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To elucidate the mechanism of an irradiance-dependent adjustment in the chlorophyll (Chl) antenna size of Dunaliella salina,
we investigated the regulation of expression of the Chl a oxygenase (CAO) and light-harvesting complex b (Lhcb) genes as
a function of Chl availability in the photosynthetic apparatus. After a high-light to low-light shift of the cultures, levels of
both CAO and Lhcb transcripts were rapidly induced by about 6-fold and reached a high steady-state level within 1.5 h of
the shift. This was accompanied by repair of photodamaged photosystem II (PSII) reaction centers, accumulation of Chl a
and Chl b (4:1 ratio), photosystem I (PSI), light-harvesting complex, and by enlargement of the Chl antenna size of both
photosystems. In gabaculine-treated cells, induction of CAO and Lhcb transcripts was not affected despite substantial
inhibition in de novo Chl biosynthesis. However, cells were able to synthesize and accumulate some Chl a and Chl b (1:1
ratio), resulting in a marked lowering of the Chl a to Chl b ratio in the presence of this inhibitor. Assembly incorporation
of light-harvesting complex and a corresponding Chl antenna size increase, mostly for the existing photosystems, was noted
in the presence of gabaculine. Repair of photodamaged PSII was not affected by gabaculine. However, assembly accumu-
lation of new PSI was limited under such conditions. These results suggest a coordinate regulation of CAO and Lhcb gene
transcription by irradiance, independent of Chl availability. The results are discussed in terms of different signal transduc-
tion pathways for the regulation of the photosynthetic apparatus organization by irradiance.

Long-term variation in light intensity often brings
about pronounced changes in the organization and
function of the photosynthetic apparatus in both
higher plants and algae (Leong et al., 1985; Anderson,
1986; Eskins et al., 1989; Smith et al., 1990; Falkowski
and LaRoche, 1991; Maxwell et al., 1995; Wilson and
Huner, 2000). The physiological response of plants to
variation in light intensity entails adjustment and
optimization in the light-harvesting and energy con-
version capacity of the photosynthetic apparatus, in-
cluding adjustments in photosystem stoichiometry
(Melis, 1991, 1996). However, when irradiance is in
excess of that required for the saturation of photo-
synthesis, photoinhibition may occur. This adverse
phenomenon is manifested as loss in photosystem II
(PSII) activity and oxygen evolution (Powles, 1984)
and accumulation of photodamaged PSII reaction
centers in the chloroplast thylakoids (Melis, 1999).
The primary target of photo-oxidative damage in
plants is a functional component within D1, the
32-kD reaction-center protein of PSII (Cleland et al.,

1986; Prasil et al., 1992). Photodamage to the D1
protein irreversibly inactivates PSII. Recovery from
this photodamage requires removal of the photo-
chemically inert D1 protein from the PSII holocom-
plex, its degradation, and replacement by a newly
synthesized D1. Photo-oxidative damage, the turn-
over of the D1 protein, and the ensuring repair of
PSII are steps in the so-called PSII damage and repair
cycle (Melis, 1991; Aro et al., 1993).

Previous work from this laboratory has shown that
growth of the unicellular green alga Dunaliella salina
Teod. under high irradiance (high light [HL]; 2,200
�mol photons m�2 s�1) causes photoinhibition of
photosynthesis and elicits a truncated chlorophyll
(Chl) antenna size (Smith et al., 1990). Compared
with low-light (LL; 50 �mol photons m�2 s�1)-grown
cells, HL-grown D. salina chloroplasts assembled a
small amount of photosystem I (PSI). They contained
about the same amount of PSII as LL-grown cells;
however, up to approximately 80% of PSII were pho-
tochemically inactive because of photodamage (Vasi-
likiotis and Melis, 1994). When HL-acclimated cells
were switched to LL conditions, recovery from pho-
toinhibition occurred concomitantly with an increase
in the levels of cellular Chl, light-harvesting complex
II (LHC-II), and PSI in the chloroplast (Webb and
Melis, 1995; Neidhardt et al., 1998). In the course of
such adjustments, Chl molecules are distributed to
the two photosystems and their respective light-
harvesting complex (LHC) proteins. The biosynthesis
of pigments is coordinated with that of the LHC
apoproteins such that normally no excess pigment is
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synthesized. Conversely, no excess of LHC protein
accumulates without the coordinate synthesis of pig-
ments. The mechanism of coordination of these two
distinctly different biosynthetic pathways is unclear
(Johanningmeier and Howell, 1984; Hoober et al.,
1990).

In higher plants, Chl may be supplied to apopro-
teins by distribution of newly synthesized Chl
(Tanaka and Tsuji, 1985) or by redistribution of ex-
isting Chl molecules that have been previously incor-
porated into Chl-protein complexes (Tanaka and
Tsuji, 1982, 1983). Based on experiments with greening
seedlings under intermittent illumination (Akoyuno-
glou and Argyroudi-Akoyunoglou, 1986), it has been
suggested that reaction center polypeptides have a
higher affinity for Chl than those of the LHC. Under
these conditions, reaction center polypeptides accu-
mulated, but LHC apoproteins were unstable in the
absence of pigment and were subsequently degraded
(Akoyunoglou and Argyroudi-Akoyunoglou, 1986).

