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Light-lndependent Chlorophyll Biosynthesis: lnvolvement of 
the Chloroplast Gene chlL (frxC) 

Jon Y. Suzuki and Carl E. Bauer' 
Department of Biology, Jordan Hall, Indiana University, Bloomington, Indiana 47405 

The Chlamydomonas reinhardtii chloroplast gene chlL (frxC) is shown to be involved in the light-independent conver- 
sion of pmtochlomphyllide to chlorophyllide. The polypeptide encoded by chlL contains a striking 53% amino acid sequence 
identity with the bacteriochlorophyll (bch) biosynthesis bchL gene product in the photosynthetlc bacterium Rhodobac- 
ter capsulatus. In a previous analysis, we demonstrated that bchL was involved in light-independent protochlorophyllide 
reduction, thereby impllcating chlL in light-independent protochlorophyllide reduction in photosynthetic eukaryotes. To 
perform a functionallmutational analysis of chlL, we utilized particle gun-mediated transformation to disrupt the struc- 
tural sequence of chlL at its endogenous locus in the chloroplast genome of Chlamydomonas. Transformants for which 
the multicopy chloroplast genome was homoplasmic for the disrupted chlL allele exhibit a "yellow-in-the-dark" pheno- 
type that we demonstrated to be a result of the dark accumulation of protochlorophyllide. The presence of a chlL homolog 
in distantly related bacteria and nonflowering land plants, which are thought to be capable of synthesizing chlorophyll 
in the dark, was also demonstrated by cross-hybridization analysis. In contrast, we observed no cross-hybridiration of 
a probe of chlL to DNA samples from representative angiosperms that require light for chlorophyll synthesis, in support 
of our conclusion that chlL is involved in  light-independent chlorophyll biosynthesis. The role of chlL in protochlorophyl- 
lide reduction as well as recent evidence that both light-independent and light-dependent protochlorophyllide reductases 
may be of bacterial origin are discussed. 

INTRODUCTION 

In angiosperms, a key regulatory step for chlorophyll biosyn- 
thesis is the frans-reduction of ring D in protochlorophyllide 
to form chlorophyllide (Rüdiger and Schoch, 1988). This reac- 
tion has been extensively studied in barley, oat, and wheat, 
among others, where it has been shown to involve the nuclear- 
encoded chloroplast enzyme protochlorophyllide oxidoreduc- 
tase (PCR). PCR is known to require light energy for catalysis; 
hence, the dependence on light for protochlorophyllide reduc- 
tion is thought to be a major contributing factor in the 
requirement for light by angiosperms for chlorophyll bio- 
synthesis (Griffiths, 1978; Apel et ai., 1980; reviewed in 
Castelfranco and Beale, 1983; Schulz et al., 1989). In contrast, 
it has long been recognized that a number of photosynthetic 
eukaryotes such as gymnosperms and algae, as well as pho- 
tosynthetic prokaryotes, synthesize an enzyme that reduces 
protochlorophyllide irrespective of light, thereby providing these 
organisms the ability to synthesize chlorophyll in the dark 
(Bogorad, 1950; Lascelles, 1960; NikoliE and BogdanoviE, 1972; 
Oku et al., 1974; Laudi and Manzini, 1975; Michel-Wolwertz, 
1977; Dring, 1988). However, only a few studies on light- 
independent protochlorophyllide reductase activity have been 
published (Peschek et al., 1989a, 1989b). 
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Even though it is generally recognized that gymnosperms 
and algae have the ability to synthesize chlorophyll in the dark, 
there is accumulating evidence that many of these "dark- 
greening" eukaryotes synthesize both light-independent and 
light-dependent versions of protochlorophyllide reductase. For 
example, studies with pine have shown the existence of a pro- 
tein immunologically related to the light-dependent PCR. This 
protein is found in dark-grown cotyledons, where it forms pho- 
totransformable complexes with protochlorophyllide, thereby 
suggesting that it functions in a manner analogous to the light- 
dependent PCR from angiosperms (Seltsam et al., 1987; Ou 
et al., 1990). In addition, genetic analysis with Chlamydomonas 
reinhardfii (Wang, 1979; Ford and Wang, 1980a, 1980b; Ford 
et al., 1981, 1983) as well as with Scenedesmus obliquus and 
a number of other algae (Senger and Brinkmann, 1986) have 
demonstrated the existence of both light-independent and light- 
dependent forms of protochlorophyllide reductase. Thus, it ap- 
pears that many of these dark-greening organisms have both 
light-dependent and light-independent routes for chlorophyll 
biosynthesis. 

