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Abstract. The assembly, organization and function of
the photosynthetic apparatus was investigated in the
wild type and a chlorophyll (Chl) b-less mutant of the
unicellular green alga Chlamydomonas reinhardtii, gen-
erated via DNA insertional mutagenesis. Comparative
analyses were undertaken with cells grown photohete-
rotrophically (acetate), photomixotrophically (acetate
and HCOy5) or photoautotrophically (HCOy). It is
shown that lack of Chl b diminished the photosystem-II
(PSII) functional Chl antenna size from 320 Chl (¢ and
b) to about 95 Chl ¢ molecules. However, the functional
Chl antenna size of PSI remained fairly constant at
about 290 Chl molecules, independent of the presence of
Chl b. Western blot and kinetic analyses suggested the
presence of inner subunits of the Chl a-b light-harvesting
complex of PSII (LHCII) and the entire complement of
the Chl a-b light-harvesting complex of PSI (LHCI) in
the mutant. It is concluded that Chl a can replace Chl »
in the inner subunits of the LHCII and in the entire
complement of the LHCI. Growth of cells on acetate as
the sole carbon source imposes limitations in the
photon-use efficiency and capacity of photosynthesis.
These are manifested as a lower quantum yield and
lower light-saturated rate of photosynthesis, and as
lower variable to maximal (F,/F.,) chlorophyll fluo-
rescence yield ratios. This adverse effect probably
originates because acetate shifts the oxidation-reduction
state of the plastoquinone pool, and also because it
causes a decrease in the amount and/or activity of
Rubisco in the chloroplast. Such limitations are fully
alleviated upon inclusion of an inorganic carbon source

Abbreviations: Chl = chlorophyll; CP24, CP26 and CP29 = chlo-
rophyll proteins of 24, 26 and 29 kDa, respectively; F,,
Finaux = variable and maximum fluorescence yield, respectively;
LHC = light-harvesting complex; P700 = electron donor pigment
of PSI; Qa = primary electron acceptor of PSII; TAP = Tris-
acetate-phosphate medium; TABP = TAP medium supplemented
with sodium bicarbonate; TBP = Tris-bicarbonate-phosphate
medium
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(e.g. bicarbonate) in the cell growth medium. Further,
the work provides evidence to show that transformation
of green algae can be used as a tool by which to generate
mutants exhibiting a permanently truncated Chl antenna
size and a higher (per Chl) photosynthetic productivity
of the cells.
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Introduction

The process of photosynthesis is initiated upon absorp-
tion of light energy by pigments in the light-harvesting
chlorophyll (Chl) antenna complexes. Two distinct
photosystems in the chloroplast of higher plants and
green algae possess, in addition to their Chl a-containing
core antenna, an auxiliary light-harvesting antenna
consisting of specific Chl a- and Chl b-binding light-
harvesting proteins (LHC). The light-harvesting Chl-
proteins of photosystem I (PSI) and photosystem II
(PSII) are encoded for by the large nuclear Lhc gene
family and are referred to by the LHCI and LHCII
abbreviations, respectively (Jansson 1994).

In higher plants, Chl b is specifically required for the
assembly and function of several LHC proteins. Studies
of Chl b-less strains of barley (Thornber and Highkin
1974; Harrison and Melis 1992; Harrison et al. 1993;
Krol et al. 1995), rice (Terao and Katoh 1989) and
Arabidopsis thaliana (Murray and Kohorn 1991) re-
vealed that these strains either lack or have significantly
lower amounts of LHCII and LHCI in their thylakoid
membranes. Therefore, Chl b-less mutants of higher
plants have a highly truncated auxiliary light-harvesting
antenna of PSII and a smaller PSI antenna size
(Ghirardi et al. 1986; Harrison et al. 1993; Terao and
Katoh 1996). In contrast to higher plants, Chl b-less
strains of the green alga Chlamydomonas reinhardtii,
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when grown on acetate in the light, appear to contain in
their thylakoid membrane all apoproteins of the LHC
(Picaud and Dubertret 1986; Allen and Staehelin 1994).
However, it was reported that trimeric LHCII does not
assemble and that the PSII Chl antenna size is truncated
in the Chl b-less C. reinhardtii (Michel et al. 1983;
Picaud and Dubertret 1986; Allen and Stachelin 1994).

The interplay between the presence of Chl b and the
source of carbon during cell growth in the regulation of
Lhc gene expression is not understood. The presence of
acetate in the medium of light-grown C. reinhardtii is
reported to down-regulate transcription of Lhch genes
(Kindle 1987). It was also reported that low levels of
CO;, up-regulate the transcription of Lhc genes (Soman-
chi et al. 1998). Therefore, differentially regulated tran-
scription and expression of Lhch genes would be
expected when cells are grown under different carbon
conditions. Different levels of LHC would affect the Chl
antenna size of the photosystems and the organization
and function of the photosynthetic apparatus, depend-
ing on the primary carbon source available during cell
growth.