In the present study, gabaculine (3-amino-2,3-
dihydrobenzoic acid) was used to slow down Chl
biosynthesis under conditions when rapid Chl accu-
mulation would normally be elicited in the chloro-
plast. The experimental protocol entailed shifting an
HL-acclimated culture of D. salina to LL conditions.
After the HL 3 LL shift, and as a function of time
under LL, we monitored parameters of the photosyn-
thetic apparatus such as recovery from photoinhibi-
tion in the presence or absence of substantial Chl
biosynthesis. Furthermore, the effect of an HL 3 LL
transition on the LHC composition and cellular PSII
and PSI contents was investigated. Our results show
that a substantial slowdown of Chl biosynthesis by
gabaculine differentially affects the two photosys-
tems. Recovery of PSII from photoinhibition was not
affected by inhibition in Chl biosynthesis. Although
the transcription of LHC-II (Lhcb) and Chl a oxygen-
ase (CAO) genes was not affected by gabaculine,
biosynthesis and assembly of the full complement of
the LHC-II was prevented by the limited amount of
new Chl. Assembly and accumulation of new PSI
complexes was also affected by the lack in Chl bio-
synthesis. The results suggested a distinct hierarchy
in the distribution of newly synthesized Chl with
priority given to enlarging the Chl antenna size of
existing photosystems over the assembly accumula-
tion of new ones. Furthermore, the Chl antenna size
of photosynthesis is posttranscriptionally regulated
by Chl availability.

RESULTS

Analysis of Photosynthetic Pigments

When HL-acclimated (2,200 �mol photons m�2

s�1) D. salina cells were transferred to LL conditions
(50 �mol photons m�2 s�1), recovery of the photo-
synthetic apparatus from photoinhibition occurred
with a concomitant increase in Chl content and pho-

tosystem Chl antenna size (Neidhardt et al., 1998). To
delineate Chl biosynthesis and adjustments in the
Chl antenna size from the recovery of the photosyn-
thetic apparatus from photoinhibition, Chl biosyn-
thesis was blocked by treatment of the algae with
gabaculine. Gabaculine inhibits the transamination of
Glu 1-semialdehyde to 5-aminolevulinic acid, which
is the first committed precursor of Chl biosynthesis
(Avissar and Beale, 1989; Beale, 1999). The effect of
gabaculine on cell recovery from photoinhibition,
pigment biosynthesis and accumulation, gene ex-
pression, and Chl antenna size of the photosystems
was monitored upon transferring an HL-grown D.
salina culture to LL-growth conditions (HL 3 LL
shift).

In the control cultures, an HL3 LL shift induced a
rapid biosynthesis and accumulation of Chl (Fig. 1A).
A linear increase in the Chl content of the culture was
sustained for at least 24 h, occurring with an initial
slope of approximately 0.26 nmol Chl mL�1 culture
h�1 under these conditions. In the presence of 1 mm
gabaculine, limited Chl biosynthesis took place dur-
ing the first 12 h after the HL 3 LL shift, occurring
with a rate of 0.075 nmol Chl mL�1 culture h�1 (Fig.
1A). This was only approximately 30% of the control
rate. However, this residual Chl biosynthesis activity
ceased at times longer than 12 h in the presence of
gabaculine.

Cell density also increased as a linear function of
time in the control (Fig. 1B). Cell density increase was
also noted in the gabaculine-treated samples
(Mortain-Bertrand et al., 1990), although the latter
was observed after an initial lag period (Fig. 1B). In
consequence, within the first 32 h after an HL 3 LL
shift, Chl content increased from about 5 � 10�16 to
about 17 � 10�16 mol per cell in the control (Fig. 1C,
black circles). Concomitantly, the Chl a to Chl b ratio
of the cells decreased from approximately 16:1 to
approximately 6:1 over the same time period (Fig.
1D, black circles). On the basis of these quantitative
measurements, we estimated that newly synthesized
Chl, after the HL 3 LL shift, was partitioned be-
tween Chl a and Chl b in a 4:1 ratio.

In the presence of 1 mm gabaculine, some Chl/cell
increase was noted during the first approximately
12 h after an HL 3 LL shift (Fig. 1C). Thereafter,
Chl/cell declined as a cell density increase was not
accompanied by increase in the content of Chl under
these conditions. Surprisingly, in the presence of
gabaculine, cells showed a steep decline in the Chl a
to Chl b ratio from approximately 16:1 to approxi-
mately 4:1 over the 32-h period after an HL 3 LL
shift. This decline was kinetically similar to that of
the control cells, occurring with a half-time of about
3 h (Fig. 1D). We estimated that newly synthesized
Chl, after the HL 3 LL shift in the present of gaba-
culine, was partitioned between Chl a and Chl b in a
nearly 1:1 ratio. This represents a marked difference
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from the partitioning of Chl into Chl a and Chl b in
the control.

Figure 2 shows the effect of an HL 3 LL shift on
cellular carotenoids in the presence or absence of
gabaculine. In the control culture, the level of total
carotenoids per cell increased from about 4 � 10�16

to about 10 � 10�16 mol per cell within 32 h after the
light shift (Fig. 2A). The de-epoxidation state of the
xanthophyll pool (zeaxanthin � antheraxanthin/ze-
axanthin � antheraxanthin � violaxanthin) de-
creased with a half-time of approximately 4 h from
about 0.95:1 to about 0.35:1, apparently reflecting
changes in xanthophyll cycle activity (Fig. 2B). Gaba-
culine did not affect these adjustments in carotenoid

per cell or changes in the composition of xantho-
phylls. Furthermore, gabaculine did not affect
changes in the composition of other carotenoids, such
as lutein, neoxanthin, and �-carotene during this
time period (data not shown), indicating that biosyn-
thesis of carotenoids and activity of the xanthophyll
cycle were independently regulated from that of Chl
availability in D. salina.

Recovery from Photoinhibition

An HL 3 LL transition in D. salina cultures entails
not only Chl accumulation and increase in the light-
harvesting Chl antenna size of the photosystems but,
independently, repair of the sizable pool of photo-
damaged PSII centers and de novo biosynthesis/
assembly of PSI centers to match the increasing
electron-transport capacity of PSII in the thylakoid
membrane (Neidhardt et al., 1998). The effect of
gabaculine on the repair of photodamaged PSII was
measured after an HL 3 LL shift. Repair was mea-
sured in vivo by the Chl fluorescence Fv to Fm ratio,
which is a measure of the photochemical charge sep-
aration efficiency of PSII in the chloroplast thylakoids
(Butler and Kitajima, 1975).

