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Abstract

A light-sensitive and chlorophyll (Chl)-deficient mutant of the green alga Dunaliella salina (dcdl) showed an amplified
response to irradiance stress compared to the wild-type. The mutant was yellow—green under low light (100 umol photons
m~2 s7!) and yellow under high irradiance (2000 umol photons m~2? s~!). The mutant had lower levels of Chl, lower levels of
light harvesting complex II, and a smaller Chl antenna size. The mutant contained proportionately greater amounts of
photodamaged photosystem (PS) II reaction centers in its thylakoid membranes, suggesting a greater susceptibility to
photoinhibition. This phenotype was more pronounced under high than low irradiance. The Cbr protein, known to
accumulate when D. salina is exposed to irradiance stress, was pronouncedly expressed in the mutant even under low
irradiance. This positively correlated with a higher zeaxanthin content in the mutant. Cbr protein accumulation, xanthophyll
cycle de-epoxidation state, and fraction of photodamaged PSII reaction centers in the thylakoid membrane showed a linear
dependence on the chloroplast ‘photoinhibition index’, suggesting a cause-and-effect relationship between photoinhibition,
Cbr protein accumulation and xanthophyll cycle de-epoxidation state. These results raised the possibility of zeaxanthin and
Cbr involvement in the PSII repair process through photoprotection of the partially disassembled, and presumably
vulnerable, PSII core complexes from potentially irreversible photooxidative bleaching. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction they confer acclimation to the prevailing irradiance
conditions [1,2]. Pigments such as chlorophylls (Chl)

Plants and algae adjust the structure and function and carotenoids (Car) are major components of the

of the photosynthetic apparatus in response to
change in their growth environment. Specifically, ad-
justments in pigment content and composition, and
photosystem organization are important because

Abbreviations: Chl, chlorophyll; PS, photosystem; Qa, pri-
mary electron accepting plastoquinone of photosystem II;
LHC, light harvesting complex
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photosynthetic apparatus. Under limiting irradiance
conditions, the photosystems acquire a large Chl an-
tenna size and the thylakoid membranes attain a low
Chl a/Chl b ratio. Carotenoids participating in the
so-called ‘xanthophyll cycle’ [3,4] are found in their
epoxidized form with violaxanthin as the dominant
species. Under high irradiance, especially under con-
ditions when the absorbed light is greater than can
be utilized by the photosynthetic apparatus, a num-
ber of chloroplast acclimation changes are elicited.
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These include a smaller Chl antenna size for the
photosystems, a higher Chl a/Chl b ratio in the thy-
lakoid membrane (less Chl b), and conversion of vi-
olaxanthin (V) via antheraxanthin (A) to zeaxanthin
(Z). Persistent irradiance stress brings about further,
longer-term adjustments, including an increase in the
pool size of the ‘xanthophyll cycle’ carotenoids.

Unicellular green algae are better suited to study
acclimation responses of the photosynthetic appara-
tus than vascular plants, partly because they respond
with a greater flexibility to the environment and
partly because they display higher growth rates
than crop or wild land plants. It has been shown
that the Chl antenna size of unicellular green algae
such as Chlorella vulgaris [5], Chlamydomonas rein-
hardtii [6,7], Dunaliella tertiolecta [8] and Dunaliella
salina [9] becomes smaller in response to high irradi-
ance. Overall, this is manifested as lower Chl content
and higher Chl a/Chl b ratios in the high light (HL)-
grown cells.

Prolonged exposure to strong irradiance impairs
the photochemical efficiency of oxygenic photosyn-
thesis. Photosystem (PS) II is the primary target of
this inhibition, which is known as photoinhibition
[10,11]. It is generally accepted that a photooxidative
damage due to excess irradiance inhibits the function
of the D1/32 kDa reaction center protein (pshbA gene
product) and stops photosynthesis. Reactive oxygen
species generated at PSII, e.g. singlet oxygen, are
thought to play a primary role in this adverse effect,
one that entails irreversible chemical modification of
the PSII reaction center Chl, P680 [10-12]. Restora-
tion of PSII function following such photooxidative
damage requires the removal-degradation of the in-
active D1, and replacement by a de novo synthesized
protein in the PSII holocomplex [10,11].

Numerous Chl-deficient mutants of vascular plants
have been isolated and characterized to date. In gen-
eral, these phenotypes show an amplified response to
irradiance stress [13-15], including a reduction in the
Chl antenna size and light harvesting complex (LHC)
protein content, and accumulation of the xantho-
phyll cycle carotenoids [13,16]. Several such yellow—
green Chl-deficient mutants of higher plants have
been characterized in detail [13,14,17-23]. However,
little or no comparable information is available on
green algae [24,25]. Moreover, although cyanobacte-
rial and green algal mutants have been used exten-

sively to study the biogenesis and function of photo-
synthetic complexes [26-28], so far only a handful of
mutants from the genus Dunaliella have been re-
ported [29]. Photosynthesis mutants of the commer-
cially important green alga D. salina have yet to be
described in the literature. In this study, a yellow—
green mutant of D. salina (henceforth denoted as
(dcdl), exhibiting lower levels of total Chl, an ele-
vated Chl @/Chl b ratio, and diminished LHC pro-
teins was isolated and characterized. The dcdl mu-
tant also showed enhanced susceptibility to
photoinhibition, enhanced accumulation of the ca-
rotenoid biosynthesis-related (Cbr) protein [30,31]
and of zeaxanthin, suggesting a cause-and-effect re-
lationship between photoinhibition and Cbr-zeaxan-
thin. This novel green algal phenotype is discussed in
terms of its enhanced sensitivity to irradiance stress
and potential use in algal biotechnology for the gen-
eration of zeaxanthin, a high-value bioproduct.

2. Materials and methods
2.1. Cell growth conditions

The unicellular green alga D. salina Teod. [32] was
grown photoautotrophically in hypersaline medium
[33] in the presence of 25 mM NaHCOj; as a supple-
mental inorganic carbon source. Cells were grown in
flat 1 1 bottles (3 cm optical path length) at 30°C
under continuous illumination of 2000 umol photons
m~2 s ! (high light) or 100 umol photons m~2 s™!
(low light (LL)). Irradiance was measured with a LI-
COR Model LI-185B radiometer. The cultures were
shaken to ensure a uniform illumination of the cells.
Cells were harvested when they were at a density of
2-2.5%10° cells ml~'. Counting via a Neubauer ul-
traplane hemacytometer monitored cell density in the
culture.