In contrast to the limited information that exists on genes 
involved in chlorophyll biosynthesis of plants and algae, most 
of the genes involved in photopigment biosynthesis in the pho- 
tosynthetic prokaryote Rhodobacter capsulatus have been 
genetically identified and sequenced (Taylor et al., 1983; Youvan 
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et al., 1984; Zsebo and Hearst, 1984; Yang and Bauer, 1990). 
This bacterium synthesizes a tetrapyrrole known as bacte- 
riochlorophyll a that is structurally and functionally related to 
chlorophyll a (reviewed in Beale and Weinstein, 1991). Indeed, 
genetic and biochemical analyses have demonstrated that 
chlorophyll a and bacteriochlorophyll a biosynthetic pathways 
both involve similar intermediates (Griffiths, 1975; Beale and 
Weinstein, 1991). Because it appears that these pathways are 
related, we felt that there was a strong possibility that genes 
involved in photopigment biosynthesis would be evolutionally 
conserved among prokaryotic and eukaryotic organisms. In- 
deed, we demonstrated in this study that the chloroplast of 
Chlamydomonas contains a gene (chll) that exhibits signifi- 
cant amino acid sequence identity to gene products of bchL 
of R. capsulatus and frxC of the filamentous cyanobacterium 
Plectonema boryanum, genes that have been shown in previ- 
ous studies to be involved in light-independent conversion of 
protochlorophyllide to chlorophyllide (Yang and Bauer, 1990; 
Fujita et al., 1992). To verify that the chloroplast-encoded bchL 
homolog has a similar function, we constructed a site-directed 
mutational disruption of chlL in Chlamydomonas using parti- 
cle gun-mediated transformation. The resulting strain exhibits 
a "yellow-in-the-dark" phenotype that we demonstrated to be 
a result of the mutant's inability to reduce protochlorophyllide 
in the dark. We also demonstrated by cross-hybridization 
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analysis the presence of chlL-like sequences in numerous 
dark-greening bacteria and nonflowering land plants and the 
absence of cross-hybridizing fragments in a number of an- 
giosperms, a group of plants that require light for greening 
under normal growth conditions. 

RESULTS 

ldentification and Characterization of chlL: A 
Chlamydomonas Chloroplast Gene Homolog of bchL 

Previous studies have provided mutational evidence that bac- 
teria1 homologs of the chloroplast frxC gene, originally 
described from liverwort (Kohchi et al., 1988; Ohyama et al., 
1988b; Fujita et al., 1989), are involved in light-independent 
protochlorophyllide reduction (Yang and Bauer, 1990; Fujita 
et al., 1992). The goal of this study was therefore to perform 
a molecular genetic analysis to determine whether the chloro- 
plast-encoded frxC was also involved in light-independent 
protochlorophyllide reduction. Toward this goal, we attempted 
to discern whether the transformable alga Chlamydomonas 
(Boynton et al., 1988; Newman et al., 1990; Kindle et al., 1991) 
contained frxC within its chloroplast genome and, if so, to cre- 
ate a chloroplast gene disruption in this species. The results 
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Figure 1. Location and Sequence Analysis of chll. 

(A) Position and orientation of chll, homolog of the liverwort gene frxC, on a partia1 chloroplast restriction map of Chlamydomonas. chll is located 
entirely within the EcoRI-9 fragment. The map was redrawn from Harris (1990). 
(8) Primary nucleotide and deduced amino acid sequence of chll, including flanking regions. The putative initiation codon is boxed, and a candi- 
date ribosome binding site is underlined. The position marked JSlOOO denotes the site in chll that was disrupted in this study. Arrows mark 
the positions of polymerase chain reaction primers (see Methods). The chll sequence has been submitted to EMBL as accession number X60490. 
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Figure 2. Sequence Similarity of ChL to Bacterial and Plant Homologs. 

