutant cells. After
200min of exposure, the decline in wild-type cells
was 46% while the decline in DC-2 cells was only
28%, demonstrating that the mutant cells acquired
a capacity to withstand a higher resistance to salt
stress.

Fig. 1. Growth of Porphyridium. sp. wild-type and DC-2

mutant cells in standard growth medium or in media con-

taining an additional 1.0M NaCl. Cells were grown at 25�C

under light intensity of 150 mmol mmolm–2 s–1 in regular

artificial sea water (ASW) (0.46M NaCl) and ASW con-

taining 1.0M additional NaCl (1.46M NaCl). Growth was

estimated by increase in number of cells. Values are

means� SE (n¼ 4).
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Changes in the level of the D1 protein

In many photosynthetic organisms the degree of
damage induced in PSII by environmental stress
is associated with a decreased level of the D1 pro-
tein (Baker, 1991). Thus, monitoring changes in the
level of the D1 protein as a result of exposure to
salt stress may provide another means for under-
standing the connection between the ability of the
strains to tolerate salinity stress and the modifica-
tion induced in PSII.
Wild-type and the mutant cells of Porphyridium.

sp. were exposed to salt stress and the level of D1
protein was monitored at different time intervals of
exposure. Exposing the cells to an additional 1.0M
NaCl resulted in a decreased level of the D1 pro-
tein with increase in the exposure time (Fig. 4,
Lanes 1–4). Analysis of band intensity of the
immunoblot of the D1 protein in wild-type cells
indicates a reduction of 17% after 6 h of exposure
followed by a decline of 43% and 75% after 12 and
24 h of exposure, respectively. On the other hand,

the level of D1 protein in salt-stressed DC-2
mutant cells dropped only 1% after 6 h exposure
followed by a decline of 6% and 25% after 12 and
24 h, respectively (Fig. 4, Lanes 5–8). The lower
level of D1 protein induced by the high salt stress
in wild-type cells further supports the hypothesis
that the induced mutation results in a modification
in PSII enabling the mutant cells to tolerate the
high salinity stress more effectively.

Response to high light intensity and salt stress

Photoinhibition is considered to be the result
of light absorbed by the photosynthetic apparatus
in excess of its ability to utilize it in the

Table 1. Photosynthesis–irradiance (P–I) parameters of DC-2 mutant and wild-type Porphyridium sp. cells grown under

control conditions or with 1.0M additional NaCl. Logarithmic phase grown cells were harvested and resuspended in fresh
medium to a constant chlorophyll concentration of 5 mgml–1. Values are mean� SE (n¼ 3).

Wild-type DC-2 mutant

Photosynthetic parameters Control þ1.0M NaCl Control þ1.0 NaCl

Maximal irradiance-saturated

Photosynthetic capacity (Pmax)

375� 10 210� 8 361� 12 325� 10

Light saturation (Ik) 150� 6 50� 7 160� 5 90� 4

Photosynthetic efficiency (�) 2.5� 0.08 1.9� 0.05 2.28� 0.06 2.11� 0.08

Notes: Logarithmic phase grown cells were harvested and resuspended in fresh medium to a constant chlorophyll concentration of

5 mgml–1. Values are mean� SE (n¼ 3). Units used are Pmax: mmol O2mg chl–1 h–1, Ik: mmol photon m–2 s–1 and �: mmol O2mg chl–1 h–1 /

mmol photon m–2 s–1.

Fig. 3. Changes in the maximal photochemical efficiency of

photosystem II (Fv/Fm) of Porphyridium sp. cells of wild-

type and DC-2 mutant exposed to an additional 1.0M

NaCl. Cells grown at optimal conditions were harvested

and resuspended in fresh medium containing 1.0M addi-

tional NaCl (1.46M NaCl). Samples were withdrawn at

various time intervals and dark-adapted for 5min. Fv/Fm

was recorded as described in Materials and methods.

Maximum activity (100%) was 0.755 and 0.770 in the

wild-type and DC-2 mutant, respectively. Values are

means� SE (n¼ 3).

Fig. 2. Photosynthesis–irradiance (P–I) curves of wild-type

and DC-2 mutant Porphyridium. sp. cells grown at a regular

growth medium (0.46M NaCl) or in media containing an

additional 1.0M NaCl. Cells grown at log phase were har-

vested and resuspended to a final chlorophyll concentration

of 5mgml–1 in fresh corresponding medium. Values are

means� SE (n¼ 3).