2.2. Mutagenesis and mutant selection

Transformation experiments with the ble gene as a
selectable marker are well established for C. rein-
hardtii [34]. The ble gene has been developed as a
dominant selectable marker for both prokaryotes
and eukaryotes. The ble gene product binds to and
neutralizes the antibiotic (zeocin), thus affording re-
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sistance to this class of antibiotics. D. salina trans-
formation using the ble plasmid as a dominant select-
able marker was carried out as follows. Plasmid
DNA (pSP124S) for transformation was linearized
by BamHI and then purified by agarose gel electro-
phoresis. LL wild-type D. salina were harvested by
centrifugation on 1000 X g for 3 min and resuspended
in 0.08 M NaCl medium containing D. salina at a cell
density of 2Xx 103 cells/ml. 0.3 mg glass beads (425-
600 um, Sigma), 0.3 ml of cell suspension, 0.1 ml of
20% PEG (8000) and 1 pg of linearized plasmid were
added to a 10 ml culture tube. The mixture was
vortexed for 30 s at maximum speed with a cyclo-
mixer. Following this treatment, the algae were inoc-
ulated with 2 ml of 0.08 M NaCl containing D. salina
medium then incubated overnight on a shaker under
50 umol photons m~2 s~!. To select for zeocin (In-
vitrogen, San Diego, CA, USA) tolerance, trans-
formants were plated on a 1.5% agar plate contain-
ing 1 upg zeocin per ml. Twelve days after
transformation, zeocin-resistant colonies were trans-
ferred to a microtiter well plate (96-well culture plate,
Falcon, Franklin Lake, NJ, USA) containing low
salt D. salina medium supplemented with zeocin
(1 ug/ml). After incubation in the presence of the
antibiotic for 10 days, cells were transferred to an
agar plate (0.08 M NaCl containing D. salina me-
dium without zeocin). A grid of independent colonies
was assembled (48 colonies per petri plate). Two
weeks after plating on a grid, the transformants
were screened visually based on color appearance.
Yellow or yellow—green colonies were selected for
further analysis of pigment composition.

2.3. Pigment analysis

For pigment determination, cells or thylakoid
membranes were extracted in 80% acetone and debris
were removed by centrifugation at 10000Xg for
3 min. The absorbance of the supernatant was mea-
sured with a Shimadzu UV-160U spectrophotometer.
The chlorophyll (¢ and b) concentration of the sam-
ples was determined according to Arnon [35], with
equations corrected as in Melis et al. [36].

For HPLC analysis, a HPLC Hewlett Packard
Series model 1100 equipped with a Waters Spheri-
sorb S5 ODSI1 4.6 X250 mm Cartridge Column was

used. Two milliliters of algal suspension were centri-
fuged in an Eppendorf centrifuge at 14000 rpm for
2 min. The pigments were extracted from the algal
cells upon addition to the pellet of 200 ul filtered
90% acetone and vortexing at maximum speed for
1 min. The extract was centrifuged in an Eppendorf
centrifuge at 14000 rpm and 15 pl of the filtered
supernatant (0.2 um nylon filter) were subjected to
HPLC analysis. The pigments were separated using a
solvent mixture of 0.1 M Tris—=HCI pH 8.0 ddH,O,
acetonitrile, methanol and ethyl acetate. During the
run, the solvent concentrations were 14% 0.1 M
Tris—HCI, 84% acetonitrile and 2% methanol from
0 to 15 min. From 15 min to 19 min the solvent
mixture consisted of 68% methanol and 32% aceto-
nitrile. A post-run followed for 6 min with the initial
solvent mixture. The flow rate was constant with 1.2
ml/min. Pigments were detected at A =445 nm with a
reference at =550 nm. Concentrations of individual
pigments were determined from the HPLC profiles
calibrated with standard samples of chlorophyll and
carotenoid.

2.4. Thylakoid membrane isolation

Cells were harvested by centrifugation at 1000 X g
for 3 min at 4°C. Samples were diluted with sonica-
tion buffer containing 100 mM Tris—=HCI (pH 6.8),
100 mM NaCl, 5 mM MgCl,, 0.2% polyvinylpyrro-
lidone 40, 0.2% sodium ascorbate, ]| mM aminocap-
roic acid, 1 mM aminobenzamidine and 100 uM
phenylmethylsulfonyl fluoride (PMSF). Cells were
broken by sonication in a Branson 200 Cell Disrupt-
er operated at 4°C for 30 s (pulse mode, 50% duty
cycle, output power 5). Unbroken cells and starch
grains were removed by centrifugation at 3000X g
for 4 min at 4°C. The thylakoid membranes were
collected by centrifugation of the supernatant at
75000 g for 30 min at 4°C. The thylakoid mem-
brane pellet was resuspended in a buffer containing
250 mM Tris—HCI (pH 6.8), 20% glycerol, 7% SDS
and 2 M urea. Solubilization of thylakoid proteins
was carried out for 30 min at room temperature.
Samples were centrifuged in a microfuge for 5 min
to remove unsolubilized material, B-mercaptoethanol
was added to yield a final concentration of 10% and
the samples were stored at —80°C.
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2.5. SDS-PAGE and Western blot analysis

Samples were brought to room temperature prior
to loading for electrophoresis and diluted accord-
ingly to yield equal Chl concentrations. Gel lanes
were loaded with an equal amount of Chl per lane.
SDS-PAGE analysis was carried out according to
Laemmli [37]. Gels were stained with 1% Coomassie
brilliant blue R for protein visualization.

Electrophoretic transfer of the SDS-PAGE re-
solved proteins to nitrocellulose was carried out for
3-5 h at a constant current of 800 mA, in transfer
buffer containing 50 mM Tris, 380 mM glycine (pH
8.5), 20% methanol and 1% SDS. Identification of
thylakoid membrane proteins was accomplished
with specific polyclonal antibodies raised in rabbit
in this laboratory against the isolated reaction center
D1 protein, the LHCII apoproteins, the psaA/psaB
proteins (PSI) [38,39]. Anti-Cbr antibody was kindly
provided by Dr. A. Zamir (Weizmann Institute of
Science, Rehovot, Israel). Immunoreactive bands
were detected either by ECL (enhanced chemilumi-
nescence) employing horseradish peroxidase-conju-
gated secondary antibodies (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) or cross-reaction
with the antibodies was detected by a chromogenic
reaction with anti IgG secondary antibodies conju-
gated with alkaline phosphatase (Bio-Rad, Hercules,
CA, USA). Immunoblots were scanned with a HP
Scan Jet 5300C optical scanner connected to a Mac-
Intosh/G3 computer. The NIH Image version 1.6
program was used for the deconvolution and quan-
titation of the bands.

