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Abstract

For algal mass cultues and H, production, conditions thatmaximize photosynthetic
productivity and solaconversionefficiency are important in determiningustainability and pfda.
We haveshown (Melis etal. 1999)that photosyntheticefficienciesand hydrogen production by
microalgal cultures can be increasedipon minimizing the number of the light-harvesting
chlorophyll (Chl) antennapigments ofphotosynthesis. A ghly truncatedlight-harvesting Chl
antenna size in greaigaecould resultin: (a) 6-7 times greatephotosynthetic productivityon a
per Chlbasis),compared to that of normally pigmenteells,and (b) ~3times greater yields of
photosynthesisind H, produdion under mass culturesompared to that ofiormally pigmented
cells.

We report herethe application of moleculagenetic approachedor the generation of
transformant greemlgaewith a permanently truncate@hl antennasize. Upongenerating and
screening a library 06,500 DNA insertionaltransformants irthe greenalga Chlamydomonas
reinhardtii, 155 mutants aberraimt Chl fluorescence,e., possiblyaberrant in Chl antenrsgze,
have beensolated. Three distincttlasses omutants weradentified: mutants aberrant in CHd
biosynthesisand mutant@berrant in the regulatioof the Chlantenna siz€both down-regulated
and up-regulated). Initial biochemical characterizatiosarhe of these mutants psesented. The
work providesevidence that a smalland stable Chhntenna size in greerigae can be achieved
throughthe application of molecular genetechniques. Moreover, sommique insights were
gained from a detailed examination of the Bféss mutant. Thiswutation wagartially overcome
through anearly quantitativesubstitution of Chb with Chl a in photosystem-(PSI), and by a
partial substitution by CHd in PSII. These substitutions ré®a in a PSI Chl antenna size almost
as large in the mutant as in the control, but a PSIl antenna size in the mutevatstihass than half
of that in the control. Genetically engineered algae wittuacated Chlantenna ¢an increase the
productivity ofthe cultureundermoderate tdiigh irradiance. Immediatefuture plans include the
biochemicalanalysis ofadditionalisolates in search dhe smallespossible Chlantenna size for



PSIl andPSI, and thecloning andsequencing othe genes thategulate theChl antenna size of
photosynthesis.

Introduction

Microalgal massculturesgrowing underhigh irradiance,such asdirect sunlight, have
significantly lower photon use #icienciesthanwhengrown under lowirradiance. Theeason for
this fundamentainefficiency isthat, atmoderate tdiigh irradiancethe rate ofphoton absorption
by the antenna chlorophylls far exceedsitteximal rate opphotosynthesis.The excess absorbed
photons are dissipated as fluorescence or heat. ihhalgal mass cultures, thiest few layers of
cellsabsorband waste #arge proportion ofthe incidentphotons,while strongly attenuating the
light received by cells deeper in the cultiikaus and Melis1991, Neidhardt etal. 1998]. More
than 90% of absorbed photorganthus be wastedMelis et al. 1999], reducing photon use
efficiencies and photosynthetic productivity.

Theoretically [Kok 1953, 1973, Myers 1957}rancated chlorophyll (ChBntennasize of
the photosystemgPS) isexpected to increase tipdoton useefficiency of microalgae inmass
culture as iwould minimize thewasteful dissipation oéibsorbedsunlight, diminish mutual cell
shading,permit a greater transmittance of lightoughthe cultureand, thus,result ina more
uniform illumination of the cells. Overathis should result ia higher phaisynthéic productivity
of the microalgal cultur¢kok 1960]. Thesetheoreticalconsiderationdave beermguantitatively
tested in the laboratory, supporting the prediction thatwéhsa highly truncate€hl antenna size
will exhibit superior photosynthetic productivityand solaruse efficiency compared to that of
normally pigmented control cells [Melis et al. 1999].

Thus, forpurposes ofndustrial application, itvould benecessary to delop microalgal
mutants with a permanenttyuncatedight-harvesting Chhntennasize. Toachievethis goal, we
took advantage ofecentprogress irthe fields of the Chl antenna organization and regulation of
assembly in chloroplasts. The work employed recently develmpéstular geneti@pproaches to
generatetransformant greemalgaewith a permanently truncate@hl antennasize. Préminary
resultsshow thatjndeed asexpected, greealgaewith a permanently truncated Chhtenna size
exhibit higher photosynthetiproductivities anghoton useefficiencies than normally pigmented
control cells.