The deduced amino acid sequence of ChlL from Chlamydomonas is 
aligned with FrxC from liverwort, lodgepole pine, and I? boryanum and 
BchL of R. capsulatus. ldentical residues shared among the five pro- 
tein sequences are indicated with asterisks. Regions containing 
additions or deletions are indicated by periods. The ChlL homologs 
share a conserved ATP binding motif (GXXXXGKS) as well as cys- 
teine residues (boxes) found in lhe same relative positions as in NifH 
(dinitrogenase reductase), a subunit of the prokaryotic nitrogen-fixing 
enzyme nitrogenase (Table 1). Conserved cysteine residues that are 
functional for Fe-S binding in NifH are indicated by shaded boxes. 

of a DNA gel blot of the Chlamydomonas chloroplast genome 
using the frxC gene from liverwort as a probe demonstrated 
that a region of the C. reinhardtii genome exists that exhibits 
strong cross-hybridization with frxC (J. Y. Suzuki, unpublished 
results). By comparing the size pattern of various cross- 
hybridizing restfiction fragments to restriction maps available 
for the Chlamydomonas chloroplast genome, we were able 
to localize the afea of cross-hybridization to the central region 
of the EcoRI-9 (Harris, 1990) fragment, as shown in Figure 1A. 
Sequence analysis of a subclone of the EcoRI-9 fragment re- 
vealed that it contained an open reading frame (ORF) that 
encodes a polypeptide of 293 residues (Figure lB), which, as 
shown in Figure 2 and Table 1, exhibits 89% identity to FrxC 
of liverwort, 85% identity to FrxC of lodgepole pine (Lidholm 
and Gustafsson, 1991), 86% identity to FrxC of F! boryanum, 
and 53% identity to BchL of R. capsulatus (Youvan et ai., 1964; 
Hearst et al., 1985; Yang and Bauer, 1990). (The Chlamydo- 
monas frxC homolog is termed chll, based on sequence and 
functional similarity to the bacteriochlorophyll biosynthesis 
gene bchl. Note also that a similar sequence was recently 
reported during the preparation of this manuscript [Huang and 
Liu, 19921.) Although ChlL exhibits a unique sequence near 
the carboxyl terminus causing a gap in alignment, this se- 
quence results in overall size conservation as compared to 
its homologs. Conserved structural features among ChlL, FrxC, 
and BchL (Figure 2) that suggest that this polypeptide 
represents a subunit of the protochlorophyllide reductase en- 
zyme will be covered more fully in the Discussion. 

Site-Directed Disruption of chlL via Particle Gun 
Transformation 

A plasmid-borne insertion mutation of chll (pCh1i::KanH) was 
constructed by ligating a kanamycin resistance (Kmr) and 
bleomycin resistance (SI&) gene cassette into the coding re- 
gion of chlL, as shown in Figure 3. The Kmr, Bler gene 
cassette used in this experiment does not function as an ef- 
fective selectable marker for chloroplast transformation; thus, 
a cotransformation procedure was performed to facilitate 
screening for recombinants. The gene disruption plasmid 

Table 1. Percent Sequence ldentity and Similarity among ChlL Homologs and NifH 

R. caps-BchL P. bory-FrxC C. rein-ChlL M. poly-FrxC P. cont-FrxC 

P. bory-FrxC 51/70 
C. rein-ChlL 53/73 86/94 
M. poly-FrxC 51/71 84/92 89/95 
P. cont-FrxC 51/71 82/91 85/96 87/94 
R. caps-NifH 38/58 36/55 32/52 33/52 35155 
Numbers for the sequence comparison were calculated using the Bestfit program from the University of Wisconsin GCG sequence analysis 
software package. R. C8pS, R. capsularus (Rcaps-BchL, Yang and Bauer, 1990; R-caps-NifH, Jones and Haselkorn, 1988); P. bory, P. borya- 
num (Fujita et al., 1991); C. rein, Chlamydomonas (Figure 16); M. poly, liverwort (Kohchi et al., 1988); P. com, lodgepole pine (Lidholm and 
Gustafsson, 1991). 
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Figure 3. Diagram of the WildType chlL Clone and Mutant chlL 
Construct. 