In the control culture, the Fv to Fm ratio increased
upon an HL 3 LL shift, with a half-time of about 40

Figure 2. A, Effects of gabaculine on carotenoid content in D. salina
after an HL 3 LL shift. B, Effect of gabaculine on cellular de-
epoxidation state of xanthophyll pools after an HL 3 LL shift. The
molar ratio of zeaxanthin (Z) � antheraxanthin (A) per Z � A �
violaxanthin (V) was calculated after HPLC analysis. Control (F) and
gabaculine-treated cells (E) were shifted from HL to LL growth
irradiance at zero time. Data are means from two independent
experiments with n � 3. Error bars represent SD.

Figure 1. Effect of gabaculine on Chl accumulation and cell growth
after an HL 3 LL shift of D. salina cultures. A, Chl accumulation in
the culture. B, Cell density increase. C, Cellular Chl content. D, The
Chl a to Chl b ratio. Control (F) and gabaculine-treated cells (E) were
shifted from HL to LL growth irradiance at zero time. Data are means
from two independent experiments with n � 3 to 5. Error bars
represent SD.
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min, from 0.26 to about 0.7 (Fig. 3). The presence of
gabaculine did not have any effect on this process,
suggesting that recovery of PSII from photoinhibition
is largely independent of a Chl increase. Thus, pho-
todamaged PSII reaction centers were completely re-
paired after an HL 3 LL shift, irrespective of the
presence or absence of gabaculine.

Levels of Lhcb and CAO Transcripts

To examine the effect of Chl biosynthesis on the
expression of genes related to the assembly of the Chl
antenna, we measured the effect of gabaculine on the

mRNA levels of the Lhcb genes and genes encoding
Chl biosynthetic enzymes. Lhcb genes encode the
apoproteins of the LHC-II. Quantitation of mRNA
levels after northern-blot analysis and densitometric
scanning showed that the Lhcb transcripts increased
approximately 6-fold within 1.5 h after the HL 3 LL
shift (Fig. 4, A and B). The presence of gabaculine
did not prevent this light-dependent up-regulation of
the Lhcb gene expression. Among six different
genes encoding Chl biosynthetic enzymes, i.e. Glu
1-semialdehyde aminotransferase (GSA), subunits of
magnesium chelatase (CHLI, CHLD, CHLH), Chl a
synthetase (CHLG), CAO, and actin, only the CAO
gene showed an irradiance-dependent mRNA profile
similar to that of the Lhcb gene. As an example,
Figure 4A shows the prompt and substantial induc-
tion of Lhcb and CAO mRNA in comparison with the
lack of induction for the CHLG mRNA after an HL3
LL shift. These findings provide important evidence
that not all Chl biosynthesis-related genes are subject
to regulation by irradiance. Conversely, the prompt
response of CAO gene expression to a change in
irradiance suggests an important role for CAO in the
regulation of the Chl antenna size. The CAO gene
encodes the Chl a oxygenase, which catalyzes the
conversion of Chl a to Chl b (Tanaka et al., 1998).
CAO transcripts increased approximately 5-fold and
reached a high steady state within 1.5 h after the
HL 3 LL shift (Fig. 4A and C). The presence of
gabaculine did not block this light-dependent up-
regulation in the CAO gene expression. In contrast,

Figure 3. Effects of gabaculine on recovery of the in vivo Fv/Fm Chl
fluorescence ratio after an HL3 LL shift. Control (F) and gabaculine-
treated cells (E) were shifted from HL to LL growth irradiance at zero
time. Data are representative of three independent measurements.

Figure 4. Effect of gabaculine on the induction of Lhcb, CAO and CHLG mRNA after an HL 3 LL shift. Treatment with 1
mM gabaculine and the shift in growth irradiance occurred at zero time. Samples were harvested at the indicated times
during incubation. A, Autoradiogram of northern blots and ethidium bromide staining of rRNA. Histogram of the quantitative
analysis of Lhcb (B), CAO (C), and CHLG (D) mRNA normalized to the concentration of rRNA in control (black bars) and
gabaculine-treated cells (white bars).
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levels of the CHLG transcript remained constant after
the HL3 LL shift in the presence or absence of 1 mm
gabaculine (Fig. 4, A and D). Moreover, run-on nu-
clear transcription experiments demonstrated that
the induction of CAO and Lhcb genes is caused by
transcriptional activation, rather than by enhance-
ment of mRNA stability (data not shown).

Accumulation of LHC-II, PSI, and PSII Reaction
Center Apoproteins

The profile of thylakoid membrane proteins from
control and gabaculine-treated cells was examined
by SDS-PAGE. Cells were harvested immediately be-
fore an HL 3 LL shift and after a 24-h incubation in
LL. Thylakoid membranes were isolated and solubi-
lized, and proteins were resolved based on equal cell
basis. Figure 5A shows a Coomassie-stained gel from
such an experiment. It is evident that LHC-II proteins
were elicited upon a 24-h incubation in LL. However,
the increase in LHC-II was considerably greater for
the control (Fig. 5A, lane 2) than for the gabaculine-
treated sample (Fig. 5A, lane 3).