In the present work, we investigated the organization
and function of the photochemical apparatus in
Chlamydomonas reinhardtii cultivated in the presence
of either acetate, a mixture of acetate and bicarbonate,
or bicarbonate alone in the growth medium. Since Chl
b-less mutants of higher plants have been used success-
fully as model organisms in the study of the assembly of
the light-harvesting complex, we extended these studies
to include the organization and function of the photo-
chemical apparatus in a Chl b-less mutant of Chlamydo-
monas reinhardtii. This strain was derived via DNA
insertional mutagenesis in which the chlorophyll a
oxygenase gene was affected (Tanaka et al. 1998). The
advantage of tagged genetic transformation for the
generation of mutants is that genes responsible for a
given property can be later isolated. This work shows
that it is possible to employ genetic transformation of
green algae for the isolation of strains with a truncated
Chl antenna size. Our results show that the organization
and function of the photochemical apparatus in C. re-
inhardtii are strongly influenced by the carbon source
during cell growth. In addition, we show that the light-
harvesting Chl antenna size of PSI and PSII are not
affected in the same manner by the absence of Chl b.

Materials and methods

Growth conditions of the algae. Chlamydomonas reinhardtii wild-
type strain cwl5 and the chlorophyll h-less mutant chs3 (Tanaka
et al. 1998) were grown in liquid cultures in flat 1-L Roux bottles at
22 °C under continuous illumination at 200 pmol photons m™>s™"
of cool-white fluorescent light. Cultures were stirred to ensure
uniform illumination and to prevent cell settling. Cells were grown
to the mid-logarithmic phase either photoheterotrophically in Tris-
acetate-phosphate medium (TAP, pH 7.0) (Gorman and Levine
1965), photomixotrophically in TAP medium supplemented with
25 mM sodium bicarbonate and 40 mM Tris-HCI, pH 7.4 (TABP
medium), or photoautotrophically in modified 40 mM Tris-HCI-
phosphate medium (pH 7.4) supplemented with 25 mM sodium
bicarbonate (TBP medium).

Cell count and Chl determination. Cell density was monitored by
counting the number of cells per milliliter of culture using a
Neubauer ultraplane hemacytometer. Cells or thylakoid mem-
branes were extracted in 80% acetone and debris was removed by
centrifugation at 10,000 g for 5 min. The absorbance of the
supernatant was measured with a Shimadzu UV-160U spectro-
photometer. The Chl (¢ and b) concentration of the samples was
determined according to Arnon (1949), with equations corrected as
in Melis et al. (1987).

Thylakoid membrane isolation. Cells were harvested by centrifuga-
tion at 1,000 g for 3 min at 4 °C. Pellets were resuspended in 1-2 ml
of growth medium and stored frozen at —80 °C until all samples
were ready for processing. Samples were thawed on ice and diluted
with ice-cold sonication buffer containing 50 mM Tricine (pH 7.8),
10 mM NaCl, 5 mM MgCl,, 0.2% polyvinylpyrrolidone 40, 0.2%
sodium ascorbate, 1 mM aminocaproic acid, 1 mM aminobenz-
amidine and 100 pM phenylmethylsulfonylfluoride (PMSF). Cells
were broken by sonication in a Branson 250 Cell Disrupter
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 3,000 g for 4 min at 4 °C. The thylakoid
membranes were collected by centrifugation of the supernatant at
75,000 g for 30 min at 4 °C. The thylakoid membrane pellet was
resuspended in a buffer containing 50 mM Tricine (pH 7.8),
10 mM NaCl, 5 mM MgCl, for spectrophotometric measurements,
or 250 mM Tris-HCI (pH 6.8), 20% glycerol, 7% SDS and 2 M
urea for protein analysis. Solubilization of thylakoid membrane
proteins was carried out for 30 min at room temperature, a
procedure designed to prevent the formation of protein aggregates
during denaturation. Samples were centrifuged in a microfuge for
4 min to remove unsolubilized material, f-mercaptoethanol was
added to yield a final concentration of 10% and the samples were
stored at =80 °C.

Analysis by SDS-PAGE and Western blotting. Samples were
brought to room temperature prior to loading for electrophoresis
and diluted accordingly to yield equal Chl concentrations. Gel
lanes were loaded with an equal amount of Chl (2 nmol Chl per
lane). The SDS-PAGE analysis was carried out according to
Laemmli (1970), with resolving gels containing 12.5% acrylamide,
at a constant current of 9 mA for 16 h. Gels were stained with 1%
Coomassie brilliant blue R for protein visualization. Electropho-
retic transfer of the SDS-PAGE-resolved proteins onto nitrocellu-
lose 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 polyclonal antibodies raised
against the LHC complex of Zea mays, kindly provided by Dr.
R. Bassi (Di Paolo et al. 1990; Bassi et al. 1992). Cross-reaction
with the antibodies was visualized by a chromogenic reaction with
anti Ig-G secondary antibodies conjugated with alkaline phospha-
tase (BioRad) and it was quantified by densitometry. For densi-
tometry, an HP-ScanJet 6100C optical scanner was employed, on-
line with a PowerMacintosh/G3 computer. DeskScanll software in
combination with Adobe Photoshop were used for scanning of the
western blots, whereas NIH Image version 1.6 software was
employed for the deconvolution and quantification of the bands.

