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We have developed a method for the strong positive selection of 3-(3,4-dichlorophenyl)-l , l-dimethyhirea ( D C M U  or 
diuron) -sensitive mutants of the unicellular green alga Chlamydomonas reinhardtii. The method involves plating cells in 
the light on medium containing acetate with carefully balanced concentrations of diuron and metronidazole. We have 
used this method for the selection of sensitive revertants of diuron-resistant strain Dr2. Among the strains that survive 
the selection, the spectrum of mutant phenotypes is diverse. These include reduced or absent photosynthesis, altered 
pigment content or chlorophyll fluorescence induction kinetics, as well as increased herbicide sensitivity. Among the 
more sensitive strains characterized in detail were five with increased affinity of diuron binding to the thylakoid 
membranes. None of these mutants is as sensitive as wild type, and so none is an exact revertant of mutant Dr2. All of 
these mutants showed the non-mendelian inheritance pattern characteristic of chloroplast DNA. Thus, the results 
extend the previous conclusion that the Photosystem II herbicide binding site is under the exclusive control of the 
chloroplast genome. 

Introduction 

Mutants of biotypes resistant to Photosystem II-in- 
hibiting herbicides like atrazine or diuron have been 
described in numerous higher plants [1-3], several dif- 
ferent algae [4-16], cyanobacteria [17-20], and photo- 
synthetic bacteria [21-24]. In plants, algae and cyano- 
bacteria, these herbicides act by binding with high 
affinity to the thylakoid membranes on the D1 protein, 
which is the product  of the chloroplast psbA gene 
[4,25-27]. Resistance often involves a change in the 
binding site so  that it has a much lower affinity for the 
herbicide. In all resistant higher plants or green algae 
where an altered binding site has been demonstrated, 
the genetic determinant of resistance has shown mater- 
nal or non-mendelian inheritance consistent with a 
chloroplast location [3,7,9,11,13,16,28-31]. In Chlamy- 
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domonas, we have shown genetic linkage between several 
PS II-herbicide resistant mutants and known chloro- 
plast gene markers [7,32]. All of the mutants map 
genetically to a single locus [7] marked by a deletion 
mutation [33] covering the psbA gene. D N A  sequencing 
of the psbA gene from resistant and sensitive plant 
varieties [34-36], from Chlamydomonas mutants [9,12, 
13,37] and from cyanobacterial mutants [19,38] has 
revealed single amino acid differences in the protein. In 
the case of the cyanobacterium Anacystis nidulans R2, 
transformation studies have provided direct proof  that 
the resistance is determined by the amino acid substitu- 
tion [38]. From these results, it is clear that the D1 
protein plays a major role in structuring the herbicide 
binding site. 

We have been attempting to identify other genes that 
might interact with psbA in controlling herbicide bind- 
ing. In principle, p ro te in-pro te in  interactions within the 
PS II complex might allow alterations in other compo- 
nents to influence the structure of the binding site. The 
core components  of the PS II complex are chloroplast 
gene products, but  both oxygen-evolving complex pro- 
teins and light-harvesting proteins that interact with the 
core are nuclear gene products. An example of the 
interaction between D1 and the oxygen-evolving com- 
plex has been detected through a mutat ion affecting PS 
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II activity [39]. Extensive surveys of nuclear gene 
mutants of Chlamydomonas selected for herbicide resis- 
tance have not identified any that act by altering herbi- 
cide binding [7,8]. We felt that a different strategy for 
mutant  selection might identify different kinds of muta- 
tions affecting herbicide binding and that some of these 
could conceivably alter different proteins. In the present 
study, we have at tempted to identify suppressor muta- 
tions that would restore herbicide binding (and herbi- 
cide sensitivity) to a chloroplast diuron resistant mutant, 
Dr2. This mutant carries a Val-to-Ile substitution at 
position 219 of the wild-type psbA gene [12]. 