The effect of gabaculine on key thylakoid mem-
brane proteins was assessed in greater detail by west-

ern blot analysis. Figure 5B shows the accumulation
of LHC-II apoprotein. Four distinct protein bands,
termed LHC-II-1 through LHC-II-4, with apparent
molecular masses of 32, 31, 30, and 28.5 kD were
identified by the polyclonal antibodies (Tanaka and
Melis, 1997). In thylakoid membranes from HL-
grown cells, LHC-II-1 was absent and LHC-II-2 was
greatly depleted. In the control culture, the total
amount of LHC-II apoprotein increased after an
HL 3 LL shift (Fig. 5B, lane 2). This primarily re-
flected the appearance of LHC-II-1 and enhancement
in the amount of LHC-II-2, which greatly increased
relative to the LHC-II-3 and LHC-II-4 apoproteins. In
gabaculine-treated cells (Fig. 5B, lane 3), all four
LHC-II bands were detected. However, increase of
the LHC-II-2 was prevented relative to the other
LHC-II proteins. Quantitation of western blots by
densitometric scanning showed that, in the control
samples, the total amount of LHC-II apoprotein per
cell increased approximately 10-fold after an HL 3
LL shift, whereas in the presence of gabaculine in-
crease in the LHC-II apoprotein was limited to only
approximately 4-fold.

Figure 5C shows the effect of gabaculine on the
accumulation of the PSI reaction center proteins

Figure 5. Effects of gabaculine on the accumu-
lation of key thylakoid membrane proteins after
an HL 3 LL shift. A, Coomassie Brilliant Blue-
stained SDS-PAGE gel. Molecular mass markers
(kD) are indicated on the left. Western blot anal-
ysis of the LHC-II apoproteins (B), the PsaA/PsaB
PSI reaction center proteins (C), and the D1/
32-kD reaction center protein (D). The nitrocel-
lulose filters were probed with specific poly-
clonal antibodies. Cross-reactions were
quantitated by densitometric scan (block dia-
grams in B, C, and D). Lanes for the western
blotting of LHC-II proteins were loaded with
solubilized thylakoid membranes corresponding
to 1.3 � 106 cells. All other runs were loaded
with thylakoid membranes equivalent to 5 �
106 cells per lane. Lane 1, HL-grown cells. Lane
2, HL-grown cells after a 24-h incubation under
LL conditions in the absence of gabaculine (con-
trol). Lane 3, HL-grown cells after a 24-h incu-
bation under LL conditions in the presence of
gabaculine.
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PsaA/PsaB. After an HL 3 LL shift, substantial de
novo biosynthesis of PSI apoprotein was detected in
the control (lane 2). This is consistent with the mea-
sured increase in total cellular P700 after an HL3 LL
shift (Neidhardt et al., 1998; see also Table I). In the
presence of gabaculine, de novo biosynthesis of PSI
apoprotein (Fig. 5C, lane 3) was limited to only about
20% to 25% of that seen in the control. The limited
PsaA/PsaB protein accumulation in the presence of
gabaculine is attributed directly to the lack of Chl a
supply under these conditions.

Figure 5D shows the amounts of the 32-kD form of
D1, representing functional PSII reaction centers
(Kim et al., 1993; Baroli and Melis, 1996), in thylakoid
membranes isolated before and after 24 h in the
presence or absence of 1 mm gabaculine. In the con-
trol culture, the amount of functional D1 protein per
cell increased approximately 3.5-fold within 24 h af-
ter an HL 3 LL shift (Fig. 5D, lane 2). Qualitatively
similar results were obtained with the gabaculine-
treated cells (Fig. 5D, lane 3), again suggesting that
repair of the D1 protein from photodamage was not
prevented by the gabaculine treatment.

Functional Analysis of the Photosynthetic Apparatus

The above results show that inhibition of Chl bio-
synthesis by gabaculine differentially affects the re-
covery of the two photosystems from photoinhibi-
tion. To gain further insight into the concentration of
photochemically competent PSII and PSI centers in
the thylakoid membranes of control and gabaculine-
treated D. salina cells, we measured the functional QA
and P700 content spectrophotometrically from the
light-induced amplitude of the absorbance change at
320 and 700 nm, respectively (Melis, 1989). Table I
shows the result of such quantitations in cells grown
under HL conditions and after 24-h incubation fol-
lowing an HL 3 LL shift in the presence or absence
of gabaculine. It is shown that the QA/cell increased
within 24 h from 0.77 � 10�18 mol cell�1 in the
HL-grown cells to 2.45 � 10�18 in the control and to

1.91 � 10�18 mol cell�1 in the gabaculine-treated
sample, consistent with the repair of photodamaged
PSII. P700 content increased within 24 h after the
HL 3 LL shift from 0.27 � 10�18 mol cell�1 in the
HL-grown to 1.69 � 10�18 mol cell�1 in the control. In
the gabaculine-treated sample, P700 content in-
creased only slightly to 0.63 � 10�18 mol cell�1. These
results are qualitatively consistent with the western
blot analyses (Fig. 5, C and D) and corroborate the
notion that gabaculine affects the accumulation of
new PSI but has no effect on the repair of PSII.

Photosystem Chl Antenna Size

To examine whether different levels of LHC-II pro-
tein in control and gabaculine-treated cells (Fig. 5, A
and B) are reflected in the functional Chl antenna size
of the photosystems in D. salina, estimates of the
number of Chl molecules associated with PSI and
PSII were obtained (Melis and Anderson, 1983). Ac-
cording to this spectrophotometric method, Chl mol-
ecules are functionally assigned to PSI and PSII in
direct proportion to the rate of light absorption/
utilization by the two photosystems, measured from
the kinetics of P700 photooxidation and QA photo-
reduction in isolated and 3-(3,4-dichlorophenyl)-
1,1-dimethylurea–poisoned thylakoid membranes
(Melis, 1989).