K. Manandhar-Shrestha et al. 342

D
ow

nl
oa

de
d 

by
 [

C
O

N
R

IC
yT

] 
at

 2
0:

01
 0

3 
Ju

ly
 2

01
5 



photochemical process (Powles, 1984; Aro et al.,
1993; Long et al., 1994; Keren & Ohad, 1998).
Other environmental stress such as salinity or tem-
perature, modify the ability of the cells to utilize
the absorbed solar energy and thus may also
induce a photoinhibitory stress. The primary site
of damage or down-regulation is considered to be
in PSII (Neale & Melis, 1989; Komenda &
Masojidek, 1995). It was interesting to evaluate
the synergistic effect of high light and salinity stres-
ses in the DC-2 mutant. Thus, we monitored the
changes in Fv/Fm as an indication of the changes
induced in the maximal photochemical efficiency
of PS II induced by exposing the salt-stressed cul-
ture to high photon flux densities (HPFD) of
3000 mmolm–2 s–1. As depicted in Fig. 5, exposing
the cells to HPFD resulted in a decrease in Fv/Fm
in both wild-type and DC-2 mutant cells. It is
worth noting that the decline in wild-type cells
was faster than that of the mutant cells.
Similarly, exposure of salt-stressed wild-type and
mutant cultures to HPFD resulted in a higher
level of decline as compared with non-stressed cul-
tures, and yet the decline was significantly higher in
wild-type than DC-2 mutant cells (Fig. 6). After 1 h
exposure the decrease was 72% in wild-type and
only 56% in DC-2 mutants. These observations
revealed that salt stress DC-2 mutant also tolerate
high light intensity.

Discussion

The objective of the current study was to further
characterize a DCMU-resistant mutant of the uni-
cellular marine red alga Porphyridium sp. (DC-2)
previously characterized by Sivan & Arad (1995).
It was hypothesized that the mutation providing
resistance to DCMU is a result of a modification
in the PSII apparatus of the alga. Since PSII is
considered to be a major site for inactivation or
modification induced as a result of exposure to
environmental stress (Gilmour et al., 1984; Baker,
1991; Barber, 1995; Endo et al., 1995), we have
suggested that the response of the mutant to sali-
nity and light stress would also be modified.
Furthermore, we examined whether the induced
DCMU-resistance mutation enables the algal cells

to cope better with the indicated stresses. It was
suggested that the effect of the salt stress on the
PSII machinery is mainly through reduced repair
of the photodamaged PSII via suppression of the
activities of the transcription and translation
machinery (Allakhverdiev et al., 2002; Nishiyama
et al., 2005). Thus the ability of photoautotrophic
cells to acclimate to an environmental stress will
be reflected in the ability to down regulate its
PSII machinery and establish a new steady

Fig. 5. Changes in the maximal photochemical efficiency

of photosystem II (Fv/Fm) of the wild-type and DC-2

mutant Porphyridium sp. cells exposed to HPFD of

3,000 mmolm–2 s–1 grown in either regular growth medium

(0.46M NaCl) or in an additional 1.0M NaCl. Cells were

harvested and resuspended to a final chlorophyll concen-

tration of 25mgml–1 in fresh medium according to the indi-

cated growth conditions and then exposed to HPFD of

3000 mmolm–2 s–1. Samples were withdrawn at various

time intervals and diluted with fresh medium to a concen-

tration of 20 mgml–1 chlorophyll, dark-adapted for 5min.

Fv/Fm was recorded at as described in Materials and meth-

ods. Maximum activity (100%) was 0.725 and 0.740 in the

wild-type and the DC-2 mutant grown in regular growth

medium, and 0.695 and 0.630 in the wild-type and the DC-2

mutant grown in an additional 1.0M NaCl, respectively.

Values are means� SE (n¼ 3).

Fig. 6. Western-blot analysis of the D1 protein extracted

from culture grown in artificial sea water supplemented

with 1.0M NaCl under 70, 150 and 300 mmolm–2 s–1 and

probed with anti–D1 antiserum. The density of protein

bands shown below the picture was measured by

BioRad’s Quantity One v4.6.3 software.