2.6. RNA isolation and Northern blot analysis

Total RNA of D. salina was isolated with the
RNeasy kit (Qiagen) according to the manufacturer’s
instructions. Then 10-20 pg of total RNA were sep-
arated on a denatured agarose gel (1%) and blotted
onto a nylon membrane. RNA blots were hybridized
with 1.3 kb EcoRI probe containing a cDNA of the
Lhch gene (pDT cabl [40]). cDNA of chlorophyll a
oxygenase (CAO) from D. salina was kindly provided
by Prof. A. Tanaka (Institute of Low Temperature
Science, Hokkaido University, Sapporo, Japan). Hy-
bridizations were carried out at 65°C overnight and
the membranes were washed twice with 2 X SSC/0.1%

at 65°C for 15 min, and twice with 0.2 X SSC/0.1% at
65°C for 15 min, and exposed to an X-ray film. The
relative amounts of Lhch and CA0 mRNA were es-
timated by densitometric scanning of the autoradio-
grams.

2.7. Chlorophyll fluorescence

The initial (Fp), variable (F,) and maximum (Fax)
chlorophyll fluorescence yield [41] of intact cells was
measured upon excitation of the cultures with green
light (CS 4-96 and CS 3-69 Corning Filters, actinic
light intensity of 75 umol photons m~2 s~ !). An ali-
quot from the culture was incubated in the dark for
10 min prior to the measurement and the chlorophyll
fluorescence was recorded in the absence or presence
of DCMU (2.5 uM final concentration).

2.8. Spectrophotometric analyses

For spectrophotometric measurements, the thyla-
koid membrane pellet was resuspended in a buffer
containing 50 mM Tricine (pH 7.8), 10 mM NacCl,
5 mM MgCl,. The amount of functional PSI and
PSII reaction centers was estimated from the light
minus dark absorbance difference measurements of
P00 photooxidation and Qa photoreduction, respec-
tively [9,42]. The functional light harvesting Chl an-
tenna size of PSI and PSII was measured from the
kinetics of P7pp photooxidation and Qa photoreduc-
tion, respectively [42].

2.9. Oxygen evolution measurements

Oxygen evolution of the cultures was measured at
26°C with a Clark-type oxygen electrode illuminated
with a slide projector lamp. Yellow actinic excitation
was provided by a CS 3-69 Corning cutoff filter in
combination with an Ealing 35-5453 VIQS5-8 filter.
An aliquot of 5 ml cell suspension (2 uM Chl) was
transferred to the oxygen electrode chamber. To en-
sure that oxygen evolution was not limited by the
carbon source available to the cells, 100 ul of 0.5
M sodium bicarbonate solution (pH 7.4) were added
to the suspension prior to the oxygen evolution mea-
surements. The measurement of the light saturation
curve of photosynthesis was implemented with the
oxygen electrode, beginning with the registration of
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dark respiration in the cell suspension, and followed
by measurements of the rate of oxygen evolution at
30, 60, 125, 225, 330, 500, 750, 1100, 1300, 1800,
2220, and 3000 umol photons m~2 s~!. Registration
and the rate (slope) of oxygen evolution at each light
intensity step was recorded for about 2 min. The
photon use efficiency of the cells was calculated
from the initial slope of the light saturation curves
of photosynthesis.

3. Results

3.1. Isolation of a D. salina chlorophyll-deficient
(dcdl) mutant

Following transformation with the ble plasmid,
about 5000 putative transformant colonies of D. sali-
na were identified and screened. One mutant (dcdl)
was selected on the basis of its yellow—green colora-
tion. This mutant grew well in the presence of zeocin
(1 pg/ml) and this phenotype has been stable in the
absence of this antibiotic. Fig. 1 shows growth curves
of wild-type and dcdl mutant in a liquid medium
under a light intensity of 100 pmol m™2 s~!' (LL),
or 2000 umol m~2 s~! (HL). Wild-type and dcdl
mutant had similar growth rates under either LL or
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Fig. 1. Growth curves of D. salina wild-type and dcdl mutant.
Cell number is plotted as a function of time during growth.
Cells were cultivated either under 100 pmol m~2 s~ ! (LL) or
2000 umol m~2 s~ (HL).

W MT WT  MT

i kL LL HL HL
Fig. 2. Coloration of D. salina cultures in liquid medium. Wild-
type (WT) and dedl mutant (MT) were grown either under low
(100 pmol m™2 s™!, LL) or high (2000 umol m~2 s~!, HL) irra-
diance.

HL conditions. When grown in liquid medium, the
mutant cells appeared pale green under LL while the
wild-type was dark green. Under HL growth condi-
tions, both wild-type and mutant turned yellow
(Fig. 2). Cellular Chl content was lower in the mu-
tant as compared to the wild-type under all growth
conditions (Table 1). Under LL growth, cellular Chl
content in the mutant was about 60% of that in the
wild-type. The Chl content of both wild-type and
dedl mutant declined with increasing growth irradi-
ance. This effect [7] was more pronounced in the mu-
tant compared to the wild-type. Thus, under HL
growth, cellular Chl content in the mutant was about
40% of that in the wild-type (Table 1). Table 1 also
shows that, when cultivated under LL, the Chl a/Chl
b ratio of the mutant (9.9:1) was significantly higher
than that of the wild-type (4.5:1). When cultivated
under HL, the Chl a/Chl b ratio of wild-type cells
was about 15:1 whereas the Chl b content of the
mutant cells was below the detection level of the
method employed, resulting in Chl «/Chl b ratios
much higher than 20. Since Chl b is specifically asso-
ciated with the light harvesting complex proteins,
these results indicated a smaller Chl antenna size of
the photosystems in the mutant than in the wild-

type.
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Table 1
Photosynthetic apparatus parameters for D. salina wild-type and dedl mutant
Parameter LL HL

WT MT WT MT
mol Chlx 107 /cell 1.48+0.21 0.85+0.12 0.22£0.01 0.1£0.09
Chl a/Chl b 4.5%0.1 99+1.1 15£2.2 >20
mmol Qa/cell 3.8x1071 2.5x10713 0.53x1071 0.29x1071
mmol Pyg/cell 3.0x1071 2.28%x1071 0.24%x1071 0.16x1071
mmol Qa/mol Chl 2.6+0.07 3.0£0.2 24%0.16 29%0.23
mmol P7gp/mol Chl 2.1+0.04 26104 1.09+0.03 1.6+0.06

Cells were grown under either 100 pmol m~2 s~! (LL) or 2000 umol m~2 s~! (HL). Values represent means = S.D. (n=3-5).