Chlorophyll fluorescence, oxygen evolution and spectrophotometric
analyses. The initial (Fy), variable (F,) and maximum (F,,x) chlo-
rophyll fluorescence yield of intact cells was measured at 690-nm
(combination of CS 2-60, CS 2-64 Corning filters and 690-nm
interference filter). Actinic excitation of the cultures was provided
by green light (CS 4-96 and CS 3-69 Corning filters; intensity
of 75 pmol photons m™2 s™!) (Melis and Hart 1980). For these
measurements an aliquot 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 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU; 2.5 uM final concen-
tration).
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Oxygen evolution activity of the cultures was measured at 22 °C
with a Clark-type oxygen electrode illuminated with a slide
projector lamp. Yellow actinic excitation was provided by a CS
3-69 Corning cut-off filter in combination with an Ealing 35-5453
VIQS-8 filter. An aliquot of 5 ml cell suspension (2 uM Chl) was
transferred to the oxygen-electrode chamber. To ensure that
oxygen evolution was not limited by the carbon source available
to the cells, 100 pl of 0.5 M sodium bicarbonate solution (pH 7.4)
was added to the suspension prior to the oxygen-evolution
measurements. Measurement of the light-saturation curve of
photosynthesis was implemented with the oxygen electrode, begin-
ning with the registration of dark respiration in the cell suspension,
and followed by measurements of the rate of oxygen evolution in
steps at 36, 70, 140, 260, 360, 500, 620, 1,750 and 2,600 pmol
photons m™ s~!. Registration of the rate (slope) of oxygen
evolution at each light intensity step was recorded for about
2.5 min.

The concentration of the photosystems in thylakoid membranes
was estimated spectrophotometrically from the amplitude of the
light minus dark absorbance difference signal at 700 nm (P700) for
PSI, and 320 nm (Q) for PSII (Melis and Brown 1980). The
functional light-harvesting Chl antenna size of PSI and PSII was
measured from the kinetics of P700 photo-oxidation and Qp
photoreduction, respectively (Melis 1989).

Results

Organization of the photosynthetic apparatus in the wild
type and Chl b-less mutant. Cells of the wall-less strain
ewl5 of Chlamydomonas reinhardtii (referred to as the
wild type in this work) showed a Chl a/Chl b ratio of
2.7:1 when grown in the presence of acetate as the sole
carbon source (Table 1). When grown in the presence of
a mixture of acetate and bicarbonate (TABP medium),
or bicarbonate alone (TBP medium), the Chl a/Chl b
ratio of the cells was slightly higher at about 3.1:1.
Table 1 also shows the Chl content of the wild-type cells
under the three growth conditions. The Chl content of
the cells was slightly lower when the growth medium
contained bicarbonate (TABP or TBP media) than
acetate alone (TAP). In the Chl b-less mutant, the Chl
content of the cells did not change as a function of the

growth medium. Interestingly, and in spite of the lack of
Chl b, the Chl content of the mutant was relatively high
compared to that of the wild type. This result suggests a
higher chloroplast concentration of PSI and PSII units
in the mutant than in the wild type (see below).

Table 2 presents the thylakoid membrane content in
Qa (PSII) and P700 (PSI). Quantitation of the func-
tional PSII and PSI reaction centers was obtained from
the light-induced absorbance change at 320 (Qa) and
700 nm (P700), respectively (Melis and Brown 1980).
The wild type contained about 1.8 mmol Q per mol
Chl in the TAP-grown cells, a value that increased to
about 2.8 mmol Q per mol Chl when bicarbonate was
present in the growth medium. The wild type had about
2.1 mmol P700 per mol Chl in the TAP-grown cells, a
value that decreased to about 1.9 (TABP) and about 1.6
mmol P700 per mol Chl in the TBP-grown cells.
Translated on a per-cell basis, the concentration of Qa
was fairly constant and at about 6.6 x 107" mol Qy/
cell, independent of the carbon source (Table 2). How-
ever, the amount of PSI was substantially lower in the
TABP- and TBP-grown cells. The dissimilar dependence
of PSII (Qa) and PSI (P700) content on the carbon
source during cell growth made for substantially differ-
ent PSII/PSI ratios in the thylakoid membrane of these
samples. A wild-type PSII/PSI ratio of 0.86:1 in TAP
increased to 1.48:1 in TABP and was 1.75:1 in TBP.
Interestingly, a quantitatively and qualitatively similar
dependence of the PSII/PSI ratio was also observed in
the Chl b-less mutant (Table 2).

Table 2 also shows that, on a per-cell basis, the Q4
and P700 contents in the Chl b-less mutant were greater
(by a factor of about 2) than those in the wild type,
irrespective of the carbon source during growth. These
results are consistent with the higher Chl content in
mutant vs. wild type (Table 1) and show that a truncated
Chl antenna size in the mutant may have been compen-
sated by a correspondingly higher density of PSI and
PSII units in the mutant thylakoids. The results in
Table 2 further suggest that, irrespective of the pigment

Table 1. Chlorophyll content and Chl a/Chl b ratios in the wild type (cw 15) and the Chl b-less mutant of C. reinhardtii grown in various

media (see Materials and methods). Values represent means = SD

Parameter Wild type Chl b-less

TAP TABP TBP TAP TABP TBP
Chl a/Chl b 2.7 £ 0.14 32 £ 0.2 3.0 £ 0.12 - - -
mol Chl/cell (x107'%) 3.5 £ 1.1 2.4 £+ 0.1 24 £ 0. 3.6 £ 0.6 4.0 £ 0.6 3.8 £ 1.1
Table 2. Photochemical apparatus characteristics of wild type and Chl b-less strain of C. reinhardtii (n = 3-5)
Parameter Wild type Chl b-less