To find the suppressors, we needed a strong positive 
selection for the herbicide-sensitive phenotype. Our 
strategy is based upon the observation of Schmidt et al. 
[40] that metronidazole will kill Chlamydomonas cells 
engaged in linear photosynthetic electron transport, but 
is non-toxic to cells that are not active. We have found 
a level of diuron that will inhibit electron transport in 
wild-type (sensitive) cells and protect them from 
metronidazole mediated lethality while providing no 
protection for resistant cells. This level of diuron does 
not inhibit heterotrophic growth with acetate as carbon 
and energy source. Thus, sensitive cells are able to form 
colonies on the medium containing acetate, metronida- 
zole and diuron, while diuron-resistant cells are killed. 
We have exploited this selection to search for revertants 
or suppressors of mutant Dr2 that are more sensitive to 
diuron. Among the mutants recovered are several that 
show partial restoration of herbicide binding to the 
thylakoid membranes. All of these are chloroplast gene 
mutants. 

Materials and Methods 

Strains, growth conditions, crosses, spot tests 
C. reinhardtii diuron-resistant strain Dr2 [8] and its 

wild-type progenitor strain 2137 [41] were used in these 
experiments. Cultures were routinely grown at 25°C,  
4000 lx on Tris-phosphate minimal medium [42]. For 
heterotrophic or rnixotrophic growth, 10 mM sodium 
acetate was added (acetate medium). Diuron (DuPont)  
was dissolved in ethanol at 1000 × the final medium 
concentration and added to cooled, autoclaved medium 
just before pouring plates. Metronidazole (Sigma) was 
added to media before autoclaving. 

Spot tests [8] were employed to evaluate the growth 
potential of strains on various kinds of media. These 
were performed by suspending cells in liquid medium to 
approx. 10 6 cel ls /ml and placing 10 ~tl of each strain on 
the plates of media to be tested. After 10 days, the 
degree of growth was scored. 

Colony growth rates were determined by plating 
approx. 50-75 cells per plate and measuring the diam- 
eter of 15-20 colonies with an ocular micrometer each 
day for 2 weeks. Average colony diameters were used to 
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obtain linear regression slopes as growth rates in p.m 
per day. 

Crosses and tetrad analysis to determine inheritance 
patterns were as described [8]. Mutants were crossed as 
the mating type plus (mt + ) with a wild-type diuron- 
sensitive m t -  strain. Tetrads were replica plated to 3 
~tM diuron-containing media to score resistance vs. 
sensitivity in the progeny. 

Mutagenesis of strain Dr2, mt + ,  was carried out as 
described for the selection of herbicide resistance [8,41], 
using successive fluroodeoxyuridine and ethylmethane- 
sulfonate treatments. After an expression time in the 
dark of 10 days, 1 ml samples containing 3-106 cells 
were plated on acetate medium containing 6 ~tM diuron 
and 10 mM metronidazole. Two plates were prepared 
from each independent mutagenesis flask and all were 
incubated at 25 °C, 4000 Ix. Colonies appeared in 1 -2  
weeks and were replica plated to minimal medium plus 
10 mM metronidazole, minimal plus 3 p.M diuron, 
acetate plus 3 ixM diuron, and two acetate plates (one 
for heterotrophic growth and one for mixotrophic 
growth at 4000 Ix). After 1 -2  weeks, the replicas were 
scored and colonies of interest saved. 

Hill reactions, fluorescence induction kinetics, chlorophyll 
measurements 

1 1 liquid cultures of cells to be used for Hill reac- 
tions were grown at 25°C,  6000 lx with 5% CO 2 aer- 
ation to final cell concentrations ranging from 1 • 106 to 
3 .106  cells per ml. Cells were disrupted by three pas- 
sages through a French pressure cell at 30 MPa and 
thylakoid membranes were purified by differential 
centrifugation and flotation on discontinuous sucrose 
gradients [43]. Concentrations of diuron giving 507o 
inhibition of the Hill reaction (150) were measured as 
previously described [8]. The 15o is equivalent to the 
binding constant between the herbicide and its site of 
action. 

Chlorophyll-fluorescence induction curves were ob- 
tained from dark-adapted colonies using the apparatus 
described previously [7]. 