3.2. Organization of the photosynthetic apparatus in
wild-type and dcdl mutant

In order to properly assess the photosynthetic ap-
paratus organization in the thylakoid membrane of
the D. salina dcdl mutant, we determined the
amounts of photochemically active Qa and P7gy spec-
trophotometrically. Quantitation of the functional
PSII and PSI reaction centers was obtained from
the light-induced absorbance change at 320 nm
(Qa) and 700 nm (P7q9), respectively [43]. Table 1
presents the Qa (PSII) and P79 (PSI) contents of
the cells. The number of functional PSII and PSI
reaction centers declined with irradiance in a manner
that was qualitatively similar to that of Chl. Thus,
regardless of the growth light intensity, on a per cell
basis, the Qs and Pypy contents in the mutant were
lower than those of the wild-type.

Measured on a per Chl basis, the Qa and Pyg
contents of the mutant were higher than that of the
wild-type, suggesting that the functional Chl antenna
size of the mutant was smaller than that of the wild-

type. Therefore, the effect of the mutation on the
functional Chl antenna size of PSII and PSI was
investigated in detail (see below).

3.3. Chlorophyll antenna size of the photosystems

The lower Chl content, the elevated Chl a/Chl b
ratio and the higher per Chl QA and P7yy contents in
the mutant indicated a smaller Chl antenna size of
the photosystems relative to that in the wild-type.
Estimates of the functional Chl antenna size of PSI
and PSII were obtained with the kinetic/spectropho-
tometric method [42,44]. In this approach, PSI and
PSII are assigned functional Chl molecules in direct
proportion to their respective rate of light absorp-
tion/utilization. Rates of light absorption/utilization
for PSI and PSII were measured with isolated and
DCMU poisoned thylakoids from the kinetics of Py
photooxidation and Qa photoreduction, respectively
[42]. Results, summarized in Table 2, show that thy-
lakoid membranes of wild-type and dedl mutant
contained two types of PSII, PSIla and PSIIPB [45].

Table 2
Chlorophyll antenna sizes of PSII and PSI in D. salina wild-type and dcdl mutant
Parameter LL HL
WT MT WT MT
PSITo 2617.4 (%) 24 £9.5(%)
PSIIB 74+7.4 (%) 72+9.5 (%)
N-PSIIo 498 =31 411+£22
N-PSIIB 144%5 1277
N-PSII 236 190 44 39
N-PSI 1816 151£15 122 95

The concentration of the various forms of PSII is given as the percentage of total PSII in the thylakoid membrane. The Chl antenna
size of PSII and PSI is given as the number of Chl molecules functionally associated with each photosystem. Values given are the

mean = S.D.
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The proportion of PSIIoe and PSIIB was similar in
wild-type and dcdl mutant. Further, Table 2 pro-
vides estimates for the functional Chl antenna sizes
(N) of PSlla, PSIIPB and PSI in the thylakoid mem-
branes of wild-type and dcdl mutant. In LL-grown
wild-type cells, PSIlo. contained about 498 =31 Chl
(a and b) molecules whereas the Chl antenna size for
PSIlo in the mutant (N-PSIlo=411 £ 22) was signif-
icantly smaller. Wild-type PSIIf contained about
144+ 5 Chl molecules whereas mutant PSIIB con-
tained about 127%5 Chl molecules. Overall, the
average size of the PSII functional Chl antenna (de-
fined from the statistical average of PSIIa and PSIIP)

LL HL

WT MT WT MT

MW (kDa)

200 w——
116 ———

 —
97.4 '
66
31

215 e
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Fig. 3. SDS-PAGE profile of solubilized thylakoid membrane
proteins from D. salina wild-type (WT) and decdl mutant (MT)
cultivated under LL or HL growth conditions. Thylakoid mem-
branes from these cells were isolated, solubilized and loaded at
4 nmol of Chl per lane.
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Fig. 4. Western blot analysis of electrophoretically separated
thylakoid membrane proteins of D. salina wild-type (WT) and
mutant (MT). Lanes were loaded on an equal Chl basis (4 nmol
Chl per lane) and probed with specific polyclonal antibodies
against the PSI psad/psaB reaction center proteins, the PSII
D1/32 kDa reaction center protein and the LHCII apoproteins.
(B) Following a densitometric scan of the Western blots, esti-
mated protein levels (D1, psaAl/psaB and LHCII) of D. salina
wild-type and mutant were quantified, normalized relative to
the values of the WT-LL sample and plotted in a bar diagram.

was significantly smaller in LL-grown mutant cells
(190 Chl molecules) as compared to the wild-type
(236 Chl molecules). The PSI Chl antenna size of
the mutant (N-PSI=151 % 15) was also smaller than
that of wild-type (N-PSI=181 % 6).

In HL-grown D. salina, PSII did not display a Chl
antenna size heterogeneity. The PSII Chl antenna
size in wild-type contained 44 molecules whereas
that of the mutant (N-PSII = 39) was slightly smaller.
These Chl antenna size values are close to the mini-
mum Chl antenna size of the PSII core, which is
known to contain only about 37 Chl a molecules
[46,47]. In HL-grown mutant cells, the PSI Chl an-
tenna size (N-PSI=95) was essentially that of the PSI
core complex [46,47], whereas the Chl antenna size of
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the wild-type contained 122 Chl molecules, i.e. it was
significantly larger than the PSI core antenna.