TAP TABP TBP TAP TABP TBP
Qa/total Chl (mmol:mol) 1.83 + 0.06 2.76 £ 0.23 2.86 = 0.09 3.0 £ 0.27 3.1 £ 0.03 4.1 £ 0.6
P700/total Chl (mmol:mol) 2.14 + 0.13 1.87 £ 0.1 1.63 £ 0.17 3.1 £ 0.24 2.3 £+ 0.08 22 + 0.16
Qa/cell (mol/cell x 107'%) 6.4 6.6 6.9 10.8 12.4 15.6
P700/cell (mol/cell x 107'%) 7.5 4.5 3.9 11.2 9.2 8.4
PSII/PSI 0.86 1.48 1.75 0.97 1.35 1.86
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Fig. 1. Light-induced absorbance change measurements. Left panel,
kinetics of P700 photooxidation (AA7qo) with thylakoid membranes of
the wild type and a Chl b-less mutant of C. reinhardtii. Upper trace,
wild type; lower trace, Chl b-less mutant. Right panel, corresponding
semilogarithmic plot of the AA;q, kinetics
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content of the photosynthetic apparatus, the PSII/PSI
ratio is highest when the cells are grown in the presence
of bicarbonate (TBP medium) and that growth in
acetate (TAP) tends to suppress the functional PSII/
PSI ratio. The effect of the mutation on the functional
Chl antenna sizes of PSII and PSI was further addressed
in detail (see below).

Photosystem chlorophyll antenna size. Estimates of the
functional Chl antenna sizes of PSI and PSII were
obtained with the so-called kinetic and spectrophoto-
metric method (Melis and Anderson 1983). In this
approach, Chl molecules are functionally assigned to
PSI and PSII in direct proportion to the rate of light
absorption/utilization by the two photosystems, mea-
sured form the kinetics of P700 oxidation and Qa
reduction in isolated and DCMU-poisoned thylakoids
(Melis 1989).

Figure 1 (left panels) shows examples of light-in-
duced changes in the absorbance of the reaction center
P700 at A = 700 nm, occurring as a result of P700
photooxidation in thylakoid membranes of the wild type
and the Chl b-less mutant grown on TAP. Figure 1
(right panels) also shows the respective semilogarithmic
plots of the AA7qy kinetics, revealing single exponential
functions of time with rate constants Kps; of 9.0 s™! for
the wild type and 7.5 s™! for the Chl b-less mutant. The
slower P700 photooxidation kinetics for the Chl b-less
mutant suggests a slightly smaller PSI Chl antenna size
than in the wild type.

Figure 2 (left panels) shows examples of light-in-
duced fluorescence induction kinetics, the variable part
of which reflects the photoreduction of Qa (Melis and
Duysens 1979) in the thylakoid membranes of the wild
type and the Chl b-less mutant grown on TAP. The
fluorescence induction kinetics of the wild-type strain
were faster than those of the Chl b-less mutant,
suggesting a larger PSII Chl antenna size for the former.
Figure 2 (right panels) also shows the respective semi-

1s
/
i wild type wild type \
Chl b-less Chl b-less
2s

Fig. 2. Chlorophyll fluorescence induction kinetics. Left panel, Chl
fluorescence induction traces of the wild type (upper) and a Chl b-less
mutant (lower). Right panel, corresponding semilogarithmic plots of
the area over the fluorescence induction curve

logarithmic plots of the area over the fluorescence
induction kinetics. This parameter (area over fluores-
cence) is directly proportional to the amount of Q4 that
becomes photoreduced (Melis and Duysens 1979; Melis
1989). The analysis (Fig. 2, right panels) revealed
biphasic Q4 reduction kinetics for the wild type,
reflecting a PSII heterogeneity and the existence of two
populations of PSII (PSIIa and PSIIf) with significantly
different Chl antenna sizes (Melis 1991; Lavergne and
Briantais 1996). In the Chl b-less mutant, Q, photore-
duction occurred as a single exponential function of time
with significantly slower kinetics, suggesting lack of PSII
heterogeneity and the occurrence of a uniform and small
Chl antenna size for the mutant (Ghirardi et al. 1986).
From the measured kinetics of P700 photooxidation
and “area over fluorescence induction” we determined
the functional chlorophyll antenna size of PSI and PSII,
respectively, for the wild type and Chl b-less mutant
(Table 3). In the wild type grown in the presence of
acetate (TAP and TABP), PSIla accounted for about
50% of the total PSII, whereas it accounted for only
about 30% of the total PSII in cells grown in the
presence of bicarbonate as the sole carbon source (TBP).
Table 3 also shows values for the respective functional
Chl antenna sizes (N) of the photosystems. In the wild
type grown with TAP or TABP, PSIl« contained about
300 Chl molecules (¢ and b) (Npsp, = 300 £ 28),
whereas PSIIS contained about 130 Chl molecules
(Npsip = 130 £ 11). The PSIlz Chl antenna size for
the samples grown on TBP (Npg1, = 474 + 49) was
significantly larger than for that of cells grown on the
other media. However, the larger Chl antenna size,
along with the relatively smaller fraction of PSIla
centers in these samples, suggests a dissociation of PSIIf
centers from the statistical pigment bed of the LHCII
normally associated with PSIIe (Melis and Duysens
1979), leaving behind a peripheral light-harvesting Chl
antenna to be shared by fewer PSII centers. This
dissociation could be an artifact occurring during the
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Table 3. Chlorophyll antenna sizes (N) of PSII and PSI in the wild
type and Chl b-less mutant of C. reinhardtii. The concentration of
the various forms of PSII is given as a percentage of total PSII in
the thylakoid membrane. The antenna size of PSII and PSI is given