Plasmid p64 is the 7.6-kb EcoRI-9 fragment of the Chlamydomonas 
chloroplast genome containing chlL cloned into the EcoRl site of pUC8. 
Plasmid pChlL::KanH is a derivative of p64 that was used for construct- 
ing the Kmr, Eler disruption of chlL. Relevant restriction sites are 
abbreviated as Bs, BstBI; Bg, Bglll; E, EcoRI; H, Hindlll; P, Pstl; Sc, 
Scal, with an asterisk denoting loss of a site as a result of cloning. 

pChlL::KanH and the transformation selection vector p183, 
which contains a copy of the Chlamydomonas 16s and 23s 
chloroplast ribosomal DNA (rDNA) that confers spectinomy- 
cin resistance (Spr) and streptomycin resistance (Smr), were 
annealed to tungsten particles and subsequently bombarded 
onto wild-type Chlamydomonas strain 2137 as described by 
Newman et al. (1990). Transformants that were both Spr and 
Smr arose at a frequency of 3.3 x 10-6 using a 1-to-1 weight 
ratio of p183 to pChlL::KanH DNA, whereas a second bom- 
bardment using a 1-to-5 ratio resulted in a transformation 
frequency of 7.6 x lO-'. Transformants were subsequently 
tested for cotransformation with the Kmr, Bler-disrupted copy 
of chlL by assaying for restriction fragment length polymor- 
phism (RFLP) of the chloroplast genome. As diagrammed in 
Figure 3, wild-type Chlamydomonas has a 1.4-kb Hindlll frag- 
ment that encodes the amino-terminal region of ChlL; in 
contrast, ch/L::Kmr-Bler transformants should have an addi- 
tional 1.6 kb of DNA inserted into this Hindlll fragment. 

Figure 4A shows an RFLP analysis of the Spr/Smr transfor- 
mants using a restriction fragment containing chlL as a probe. 
The results demonstrate that 73 colonies (94%) from the first 
bombardment (Figure 4A, lanes 1 to 78) and 14 colonies (93%) 
from the second bombardment (Figure 4A, lanes 79 to 93) ex- 
hibited the presence of the predicted 3.0-kb Hindlll RFLP 
corresponding to the mutated copy of chlL (an identical DNA 
gel blot with the Kmr, Bler cassette as a probe also hybrid- 
ized to the 3.0-kb band; J. Y. Suzuki, unpublished results). 
Further inspection of the autoradiograph in Figure 4A, as well 

as a greatly overexposed copy (J. Y. Suzuki, unpublished 
results), shows that 59% (43) of the cotransformed cell lines 
from the first bombardment and 79% (11) of the cotransformed 
lines from the second bombardment were homoplasmic for 
ch/L::Kmr-Bler, whereas the remaining cell lines had both 
wild-type and mutated copies of chlL. It is probable that the 
cell lines described in this experiment as heteroplasmic are 
in fact mixed colonies of segregants that are homoplasmic for 
either the wild-type or mutant gene. In any case, it is apparent 
that for the majority of samples, homoplasmicity to the mutant 
gene probably occurred early, by mechanisms previously de- 
scribed (Newman et al., 1991), because the analyzed DNAs 
were extracted from cell populations of the original drug- 
resistant colony and were not from cell lines restreaked for in- 
dividual isolates. 

An extensive analysis of one transformant (JSIOOO) from the 
first bombardment was undertaken by analyzing BamHI, Bglll, 
Pstl, EcoRI, and Hindlll RFLP patterns at the chlL locus (Fig- 
ure 46). ch/L hybridizing fragments from JSlOOO contained the 
predicted 1.6-kb increase as compared with the wild-type using 
BamHl (19.5 to 21.2 kb), EcoRl (-8.0 to 9.7 kb), and Hindlll 
digests (1.4 to 3.0 kb). In samples digested with Bglll and Pstl, 
a decrease in the hybridizing band size was observed in JSIOOO 
compared with the wild-type from approximately 52 to 21.1 kb 
and 18.1 to 9.8 kb, respectively. This latter result is also consis- 
tent with the presence of the 1.6-kb Kmr, Bler gene cassette 
that, as diagrammed in Figure 3, introduces a Bglll site and 
Pstl restriction sites at the endogenous chlL locus in the 
chloroplast genome. These results indicate no apparent rear- 
rangement of sequences flanking the endogenous disrupted 
chlL locus. In addition, JS1000 appears to be homoplasmic 
for the mutant chlL based on the absence of wild-type restric- 
tion fragments and based on polymerase chain reaction 
amplification products expected of mutant and not wild type- 
sized templates (J. Y. Suzuki, unpublished results). The results 
of this experiment demonstrated that site-directed disruption 
of a gene to the multivalent chloroplast genome by homolo- 
gous recombination can occur at high frequencies and without 
direct selection. This allowed us to screen for the mutant phene 
type of a chloroplast gene, ch/L (frxc),  of previously unknown 
function. 