3.4. Regulation of gene expression by irradiance in
D. salina

Analysis of the functional Chl antenna size in the
mutant already provided evidence for an altered pho-
tosynthetic apparatus organization. To further inves-
tigate alterations in protein composition of the pho-
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Fig. 5. Northern blot analysis of Lhch and CAO gene tran-
scripts from D. salina wild-type (WT) and dcdl mutant (MT).
(A) Autoradiogram of Northern blots and ethidium bromide-
stained gel (to serve as a loading control). (B) Relative mRNA
levels of Lhcb (light-shaded bars) and CAO (dark-shaded bars)
of D. salina wild-type (WT) and mutant (MT) grown under LL
and HL conditions. Quantified and normalized mRNA levels
are shown relative to the LL-grown wild-type for each experi-
ment. Relative densities are given as percent of the control.
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Fig. 6. The light saturation curves of photosynthesis in LL-
grown wild-type (@), LL-grown mutant (m), HL-grown wild-
type (O) and HL-grown mutant (OJ) D. salina. Rates of oxygen
evolution on a per chlorophyll basis were measured as a func-
tion of actinic light intensity.

tosystems in the mutant, thylakoid membranes were
isolated from LL- and HL-grown cells. SDS-PAGE
was performed with samples loaded on an equal Chl
basis, followed by Western blot analysis with specific
polyclonal antibodies. Fig. 3 shows the SDS-PAGE
profile of thylakoid membrane proteins from wild-
type and dcdl mutant grown either under LL or
HL conditions. Fig. 4 shows Western blot analyses
of thylakoid membrane proteins isolated from wild-
type and dcdl mutant probed with specific polyclonal
antibodies against the psaA/psaB reaction center pro-
teins of PSI [48], the D1 reaction center protein of
PSII [38], and the LHCII apoproteins [49].

On a per Chl basis, and independent of growth
irradiance, levels of psad/psaB and D1 proteins
were higher in the mutant than in the wild-type.
This is consistent with the results of the spectropho-
tometric analysis (Table 1), in which the P79 and Qa
contents were greater in mutant than in the wild-
type.

The amount and composition of the LHCII in
wild-type and dcdl mutant was estimated from
Western blot analyses with specific polyclonal anti-
bodies raised against the apoproteins of the LHCII
(Fig. 4). In contrast to the reaction center proteins,
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Table 3
Photosynthetic capacity, relative photon use efficiency and PSII photochemical efficiency in D. salina wild-type and dedl mutant
Parameter measured LL HL

WT MT WT MT
Photon use efficiency (arbitrary units) 0.40 0.42 0.18 0.22
Photosynthetic capacity (Pmax) (mmol O, (mol Chl)~! s71) 70+£5.2 96.5£1.2 170+2.2 176 £ 1.7
Fy/Fiax 0.6£0.04 0.55£0.02 0.28£0.02 0.23+0.04

Values shown represent the mean £ S.D.

the LHCII proteins of the mutant were greatly di-
minished relative to other membrane proteins regard-
less of the growth conditions. Four distinct bands of
the LHCII (termed according to electrophoretic mo-
bility as LHCII-1 through LHCII-4) were consis-
tently present only in the LL-grown samples. In
HL-grown samples, LHCII-1 was missing and the
total level of the other LHCII apoproteins was sig-
nificantly lower (Fig. 4, see also [49,50]). This re-
sponse was more pronounced in the mutant than in
the wild-type.

Given the significant alterations in photochemical
apparatus organization, Chl a/Chl b ratio, light har-
vesting Chl antenna size and LHCII composition as
a function of irradiance, we undertook to investigate
the regulation of expression of the Lhch gene. In
addition, we studied the regulation of expression of
the CAO gene [51], since formation of Chl » would
be expected to be linked to LHC biosynthesis. Lhich
and CAO cDNAs were used as probes in Northern
blot analyses of wild-type and dcdl mutant grown
under LL or HL conditions. The steady-state level
of Lhcb transcripts from LL-grown wild-type and
mutant was significantly greater than that of the
HL-grown cells (Fig. SA). This pattern was also ob-
served when CAO transcripts were probed (Fig. SA).
However, there was no discernible difference in the
level of transcripts between wild-type and mutant. It
is evident that a significant down-regulation of Lhch
and CAO gene expression (Fig. 5B) occurred under
HL stress in both wild-type and mutant. In sum,
levels of Lhch and CAO gene transcripts under HL
growth were only about 25% of those measured
under LL growth conditions. We determined that,
on a per cell basis, Lhch and CAO were attenuated
in proportion to one another by irradiance (Fig. 5B),
indicating coordinate regulation in the expression of
these two genes.

3.5. Efficiency and productivity of photosynthesis in
D. salina

The efficiency and productivity of photosynthesis
in D. salina wild-type and dcdl mutant were assessed
upon comparative analysis of the light saturation
curve of photosynthesis in the two strains. In such
presentation, the rate of O, evolution was measured
and plotted as a function of incident light intensity,
thus obtaining the photosynthesis versus irradiance
curve. From the slope of the initial linear part of
the light saturation curve of photosynthesis, informa-
tion was obtained about the relative photon effi-
ciency of photosynthesis (@) in wild-type and mutant
[52,53]. The light-saturated rate of oxygen evolution
defined Py, i.e. the capacity of photosynthesis, in
the two strains [54]. Fig. 6 compares the light satu-
ration curves of photosynthesis for wild-type and
mutant grown under different light regimes. As
shown in Table 3, LL-grown wild-type (@=0.4)
and mutant (@=0.42) had similar photosynthetic ef-
ficiencies. However, when grown under HL condi-
tions, photosynthetic efficiencies were less than half
of the values measured for the corresponding LL-
grown cells (@=0.18-0.22).