Materials and Methods

Cell Cultures and Growth Conditions

Chlamydononas reinhardtii, strainscwl15 and CC425 (arg7.8 cwl5 mt sr-u-60, an
arginine auxotroph; Chlamydomonas Gene@Genter,Duke University), were altivated in Tris-
Acetate-Phosphate (TARJsorman and Leine 1965] or high salt (HS) [Sueoka 1960] media.
Cultures of strairCC425were supplementedith 50 ug mL™* arginine. Liquid cultures were
grown in flat Roux bottles upon stirring under continuilusination (200 umol photons it s*)
provided by cool-white fluorescence lamps.

E. colicells transformed with plasmid pJD67 [Davies et al. 1996] were grown ifCa 37
incubator/shaker in LB media supplemented with @dL* ampicillin. The plasmid DNA
(pJD67), containing the argininosuccinate lyase gene, was isolated fronHiquablcultures



using a Qiagen midiprep kit (Qiagen Inc, CA). Plasmids were linearized upon digestion with
Hindlll prior to been used for insertional mutagenesi8.afeinhardtii strainCC425.

Cell Count and Chlorophyll Determination

The cell density inthe cultures was measured by counting with a kacytometer
(improved Neubauechamber) and an OlympuBH-2 compound microscope. Cells were
immobilized and stained by addition of severdl of Lugol solutionto a 1 mL aliquot of the
culture. Pigments fromeells or thylakoidmembranes werextracted in80% acetoneand debris
wasremoved by centrifugation 40,000g for 5 minThe absorbance ahe supernatant at 720,
663 and 645 nm was measul®da ShimadzuV-visible spectrophotometerThe chlorophyll @
andb) concentration of theamplesvas determinedaccording to Arnor{1949], with equations
corrected as in Melis et al. [1987].

Thylakoid Membrane Isolation

Cells were harvested by cdfigation at 1,000g for 3min at £C. Pellets were
resuspended in 1-2 mL of growth mediand stored frozen at -8D until all samples wereeady
for processing. Samples were thawed on ice and dilutecswiitication buffer containing 100 mM
Tris-HCI (pH 6.8), 100 mM NaCl, 5 mM MgCJ 0.2% polyvinylpyrrolidone-40,0.2% sodium
ascorbate, 1 mMaminocaproic acid, 1 mM aminobenzamidineand 100 yM phenyl-
methylsulfonylfluoride (PMSF). Cells were broken by sonication in a Branson 200i€eiptor
operated at €. The samples wersonicated threémesfor 30 s (pulsenode, 50%duty cycle,
output power 5). Unbroken cells and starch grains were removed by centrifuga&j60Qag for 4
min at £C. Thylakoid membranes wereollected by cetrifugation of thesupernatant at5,000g
for 30 min at 4C. The thylakoid membrane pellet was resuspendedbuffar containing 250 mM
Tris-HCI (pH 6.8), 20% glycerol, 7% SDS and 2 M urea. Solubilizatiahgékoid proteins was
carried outfor 30 min atroom temperature, a proceduttesigned tgpreventthe formation of
protein aggregateduring denaturation. Samplegere centrifuged in a microfugéor 4 min to
remove unsolubilized materigkmercaptoethanol was addedyield a final concentration of 10%
and the samples were stored at’€30

SDS-PAGE and Western Blot Analysis

Samples were brought to rodemperature prioto loadingfor electrophoresis andiluted
accordingly to yield equal Chl concentrations. Gel lamese loaded withan equal amount of Chl
(2 nmol Chl perlane). SDS-PAGEwvas carried out according thaemmli [1970], with the
resolving gel containing 12.5% acrylamide, at a constamént of 9 mAfor 16 h. Electrophoretic
transfer ofthe SDS-PAGE resolved proteinento nitocellulosewas carried outfor 4 h at a
constant current of 800 mA. The transfer buffer contained 50TnE\380 mM glycing[pH 8.5),
20% mehanoland 1%SDS. Identiication of thylakoid membrandight-harvestingproteins was
accomplished with specific polyclorahtibodies kindlyprovided byDr. R. BassiDi Paolo et al.
1990]. Cross-reaction witlthe antibodieswas detected by @hromogeniaeactionwith antilg-G
secondaryantibodies cojgatedwith alkaline phosphataséBioRad, Hercules, CA)The blots
were scanned with an HP-scanner and quantified with an NIH Imaging program.