Concentrations of chlorophyll a and b per cell were 
estimated spectrophotometrically [44] on cold 807o 
acetone extracts of cells grown at 4000 Ix. 

Results 

Selection conditions 
Metronidazole has been used previously to kill pho- 

tosynthetically competent cells growing in liquid culture 
[40]. We found that both wild-type and Dr2 cells were 
killed on solidified acetate media containing 10 mM 
metronidazole if they were incubated in the light at 
4000 Ix. When incubated in the dark, both strains grew 
on plates of this medium. Appropriate  concentrations of 
diuron allow growth of wild-type (diuron-sensitive) cells 
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T A B L E  1 

Comparison of  wild type and Dr2 growth on acetate media containing 
D C M U  and 10 m M  metronidazole 

- ,  o r ig ina l ly  p l a t ed  cel ls  d ied;  ( - )  o r ig ina l ly  p la ted  cel ls  d id  no t  

d iv ide ,  bu t  d id  no t  die;  ( + - ), one  or  two d iv i s ions  of p l a t ed  cells;  + 

to + + + ,  mac roscop i ca l l y  obse rvab le  g r o w t h  f rom m i n o r  to luxur ian t .  

On med ia  c o n t a i n i n g  3 IsM D C M U  and  no met ron idazo le ,  the g rowth  

of  s t ra in  Dr2  is scored + + + ,  whi le  tha t  of s t ra in  2137 scores ( - ) .  

D C M U  concn.  ( ixM) 30 12 6 3 1.2 0.6 

S t ra in  Dr2  ( - ) . . . . .  

S t r a i n 2 1 3 7  ( + - )  ( + - )  ( + - )  ( - )  ( - )  - 

on this medium in the light, while Dr2 cells are still 
killed (Table I). Concentrat ions in the range of 1 to 6 
IxM are most  effective in producing a differential effect 
on resistant vs. sensitive cells, and we chose 6 ~tM for 
use to select sensitive mutants.  At such a high con- 
centration of diuron even slightly increased herbicide 
sensitive would confer protection from the metronida-  
zole. Wild-type ceils grow slowly on this medium, since 
6 ~M diuron produces significnat inhibition of hetero- 
trophic growth rates by inhibiting cellular functions 
other than photosynthesis.  

Mutant &olation and characterization 
Cells of strain Dr2 were mutagenized, plated on 

diuron-metronidazole-acetate medium, and the viable 
colonies replica plated as described in Materials and 
Methods. Although a variety of mutant  phenotypes 
were recovered, none of the mutants  were simply re- 
sistant to metronidazole. As expected from the results 
of Schmidt et al. [40], numerous mutants  were recovered 
that were unable to grow on minimal medium. Several 
mutants  unable to grow in the light on either minimal 
or acetate medium were also observed. Since we expect 
diuron-sensitive revertants of Dr2 to be able to grow on 
minimal medium, mutants  in these categories were dis- 
carded. No  normally pigmented mutants  were found 
that were unable to grow on minimal medium plus 3 
~M diuron, as would be expected for true revertants of 
Dr2 to wild type. However, numerous mutants  grew 
poorly on this medium when compared with Dr2. Several 
pigment-deficient mutants  appeared very sensitive to 
diuron in minimal medium. 42 of the diuron-sensitive 
mutants  and 6 of these leaky acetate-requiring pigment-  
deficient mutants  were retained for further characteriza- 
tion. 

Spot tests on a range of diuron concentrations in 
minimal medium confirmed that none of the mutants  
was a true revertant. This rescreening also reduced the 
number  of mutants  requiring detailed characterization. 
Only 16 fully green strains showed weaker growth than 
Dr2 at any diuron concentration. These are listed in 
Table  II, along with the pigment-deficient strains. In an 