chlL Mutants Are Deficient in Light-lndependent 
Chlorophyll Biosynthesis 

Each of the Spr/Smr transformants from two bombardments 
were transferred onto Tris-acetate phosphate agar (TAP; Harris, 
1989) plates and grown mixotrophically in the light or hetero- 
trophically in the dark. In confirmation of the RFLP data, 
dark-grown cell lines that had the wild-type RFLP for the chll 
locus were deep green, those cell lines that exhibited both wild- 
type and mutant RFLP patterns of chlL were light green, and 
yellow colonies were observed from dark-grown cell lines that 
exhibited only a mutant RFLP pattern for the chlL locus (J. Y. 
Suzuki, unpublished results). 



Chloroplast Chlorophyll Biosynthesis Gene 933

As shown in Figure 5, JS1000, a strain that is homoplasmic
for the chIL disruption, exhibits a pigment defect specifically
under dark growth conditions; this phenotype is qualitatively
identical to the yellow-in-the-dark phenotype that has been
described for Y-5, a strain containing a nuclear mutation
that disrupts light-independent protochlorophyllide reduction
(Ford and Wang, 1980a). To further characterize the step in

chlorophyll biosynthesis that was affected, pigments from
wild-type, JS1000, and Y-5 cells were extracted into diethyl
ether and scanned for fluorescence emission (Bednarik and
Hoober, 1985; Roitgrund and Mets, 1990).

As shown in Figure 6, a wild-type strain transformed only
with the transformation vector p183 exhibited a characteristic
chlorophyll a and b emission spectrum with maxima at 666

B

J 2
f S £

~. ~ . _* « — * - ^' - t \ j c ->-< f i /> (o f^coo>T- . -T- , -T-* - , -T-T- , -<Mc\ ic \ i c \ ioJC\ ic \ i cM

BamHI Bglll Pstl EcoRI Hindlll

I I I I Ic c c c c
£ £ £ £ £
^j ^ ^ ^ ^.c .c .c -c: -c

_ 0 _ 0 _ 0 _ 0 _ O
o Q-o ^ -o Q - 2 - 9 - 2 -9-•scon -pcoco -pcoco -pcoco -pcoicoco gooco 50000 £0000 g o o '

Q. Q. O

23.1 -

8 8 S S % b $ S § 8 55 S S § 5 S

4.4-

/. Q.O t
2.3-

2.0-

Figure 4. DMA Gel Blot RFLP Analysis of Transformants.

(A) DNA gel blot RFLP analysis of transformed (Sp7Smr) cell lines of Chlamydomonas strain 2137 obtained after bombardment with transforma-
tion vector p183 and pChlL::KanH. Purified plasmid DNA of wild-type and mutant chIL constructs (lanes marked p64 and pChlL::KanH, respectively)
was run as RFLP markers along with total DNA from a cell line that was transformed with p183 only (lanes marked control). Total DNA from in-
dividual cell lines that were obtained from a single bombardment using equal weight ratios of transforming DNA p183 and pChlL::KanH is labeled
1 to 78, whereas a second bombardment using a 1:5 weight ratio of p183 to pChlL::KanH DNA resulted in samples in lanes 79 to 93. All DNA
samples were digested with Hindlll and fractionated on a 0.7% agarose gel. 32P-labeled probe 1 (Figure 3) was used to analyze the size of the
amino-terminal Hindlll fragment of chIL in the transformants.
(B) Extensive RFLP analysis of DNA from JS1000, a cell line that is homoplasmic for the chloroplast c/?/L::Kmr-Bler disruption hybridized with
32P-labeled probe 1 (Figure 3). Control denotes purified Chlamydomonas chloroplast DNA from wild-type cells. Lane p183 is total DNA from a
colony that grew under spectinomycin and streptomycin selection after particle bombardment with the p183 vector only, whereas lane p183/pChlL::KanH
denotes total DNA from cell line JS1000. Molecular size markers at left are given in kilobase pairs.
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Figure 5. Phenotype of Transformants under Light and Dark Growth Conditions.