Photosynthetic Apparatus Activity Measurements

The concentration of function&SI and PSII reaction centerswas estimatedfrom the
amounts of P700 and,Qrespectively, present in tharious samples. Themounts ofP700 and
Q, weredeterminedrom the amplitude of théght-minusdark absorbancehange an=700 nm
(0A,0) and atx =320 nm QA ,,), respectively{Melis 1989, Snith et al. 1990]. The functional
Chl antenna size of P&hd PSliwasmeasured fronthe kinetics ofP700photooxidation and Q
photoreduction, respectively [Melis and Anderson 1983, Melis 1989].

The initial non-variable (B, variable (F) and maximum (F,) yield of chlorophyll
fluorescence was measured with intact cells suspended in their growth medutmic excitation
was provided inthe greerregion ofthe spettum by CS4-96 and CS3-69 Corning ifters at an
intensity of 35umol photons M s™.

Photosynthetic activity of the cells wassessefrom measurements dhe light saturation
curve of photosynthesis, obtained witBlark-type oxygen electrode as descrileedier [Melis et
al. 1997]. Actinic excitationwas provided inthe yellow region ofthe spetrum by CS3-69
Corning filter in combination with a 35-5453 VIQ 5-8 Ealing filter.

DNA Insertional Mutagenesis of C. reinhardtii

Strain CC425was used ashe host strain to generate nucleatransformants of
Chlamydomonas reinhardtiiCC425was grown inTAP mediumsupplementedvith 50 pg mL*
of arginine at ~5Qmol photons nt s*. PlasmidpJD67, cataining the argininosuccinate lyase
(ARG gene [Debuchy eal. 1989], waslinearizedwith Hindlll and subsequentlyised to
transform strairCC425by a proceduresimilar to thatdescribed byDavies etal. [1994, 1996].
Arg"® transformants wereelected on TAP agamedia laking arginine. A lbrary of 6,500
independent nuclearansformants wergeneratedvith the Arg phenotype irC. reinhardtii and
maintained on grid in 175 TAP agadex plates. Independent transformant colonies were streaked
onto TAP agar index plas andgrown to asize of ~10 mrh under cool-white fluorescent
illumination of ~50umol photons M s® intensity. Subsequentlplateswere transferred to weak
light (5 umol photons M s*) until further processing.

Screening of Transformants by Fluorescence Video Imaging Analysis

C. reinhardtii transformants onTAP agar index platesvere screenedor aberrant
chlorophyll fluorescence yield propertiga a fluorescence video imagiragpparatugNiyogi et al.
1997]. Prior to screeninghe index platesvere kept under #ght intensity ofabout 10umol
photons nif s* for at least 18 h. Actinic illumination of ~ 2,000l photons i s*, sufficient to
induce the [ emission from the algal coloniasas employed ithis fluorescence videmnaging
analysis. Theactinic illumination was admirsteredfor a period of 1 s andthe resulting
fluorescence imagewere captured bythe digital videocamera of theapparatus. From the
displayed color image, transformants witli@ld of Chlfluorescence ither lower or greater than
the controlwere identified. Color irages of chlorophyll fluorescence wetalibratedwith the
CC425host strain prior to screening the mutant index plates.

Transformantsshowingfluorescence vyids eitter lower or greater than the control were
identified, isolated from the index plates and tested for photoautotrophic growth nmesig§(agar
plates as well as liquid media) under low illumination conditions.



Results

Isolation of DNA Insertional Trans formants with Aberrant Chlorophyll
Fluorescence

Figure 1 shows a fluorescence videoimage of anindex plate containing 24
Chlamydomonas reinhardiidNA insertionaltransformants.All colonies, egeptone, displayed
Chl fluorescence yields similar to that of the control (greeoidbr). The exepion was acolony
in position “‘g-3”, which showeda substantiallylower yield of Chl fluorescence(blue-violet
color). From 6,500transformants thatvere screened withthis fluorescence videamaging
technology, 129 transformant colonies displayed Chl fluorescence yield properties similar to that of
the colony inposition “g-3”. Thelower yield of Chlfluorescence fronsuchcoloniesmay be a
consequence of tauncated Chl antenna sifar the photosystems ithesetransformantsThese
colonies were selected for further study.