a t tempt  to obtain a more sensitive and quanti tat ive 
assay for the level of phenotypic  resistance remaining in 
these strains, we measured colony growth rates in the 
presence and absence of diuron. It  is possible that some 
of the mutants  were unstable or were too similar to Dr2 
to be of value, since several of  the strains proved to be 
indistinguishable from Dr2 in this test. We have chosen 
the ratio of growth rates in the presence and absence of 
diuron as an indicator of relative resistance of the 
strains, since the absolute growth rate in the presence of 
diuron is not a sufficient criterion. Mutant  Ds423 is an 
interesting example. Although it shows slower growth 
than Dr2 on diuron, it is also slower on minimal medium. 
The ratio of diuron inhibited to uninhibited growth is 
not lower than that of Dr2 (Table II). This mutan t  has 
reduced chlorophyll per cell and a chlorophyll  a/b  
ratio in the range of 4 - 6  (compared with 2.2-2.4 for 
wild type and Dr2). It  has a selective loss of about  

T A B L E  II 

D C M U  resistance of  wild-type and Dr2 strains compared with Ds 
mutants 

Spot  tes ts  and  co lony  g rowth  m e a s u r e m e n t s  in the p resence  or ab -  

sence  of D C M U  in m i n i m a l  m e d i u m  were  assessed  as desc r ibed  in 

Mate r i a l s  and  Methods .  C o l o n y  g rowth  ra tes  a re  g iven  in I x m / d a y ±  
9570 conf idence  in terval .  

St ra in  Spot  tes t  C o l o n y  g rowth  ra tes  Re la t i ve  

3 p.M 3 IXM D C M U  m i n i m a l  i n h i b i t e d  
D C M U  rate  " 

( tx m / d a y )  ( Ix m / d a y )  
(70) 

W t  - 0 119.5_+11.4 0 

Dr2 + + + 43.5_+ 5.1 101.1 5 : 7 . 6  43.0 
D s l l l  b _ n.d. n.d. - 

D s l l 2  b _ n.d. n.d. - 

D s l l 3  b _ n.d. n.d. - 

Ds212 + + 4 6 . 3 + 5 . 1  1 0 3 . 3 ±  4.3 44.8 

Ds221 + + 2 9 . 9 + 3 . 6  119.5-+12.3 25.0 c 

Ds311 + + 40.6_+3.2 9 6 . 1 ±  3.5 42.2 

Ds415 + + 41.2 :i: 3.5 97.1 5 : 2 . 8  42.4 

Ds416  + + 3 3 . 0 + 1 . 7  110.7-+ 5.4 29.8 ~ 

Ds421 + + 47.0 + 6.5 84.9 + 8.1 55.4 
Ds423 b ( + -- ) 22.5 _+ 1.6 33.3 ± 1.9 67.6 

Ds424 + + 3 2 . 8 + 4 . 5  118.2_+12.6 27.7 ¢ 

Ds426 + + ,+ n.d. n.d. - 

Ds427 + + 44.8 + 4.4 108.1 + 11.1 41.4 

Ds428  + + 5 8 . 6 + 8 . 6  1 2 0 . 2 ±  11.0 48.8 

Ds513 + 1 6 . 8 ± 2 . 3  9 6 . 6 ±  15.6 17.4 ¢ 

Ds514  + + 4 7 . 4 ± 4 . 4  1 1 5 . 0 ± 1 2 . 3  41.2 
Ds521 b _ n.d. n.d. - 

Ds522 b ( + ) n.d. n.d. - 

Ds523 + 25.5 ± 2.9 90.7 + 11.2 28.1 c 

Ds524  + + 4 7 . 9 ± 5 . 8  1 2 6 . 9 ± 1 2 . 7  37.7 

Ds611 + + 4 4 . 1 ± 5 . 7  108.8 ± 13.7 40.5 

Ds721 ( + )  2 1 . 4 ± 0 . 6  9 6 . 6 ± 1 0 . 2  22.2 ¢ 

D s l 2 1 3  + 22.2 _+ 2.3 91.2 _+ 10.7 24.3 ¢ 

a D C M U  inh ib i t ed  g rowth  r a t e / u n i n h i b i t e d  g r o w t h  rate.  
b P igmen t -de f i c i en t  s t ra ins .  