As reported previously (Melis et al., 1999), HL-
grown cells had a substantially truncated Chl an-
tenna size for both PSI and PSII in their chloroplasts.
There was no antenna heterogeneity in PSII, and the
number of Chl (a and b) molecules specifically asso-
ciated with PSII and PSI were 55 and 112, respec-
tively (Table II). After a 24-h incubation under LL
conditions, enlargement in the Chl antenna size was
observed in the control samples, concomitant with
the appearance of two populations of PSII noted for
their dissimilar Chl antenna size (Lavergne and Bri-
antais, 1996). In the control, about 36% of the func-
tional PSII centers became PSII� with an antenna size
of approximately 570 Chl (a and b) molecules (Melis,
1996). The remaining 64% of the functional PSII were
of the PSII�-type with an antenna size of approxi-
mately 150 Chl (a and b) molecules. This translated
into an average PSII antenna size of about 300 Chl
(a�b) molecules (Table II). In contrast to the control,

Table I. Photosynthetic apparatus characteristics of D. salina after
a 24-h incubation under LL conditions, either in the absence (con-
trol) or in the presence of 1 mM gabaculine

Thylakoid membranes were isolated from D. salina as described in
“Materials and Methods.” Data are representative of at least three
independent membrane preparations. Values shown are means � SE.

Parameter HL Control 1 mM Gabaculine

Fv/Fm 0.26 � 0.02 0.67 � 0.02 0.72 � 0.01
QA/total Chl

(mmol:mol)
2.63 � 0.19 2.09 � 0.02 4.90 � 0.17

P700/total Chl
(mmol:mol)

1.10 � 0.05 1.61 � 0.06 1.61 � 0.02

QA/cell (10�18

mol cell�1)
0.77 � 0.23 2.45 � 0.02 1.91 � 0.06

P700/cell (10�18

mol cell�1)
0.27 � 0.03 1.69 � 0.07 0.63 � 0.01

Table II. Chl antenna sizes of PSII and PSI in D. salina after a
24-h incubation under LL conditions, either in the absence (con-
trol) or in the presence of 1 mM gabaculine

Thylakoid membranes were isolated from D. salina as described in
“Materials and Methods.” Data are representative of at least three
independent membrane preparations. Values shown are means � SE.

Parameter HL Control 1 mM Gabaculine

PSII� – 566 � 40 –
PSII� – 151 � 13 –
PSII 55 � 10 300 � 23 132 � 2
PSI 112 � 11 228 � 6 220 � 15
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cells treated with 1 mm gabaculine contained PSII
with a uniform Chl antenna size of about 132 Chl
molecules. Thus, the PSII Chl antenna size of 132 in
the gabaculine-treated cells was substantially smaller
than that of the control cells (300). Interestingly, the
PSI Chl antenna size of 220 in the gabaculine-treated
cells was essentially the same as that of the control
cells (228), suggesting enlargement of the PSI Chl
antenna size in the presence of gabaculine.

Measurements of Photosynthetic Capacity

Information about the capacity of photosynthesis
can be obtained from the light-saturation curve (the
so-called photosynthesis-versus-irradiance curve), in
which the rate of O2 evolution is measured and plot-
ted as a function of the actinic light intensity. In these
measurements, the rate of O2 evolution first increases
linearly with irradiance and then levels off as the
saturating irradiance (Is) is approached. The light-
saturated rate (Pmax) provides a measure of the ca-
pacity of photosynthesis for the particular sample
(Powles and Critchley, 1980).

Figure 6A shows light-saturation curves of photo-
synthesis in D. salina for the control and gabaculine-
treated cells, measured 24 h after an HL 3 LL shift.
The control culture showed a Pmax of approximately
90 mmol O2 mol�1 Chl s�1, whereas that of the

gabaculine-treated cells was about 2-fold greater
(Pmax� approximately 200 mmol O2 mol�1 Chl s�1).
The gabaculine-treated cells showed a saturating ir-
radiance significantly greater than that of the control,
consistent with a smaller Chl antenna size for PSII.
Figure 6B shows the light-saturation curves of pho-
tosynthesis plotted on a per cell basis. The control
culture had a Pmax of approximately 140 pmol O2
10�16 cells s�1, whereas that of the gabaculine-treated
cells was about 35% lower (Pmax � approximately 95
pmol O2 10�16 cells s�1).

An interesting observation derived from these
measurements is that the half-saturation intensity of
photosynthesis and the Pmax level appear to depend
on the Chl antenna size and relative concentration of
PSII, respectively, and not on that of PSI. For exam-
ple, the Pmax amplitude in Figure 6A closely matches
the relative QA content (either on a per Chl or cell
basis) but not that of P700 in the cells (Table II).
Similarly, the half-saturation intensity of photosyn-
thesis is inversely proportional to the Chl antenna
size of PSII but not to that of PSI (Table II). These
results show that functional PSII singularly deter-
mines the properties of the light-saturation curve of
photosynthesis in D. salina.

DISCUSSION

Results in this work showed that inhibition of Chl
biosynthesis by gabaculine exerts a differential effect
on the recovery of the various photosynthetic appa-
ratus parameters from irradiance stress. In the pres-
ence of gabaculine, and after an HL 3 LL shift, the
initial rate of Chl biosynthesis was inhibited by about
70% compared with that of the control. Despite the
substantially smaller amounts of newly synthesized
Chl, the Chl a to Chl b ratio of gabaculine-treated cells
declined with kinetics similar to those of the control
(Fig. 1D). The ratio of newly synthesized Chl a to Chl
b was estimated to be approximately 4:1 in the con-
trol and approximately 1:1 in the gabaculine-treated
cells, respectively. Assuming that newly synthesized
Chl a molecules are the sole substrate for Chl b bio-
synthesis, it would appear that a greater fraction of
the newly synthesized Chl was shunted toward Chl b
biosynthesis in gabaculine-treated D. salina. In this
case, a slower rate of new Chl biosynthesis in com-
bination with an unimpeded expression of CAO and
Lhcb genes may have shifted the Chl a º Chl b
equilibrium toward Chl b, leading to a lower Chl
a:Chl b � 1:1 ratio. In HL-grown D. salina, the Chl b
to LHC-II ratio was less than 30% of that in LL-grown
cells (Tanaka and Melis, 1997; Nishigaki et al., 2000),
suggesting vacant Chl b sites. Thus, it is possible that
a slanted Chl b biosynthesis in gabaculine-treated
samples may serve to fill vacant Chl b positions in
pre-existing LHC-II (Polle et al., 2000). Newly syn-
thesized LHC also requires Chl molecules to become
properly assembled. In the gabaculine-treated sam-