as the number of Chl molecules functionally associated with a
photosystem. The value of Npgj, in parenthesis (325) is based on
the assumption of PSIIa/PSIIf = 50:50. The values given are the
mean + SD

Parameter Wild type Chl b-less
TAP TABP TBP TAP TABP TBP

PSII, 42 £ 74 53 £ 10.5 29 £ 9.5 - - -
PSII, 58 £ 7.4 47 £ 10.5 72 £ 9.5 - - -
Npsiin) 322 £ 7 284 + 49 474 £ 49 (325) - - -
Npsiip) 127 + 3 141 + 3 119 + 3 - - -

®sII) - - - 93 + 3 107 + 9 88 + 7
Npsn 291 + 17 217 + 8 204 + 4 245 + 14 284 + 6 289 + 12

isolation of the thylakoid membranes. Indeed, if one
assumed a PSIIa/PSIIf ratio of about 50:50 in the TBP
samples, then the calculated Chl antenna size of PSll«
(Npsi1,) would be about 325 Chl molecules, i.e. similar
to that of cells grown on TAP or TABP. On the basis of
this assumption, it would appear that the average PSII
functional Chl antenna size (Npgyy) is fairly constant and
independent of the carbon source in the growth medium.
In the wild type, the PSI Chl antenna size appeared to
decline somewhat from Npg; = 291 £+ 17 in the TAP-
grown cells to Npg; = 204 + 4 in the cells grown in
TBP media.

In contrast to the wild type, PSII in the Chl b-less
mutant did not display Chl antenna size heterogeneity, a
characteristic also seen in the Chl b-less mutant of barley
(Ghirardi et al. 1986). The PSII Chl antenna size in the
mutant (Npgy = 96 £ 10) was substantially smaller
than that of the wild type. However, at about 96 Chl a
molecules per reaction center, it is significantly larger
than the minimum Chl antenna size of the PSII-core,
which is known to contain only about 37 Chl a
molecules (Manodori et al. 1984; Glick and Melis
1988). This difference suggests that, in the Chl b-less
C. reinhardtii mutant, a number of the auxiliary LHC
proteins are assembled and functionally associated with
the PSII-core complex.

Surprisingly, the PSI Chl antenna size in the Chl
b-less mutant (Npg; = 245-290 Chl a molecules per
reaction center) was essentially as large as that of the
wild type. Thus, the absence of Chl b appears not to
have had a pronounced effect on the Chl antenna size of
PSI, irrespective of the growth conditions (Table 3).
This observation suggests that LHCI in C. reinhardtii
assembles fully and functions normally in the total
absence of Chl b. It may be concluded that Chl a can
effectively substitute for Chl b in the LHCI of this green
alga.

Composition of LHC polypeptides in the wild type and
Chl b-less mutant. The analysis of the functional Chl
antenna size in the Chl b-less mutant suggested a
significant presence of LHCI and LHCII proteins, which
assemble and function irrespective of Chl b. This
observation warrants further analysis of the LHC
apoprotein composition in the wild type and Chl b-less
mutant. Western blot analysis of the protein composi-

tion in thylakoid membranes of C. reinhardtii (Fig. 3)
revealed the presence of several LHCII (Bassi and
Wollman 1991; Allen and Staehelin 1994) and LHCI
proteins (Bassi et al. 1992). The LHCII apoproteins
were distinguished according to their abundance in the
thylakoid membrane into major (LHCII) and minor (the
so-called CP24, CP26 and CP29). The polyclonal
antibodies used in this study cross-reacted with most
of the LHC proteins of C. reinhardtii (Bassi et al. 1992).
Several distinct protein bands were discerned (Fig. 3),
with arrows indicating the position of the apoproteins
for CP26, CP29, the major LHCII as well as that of a
composite band consisting of CP24 and LHCI. The
minor protein band indicated by a star at about 15 kDa
most likely originates from partial degradation of a
LHC (Allen and Stachelin 1994). It is evident from the
results in Fig. 3 that, irrespective of the growth condi-
tions, the wild type and Chl b-less mutant qualitatively

kDa TAP TABP TBP
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Fig. 3. Western blot analysis of electrophoretically separated thylak-
oid membrane proteins of the wild type (wf) and Chl b-less mutant
(mt) of C. reinhardtii grown on acetate (TAP), a mixture of acetate
and bicarbonate (TABP), or bicarbonate (TBP) as the source of
carbon to the cells. Lanes were loaded on an equal-Chl basis (2 nmol
Chl per lane) and probed with polyclonal LHC antibodies. The
electrophoretic mobility positions of the various LHC apoproteins of
PSII are shown. Star indicates the presence of a probable LHC
degradation product
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Fig. 4A,B. Densitometric scans of Western-blot lanes from the wild
type (A) and Chl b-less mutant (B) as shown in Fig. 3. Superimposed
scans were normalized on the basis of equal Q4 loading. The peaks of
CP26 and CP29 are indicated. Arrows show the positions of the major
LHCII apoproteins

contain essentially the same LHC apoproteins in their
thylakoid membranes. Quantitatively, the abundance of
the various LHC forms depends on the carbon source
used for cell growth.