Figure 2 shows a fluorescence videoimage of anindex plate containing 33
Chlamydomonas reinhardfdNA insertional transformantsAll colonies, egeptone, displayed
chlorophyll fluorescence yi@s similar tothat of thecontrol. The exception irthis casewas a
colony in position €-4”, which shoved a substantiallygreater yield ofChl fluorescence (red
color). From 6,500transformants thatvere screened wittihis fluorescence videamaging
technology, 2@ransformant colonies displayedhagh chlorophyll fluorescencgield, similar to
that of the colony inposition “c-4". The significantly greater yield ofChl fluorescence in these
colonies may signify an unusuallylarge Chl antenna sizéor the photosystems inthese
transformants. These transformants mayniggaired in the regulationf the Chl antenna size in a
way that causes the unregulateanation of largeChl antennasizes inthe cells. Suchmpairment
is usefulbecause imay lead to theyenes hiat regulate th€hl antenna size gbhotosynthesis.
Colonies with a high yield of Chl fluorescence were also selected for further study.

Table 1 showsinitial characterization of a smédiaction of the isolatedransformants.
Strain # 1 wasthe “control”, strains # 2-6 were DNAnsertionaltransformants it displayed
relatively low Chl fluorescence, anstrain #7 was atransformant with a refaely high Chl
fluorescence. The Chl content of the cells and thea(Clil b ratio wee measuredbllowing strain
cultivation in a small volume of liquidulture. Acommon feature afhese transformanisas the
significantly lower than the control Chl content of the cells. Interestinglywthsthe casdor the
five low-Chl fluorescence (strains # 2-6) as well as the sole high Chl fluorescence strain (# 7).

Table 1. Chlamydomonas reinhardtii DNA insertional transformants with
aberrant chlorophyll fluorescence properties.

Strain Cell type/ Fluorescence Chl/cell, Chl a/Chl b
Number Mutant No. intensity x1071° ratio
mol/cell

1 control control 6.7 2.7/11

2 Chl b-less very low 3.4 infinity

3 KS-061-16 very low 0.9 5.8/1

4 KS-032-18 low 2.3 2.8/1

5 KS-017-04 low 2.2 2.5/1

6 KS-009-23 low 3.3 2.4/1

7 KS-032-27 high 2.2 2.2/1




Figure 1 — Fluorescence Video Imaging Analysis of C. reinhardtii

Figure 2 — Fluorescence Video Imaging Analysis of C. reinhardtii

The intensity of Chl fluorescence by the transformant strains was calibrated against
that of the control. Green color signifies Chl fluorescence yield similar to that of the
control, blue-violet is lower and red is higher yield of Chl fluorescence.



Measurements of the ChIChl b ratio (Table 1) showed that strain # 2 [Tanakal e.998]
was aberrant in CHi biosynthesis (CHb-less mutant). Strain # 3 had a GHChl b ratio of 5.8/1
(Chl-deficient mutant), whereas strains # 4-7 had either similar or loweth&arontol Chl a/Chl
b ratios. Itis obvious thatrains # 2 and # 8regood candidates of a truncated Chl antenna size
and, therefore suitablefor the objectives of th&®OE H, program. The workbelow provides a
more detailed characterizatiohthe Chlb-lesstransformant (strain # Zlable1). Work currently
in progress seeks to also characterize the remainder of the isolated transformants.

Photochemical Apparatus Organization in Control and Chl b-less Mutant

Table 2 shows the result of quantitative measurements o700 and Q in isolated
thylakoid membranes. Contr@l. reinhardtiiexhibited a P700/Chhtio of 2.14/1 (mmol/mol) and
a Q,/Chl ratio of 1.96/1. Relative to total Chl, the Ghlessmutanthad a greater ctent inP700
and Q (P700/Chl=3.1/1 and QChl=2.95/1). This is consistent withdapletion of Chifrom the
Chl antennaof this mutant.The ratio of Q/P700 provided anestimate ofPSII/PSIratio in the
thylakoid membrane of the two strains. This ratas 0.92:1 for theontrol and0.95:1 forChl b-
less (Table 2). The efficiency of PSII primary photochemistry wasesiimatedrom thein vivo
variable tomaximal Chl fluorescence (f,,,) yield ratio [Kitajimaand Butler1975]. This ratio
was 0.65 for the control and 0.52 for the Giéss mutant.