c M u t a n t s  s ign i f i can t ly  less r e s i s t an t  t h a n  Dr2.  
d n.d., no t  de t e rmined .  
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Fig. 1. Chlorophyll  fluorescence induction transients. Small colonies of various Chlamydomonm" strains growing on agar surfaces in petridishes were 
dark-adapted for at least 10 rain and then exposed to wide-band blue actinic light for 2 s as described [7]. The relative chlorophyll fluorescence 
(y-axis) was recorded as a function of time (x-axis) during the light exposure on a storage oscilloscope, and the tracings were photographed.  The 
relative fluorescence scale in panels a, c and d are the same, and that in panel b is 10-fold amplified. (a) Wild-type strain 2137 (upper trace) and 
mutan t  Ds423 (lower trace). (b) Mutan t  strains D s l l l ,  D s l l 2  and Ds l l 3 .  Because the fluorescence scale is amplified 10-fold, the trace of a 

wild-type strain would be off scale. (c) Mutan t  Ds426 (arrows) and wild type strain 2137. (d) Mutan t  Ds524 (arrow) and wild type strain 2137. 

60-70% of the Chl a/b light-harvesting complex. Pre- 
sumably, its reduced phototrophic growth rate reflects 
its deficiency in light-harvesting capability. At a given 
light intensity, its slower electron-transport rate might 
allow it to survive the selection conditions, independent 
of a change in diuron sensitivity. Mutant  Ds521 is 
similar, with chlorophyll a/b ratio in the range of 6-8.  
It is deficient in about 95% of the Chl-a/b protein 

T A B L E  Ill 

15o values for DCMU-'sensitive" strains 

15o values were determined as described in Materials and Methods.  
The Ds523 tetrad was obtained by crossing Ds523, mt + with wild-type 
strain 2137, r o t -  as described in Materials and Methods.  

Strain Hill reaction 150 
for D C M U  (~M )  

Dr2 1.7 
Ds416 1.0 
Ds513 1.0 
Ds523 0.9 
Ds721 1.3 
Ds1213 0.9 

Ds523 tetrad 1-10  
1. 1.0 
2. 1.1 
3. 1.1 
4. 1.0 

complex and has even slower phototrophic growth. The 
Chl-a/b protein deficiency in each of these mutants is 
determined by a nuclear gene, and the two mutations 
are in different genes, since they can recombine with 
each other (data not shown). 

Of the seven mutants that show a reduced ratio of 
diuron inhibited to uninhibited growth rate, five were 
tested for diuron inhibition of the in vitro Hill reaction. 
As shown in Table III, all five have membranes with 
slightly increased affinity for diuron (about 2-fold) when 
compared with Dr2, but still retain substantially lower 
affinity than wild type (about 10-fold; wild type 15o = 0.1 
~M). These binding-site properties would explain the 
considerable resistance retained by these strains relative 
to wild type as well as their slight sensitivity relative to 
Dr2. These strains were crossed to determine the pat- 
tern of inheritance of the increased sensitivity, and all 
showed uniparental inheritance. An example of 150 
measurements on a complete tetrad of mutant Ds523 is 
shown in Table III. Thus, the increased sensitivity of 
these strains arises from a binding-site alteration that is 
determined by a chloroplast gene mutation. 

All of the mutants were grown on acetate medium 
and subjected to fluorescence induction analysis. The 
curves for the less resistant strains identified in Table II 
were all indistinguishable from wild type (data not 
shown). However, a large proport ion of the other Ds 
strains had altered fluorescence induction kinetics. Some 
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examples are shown in Fig. 1. The low, flat fluorescence 
of D s l l l ,  Ds l l2 ,  Ds l l3 ,  and Ds521 are characteristic 
of the pigment deficient mutants. Other Ds mutants 
frequently showed a delayed drop in fluorescence from 
the peak and a high final level. This is illustrated for 
Ds426 and Ds524 in Fig. 1. These mutants have almost 
normal phototrophic growth rates, and so they do not 
have major defects in photosynthesis. However, the 
altered fluorescence induction curves may indicate a 
slight defect that would slow electron transport suffi- 
ciently to allow these mutants to survive the presence of 
metronidazole plus diuron. In the mutants we have 
tested genetically, the altered fluorescence induction 
patterns are determined by nuclear gene mutations. 