Fig. 4. Western-blot analysis of the D1 protein extracted

from culture exposed to 1.0M additional NaCl at various

time intervals (0, 6, 12 and 24 h) and probed with anti-D1

antiserum. The density of protein bands shown below the

picture was measured by BioRad’s Quantity One v4.6.3

software.
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state of growth. It was shown that the
Porphyridium sp. cells are capable of acclimating
to salinity stress as reflected in their ability to esta-
blish a new logarithmic growth phase after a short
lag period resulting from the exposure to the ele-
vated salinity stress (Fig. 1). Both wild-type and
mutant cells had a reduced growth rate under the
salt-stress conditions. However, the DC-2 mutant
was more tolerant than wild-type, suggesting that
the induced mutation in the DC-2 cells may
provide an adaptive advantage to cells exposed to
salt stress. In addition, higher value of the P–I
curve parameters of DC-2 than wild-type in high-
salt concentration (Table 1) showed that the
acclimation process to the high salinity involves
modifications in the photosynthetic apparatus
(Fig. 2).
Indeed, if the induced mutation results in

a modification in PSII, this would explain the abil-
ity of the cells to maintain a higher level of photo-
synthetic activity and to utilize the absorbed energy
in a more efficient way in comparison to wild-type.
One would expect that exposing the cells to the
salinity stress would be reflected in the changes in
the maximal photochemical efficiency of PSII as
reflected in the measurement of Fv/Fm (Fig. 3).
Exposing the algal cells to the elevated salt concen-
tration resulted in a decline in the D1 protein. This
finding is in line with the well-documented role of
the D1 protein in down-regulating the activity of
PSII (Smith et al., 1990; Harrison et al., 1992;
Shipton & Barber, 1994; Komenda & Masojidek,
1995; Zeng & Vonshak, 1998; Sudhir et al., 2005).
The decrease in the level of the protein in response
to high salt was much higher in wild-type cells.
These differences provide further support to our
hypothesis that the induced modification in the
photosynthetic apparatus of the DC-2 mutant
may be associated with its ability to withstand
and tolerate higher level of salt concentration
better than wild-type.
Exposing photosynthetic cells to light energy in

excess of their ability to utilize the absorbed energy
in the photochemical reactions may result in
a reduction in activity of PSII defined as ‘down-
regulation’ or photoinhibition. Thus, exposing cells
to HPFD and monitoring the changes in Fv/Fm
levels may indicate the ability of cells to withstand
environmental stress (Baker & Horton, 1987). The
mutation induced the ability to resist DCMU
resulted in a modification in PSII, which, in turn,
produced a more robust PSII apparatus enabling
the PSII system to cope better with environmental
stress known to affect PSII (Fig. 4). The mutant
cells were not only more resistant to a light stress
but also when the cells were exposed to a combined
stresses of light and salt, the difference in the level
of inhibiting the maximal photochemical efficiency

of PSII is much more pronounced indicating that
mutant cells are much more resistant than wild-
type cells. The effect of the combined stresses on
the level of the D1 protein strongly support the
hypothesis that the randomly induced mutation
that resulted in cell resistant to DCMU–an inhibi-
tor of PSII activity–indeed affected the PSII appa-
ratus in such a way that provides the algal
mutant cell with a better tolerance to light and
salinity stress. It may be interesting to evaluate to
what extent this mutant acquired a broad resis-
tance to other environmental or nutritional stress,
such as temperature stress or exposure to heavy
metals, which are known to effect the PSII
apparatus.
Mass culturing of algal cells is mainly limited

by the photosynthetic activity of the algal cells.
Although few studies have been reported in
which high photosynthetic efficiencies were
attained, the overall productivity of most of the
production systems are far from reaching the the-
oretical photosynthetic efficiency and in the many
cases the main limitation is imposed by environ-
mental stress, such as light, salinity, and tempera-
ture. Research focusing on strains in which their
PSII apparatus has been modified may provide
useful information in developing strains that can
tolerate environmental stress and thus be more
productive.

References

ALFONSO, M., PUEYO, J.J., GADDOUR, K., ETIENNE, A.L.,

KIRILOVSKY, D. & PICOREL, R. (1996). Induced new mutation of

D1 serine-268 in soybean photosynthetic cell cultures produced

atrazine resistance, increased stability of S2QB- and S3QB-

states, and increased sensitivity to light stress. Plant Physiol.,

112: 1499–1508.