Table 2: Photochemical apparatus organization in control and Chl b-less

mutant of C. reinhardtii.
The standard deviation of the mean is given for n=3-5.

Parameter measured control Chl b-less
P700/Chl (mmol/mol) 2.14+0.13 3.1+0.28
Q,/Chl (mmol/mol) 1.96+£0.03 2.95+£0.22
PSII/PSI (mol/mol) 0.92 0.95
F./F 0.65+0.06 0.52+0.02

\ max

Determination of the Chl Antenna Size of PSIl and PSI

Chlorophyll antennasizes wereestimatedrom the kinetics of thgrimary photochemical
activity of PSII (chlorophyll fluorescence induction) anBSI (P700 photooxidaibn) upon
illumination of the samples bycontinuousgreen actinic light of limiting intensity [Melis and
Anderson 1983]. In this approach, functional @htennasizesare assigned teachphotosystem
in direct proportion tothe rate of theespective photochemicattivity [Melis 1989]. Figure 3
(left panels)shows light-inducedhanges irthe absorbance dahe reaction centd?700 atn=700
nm, occurring as a result of P700 photooxidation in thylakoid membranes of control and tie Chl
less mutantFigure 3 (right panels)showsthe respectivesemilogarithmicplots of the AA .,
kinetics, revealing sintp exponentiafunctions oftime with rate constants K, of 9.0 s* for



control and 7.0'§for the Chib-less mutant. The slower P7@botooxidationkineticsfor the Chl

b-less mutant suggest a slightly smaller PSI Chl antenna size than in the control.
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Figure 3 — Light-induced absorbance change measurements

(Left panels) Kinetics of P700 photooxidatida(,,) with thylakoid membranes of control and a
Chl b-less mutant o€. reinhardtii Upper trace, control; lower trace, Ghless mutant.

(Right panels) Corresponding semilogarithmic plot of\thg, kinetics.

Figure 4 (left panels)shows light-inducedluorescence inductiokinetics, the variable
part of which reflects the photoreduction gf @ the thylakoid membranesf controland the Chl
b-less mutant [Meligand Duysens 1979]he fluorescence induction kinetics tife contol strain
were fastethan hat of theChl b-less mutant, suggestingager PSII Chl antenna sizéor the
former. Figure 4 (right panels)shows the respectivesemilogarithmicplots of the areaover
fluorescence induction kinetics. This parameter (area over fluoresceloegcily proportional to
the amount of Q that becomesphotoreducedMelis and Duysens1979, Mdis 1989]. The
analysis(Fig. 4, right panelsyevealedbiphasic Q reduction kineticfor the control, occurring
with rate constants ¢&9.7 s' and K3=4.0 s'. These biphasic kinetics reflect a PBéterogeneity
and theexistence otwo populations ofPSIl (PSlla and PSIIg) with significartly different Chl
antennasizes. Inthe Chl b-less mutant, QPhotoreduction occurred as single exponential
function of time with rate constant k;,=2.9 s*, suggestingack of PSIl heterogeneitand the
occurrence of a uniform arginall Chl antenna siZer the mutant.Heterogeneity irthe PSII Chl
antenna size is weknown in the literature [Melis1991, Lavergne and Briantai$996]. The
relative amounts of PSiland PSI centers in the contrglrain were41% and59%, respectively.
In contrastto thecontrol, the kineticanalysis ofthe fluorescence inductiorevealedonly a slow,
monophasidirst orderfunction of time for the Chlb-less mutant(Fig. 4, right panel). This is
evidence for only one population of photosystem Il with a uniform Chl antenna size in this mutant.
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Figure 4 — Chlorophyll fluorescence induction measurements
Left panels: Chl fluorescence induction kinetics of control (upper) and a Chl b-
less mutant (lower). Right panels: Corresponding semilogarithmic plots of the
area over the fluorescence induction curve.