A quantitative comparison of the relative abundance
of light-harvesting proteins associated with PSII in the
wild type and Chl b-less mutant under the different
growth conditions was obtained upon densitometric
scanning of the lanes in Fig. 3. Figure 4A shows results
for the wild type grown in TAP, TABP or TBP,
normalized to the amount of Qa in the respective
sample (equal PSII content). Table 4 presents a numer-
ical analysis of the combined results, normalized to the
CP29 per Q4 content of the wild type grown in TAP
(100%). In the analysis of Table 4, valid comparisons
can be made horizontally in each one of the rows, but
not vertically in the various columns. It is evident from
the results in Fig. 4A and Table 4 that wild-type
C. reinhardtii thylakoids contain approximately equal
amounts of CP29 per Qs under the various growth
conditions. However, the major LHCII content ap-
peared to be somewhat lower in the presence of
bicarbonate (TABP and TBP media) relative to that in
TAP. Since the Chl antenna sizes of PSII were largely
independent of the carbon source in the growth medium

Table 4. Relative amounts of LHC proteins of PSII and PSI as
measured by densitometry of Western blots similar to those shown
in Fig. 3. Protein band densities were estimated on the basis of
equal Q4 loading and normalized to the amount of CP29 measured
in the wild type, TAP-grown cells

LHC Wild type Chl b-less

TAP TABP TBP TAP TABP TBP
CP26 2 4 4 1 3 3
CP29 100 86 91 55 81 65
LHCII 94 62 54 68 54 32
LHCII 180 145 139 114 129 91
LHCI/CP24 71 66 70 56 64 54

(Table 3), the results indicate the presence of LHCII
apoproteins that are not functionally associated with
PSII in the thylakoid membrane of the TAP-grown cells.

Figure 4B shows the corresponding results for the
Chl b-less mutant. In this case, the relative amount of
CP29 per Q4 was lower than that of the wild type, albeit
somewhat variable under the different growth condi-
tions. Further, the relative amount of LHCII per Q4 was
significantly lower than that of the wild type. This
decrease was more pronounced in cells grown in TBP
medium (Table 4).

Measurements of photosynthetic capacity. Information
about the capacity and efficiency of photosynthesis can
be obtained from the light-saturation curve (the so-
called photosynthesis versus irradiance curve), in which
the rate of O, evolution is measured and plotted as a
function of the actinic light intensity. In these measure-
ments, the rate of O, evolution first increases linearly
with irradiance and then levels off as the saturating
irradiance (Ig) is approached (Neale et al. 1993). The
slope of the initial linear increase provides information
about the photon-use efficiency (®) of photosynthesis
(Bjorkman Demmig 1987; Neale 1993), whereas the
light-saturated rate (Pn.) provides a measure of the
capacity of photosynthesis for the particular sample
(Powles and Critchley 1980). Figure 5 shows light-
saturation curves of photosynthesis for the wild type
and Chl b-less mutant, grown in media with different
sources of carbon.

When grown on TAP (Fig. 5A), the wild type and
Chl b-less mutant had similar P,,,, values at 39 and 34
mmol O, (mol Chl)™! s7!, respectively (Table 5). How-
ever, the slope of the initial linear increase for the Chl
b-less mutant (® = 0.05), which provides information
about the photon-use efficiency of photosynthesis, was
only about half that for the wild type (® = 0.091). These
results indicate a similar photosynthetic capacity for the
wild type and Chl b-less mutant grown on acetate but, at
the same time, a strongly reduced photon-use efficiency
for the mutant.

When grown on TABP (Fig. 5B), the wild type had a
Poax (34 mmol O, (mol Chl)™' s7") similar to that in
TAP-grown cells. However, the ® value (® = 0.137) was
greater than that measured in TAP (® = 0.091, Table 5).
In TABP medium, the Chl b-less mutant showed a
higher P« (48 mmol O, (mol Chl)™' s7') than that
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Fig. 5A—-C. Light-saturation curves of photosynthesis in the wild type
(open circles) and a Chl b-less mutant (closed circles) of C. reinhardtii.
Rates of oxygen evolution on a per-chlorophyll basis were measured
as a function of irradiance for cells grown in acetate (A), acetate/
bicarbonate (B), or bicarbonate (C)

measured in TAP. Moreover, the @ value (® = 0.086)
was also significantly greater than that measured in TAP
(0.05). Thus, both types of measurement indicate greater
photochemical efficiency in the presence of bicarbonate
than in the presence of acetate as the sole carbon source.
Interestingly, when grown in TABP, both wild type and
mutant exhibited strongly enhanced rates of dark
respiration, compared to those measured in acetate only
or bicarbonate only media (Fig. 5). This unusual obser-
vation corroborates results in a recent study, which
showed a 4-fold increase in the rate of dark respiration
upon addition of acetate to a CO,-grown culture of
C. reinhardtii (Endo and Asada 1996).