Discussion 

Although the initial screen of the selected mutants  
demonstrated conclusively that true revertants with 
wild-type herbicide-sensitive phenotypes were not ob- 
tained, the metronidazole-diuron selection did prove of 
value in enriching for mutat ions with altered herbicide 
binding affinity. The sensitive mutants  obtained had 
about  a 2-fold increase in affinity relative to the pro- 
genitor Dr2 strain, but were still about  10-fold less 
sensitive than wild type. Thus, it seems that the selec- 
tion conditions are very discriminating, and subtle dif- 
ferences in electron-transport  rates make the difference 
between growth and no growth. Because none of the 
mutants  with altered binding sites are exact revertants, 
we expect them all to retain the Val-219-Ile substitution 
seen in the psbA gene of Dr2 [12]. This would be 
coupled with a change elsewhere in psbA or another  
chloroplast gene that helps configure the herbicide- 
binding site. It  is also possible that the mutants  might 
carry a change in Val-219 that substitutes an amino acid 
other than lie. 

The frequency with which we recovered chloroplast  
mutants  with more sensitive binding sites than Dr2 is 
approx. 7 . 1 0  -7 (at least five mutants  in 7 . 1 0  6 cells 
plated). While this is low relative to the frequency of 
non-photosynthet ic  mutants,  it is higher than the 
frequency with which we obtained resistant mutants  
f rom wild type by positive selection on herbicide-con- 
taining media (about 2 . 1 0  - s  in several experiments 
[7,8]). It  is possible that the selection for resistance is 
more stringent than the selection for sensitivity or that 
the exposure to metronidazole is mutagenic. Also, it is 
possible that phenotypic  dominance of sensitivity over 
resistance [45,46] suppresses the recovery of resistant 
mutants  and enhances the recovery of sensitive ones. 

We had hoped to recover a secondary mutat ion 
affecting thylakoid membrane  resistance that resided in 
a gene other than psbA. None  of the evidence in the 
literature indicates any effect of  other genes on the 
herbicide-binding site, but the possibility is not ex- 

cluded. It was plausible that a different, more subtle 
type of selection might reveal the influence of gene 
products  that interact with the D1 herbicide binding 
site to influence it to some degree. As in our previous 
at tempts  to detect nuclear genes that might influence 
herbicide binding [7,8], the mutagenesis we employed in 
these experiments was effective in generating numerous  
nuclear gene mutants  with a spectrum of other pheno- 
types. In view of the high discrimination achieved by 
the sensitivity selection, it now seems very unlikely that 
any nuclear gene can influence the structure of the 
herbicide-binding site. The experiments  described here 
do not exclude the possibility that these sensitive muta-  
tions reside in some chlo~:oplast gene other than psbA. 

Metronidazole has been used successfully in selecting 
for numerous mutants  with stringent blocks in photo-  
synthetic electron transport  [40,47]. We have found that 
our comparat ively gentle selection protocol  can enrich 
for mutants  that have altered photosynthet ic  properties,  
yet retain some capacity for photot rophic  growth. These 
had alterations in fluorescence induction kinetics, chlo- 
rophyll a/b ratios, lower chlorophyll content  per cell, 
or generally slower growth rates. In fact, the majori ty of 
mutants  recovered fall into these categories. Thus,  
metronidazole-diuron selection provides a valuable 
method for obtaining mutants  with minor  modifications 
of the photosynthet ic  apparatus.  The chlorophyll a/b 
protein deficient mutants  have already proven valuable 
in studies of photosynthet ic  light-harvesting and trap- 
ping dynamics [48]. 

Acknowledgements 

This work was supported by N S F  grant  PCM 
8409014. L.M. is the Ben Horwich Scholar at The 
University of Chicago. 

References 

1 Bandeed, J.D., Stephenson, G.R. and Cowett, E.R. (1982) in 
Herbicide Resistance in Plants (LeBaron, H.M. and Gressel, J., 
eds.), pp. 9-30, Wiley-Interscience, New York. 