Figure 6. The light-saturation curve of photosynthesis in control and
gabaculine-treated D. salina. A, Rates of oxygen evolution on a per
Chl basis were measured as a function of incident light intensity. B,
Rates of oxygen evolution on a per cell basis were measured as a
function of incident intensity. HL-grown cells were incubated under
LL growth conditions for 24 h, either in the absence (control; F) or in
the presence (E) of 1 mM gabaculine. Data are means from two
independent experiments with n � 3. Error bars represent SD.
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ples, we estimated that newly synthesized LHC-II
and LHC-I would require Chl a and Chl b molecules
at a Chl a to Chl b ratio of about 2:1. Thus, newly
synthesized Chl b molecules in the gabaculine-
treated samples may be divided about evenly be-
tween filling vacant Chl b positions in existing LHC
and serving in the assembly of de novo synthesized
LHC-II and LHC-I.

An alternative consideration by which to explain
the low newly synthesized Chl a:Chl b � 1:1 ratio in
gabaculine-treated samples in to invoke conversion
of pre-existing Chl a molecules to Chl b. These Chl a
molecules probably had become incorporated into
light-harvesting proteins in the HL-acclimated D.
salina. In higher plants, it has been shown that redis-
tribution of pre-existing Chl molecules occurs from
LHC-II proteins to the photosystem reaction center
proteins, because the latter have a higher affinity for
Chl a and priority of assembly over that of the LHC-II
(Tanaka et al., 1990). It is possible that something
analogous occurs after an HL 3 LL shift in the pres-
ence of gabaculine, whereby pre-existing Chl a are
converted into Chl b.

It is important to note that gabaculine did not affect
adjustments in cellular carotenoid content and xan-
thophyll de-epoxidation state, which were similar to
that of the control in D. salina (Fig. 2). In contrast, it
was reported that gabaculine in wheat (Triticum aes-
tivum) decreased neoxanthin and �-carotene levels as
well as Chl a and Chl b in primary and secondary
leaves of etiolated and greened seedlings (Duysen et
al., 1993). This discrepancy can be explained by the
longer incubation of gabaculine in wheat (7 d) than in
our experiment (24 h), and by the relatively greater
stability of LHC-II proteins in D. salina than in higher
plants (see below). It is apparent from this work that
biosynthesis of carotenoids and activity of the xan-
thophyll cycle in D. salina were not significantly af-
fected by the lack of Chl availability.

Inhibition of Chl biosynthesis by gabaculine did
not affect the repair of PSII from photoinhibition (Fig.
5D, Table I). In contrast to the rapid repair of D1
(half-time of 40 min, Fig. 3), it has been reported that,
after an HL 3 LL shift, increases in PSII, PSI and
LHC-II per cell occurred with half-times of 3 to 4 h,
approximately 12 h and approximately 16 h, respec-
tively (Webb and Melis, 1995; Neidhardt et al., 1998),
consistent with the notion of a distinct hierarchy in
the temporal order of D1 repair � PSII � PSI �
LHC-II assembly. Under limited Chl biosynthesis in
the presence of gabaculine, however, this hierarchy
appears to have been altered with de novo LHC-II
biosynthesis and assembly advancing relative to that
of PSII and PSI in the order of preference.

It was further shown that levels of Lhcb and CAO
mRNA were rapidly induced and reached a high
steady state within 1.5 h after an HL3 LL shift (Fig.
4), which coincided with a period of rapid LHC-II
apoprotein accumulation in D. salina (LaRoche et al.,

1990b; Webb and Melis, 1995). We found that induc-
tion of CAO and Lhcb genes is caused by transcrip-
tional activation, rather than by enhancement of
mRNA stability. Thus, a larger Chl antenna size oc-
curs by coordinate induction of Chl biosynthesis and
Lhcb and CAO gene expression. Gabaculine did not
inhibit the Lhcb and CAO mRNA accumulation, con-
sistent with the observation that this inhibitor did not
affect rates of Chl b biosynthesis. This result suggests
that in D. salina, the conversion of Chl a to Chl b and
the regulation of the Chl antenna size strongly de-
pend on CAO gene expression, and that such regu-
lation occurs independently from the regulation of
Chl biosynthesis. Regulation of CAO and Lhcb gene
expression may occur mechanistically via the redox
state of the plastoquinone pool (Escoubas et al., 1995;
Wilson and Huner, 2000; Huner et al., 1998). Regula-
tion of Chl biosynthesis may occur, conversely, via
accumulated Chl biosynthesis intermediates (Johan-
ningmeier and Howell, 1984; Johanningmeier, 1988;
Kropat et al., 1997; Kropat et al., 2000).