When grown on TBP, the wild type had a P, of
39 mmol O, (mol Chl)™"' s7!, i.e. similar to that in TAP-
grown or TABP-grown cells (Fig. 5C). The photon-use
efficiency (®) was high (® = 0.125) as in cells grown on
acetate/bicarbonate (TABP) media. The photon-use
efficiency of the Chl b-less mutant (® = 0.091) was
slightly lower than that of the wild type and almost twice
that measured in the TAP-grown mutant (Table 5).
Moreover, the Chl b-less mutant grown on TBP had a
greatly enhanced P, value of 97 mmol O, (mol
Chl)™'s7! (Table 5). On a per-Chl basis, this light-
saturated rate was approximately 2.5 times greater than
that of the wild type. Under these conditions, the light
saturation curve of photosynthesis for the mutant
showed a saturating irradiance significantly higher than
that of the wild type, consistent with the differences
observed in the Chl antenna size of PSII. Taken
together, the results in Fig. SA-C suggest that PSII
determines the properties of the light-saturation curve of
photosynthesis in TBP-grown cells. In TAP-grown cells,
and to some extent in TABP-grown cells, the rate and
capacity of photosynthesis are defined (and probably
limited) not by PSII but either by PSI or by the carbon
fixing reactions in the chloroplast (see below).

Table 5 also shows the in-vivo F,/F .« ratio, which is
a measure of the photochemical efficiency of PSII in the
chloroplast (Butler and Kitajima 1975). It is evident that
F,/F .« of the wild type depends on the growth medium
of the cells. In the wild type, the presence of bicarbonate
improves the photochemical efficiency of PSII (F,/
Foax = 0.73) over that in the presence of acetate as
the sole carbon source (F,/FL.x = 0.65). We conclude,
that PSII operates with a lower photochemical efficiency

Table 5. Oxygen exchange rates and photon-use efficiency (®) in the photosynthetic apparatus of C. reinhardtii wild type and the Chl b-less

mutant. The values shown represent the mean £ SD

Parameter measured Wild type Chl b-less
TAP TABP TBP TAP TABP TBP

Respiration 6 £ 1.1 33 £ 1.8 6.5 £ 2.1 7+ 2.1 26 £ 1.6 7 £+ 3.6

(mmol O, (mol Chl)™' s7")
Poax (mmol O, (mol Chl)™! s71) 39 + 7.8 34 + 6.0 39 + 8.8 34 + 22 48 + 2.8 97 + 31.1
Photon-use efficiency 0.091 0.137 0.125 0.05 0.086 0.091

(®, arbitrary units)
Fo/Frax 0.65 £ 0.04 0.73 £+ 0.02 0.73 £ 0.02 0.56 £ 0.02 0.55 + 0.03 0.57 £ 0.04
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when acetate is the sole carbon source. Interestingly,
cells of the Chl b-less mutant displayed a lower Fy/F .«
ratio of about 0.56, independent of the carbon source
(Table 5). This lower PSII photochemical efficiency of
the mutant is probably a consequence of the replacement
of Chl b by Chl « in the minor LHCII in this mutant (see
below).

Discussion

Earlier studies from this laboratory with the green alga
Dunaliella salina demonstrated a novel method for
maximizing solar-use efficiencies and photosynthetic
productivity in microalgal mass cultures by minimizing
the number of the light-harvesting antenna pigments of
the photosystems (Neidhardt et al. 1998; Melis et al.
1999). Small Chl antenna sizes in Dunaliella salina were
generated physiologically, upon continuous exposure of
the cells to irradiance stress (Smith et al. 1990). Spon-
taneous mutants with a truncated Chl antenna size have
not been identified in green algae as this property does
not confer a competitive advantage to the algae in the
wild. In higher plants, however, there have been
numerous reports of Chl-deficient and Chl b-less mu-
tants (Thornber and Highkin 1974; Terao and Katoh
1989; Murray and Kohorn 1991; Harrison and Melis
1992; Harrison et al. 1993; Krol et al. 1995; Falbel and
Staehelin 1996). These proved invaluable in the study of
the assembly and organization of the photosynthetic
apparatus. In this report, we provide a detailed analysis
of the organization and function of the photosynthetic
apparatus in a Chl b-less mutant of Chlamydomonas
reinhardtii, generated by DNA insertional mutagenesis
(Tanaka et al. 1998). We report a number of similarities
and distinct differences in the Chl antenna assembly,
size, organization and function in the Chl b-less
C. reinhardtii and that of higher plants.