2 Gressel, J., A mmon, H.U., Fogelfors, H., Gasquez, J., Kay, Q.O.N. 
and Kees, H. (1982) in Herbicide Resistance in Plants (LeBaron, 
H.M. and Gressel, J., eds.), pp. 31-56, Wiley-lnterscience, New 
York. 

3 Cseplo, A., Medgyesy, P., Hideg, E., Demeter, S., Marton, L. and 
Maliga, P. (1985) Mol. Gen. Genet. 200, 508-510. 

4 Boschetti, A., Tellenbach, M. and Gerber, A. (1985) Biochim. 
Biophys. Acta 810, 12-19. 

5 Boger, P. and Kunert, K.-J. (1979) Z. Naturforsch. 34c, 1015-1020. 
6 Tellenbach, M., Gerber, A. and Boschetti, A. (1983) FEBS Lett. 

158, 147-150. 
7 Galloway, R.E. and Mets, L.J. (1984) Plant Physiol. 74, 469-474. 
8 Galloway, R.E. and Mets, L.J. (1982) Plant Physiol. 70, 1673-1677. 
9 Johanningrneier, U., Bodner, U. and Wildner, G.F. (1987) FEBS 

Left. 211,221-224. 
10 Pucheu, N., Oettmeier, W., Heisterkamp, U., Masson, K. and 

Wildner, G.F. (1984) Z. Naturforsch. 39c, 437-439. 



11 Janatkova, H. and Wildner, G.F. (1982) Biochim. Biophys. Acta 
682, 227-233. 

12 Erickson, J.M., Rahire, M., Rochaix, J.-D. and Mets, L. (1985) 
Science 228, 204-207. 

13 Erickson, J.M., Rahire, M., Bennoun, P., Delepelaire, P., Diner, B. 
and Rochaix, J.-D. (1984) Proc. Natl. Acad. Sci. USA 81, 
3617-3621. 

14 Lundegardh, B. (1987) in Progress in Photosynthesis Research 
(Biggins, J., ed.), Vol. I11, pp. 823-826, Martinus Nijhoff, 
Dordrecht. 

15 Lien, S., McBride, J.C., McBride, A.C., Togasaki, R.K. and 
SanPietro, A. (1977) Plant Cell Physiol., Special Issue 3, 243-256. 

16 McBride, J.C., McBride, A.C. and Togasaki, R.K. (1977) Plant 
Cell Physiol., Special Issue 3, 239-241. 

17 Golden, S.S. and Sherman, L.A. (1984) J. Bacteriol. 158, 36-42. 
18 Buzby, J.S., Mumma, R.O., Bryand, D.A., Gingrich, J., Hamilton, 

R.H., Porter, R.D., Mullin, C.A. and Stevens, Jr., S.E. (1987) in 
Progress in Photosynthesis Research (Biggins, J., ed.), Vol. IV, pp. 
757-760, Martinus Nijhoff, Dordrecht. 

19 Ohad, N., Pecker, I. and Hirschberg, J. (1987) in Progress in 
Photosynthesis Research (Biggins, J., ed.), Vol. I!I, pp. 807-810, 
Martinus Nijhoff, Dordrecht. 

20 Pecker, I., Ohad, N. and Hirschberg, J. (1987) in Progress in 
Photosynthesis Research (Biggins, J., ed.), Vol. !II, pp. 811-814, 
Martinus Nijhoff, Dordrecht. 

21 Brown, A.E., Gilbert, C.W., Guy, R. and Arntzen, C.J. (1984) 
Proc. Natl. Acad. Sci. USA 81, 6310-6314. 

22 Okamura, M.Y., Abresch, E.C. and Debus, R.J. (1985) Biochim. 
Biophys. Acta 810, 110-113. 

23 Sinning, I. and Michel, H. (1987) in Progress in Photosynthesis 
Research (Biggins, J., ed.), Vol. III, pp. 771-773, Martinus Nijhoff, 
Dordrecht. 