Under LL growth conditions, the photosynthetic
capacity of the dcdl mutant (Pp.x =96 mmol O,
(mol Chl)~! s7!) was about 30% greater than that
of the wild-type (Pmax=70 mmol O, (mol Chl)™!
s~!). In both LL-grown strains, photosynthesis was
fully saturated at about 500 umol photons m~2 s~ !.
Under HL growth, the photosynthetic capacity of
wild-type and mutant (Ppax =180 mmol O, (mol
Chl)~! s7!) was significantly greater than that mea-
sured under LL growth. Moreover, photosynthesis
did not quite saturate even at 3000 umol photons
m~2 s', a consequence of the substantially trun-
cated Chl antenna size in the HL-grown strains [12].
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Fig. 7. (A) Western blot analysis of thylakoid membrane pro-
teins of D. salina wild-type (WT) and mutant (MT), probed
with specific polyclonal antibodies against the PSII D1/32 kDa
reaction center protein, and densitometric quantitation of the
level of the 160 kDa protein complex in the various samples.
(B) Western blot analysis of thylakoid membrane proteins of D.
salina wild-type (WT) and mutant (MT), probed with specific
polyclonal antibodies against the Cbr protein, and densitometric
quantitation of the level of the Cbr protein in the various sam-
ples. Lanes were loaded on an equal Chl basis (4 nmol Chl per
lane).

Table 3 also compares the photochemical conver-
sion efficiency of PSII determined from the F,/Fp.x
fluorescence ratio. Under LL growth conditions the
PSII efficiency of the mutant (Fy/Fy.x=0.55) was
slightly lower than that of the wild-type (F,/
Fiax =0.6), suggesting a low-level photoinhibition
in the mutant. The F,/Fp.x ratios in wild-type and

dedl mutant validate the similar photosynthetic effi-
ciencies as measured from the light saturation curve
of photosynthesis. PSII photochemical efficiency in
the HL-grown cells was significantly lower (F,/
Frax=0.25), suggesting significant photoinhibition
of photosynthesis and accumulation of photodam-
aged PSII reaction centers in the thylakoid mem-
brane of the two strains under HL conditions.

3.6. Photoinhibition of photosynthesis and zeaxanthin
accumulation

Research from this laboratory has shown that the
unicellular green alga D. salina, when exposed to
long term photoinhibition conditions, responds by
decreasing the Chl antenna size of PSI and PSII,
by lowering the absolute amount of PSI in the chlo-
roplast thylakoids, while maintaining relatively con-
stant amounts of PSII. Under these conditions, how-
ever, a significant fraction of PSII was reported to
occur as photochemically inactive centers [9,55].
Upon solubilization of such irradiance-stressed D.
salina thylakoid membranes, photodamaged PSII re-
action centers formed a cross-linked 160 kDa protein
complex, which was readily distinguishable from the
other thylakoid membrane proteins upon SDS-
PAGE and Coomassie stain [38,56]. The 160 kDa
complex contained a photodamaged but as yet un-
degraded D1 protein [38] as well as the D2 protein of
the PSII reaction center [56]. This unusual property
has permitted, for the first time, a SDS-PAGE-based
quantitation of photodamaged versus active D1 in
chloroplast thylakoids [57]. It was postulated that
formation of such a 160 kDa complex might reflect
PSII conformational changes that occur as a direct
consequence of photodamage and the ensuing partial
disassembly of PSII. The quantitative measurement
of the 160 kDa complex provides a convenient way
by which to assess the extent of in vivo photoinhibi-
tion in D. salina.

In the present study, we used this analytical ap-
proach to compare levels of photoinhibition in D.
salina wild-type and dcdl mutant. Fig. 7A shows
the cross-reaction between PSII-specific polyclonal
antibodies and a D1-containing protein band migrat-
ing to about 160 kDa. On a chlorophyll basis, very
low levels of the 160 kDa protein were detected in
LL-grown wild-type, consistent with the notion that
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Table 4

Carotenoid composition in D. salina wild-type and dcdl mutant

Parameter N A% A V4 L p-C A+Z+V (A+2)[(A+Z+V)
WT (LL) 55 (2) 104 (2) 42 4 20 (2) 227 (10) 41 4) 166 0.31

MT (LL) 40 (1) 123 (2) 77 (1) 47 (1) 235 (2) 68 (8) 247 0.51

WT (HL) 57 (8) 10 (1) 51 (10) 737 (65) 592 (9) 85 (15) 987 0.98

MT (HL) 46 (10) 16 (1) 155 (20) 2106 (230) 1068 (170) 127 (14) 2163 0.99

Whole-cell extracts were analyzed for pigment content. Cells were grown under either 100 umol photons m™2 s~! (LL) or 2000 pmol
photons m~2 s~! (HL). Carotenoid pigment data are presented on a chlorophyll basis (mmol Car per mol Chl). A, antheraxanthin;
V, violaxanthin; N, neoxanthin; L, lutein; -C, B-carotene. Values in parentheses show the S.D. of the measurement.

no photoinhibition is manifested under physiological
irradiance conditions. Surprisingly, significant levels
of this protein complex were detected in the thyla-
koid membrane of the mutant (MT) even under LL
growth conditions (Fig. 7A, LL-MT). Mutant levels
of the 160 kDa complex were about 2.5-fold greater
than in the wild-type under these irradiance condi-
tions. Under HL growth, levels of the 160 kDa com-
plex were significantly greater in both strains with
the mutant strain exhibiting about 50% higher level
of the 160 kDa complex relative to the wild-type
(WT) (Fig. 7A, HL).

Another indicator of irradiance stress in D. salina
is accumulation of the Cbr protein [31,58]. The Cbr
protein is a homologue to higher plant ELIPs and
belongs to the LHC super family [59]. Thylakoid
membrane proteins of LL- and HL-grown wild-
type and dcdl mutant cells were probed with a Cbr
antibody (kindly provided by Dr. A. Zamir) and lev-
els of the Cbr protein in wild-type and mutant were
quantitated from Western blot analyses. Fig. 7B
shows that the level of Cbr protein was about 3-
fold higher in the LL-grown mutant than in the
wild-type. As expected [60], Cbr levels were even
higher in HL-grown D. salina. In this case, again,
the mutant accumulated higher levels of the Cbr pro-
tein than the wild-type (Fig. 7B). Since the Cbr pro-

tein is generally thought to be an indicator of irradi-
ance stress, these results are consistent with the
notion of a greater susceptibility of the D. salina mu-
tant strain to photooxidative stress and photoinhibi-
tion.

Yet another widely conserved irradiance stress re-
sponse in green algae is the de-epoxidation state of
xanthophylls in the photosynthetic apparatus [30,61-
63]. The so-called ‘xanthophyll cycle’ [3] entails a
reversible interconversion of Z, A and V, and has
been shown to play a role in the non-photochemical
quenching of excitation and the protection of the
photosynthetic apparatus. Generally, cells accumu-
late violaxanthin and have low levels of Z under
LL growth conditions whereas irradiance-stressed
cells convert V to Z and accumulate the latter in
the thylakoid membrane. This condition is designed
to afford photoprotection to the photosynthetic ap-
paratus under conditions of excess excitation [4,64].