From the measured kinetics of P700 photooxidadimh “area ovefluorescencenduction”
we determined the functional chlorophyll antenna sizéeifand FSII, respectively{Melis 1989],
for the control and CH-less mutantTable 3).

Table 3: Chl Antenna Size of PSIlI and PSI in control and a Chl b-less
mutant. Number of chlorophyll molecules per reaction center.

Minimal Chl
PS control Chl b-less antenna size*
PSlla 322
PSIIB 127 ---
PSII 93 37
PSI 290 246 95

*from [Glick and Melis 1988]



The functional Chl antenna size of RSdnd PSig in the control was determined to be 322
and 127 Chl molecules, respectively, with 93 Chl molecules in PSII of the-lées mutant. The
drastic reduction in the PSII Chl antenna size of the mutant was evidently caused by the lack of Chl
b. In contrastthe PSI Chl antenna size &46 Chl molecules ithe Chlb-lessmutantwas only
slightly smaller than the 290 Chl measured in the control. The PSII and PSI Chl antenna size of the
mutant arghus sgnificantly larger than theninimal Chl antenna size dPSll-coreand PSI-core
complexes (Table 3,"4column). It isconcluded hat the majoportion of LHC-I complexes can
assemble and functionally associate with PSI in the absence lof Chl

Characterization of the Light-Harvesting Complex Proteins of the
Photosystems in Control and Chl b-less Mutant

The results described above shotacated Chl antenrsaze forPSI andPSII inthe Chl
b-less mutant.Consequently,the amount of light harvesting complgxoteins should be
accordingly reduced in the mutant relative todbetrol. Theamount and compositioof the LHC
proteinswas determined in wstern blots by usingofyclonal antibodies #it cross-react with the
LHC proteins of bothPSIl and PSI [Bassiand Wollman 1991, Bassi eal. 1992]. Figure 5
shows the cross-reaction of at least 8 prdbaimds with these polyclonahtibodies. Thesebands
originated either from LHC-II or LHC-I polypeptides.

control Chl b-less

—-— —
| — — <+
- - <+

Figure 5 — Western Blot Analysis of Chl Antenna Proteins
Thylakoid membrane proteins were isolated from control and-@&dsC. reinhardtii. Arrows
mark the position of the major constituents of the LHC-II.
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A comparison between control and Otdless in Fig. 5Srevealed thatthe thylakoid
membranes othe Chlb-lessmutant contaied all LHC proteins. However, loss oChl b is
correlated with a reduction in the amountted major LHC-II proteingshown byarrow inFig. 5)
[Webb and Melis1995, Tanakaand Melis 1997]. Since the maj&HC-II proteins form the
peripheral antenna of PSlII, the reductinrtheir amount is caistent withthe spectrophotometric
and kinetic results (Table 3) showing a truncated Chl antenna size for PSII in thee€hktrain.

Measurements of Photosynthetic Capacity

A measure of photosynthetefficiency and productivitycan be obtainedrom the light-
saturation curve ophotosynthesis. This type of analysis is necessaapd sufficientfor the
measurement dhe vitalsigns of photosynthes[Melis etal. 1999]. Insuch measurements, the
rate of Q evolution, when plotted as a function of ingxtte, first increasdmearly and then levels
off as the saturating irradiance) (s approached [Neale et al. 1993Jhe slope ofthe initial linear
increaseprovidesinformation abouthe photon useefficiency of photosynthesigestimatedfrom
the number of Qevolved per photoabsorbedBjorkman andDemmig1987, Neale etal. 1993].
The rate of photosynthesis is saturated at irradiances greater thhis light-saturatedate (F,.,)
provides ameasure ofthe capacity ofphotosynthesis fothe particular sampl¢Powles and
Critchley 1980]. Figure 6 shows the light sauraton curve ofphotosynthesi$or control and the
Chl b-less mutant. Control cells showeda light-saturatedrate of photosynthesis (P,) of ~30
mmol Q (mol Chl)* s* with li: ~ 400umol photons nif s*. The Chl b-lessmutant reached a
P_. of ~90 mmol Q (mol Chly* s*, i.e., ~3 times greater thémat of thecontrol. This difference
is attributed to the smalt Chl antennaize for theHL-grown cells,translating into higher per Chl
productivity of the culture. Consistent with this interpretation is tdeadifference in the, halues
which was ~3 times greater for the ®Hess mutant than for the control.