Measurement of the functional Chl antenna size for
PSII and PSI provided further insight into the assem-
bly of the photochemical apparatus in gabaculine-
treated cells. After an HL3 LL shift, the Chl antenna
size of PSII increased from 55 to 300 Chl molecules in
the control, whereas in the gabaculine-treated cells,
increase in the PSII Chl antenna size was limited, i.e.
from 55 to 130 Chl molecules. This result demon-
strates that, in gabaculine-treated cells, only a limited
complement of the LHC-II was assembled. In higher
plants, LHC-II has been considered to bind a fixed
number of Chl a and Chl b molecules. As a conse-
quence, lack of sufficient Chl b in the chloroplast
prevented proper folding of the LHC-II, thereby
leading to LHC-II protein degradation (Bennett, 1981;
Bellamare et al., 1982; Ghirardi et al., 1986). However,
in D. tertiolecta, it was reported that the Chl a to Chl
b ratio of isolated LHC-II was variable and that this
ratio changed in response to growth irradiance
(Sukenik et al., 1987). Moreover, recent results have
suggested the assembly of inner complements of the
LHC-II in the absence of Chl b in green algae (Nishi-
gaki et al., 2000; Polle et al., 2000). These studies
indicated a relative stability of LHC-II proteins in
green algae without the full complement of Chl mol-
ecules, resulting in a variable Chl to LHC-II ratio in
the thylakoid membrane.

In summary, our results show that in D. salina, after
an HL3 LL shift, cell recovery from photoinhibition
and Chl antenna size increase were differentially af-
fected upon inhibition of Chl biosynthesis by gaba-
culine. The repair of PSII was minimally affected by
a limited de novo biosynthesis of Chl. However, de
novo assembly/accumulation of PSI was suppressed
because of the lack of Chl. Moreover, although the
transcription of Lhcb and CAO genes was not affected
by gabaculine, biosynthesis and assembly of the full
complement of the LHC-II was prevented by the
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limited amount of Chl, suggesting that the Chl an-
tenna size of PSII is posttranscriptionally regulated
by Chl availability.

MATERIALS AND METHODS

Cell Growth Conditions

The unicellular green alga Dunaliella salina Teod. (UTEX
collection; Starr, 1978) was grown photoautotrophically in
an artificial hypersaline medium (Pick et al., 1986) in the
presence of 25 mm NaHCO3 as a supplemental inorganic
carbon source. Cells were grown in flat bottles (3-cm opti-
cal path length) at 30°C under continuous illumination at
2,200 �mol photons m�2 s�1 (HL). Care was exercised, by
means of shaking and by the use of reflectors, to ensure as
uniform illumination to the culture as possible. Cells were
grown until the late-exponential growth phase and then
transferred to LL conditions (50 �mol photons m�2 s�1)
with or without the addition of gabaculine (1 mm). The
number of cells per milliliter of suspension was counted
using the improved Neubauer ultraplane (Reichert Co.,
Buffalo, NY) and an Olympus (Tokyo) BH-2 light micro-
scope at an amplification of 200�.

Photosynthetic Pigment Determination

For Chl measurements, cells or isolated thylakoid mem-
branes were extracted in 80% acetone, and debris were
removed by centrifugation at 10,000g for 5 min. The absor-
bance of the supernatant at 710, 663, and 645 nm was
measured with a Shimadzu (Kyoto) UV-160U spectropho-
tometer. The Chl (a and b) concentration of the samples was
determined according to Arnon (1949), with equations cor-
rected as in Melis et al. (1987).

For HPLC analysis, a Hewlett-Packard Series 1100
(Hewlett-Packard, Palo Alto, CA) equipped with a Waters
(Waters, Milford, MA) Spherisorb S5 ODS1 4.6- � 250-mm
cartridge column was used. Five mL of cell culture was
harvested by centrifugation, and pigments were extracted
from the cells by adding 200 �L of 100% (v/v) acetone to
the pellet and vortexing at maximum speed for 1 min. The
extract was centrifuged in a microfuge and 15 �L of the
filtered supernatant (0.2-�m nylon filter) was subjected to
HPLC analysis. The latter was performed using a modifi-
cation method of Garcia-Plazaola and Becerril (1999). Pig-
ments were eluted with a linear gradient of solvents, be-
ginning with 100% (v/v) of solvent A (acetonitrile:
methanol:0.1 m Tris-HCl [pH 8.0]; 84:2:14) and ending with
100% (v/v) of solvent B (methanol:ethyl acetate; 68:32). The
solvent flow rate was 1.2 mL min�1 and the elution lasted
for 15 min, followed by 3 min of elution by solvent B.
Pigments were detected by A445, with a reference at 550
nm. Concentrations of individual pigments were deter-
mined using standard curves of purified pigments (VKI,
Hørsholm, Denmark) at known concentrations.

RNA Isolation and Northern Hybridization

Thirty to 50 mL of cell culture (approximately 2 � 106

cells mL�1) was harvested by centrifugation and the total

RNA was isolated with S.N.A.P. total RNA isolation kit
(Invitrogen, Carlsbad, CA) according to manufacturer’s
instructions. Ten to 20 �g of RNA/lane was fractionated by
electrophoresis through 1% (w/v) agarose/formaldehyde
gels and then transferred to nylon membrane. RNA blots
were probed with a 1-kb EcoRI fragment containing a
cDNA of Lhcb gene (pDTcab1) cloned from D. tertiolecta
(accession no. M35860; LaRoche et al., 1990a), with a 1.9-kb
XhoI-EcoRI fragment containing a CAO gene cDNA cloned
from D. salina (accession no. AB021312), or with a 0.4-kb
fragment containing a Chl a synthetase gene (CHLG) from
Chlamydomonas reinhardtii (accession no. AV623758). For
the Lhcb and CAO probes, hybridizations were carried out
at 65°C for 16 h, and the membranes were washed twice
with 2 � SSC/0.1% SDS at 65°C for 15 min, and twice with
0.2� SSC/0.1% SDS at 65°C for 15 min. For the CHLG
probe, hybridization and washing was carried out at 55°C.
The relative amounts of mRNA were estimated by densi-
tometric scanning of the autoradiograms. Peak areas from
the densitometric scans were used to calculate the relative
abundance for each sample.