To assess whether the D. salina mutant strain is
subject to an enhanced de-epoxidation state relative
to the wild-type, the carotenoid content of wild-type
and dcd]l mutant were measured using HPLC. Table
4 shows a summary of this quantitative carotenoid
analysis. On a per Chl basis, the LL-grown mutant
contained 2.4-fold more Z than the wild-type. Over-
all, the xanthophyll pool size of the LL-grown mu-

igzﬁ farotenoid (Car) and zeaxanthin (Z) content per dry mass weight in D. salina wild-type and dcdl mutant

LL HL

WT MT WT MT
Car/cell dw (mg/g) 102%1.5 10.8+ 1.1 8.24+1.6 9.31+£1.6
Z/cell dw (mg/g) 0.43£0.05 0.5%0.02 2.8+041 3.4+0.39

Cells were grown under either 100 pmol m—2 s~! (LL) or 2000 umol m~2 s~! (HL). Values represent means = S.D. (n=3-5).
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tant was 1.5-fold greater than that of wild-type.
Moreover, the de-epoxidation state of the xantho-
phyll pool size, represented by ((A+Z)/(A+Z+V))
was low (=0.31) in the wild-type but had an inter-
mediate value in the mutant (=0.51). Growth under
HL brought the epoxidation state of the xanthophyll
pool close to unity, both in the wild-type and mutant
(Table 4), a consequence of the nearly quantitative
presence of zeaxanthin with only traces of violaxan-
thin detected in the photosynthetic apparatus of D.
salina under these conditions. Table 5 presents an
analysis of total carotenoid per cell dry weight
(Car/cell dw) and zeaxanthin per cell dry weight
(Z/cell dw) in wild-type and mutant grown under
different irradiance conditions. It is seen that zeaxan-
thin, a commercially important xanthophyll, is
slightly more abundant in the mutant than in the
wild-type.

Fig. 8 further addresses changes in pigment ratios
as D. salina cells acclimated to different light inten-
sities. It is shown that the Z/Chl ratio in the wild-
type changed from 0.02:1 in LL to 0.74:1 in HL. The
change in the Z/Chl ratio in the wild-type appeared

Z/Chl (mol:mol)
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Fig. 8. Zeaxanthin (A) and lutein (B) per chlorophyll ratios in
D. salina WT and MT grown at variable light intensities rang-
ing from 100 to 2000 pmol photons m™2 s~
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Fig. 9. (A) D. salina de-epoxidation state ({J), relative amount
of Cbr protein (a) and fraction of PSII existing as 160 kDa
complexes (O) plotted as a function of the index of photoinhi-
bition. The index of photoinhibition was derived from Fy/Fyax
ratio measurements, assuming limiting values of negligible pho-
toinhibition when Fy/Fp,x =0.7 and maximal photoinhibition
when Fy/Fp.x =0. Note the linear dependence of all three pa-
rameters on the index of photoinhibition. (B) Shown is the level
of LHCII protein as a function of photoinhibition index. Note
the linear decline in the level of the LHCII protein upon in-
creasing photoinhibition.

to saturate at about 1000 pumol photons m=2 s~!

(Fig. 8A, WT). The Z/Chl ratio in the mutant
changed from 0.047:1 in LL to 2.1:1, reached at
2000 pmol photons m™2 s~!. Since Z accumulation
is a response to irradiance stress, these results again
suggested a greater sensitivity to irradiance stress for
the mutant as compared to the wild-type. Qualita-
tively similar changes were measured for the lutein
(L)/Chl ratio (Fig. 8B), although the amplitude of the
lutein increase relative to Chl was not as pronounced
as that of Z under HL conditions. Thus, the decdl
mutant displays a greater zeaxanthin and lutein con-
tent and a lower chlorophyll content than the wild-

type.
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4. Discussion

Chlorophyll deficiency in photosynthetic organ-
isms could be the result of a defect in the Chl bio-
synthetic pathway, resulting in diminished availabil-
ity of Chl to the photosynthetic apparatus.
Alternatively, a regulatory pathway may be activated
under conditions when rates of light absorption ex-
ceed those that can be utilized by photosynthesis [1,2]
causing a smaller Chl antenna size for the photosys-
tems. Of interest is a class of mutants in which ac-
climation to irradiance is triggered at irradiance lev-
els that are substantially lower than those activating
the mechanism in the wild-type. These photoacclima-
tion mutants have a smaller Chl antenna size of the
photosystems under conditions when the correspond-
ing wild-types are fully pigmented. This irradiance-
dependent Chl antenna size decrease is dispropor-
tionately greater for PSII than for PSI resulting in
alteration in photosystem stoichiometry [2,7]. Such
mutants have been studied extensively among higher
plants [16,19,20,23,65] but not among green algae.

A D. salina Chl-deficient yellow—green mutant (de-
noted here as dcdl) was isolated and studied in this
work. Total chlorophyll content of the mutant was
lower (by about 40%) than that of the wild-type,
even under LL growth conditions. It displayed an
elevated Chl a/Chl b ratio as well as a parallel low-
ering in the levels of Chl and LHCII apoprotein. In
consequence, the Chl antenna size of the photosys-
tems in the dcdl mutant was significantly smaller
than that of the wild-type. Unlike previously exam-
ined higher plant Chl-deficient mutants, the dcdl was
more susceptible to photoinhibition than its wild-
type counterpart, onset of which appeared to occur
at a much lower threshold of irradiance. Photoinhi-
bition was manifested by a lowering of the F,/Fuyax
level and accumulation of a 160 kDa protein com-
plex in the thylakoid membrane of D. salina. Con-
comitantly, and in parallel with an increase in these
accepted markers of photoinhibition, D. salina wild-
type and mutant showed a proportionately greater
de-epoxidation state for the xanthophyll cycle caro-
tenoids and enhanced levels of the Cbr protein.