100
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Figure 6 — The light-saturation curve of photosynthesis
Rates of oxygen evolution on a per Chl basis. Note the similar initial slopes and the
different light-saturated rates between control and Chl b-less mutant.
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Fig. 6 also compareshe initial linear portion of the light-saturationcurves forthe two
strains. It is obvious that theitial slopes,which provide aneasure othe photon useefficiency
of photosynthesisare similar in thawo samples, suggestirigat both sampleexhibit a similar
‘photon use efficiency’ of photosynthesitt. is concluded hat the smalleChl antenna size in the
Chl b-lessmutantdoes notintroduce amadverseeffect on the efficiency ophotosynthesis under
low light-intensity conditions.

Discussion

Work in several laboratories established tha size andcomposition ofthe light-
harvesting Chl antenna of tpaotosystems is adjusted aoptimizeddepending orthe prevailing
growth and irradianceconditions (reviewed ifAnderson1986, Melis 1991, Melis 1996]). In
general, growth under lolight promotedarger Chl antenna sizer both PSI and PSII (larger
photosynthetic unisize). High-light growth conditionselicit a smallerChl antennasize. This
adjustment in the Claintenna size of thghotosystemsomes about because refyulatedchanges
in the size and composition of the auxiliary @Hb light-harvesting complexLHC-II and LHC-I)
[Leong and Andersori984, Larsson ehl. 1987,Sukenik etal. 1988, Morrissey etal. 1989,
Smith et al. 1990,Mawson et al. 1994]. Theesponseappears to be highly conserved in all
photosyntheticorganisms examinedsuggesting the existence of a highly conserved
regulatory mechanism that controls thedevelopment of the Chl antenna size in the
photosystems.

Mechanistic details othis regulatory mechanismre notknown. The regulation could
occur at several differerdteps inthe pathwsg of chlorophyll biosynthesis[Matters and Beale
1995, Reinbothe et al. 1996, Fujita 1996, Falbel et al. 108&uka etl. 1997]resulting inless
tetrapyrrole biosynthesis under high irradiance tinaterlow irradiance. In tn, Chl availability
may determine the priorityf Chl-proteinassembly irthe chlorglast. Acordng to Greene et al.
[1988], Chl-protein assemblyoccurs with the following distinct hierarchy: PSlI-core>PSI-
core>LHC-monomers>LHC-inndrimers>LHC-peripheratrimers. Alimited availability of Chl
under moderate or higtradiance mayermit theassembly othe PSII- and PSI-core complexes.
However, lack of sufficient Chill not be conducive tahe assembly ol HC-perigheraltrimers,
resulting in a smaller Chl antenna size.

The present work employed a mutagenesipproach, basedn the random insertion of
tagged DNA intoC. reinhardtii cells, by which to impair the Chl antenna size regulation
mechanismThis procedure, along with the stringesateening employe(Fig.1 andFig. 2), will
help to unlock the “black box” of the developmental regulationf the Chlantenna size in
microalgae. Thus, it isexpected tht mutantswith a permanently truncate@hl antennssize, as
well as mutants with a permanently lafgjel antenna, will bésolated (Tablel). The advantage
of this molecular genetic approach is that it will lead to the identification ofgenes
responsible for the operation of this highly consewed regulatory mechanism.
Identification of these genes inC. reinhardtii will permit the direct manipulation
of the Chl antennasize in other microalgae that may be of equal interest to the
DOE Hydrogen Program.

In greenalgae,the largest Chl antenn@onfigurations reportedontain abou600 Chl &
andb) for PSIl and350 Chl @ andb) for PSI[Melis 1996]. The smallest stable Chl antenna
configurationsfor the photosystemsre theso-calledPSII-corecomplex (containing 37 Chh
molecules) and PSI-core complex (containing 95 &imlolecules). These core-complexes with a
minimal Chl antennasize arenecessary ansufficientfor the stableassembly of functionaPSl|
andPSI inthylakoids [Glick and Melist988. The goal of this project is to generate,
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through the application of molecular genetic approaches, green algae with Chl
antenna configurations that are as close to the “core” antennae as possible.