The Chl b-less mutant of C. reinhardtii had a
significantly truncated Chl antenna size for PSII but
no reduction in the Chl antenna size for PSI (Table 3).
In spite of the significant loss of Chl from the light-
harvesting antenna of PSII, we noted that the Chl
content of the mutant cells was equal to, or even greater
than that of the wild type (Table 1). More important,
the Q4 and P700 contents of the mutant cells were, on
the average, twice as high as those of the wild type
(Table 2). This observation suggests the presence and
functioning of a greater number of photosynthetic units
per chloroplast in the mutant, probably a response of
the cells by which to mitigate against the lower light-
harvesting capacity introduced by the smaller Chl
antenna size in the thylakoid membrane. In higher
plants, a distinct aspect of the acclimation response of
the photosynthetic apparatus to Chl deficiency in
general, and lack of Chl b in particular, is an upward
adjustment of the PSII/PSI ratio in thylakoids (Ghirardi
et al. 1986; Glick and Melis 1988; Harrison et al. 1993).
Increased PSII/PSI ratios in Chl-deficient and Chl b-less
mutants were thought to compensate for the dispropor-
tionate reduction in the Chl antenna size of PSII and to

restore balanced electron transport between the two
photosystems in the chloroplast thylakoids (Melis 1991,
1996). In C. reinhardtii, however, independent of the
growth conditions, the PSII/PSI ratio in the Chl b-less
mutant was similar to that of the wild type, i.e. no
upward adjustment of the PSII/PSI ratio was observed.
It may be concluded that the Chl b-less mutant of
C. reinhardtii lacks the dynamic photosystem stoichi-
ometry compensation mechanism, which functions to
restore balanced electron transport by adjustment of the
photosystem ratio in thylakoids. In consequence, Chl
b-less C. reinhardtii showed slightly lower photon-use
efficiency values (®) than the wild type (Table 5, TBP),
probably due to the fact that a portion of the light-
energy absorbed by PSI could not be efficiently utilized
in the linear photosynthetic electron transport process.

To better understand the organization of the photo-
chemical apparatus in the Chl b-less mutant of C. rein-
hardtii, we measured the functional Chl antenna sizes of
PSII and PSI as well as the composition of the LHC
proteins in the thylakoid membrane. Such studies were
extended to include measurements with cells grown
under a variety of carbon sources, including acetate, a
mixture of acetate and bicarbonate, or bicarbonate
alone in the growth medium. Results showed that the
PSII antenna sizes of the wild type and Chl b-less mutant
were largely independent of the carbon source used for
growth. However, the PSII Chl antenna size of the
mutant was only 30% of that measured for PSIla and
about 70% of that measured for PSIIf in the wild type.
This is evidence that pigment deficiency in a green alga
can be generated by DNA insertional mutagenesis and
can result in a permanently truncated Chl antenna size
of PSII.

The PSII antenna size found in the Chl b-less mutant
(N =~ 96 Chl molecules) was, nevertheless, significantly
larger than that of the PSII-core antenna (N = 37 Chl
molecules, Glick and Melis 1988). Our polypeptide
analysis confirmed the presence of CP26, CP29 and a
portion of the major LHCII proteins in the thylakoid
membrane of the Chl b-less mutant (Fig. 3). Obviously,
there is stable integration of these LHC polypeptides in
the thylakoid membrane of C. reinhardtii in the absence
of Chl b, consistent with previous reports on this matter
(Michel et al. 1983; Picaud and Dubertret 1986; Chu-
naev et al. 1991; Allen and Stachelin 1994; Plumley and
Schmidt 1995). In contrast to PSII, the Chl antenna size
of PSI in the Chl b-less mutant was similar to that of the
wild type. In agreement, LHCI proteins that were
present in the wild type were also found to comparable
levels in the Chl b-less mutant. It is concluded that the
PSI auxiliary light-harvesting Chl antenna can fully
assemble and be functionally connected with the reac-
tion center P700, even in the absence of Chl b.

This work provided information about the impact of
the carbon source during growth on the photosynthetic
capacity and photon-use efficiency of C. reinhardtii.
Acetate-grown cells of the wild type exhibited a lower
PSII photochemical efficiency, measured as F,/F.x
in vivo and, concomitantly, lower overall photosynthetic
electron transport efficiency (@) than cells grown in the
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presence of bicarbonate (Table 5). A lower F,/F .« in
vivo in the presence of acetate as the sole carbon source
might originate from an acetate-induced partial reduc-
tion of the plastoquinone pool (and hence of Q) in the
thylakoid membrane. Similarly, growth strictly in the
presence of acetate as the sole carbon source may also
impose limitation in the capacity of photosynthesis at
the carbon-fixation level (low levels and/or activity of
Rubisco), evidenced in the case of the mutant by the
relatively suppressed level of Py.x (Fig. 5, TAP). How-
ever, when bicarbonate is present in the growth medium,
such limitations are alleviated, and cells exhibit maxi-
mum photosynthetic efficiencies and productivities.
Noteworthy in this respect is the observation of a P,
that is 2.5-fold greater in the Chl b-less mutant than in
the wild type (Fig. 5, TBP), suggesting that mutants with
a truncated Chl antenna size are good candidates for
mass culture of algae in which a high photosynthetic
efficiency and productivity is required (Melis et al. 1999).
This notion is also consistent with recent results with
pigment (phycocyanin)-deficient cyanobacteria, which
exhibited higher photosynthetic productivities when
compared to those of the normally pigmented wild type
(Nakajima and Ueda 1997; Nakajima and Ueda 1999).

In summary, direct experimental evidence is provided
in this work to show that transformation of green algae
can be used as a tool by which to generate mutants
exhibiting a permanently truncated Chl antenna size and
a higher (per Chl) photosynthetic productivity.

The work was produced under DOE-UCB Cooperative Agreement
Number DE-FC36-98G010278.
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