Thylakoid Membrane Isolation

Cells were harvested by centrifugation at 3,000g for 3
min at 4°C. Pellets were resuspended in 1 to 2 mL of
growth medium and stored frozen at �80°C until all sam-
ples were ready for processing. Samples were thawed on
ice and diluted with 20 mL of a hypotonic buffer containing
50 mm Tris-HCl (pH 7.8), 10 mm NaCl, 5 mm MgCl2, 0.2%
polyvinylpyrrolidone 40, 0.2% sodium ascorbate, 1 mm
aminocaproic acid, 1 mm aminobenzamidine, and 0.1 mm
phenylmethylsulfonylfluoride. Cells were broken by soni-
cation in a Branson (Danbury, CT) 200 Cell Disruptor op-
erated at 4°C for 30 s at a power output of 5 and a 50% duty
cycle. Unbroken cells and starch grains were removed by
centrifugation at 3,000g for 3 min at 4°C. The thylakoid
membranes were collected by centrifugation of the super-
natant at 75,000g for 30 min at 4°C. The thylakoid mem-
brane pellet was resuspended in a buffer containing 250
mm Tris-HCl (pH 6.8), 20% (w/v) glycerol, 7% (w/v) SDS.
Solubilization of thylakoid proteins was carried out upon
incubation for 30 min at room temperature, a procedure
designed to prevent the formation of protein aggregates
during denaturation. Samples were centrifuged in a mi-
crofuge for 5 min to remove unsolubilized material.

Protein Analysis by SDS-PAGE and Western Blotting

Samples were brought to room temperature before load-
ing for electrophoresis. Gel lanes were loaded with an
equal amount of extract, equivalent to 5 � 106 cells per
lane, for staining and western blotting of the PsaA/PsaB
and D1 proteins, or the extract of 1.3 � 106 cells per lane for
western blotting of LHCII proteins. The proteins were sep-
arated electrophoretically in a gel containing 12.5% (w/v)
acrylamide without urea (Laemmli, 1970) at a constant
current of 9 mA for 16 h. Gels were stained with 1%
Coomassie Brilliant Blue R for protein visualization.
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Electrophoretic transfer of the SDS-PAGE resolved pro-
teins onto nitrocellulose was carried out for 3 to 5 h at a
constant current of 800 mA, in transfer buffer containing 50
mm Tris, 380 mm Gly (pH 8.5), 20% (v/v) methanol, and 1%
(w/v) SDS. Identification of thylakoid membrane proteins
was accomplished with specific antibodies raised in rabbit
against the reaction center D1 protein, the LHC-II apo-
proteins (Harrison and Melis, 1992; Kim et al., 1993),
and PsaA/PsaB proteins (PSI; Kashino et al., 1990).
Cross-reaction with the antibodies was visualized by a
chromogenic reaction with anti-IgG secondary antibodies
conjugated with alkaline phophatase (Bio-Rad Laboratories,
Hercules, CA) or by enhanced chemiluminescence western-
blotting detection reagents with IgG secondary antibodies
conjugated with horseradish peroxidase (Amersham Bio-
sciences, Piscataway, NJ). The amounts of proteins were
estimated by densitometric scanning of western blots.

Photosynthesis Measurements

The initial (F0), variable (Fv), and maximum (Fm) Chl
fluorescence yields of intact cells were measured at 690 nm.
Actinic excitation of the cultures was provided by green
light at an incident intensity of 35 �mol photons m�2 s�1

(Melis, 1989). An aliquot from the culture was incubated in
the dark for 10 min before the measurement and the Chl
fluorescence was recorded in the absence or presence of
3-(3, 4-dichlorophenyl)-1,1-dimethylurea (2.5 �m final
concentration).

Oxygen evolution activity of the cells was measured at
22°C with a Clark-type oxygen electrode illuminated with
a slide projector lamp. An aliquot of 5-mL cell suspension
(2 �m Chl) was transferred to the oxygen electrode cham-
ber. To ensure that oxygen evolution was not limited by the
carbon source available to the cells, 100 �L of 0.5 m sodium
bicarbonate solution (pH 7.4) was added to the suspension
before the oxygen evolution measurements. Measurements
of the light-saturation curve of photosynthesis were ob-
tained with the oxygen electrode, beginning with the reg-
istration of dark respiration in the cell suspension, and
followed by measurement of the rate of oxygen evolution
in steps at 55, 100, 180, 270, 400, 570, 800, 1,000, 1,300, 1,800,
2,100, and 2,550 �mol photons m�2 s�1. The rate of oxygen
evolution at each light intensity step was recorded for
about 2.5 min.

For photochemical reaction center charge separation
measurements, thylakoid membranes were isolated as de-
scribed above with a buffer containing 50 mm Tricine-KOH
(pH 8.0), 10 mm NaCl, 5 mm MgCl2, 1 mm aminocaproic
acid, 1 mm aminobenzamidine, and 100 �m phenylmethyl-
sulfonylfluoride. The thylakoid membranes were resus-
pended in a buffer containing 50 mm Tricine-KOH (pH 8.0),
10 mm NaCl, and 5 mm MgCl2. The concentration of the
photosystems in thylakoid membranes was estimated spec-
trophotometrically from the amplitude of the light-minus-
dark absorbance difference signal at 700 nm (P700) for PSI,
and 320 nm (QA) for PSII (Melis and Brown, 1980). The
functional light-harvesting Chl antenna size of PSI and PSII
was measured from the kinetics of P700 photooxidation
and QA photoreduction, respectively (Melis, 1989).
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