Earlier work showedthat Dunaliella salina (green alga), grown under continuous
illumination of high ntensity, had a highlyruncated Chl antenna siséherePSII conained ~ 60
Chl and PSI containeti05 Chl molecles[Smith etal. 1990,Neidhardt etal. 1998]. Functional
analysis of these algae providetipaoof of concept”, i.e., the ability ofthe internalchloroplast
regulatory mechanism tgenerate higly truncated Chl antenrsizes [Neidhardt edl. 1998], and
the optimization ofphotosynthetic productivity ansolar conversiorefficiency in microalgae by
minimizing the light-harvesting chlorophyll antenna size of the photosystems [Melis at al. 1999].

The present work illustrates insome detail theresult of a unique mutation, onthat
impaired thebiosynthesis ofChl b and resultedin a truncated Chl antenna sider the
photosystem¢$Tanaka etal. 1998]. Inthe present Chb-less mutantPSIl corained 93 Chl a
molecules and PSI contained 246 @inholecules (Table 3)These antennsizesare significantly
larger than thé?SlI-coreand PSI-coreantennae, suggestirigat Chl b may not be lasolutely
essentialfor the assembly ofall Chl a-b light-harvesting complexes (sedso [Ghirardi et al.
1986]). This was especialtyue for PSIwhich, inthe Chlb-less mutanthad a Chlantenna size
almost as large dhat of the control (Tabl8). It may be concluded that the dtwtless mutation
can be overcome bg nearly quantitativesubstitution of Chb with Chl a in the Chlantenna of
PSI, and by a partial substitution by @hh the antenna of PSII.

An explanation of the peculiar features of Bl and PSI antenr@nfiguration inthe Chl
b-lessmutant may bgrovidedupon consideration othe role of Chlb in thesecomplexes. This
pigment is associateskclusively withthe LHC proteinsof the two photosystemsSince thecore
complex ofPSII contains only about 37 Clal madecules[Glick and Melis 1988], it follows that
the remaining ~56 Cla molecules in PSII of the Chtlessmutantmust be associated wittHC-
Il proteins.Based onthe assumption of~12 Chl molecules per Lhcb protein @ reinhardtii
[Thornber et al. 1988, Morrissey et al. 1989, Bassi and Wollman 1991, Harrison and Melis 1992],
we estimated that 4-5 LHC-II proteins are assembled and functionally associated with PSII.

Conversely, the core complex BSI contains about 95 Clal moleculegGlick and Melis
1988]. Since PSI in the Chiless mutant contains 246 Chimolecules, ifollows thatabout 150
Chl a moleculesmust be associated wittHC-I proteins.Based onthe assumption o+~10 Chl
molecules per Lhca proein in PSI [Thornber etal. 1988], weestimated thaabout 15LHC-I
proteins must be assemblasd functionall associated withPSl in the absenceof Chl b.
Consistent withtheseconclusionsare the western blaesults with polyclonal LHC antibodies
(Fig. 5) which showedthe presence of significanamounts of LHC proteins inthylakoid
membranes isolated from Qtrless cells.

In summary, the work clearly shows thagpermanently truncated Chl antenna size
in green algae can be achievethroughthe application of DM insertional mutagenesis and
related molecular genetitechniques. It isshown hat cellswith a permanently truncated Chl
antenna size of thehotosystemsare capable ohigher rates ofight-saturatedoxygen evolution
than the wild type. From the preliminary resylissented in thiseport, itis alsoconcluded that a
Chl b-less mutation does not lead to the maximum truncation of the PSR3r@hl antenna size
in the greenalgaC. reinhardtii. Rather,given the stablassembly othe LHC without Chlb, it
appearghat theabsence ofchl b can beovercome, presuably through anearly quantitative
substitution of Chb by Chlain PSI, and through a limited substitution by @hh PSII [Sukenik
et al 1987, Tanaka and Melis 1997].

Since the absence of Chldoes nofead to the minimunpossible Chlantenna size of the
photosystems, it is important ¢ontinue totest andanalyzetransformants in whicimpairment in
the regulation of the Chl antenna size Iamight about a highlyruncated Chl antenna sifer the
two photosystems. Accordingly, plansfor future work include the analysis of additional
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transformants in search of the smallest possible Chl antenna size for PBBlaatid the cloning
and sequencing of the genes that regulate the Chl antenna size of photosynthesis.
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