ALFONSO, M., YRUELA, I., ALMARCEGUI, S., TORRADO, E.,

PEREZ, M.A. & PICOREL, R. (2001). Unusual tolerance to high

temperatures in a new herbicide-resistant D1 mutant from

Glycine max (L.) Merr. cell cultures deficient in fatty acid desa-

turation. Planta, 212: 573–582.

ALLAKHVERDIEV, S.I., NISHIYAMA, Y., MIYAIRI, S., YAMAMOTO, H.,

INAGAKI, N., KANESAKI, Y. & MURATA, N. (2002). Salt stress

inhibits the repair of photodamaged photosystem II by suppres-

sing the transcription and translation of psbA genes in

Synechocystis. Plant Physiol., 130: 1443–1453.

ANDERSSON, B. & ARO, E.-M. (2001). Photodamage and D1

protein turnover in Photosystem II. In Regulation of

Photosynthesis (Aro, E.-M., Andersson, B.E., editors), 377–393.

Kluwer Academic Publishers, Dordrecht, The Netherlands.

ARO, E.M., VIRGIN, I. & ANDERSSON, B. (1993). Photoinhibition of

photosystem II. Inactivation, protein damage and turnover.

Biochim. Biophys. Acta, 1143: 113–134.

BAKER, N. (1991). A possible role for photosystem II in environ-

mental pertubations of photosynthesis. Physiol. Planta., 81:

563–570.

BAKER, N.R. (1996). Environmental constraints on photosynthesis:

an overview of some future prospects. In Photosynthesis and the

Environment (Baker, N.R., editor), 469–476. Kluwer Academic

Publishers, Dordrecht, The Netherlands.

K. Manandhar-Shrestha et al. 344

D
ow

nl
oa

de
d 

by
 [

C
O

N
R

IC
yT

] 
at

 2
0:

01
 0

3 
Ju

ly
 2

01
5 



BAKER, N.R. & HORTON, P. (1987). Chlorophyll fluorescence

quenching during photoinhibition. In Photoinhibition

(Kyle, D.J., Osmond, C.B., Arntzen, C.J., editors), 145–168.

Elsevier, Amsterdam, The Netherlands.

BARBER, J. (1995). Photosynthesis: from light to biosphere.

In Molecular Basis of Photoinhibition (Mathis, P., editor),

159–164. Kluwer, Dordrecht, The Netherlands.

BELKHODJA, R., MORALES, F., ABADIA, A., GOMEZAPARISI, J. &

ABADIA, J. (1994). Chlorophyll fluorescence as a possible tool

for salinity tolerance screening in barley (Hordeum vulgare L).

Plant Physiol., 104: 667–673.

BRUGNOLI, E. & BJORKMAN, O. (1992). Growth of cotton

under continuous salinity stress-influence on allocation pattern,

stomatal and nonstomatal components of photosynthesis and

dissipation of excess light energy. Planta, 187: 335–347.

ENDO, T., SCHREIBER, U. & ASADA, K. (1995). Suppression of

quantum yield of photosystem II by hyperosmotic

stress in Chlamydomonas reinhardtii. Plant Cell Physiol., 36:

1253–1258.

ERICKSON, J., PFISTER, K., RAHIRE, M., TOGASAKI, R., METS, L. &

ROCHAIX, J. (1989). Molecular and biophysical analysis of herbi-

cide-resistance mutants of Chlamydomonas reinhardtii: structure-

function relationship of the photosystem II D1 polypeptide.

Plant Cell, 1: 361–371.

EVERARD, J.D., GUCCI, R., KANN, S.C., FLORE, J.A. &

LOESCHER, W.H. (1994). Gas exchange and carbon partitioning

in the leaves of celery (Apium graveolens L.) at various levels of

root zone salinity. Plant Physiol., 106: 281–292.

GALLOWAY, R.E. & METS, L.J. (1984). Atrazine, Bromacil, and

Diuron resistance in Chlamydomonas. Plant Physiol., 74:

469–474.

GALLOWAY, R. & METS, L. (1989). Positive selection for sensitivity

of Chlamydomonas reinhardtii to photosystem II-inhibiting her-

bicides. Biochim. Biophy. Acta, 975: 313–324.

GILMOUR, D., HIPKINS, M. & BONEY, A. (1984). The effect of osmo-

tic and ionic stress on the primary processes of photosynthesis in

Dunaliella tertiolecta. J. Exp. Bot., 35: 18–27.