24 Paddock, M.L., Williams, J.C., Rongey, S.H., Abresch, E.C., Feher, 
G. and Okamura, M.Y. (1987) in Progress in Photosynthesis 
Research (Big, gins, J., ed.), Vol. III, pp. 775-778, Martinus Nijhoff, 
Dordrecht. 

25 Steinback, K.E., Mclntosh, L., Bogorad, L. and Arntzen, C.J. 
(1981) Proc. Natl. Acad. Sci. USA 78, 7463-7467. 

26 Pfister, K., Steinback, K.E., Gardner, G. and Arntzen, C.J. (1981) 
Proc. Natl. Acad. Sci. USA 78, 981-985. 

71 

27 Wolber, P. and Steinback, K.E. (1984) Z. Naturforsch. 39c, 
425-429. 

28 Souza Machado, V., Bandeen, J.D., Stephenson, G.R. and Lavigne, 
P. (1978) Can. J. Plant Sci. 58, 997-981. 

29 Darr, S., Souza Machado, V. and Arntzen, C.J. (1981) Biochim. 
Biophys. Acta 634, 219-228. 

30 Gasquez, J., Darmency, H. and Compoint, C.P. (1981) C.R. Acad. 
Sci. (Paris) sect. D 292, 847-849. 

31 Warwick, S.L. and Black, I_. (1980) Can. J. Plant Sci. 60, 751-753. 
32 Mets, L. and Geist, L.E. (1983) Genetics 105, 559-579. 
33 Bennoun, P., Spierer-Herz, M., Erickson, J., Girard-Bascou, J., 

Pierre, Y., Delsome, M. and Rochaix, J.-D. (1986) Plant Molec. 
Biol. 6, 151-160. 

34 Hirschberg, J. and Mclntosh, L. (1983) Science 222, 1346-1349. 
35 Hirschberg, J., Bleeker, A., Kyle, D.J., Mclntosh, L. and Arntzen, 

C.J. (1984) Z. Naturforsch. 39c, 412-420. 
36 Goloubinoff, P., Edelman, M. and Hallick, R.B. (1984) Nucleic 

Acids Res. 12, 9489-9496. 
37 Rochaix, J.-D. and Erickson, J.M. (1988) TIBS 13, 56-59. 
38 Golden, S.S. and Haselkorn, R. (1985) Science 229, 1104-1107. 
39 Metz, J.G., Pakrasi, H., Arntzen, C.J. and Seibert, M. (1987) in 

Progress in Photosynthesis Research (Biggins, J., ed.), Vol. IV, pp. 
679-682, Martinus Nijhoff, Dordrecht. 

40 Schmidt, G.W., Matlin, K_S. and Chua, N.H. (1977) Proc. Natl. 
Acad. Sci. USA 74, 610-614. 

41 Spreitzer, R.J. and Mets, L.J. (1980) Nature 285, 114-115. 
42 Surzycki, S. (1971) Methods Enzymol. 23A, 67-73. 
43 Levine, R.P. and Gorman, D.S. (1966) Plant Physiol. 41, 

1293-1300. 
44 Arnon, D.I. (1949) Plant Physioil. 24, 1-15. 
45 Mets, L., Galloway, R.E. and Erickson, J.M. (1986) in Biotech- 

nology in Plant Science: Relevance to Agriculture in the Eighties 
(Zaitlin, M., Day, P. and Hollaender, A., eds.), pp. 301-312, 
Academic Press, Orlando, FL. 

46 Robertson, D. (1986) Plant Mol. Biol. Reporter 3, 99-106. 
47 Bennoun, P. and Delepelaire, P. (1982) in Methods in Chloroplast 

Molecular Biology (Edelman, M., Hallick, R.B. and Chua, N.-H., 
eds.), pp. 25-38, Elsevier Biomedical Press, Amsterdam. 

48 Owens, T.G., Webb, S.P., Mets, L., Alberte, R.S. and Fleming, 
G.R. (1987) Proc. Natl. Acad. Sci. USA 84, 1532-1536. 