In an effort to properly assess interrelationships
among these photoacclimation responses, we under-
took a comparative quantitative analysis of the
changes measured. The various acclimation re-

sponses were normalized to the same maximum
and plotted as a function of the extent of photoinhi-
bition to the photosynthetic apparatus. The latter
was estimated from the F,/F,x ratio [66] in wild-
type and dcdl mutant grown under LL, ML (me-
dium light) or HL conditions. In this analysis, we
assumed that F,/Fn,x =0.7 reflects a steady-state sit-
uation with a minimal or negligible number of pho-
todamaged PSII centers (index of photoinhibi-
tion =0). Conversely, F,/Fnax =0.0 corresponds to a
quantitative accumulation of PSII reaction centers in
the photodamaged state (index of photoinhibi-
tion=1). Fig. 9A shows that zeaxanthin de-epoxida-
tion state (Fig. 9A, squares), proportion of the 160
kDa photodamaged PSII complex (Fig. 9A, circles),
and relative amount of the Cbr protein (Fig. 9A,
triangles) all increase linearly as a function of photo-
inhibition index.

The strict quantitative correlation between xantho-
phyll de-epoxidation state, amount of Cbr protein
and amount of the PSII repair intermediate (160
kDa complex) as a function of photoinhibition sug-
gests a cause-and-effect relationship between these
parameters. It is known that zeaxanthin acts as a
quencher of excited Chl* molecules [67,68], thus, it
is suggested that zeaxanthin plays a photoprotective
role in PSII after photodamage and holocomplex
disassembly have occurred. Such a view is consistent
with recent observations in an obligate shade species
in which the de-epoxidation state of the xanthophyll
cycle carotenoids remained directly proportional to
the level of photoinhibition in the leaves and inde-
pendent of the light intensity seen by the plant
[41,69,70]. Experimental evidence for the accumula-
tion of zeaxanthin during photodamage, and possi-
bly due to photodamage, was presented by Trebst et
al. [71]. These observations raise the possibility that
at least part of the zeaxanthin accumulation, which is
induced upon photodamage to PSII, confers protec-
tion to the disassembled PSII from further and pos-
sibly irreversible photobleaching [69—72]. Photodam-
age is followed by a prompt disassembly of the PSII
holocomplex [2,11,73] and it could be argued that
this repair intermediate stage is when PSII is most
vulnerable to massive and irreparable photooxidative
bleaching. According to this scenario, zeaxanthin
might play a pivotal role in the photoprotection of
the photodamaged and disassembled PSII core, in-
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cluding the D2, CP47 and CP43 Chl proteins. Thus,
Cbr and zeaxanthin may be components of the PSII
repair mechanism and may be critical for the protec-
tion of PSII as the latter is in the process of degrad-
ing and replacing non-functional D1 reaction center
proteins. A return of zeaxanthin to violaxanthin, and
a removal of the Cbr protein from the thylakoid
membrane would logically follow the repair of PSII
from photodamage and the recovery of the chloro-
plast from photoinhibition.

The Cbr protein was originally identified as a ca-
rotenoid biosynthesis-related protein, accumulating
in green algae under irradiance stress and probably
involved in the protection of the photosynthetic ap-
paratus [31]. It is a homologue to the higher plant
ELIP proteins (early light-induced proteins) and be-
longs to the LHC superfamily [59]. Previous struc-
tural analyses localized Cbr in the vicinity of the PSII
core complex [30,31,74], consistent with a role for
Cbr in photoprotection. These results served as the
basis upon which to propose that Cbr protein may
actually bind zeaxanthin [30,74]. Results in this work
add new information to these earlier observations,
showing a strict correlation between level of photo-
damage, amount of Cbr and xanthophyll de-epoxi-
dation state in the thylakoid membrane of D. salina,
suggesting a cause-and-effect relationship among
these parameters. In this respect, the mutation in
the dcdl strain appears to have resulted in an in-
creased susceptibility of the organism to photoinhi-
bition. This is apparently manifested not only by the
greater fraction of accumulated photodamaged PSII
but also by the correspondingly elevated levels of
Cbr and xanthophyll de-epoxidation state.

In contrast to the level of Cbr and xanthophyll de-
epoxidation state, Fig. 9B shows a linear decrease in
the level of LHCII protein as a function of photo-
inhibition index in the chloroplast thylakoids. This
result shows the other facet of an integrated photo-
acclimation response and it clearly demonstrates the
strong relationship between a number of regulatory
parameters, including the down-regulation of the Chl
antenna size of the photosystems upon irradiance
stress. Down-regulation of Chl b and LHC occurs
at least at the transcriptional level as evidenced by
lower steady-state CAO and Lhch mRNA levels (Fig.
5). This is consistent with recent results with higher
plants [75] and green algae [76] showing that down-

regulation of LHCII can occur at the transcriptional
level. The data presented in this work are consistent
with results of earlier reports showing that ELIPs are
induced by stress conditions, such as photodamage,
while LHCs are concomitantly down-regulated re-
sulting in smaller Chl antenna size for the photosys-
tems [75,77].

In spite of abundant physiological information,
the underlying molecular mechanism for the regula-
tion of the Chl antenna size is not well understood.
Lower levels of Chl b and the smaller Chl antenna
size in the decdl mutant, observed even under LL
growth conditions, could be attributed to down-reg-
ulation of the Lhch and CAO gene expression in the
mutant as compared to the wild-type [53,78]. Alter-
natively, Chl deficiency and lower amounts of LHCII
in the mutant may be attributed to diminished rates
of Chl biosynthesis [79,80]. In any case, a lower Chl/
cell and smaller Chl antenna size in the mutant, com-
bined with a much higher Z/Chl and higher Z/cell
could be an advantage in efforts to commercialize a
green alga-based zeaxanthin production system. This
is because a lower Chl/cell and smaller Chl antenna
size in the mutant will permit higher photosynthetic
solar conversion efficiencies and greater cell density
in mass culture [12] while, at the same time, resulting
in a greater content of zeaxanthin.

In summary, we presented evidence to show that
Cbr protein accumulation and xanthophyll cycle de-
epoxidation state are regulated in accordance to the
extent of photodamage in the thylakoid membrane.
These observations suggest involvement of zeaxan-
thin in the photoprotection of photodamaged and
disassembled PSII core complexes. It could be ar-
gued that in the absence of a functional D1, these
PSII core complexes could be subject to massive and
irreversible photooxidative bleaching, a prospect mi-
tigated by the presence of Cbr-zeaxanthin.
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