HARRISON, M.A., MELIS, A. & ALLEN, J.F. (1992). Restoration

of irradiance-stressed Dunaliella salina (green alga) to physio-

logical growth conditions–changes in antenna size

and composition of Photosystem II. Biochim. Biophys. Acta,

1100: 83.

HIRSCHBERG, J., BEN-YEHUD, A., PECKER, I. & OHAD, N. (1987).

Mutations resistant to photosystem II herbicides. In Plant

Molecular Biology (Von Wettstein, D., Chua, N.H., editors),

367–382. Plenum, New York (NY), USA.

HIRSCHBERG, J. & MCINTOSH, L. (1983). Molecular basis of

herbicide resistance in Amaranthus hybridus. Science, 222:

1346–1349.

JONES, R., SPEER, H. & KURY, W. (1963). Studies on the growth

of the red alga Porphyridium cruentum. Physiol. Plant., 16:

636–643.

KAO, W.Y., TSAI, T.T. & SHIH, C.N. (2003). Photosynthetic gas

exchange and chlorophyll a fluorescence of three wild soybean

species in response to NaCl treatments. Photosynthetica, 41:

415–419.

KARANDASHOVA, I.V. & ELANSKAYA, I.V. (2005). Genetic control

and mechanisms of salt and hyperosmotic stress resistance in

cyanobacteria. Russ. J. Genet., 41: 1311–1321.

KEREN, N. & OHAD, I. (1998). Molecular biology of chloroplasts

and mitochondria in Chlamydomonas. In State transitions

and photoinhibition (Rochaix, J.-D., Goldschmidt, M.,

Merchant, S., editors), 569–596. Kluwer Academic Publishers,

Dordrecht, The Netherlands.

KOMENDA, J. & MASOJIDEK, J. (1995). Functional and structural

changes of the photosystem II complex induced by high irradi-

ance in cynobacterial cells. Eur. J. Biochem., 233: 677–682.

LAEMMLI, U. (1970). Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature, 227: 680–685.

LONG, S.P., HUMPHRIES, S. & FALKOWSKI, P.G. (1994).

Photoinhibition of photosynthesis in nature. Ann. Rev. Plant

Physiol. Plant Mol. Biol., 45: 633–662.

LOWRY, O., ROSENBROUGH, N., FARR, A. & RANDALL, R. (1951).

Protein measurement with the folin phenol reagents. J. Biol.

Chem., 193: 265–275.

MASOJIDEK, J. & HALL, D.O. (1992). Salinity and drought stresses

are amplified by high irradiance in sorghum. Photosynthetica, 27:

159–171.

MELIS, A. (1999). Photosystem-II damage and repair cycle in chlor-

oplasts: what modulates the rate of photodamage in vivo? Trends

Plant Sci., 4: 130–135.

MENGISTU, L.W., CHRISTOFFERS, M.J. & LYM, R.G. (2005). A psbA

mutation in Kochia scoparia (L) Schrad from railroad rights-

of-way with resistance to diuron, tebuthiuron and metribuzin.

Pest Manag. Sci., 61: 1035–1042.

MENGISTU, L.W., MUELLER-WARRANT, G.W., LISTON, A. &

BARKER, R.E. (2000). psbA mutation (valine 219 to isoleucine)

in Poa annua resistant to metribuzin and diuron. Pest Manag.

Sci., 56: 209–217.

MISHRA, S.K., SUBRAHMANYAM, D. & SINGHAL, G.S. (1991).

Interrelationship between salt and light stress on primary

processes of photosynthesis. J. Plant Physiol., 138: 92–96.

MORALES, F., ABADIA, A., GOMEZAPARISI, J. & ABADIA, J. (1992).

Effects of combined NaCl and CaCl2 salinity on photosynthetic

parameters of barley grown in nutrient solution. Physiol. Planta.,

86: 419.

NEALE, P.J. & MELIS, A. (1989). Salinity-stress enhances photoin-

hibition of photosynthesis in Chlamydomonas reinhardtii. J. Plant

Physiol., 134: 619.

NETONDO, G.W., ONYANGO, J.C. & BECK, E. (2004). Sorghum and

salinity: II. Gas exchange and chlorophyll fluorescence of sor-

ghum under salt stress. Crop Sci., 44: 806–811.

NISHIYAMA, Y., ALLAKHVERDIEV, S.I. & MURATA, N. (2005).

Inhibition of the repair of Photosystem II by oxidative stress in

cyanobacteria. Photosynth. Res., 84: 1–7.

PARIDA, M.K., PURKAYASTHA, B., DAS, C.R. & CAJEE, B.D. (2003).

Precision and uncertainties in mass scale predictions in SUSY

SO(10) with SU(2)(L)�SU(2)(R)�U(1)(B-L)�SU(3)(C)

intermediate breaking. Eur. Phys. J. C., 28: 353–363.

POWLES, S.B. (1984). Photoinhibition of photosynthesis induced

by visible light. Ann. Rev. Plant Physiol. Plant Mol. Biol., 35:

15–44.

ROBINSON, S.P., DOWNTON, W.J.S. & MILLHOUSE, J.A. (1983).

Photosynthesis and ion content of leaves and

isolated chloroplasts of salt-stressed spinach. Plant Physiol., 73:

238–242.

SHARMA, P.K. & HALL, D.O. (1992). Changes in carotenoid

composition and photosynthesis in sorghum under high light

and salt stresses. J. Plant Physiol., 140: 661.

SHIPTON, C.A. & BARBER, J. (1994). In vivo and in vitro photoinhi-

bition reactions generate similar degradation fragments of D1

and D2 photosystem II reaction centre proteins. Eur. J.

Biochem., 220: 801–808.

SINGH, A.K. & DUBEY, R.S. (1995). Changes in chlorophyll a and

chlorophyll b contents and activities of photosystem-1 and

photosystem-2 in rice seedlings induced by NaCl.

Photosynthetica, 31: 489–499.

SINGH, D.P. & KSHATRIYA, K. (2002). Characterization of salinity-

tolerant mutant of Anabaena doliolum exhibiting multiple stress

tolerance. Curr. Microbiol., 45: 165–170.

SINGH, D.P. & SINGH, N. (1997). Isolation and characterization of

a metronidazole tolerant mutant of the cyanobacterium Spirulina

platensis exhibiting multiple stress tolerance. World J. Microbiol.

Biotech., 13: 179.

SIVAN, A. & ARAD (MALIS), S. (1995). A mutant of the red micro-

alga Porphyridium sp. (Rhodophyceae) resistant to DCMU and

atrazine. Phycologia, 34: 299–305.

SMILLIE, R. & NOTT, R. (1982). Salt tolerance in crop plants mon-

itored by chlorophyll fluorescence in vivo. Plant Physiol., 70:

1049.

SMITH, B.M., MORRISSEY, P.J., GUENTHER, J.E., NEMSON, J.A.,

HARRISON, M.A., ALLEN, J.F. & MELIS, A. (1990). Response of

the photosynthetic apparatus in Dunaliella salina (green algae) to

irradiance stress. Plant Physiol., 93: 1433.

DCMU mutant tolerates salt stress 345

D
ow

nl
oa

de
d 

by
 [

C
O

N
R

IC
yT

] 
at

 2
0:

01
 0

3 
Ju

ly
 2

01
5 



SUDHIR, P.R., POGORYELOV, D., KOVACS, L., GARAB, G. &

MURTHY, S.D.S. (2005). The effects of salt stress on photo-

synthetic electron transport and thylakoid membrane proteins

in the cyanobacterium Spirulina platensis. J. Biochem. Mol.

Biol., 38: 481.

SUNDBY, C., CHOW, W. & ANDERSON, J. (1993). Effects of photo-

system II function, photoinhibition and plant performance of the

spontaneous mutation of serine-264 in the photosystem II reac-

tion center D1 protein in triazine-resistant Brassica napus L.

Plant Physiol., 103: 105–113.

TIWARI, B.S., BOSE, A. & GHOSH, B. (1997).

Photosynthesis in rice under a salt stress. Photosynthetica,

34: 303–306.

TORZILLO, G. & VONSHAK, A. (1994). Effect of light and

temperature on the photosynthetic activity of

the cyanobacterium Spirulina platensis. Biomass Bioen., 6:

399–403.

ZENG, M.T. & VONSHAK, A. (1998). Adaptation of

Spirulina platensis to salinity stress. Comp. Biochem. Phys. A,

120: 113.

K. Manandhar-Shrestha et al. 346

D
ow

nl
oa

de
d 

by
 [

C
O

N
R

IC
yT

] 
at

 2
0:

01
 0

3 
Ju

ly
 2

01
5 