(A) Wild type grown in light.
(B) Cell line JS1000 grown in light.
(C) Wild type grown in dark.
(D) Cell line JS1000 grown in dark.
The wild-type strain shown is strain 2137 that was transformed with p183 only. Cultures were streaked from TAP agar plates to HSHA agar media
and cultured for 9 days in the light (2000 to 3000 lux) or in dim light (0.5 lux).

and 648 nm, respectively (Riidiger and Schoch, 1988), when
grown either in the dark or light. In contrast, the c/7/i_::Kmr-
Bler cell line JS1000 accumulated a pigment that had a ma-
jor fluorescence emission peak at 627 nm when grown in the
dark; this emission peak is characteristic of protochlorophyl-
lide (Bednarik and Hoober, 1985) and is identical to the major
peak observed with dark-grown control strain Y-5. These results
show that mutations in the chloroplast gene chIL result in a
defect in the light-independent reduction of protochlorophyllide.

chIL Is Broadly Distributed among Photosynthetic
Organisms

An attempt was made to correlate the ability of various organ-
isms to undergo light-independent greening with the presence
or absence of chlL. For this analysis, a DNA gel blot of total
DNA from various organisms was hybridized with a chIL probe
from Chlamydomonas. As shown in Figure 7, chIL hybridized
to DNA preparations from the cyanobacteria Anacystis nidu-
lans and Synechococcus sp (Synechococcus R2, PCC 7942),
which, like other photosynthetic prokaryotes, do not require
light for greening (Stanier and Cohen-Bazire, 1977). With one
exception, cross-hybridizing bands were observed with DNA
prepared from all nonflowering vascular plants tested, includ-
ing the horsetail Equisetum arvense (field horsetail), the lycopsid

Selaginella willdenovii(J. Y. Suzuki, unpublished results), the
ferns Pellaea glabella missouriensis (Missouri cliff-brake), Poly-
stichum acrostichoides (Christmas fern), Cystopteris fragilis
(fragile fern), Athyrium filix-femina (lady fern), and the gym-
nosperms Pseudotsuga menziesii (Douglas fir), Ginkgo biloba
(ginkgo), Taxus x media (yew), Juniperus virginiana (red ce-
dar), and Araucaria sp. The cross-hybridizing sequences
observed in the plant samples are believed to represent chlo-
roplast sequences based on the amount of plant DNA loaded
in each lane, an amount that was normalized for similar levels
of chloroplast DNA. (Note that in most photosynthetic eukary-
otes the chloroplast genomes are represented at levels that
are typically several thousandfold that of the respective nu-
clear genomes; see Methods.) The surprising exception is the
absence of cross-hybridization to Psilotum nudum (whisk fern),
morphologically the simplest extant vascular land plant (Bold
et al., 1980). An overexposure of the blot shown in Figure 7
(approximately three- to fourfold exposure) yielded qualitatively
the same results (J. Y. Suzuki, unpublished results). Although
we cannot rule out the possibility of major sequence diver-
gence or transfer of chIL to the nucleus of Psilotum in this study,
this organism also appears to lack the ability to green in the
dark (Whittier, 1988), an observation that supports our cross-
hybridization analysis.

We also failed to observe chIL hybridization with represen-
tative angiosperms maize, tobacco, Arabidopsis, and Bougain-
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Figure 6. Spectral Analysis of Photopigments Produced by Transformants. 

Fluorescence emission spectra of pigments extracted into diethyl ether from wild-type and mutant cell lines grown in total darkness (top panels) 
and in high light (bottom panels). The wild-type control cell line (strain 2137 transformed with the Spr/Smr plasmid p183) exhibits qualitatively 
identical fluorescence emission maxima at 666 and 648 nm under both light and dark growth conditions. Y-5, a yellow-inthe-dark nuclear mutant 
control strain, accumulates a pigment intermediate with an emission maximum at 627 nm corresponding to protochlorophyllide in the dark and 
fluorescing species at 666 and 648 nm in the light. Cell line JSlOOO that harbors the Kmr, aler gene disruption of chll exhibits an identical pheno- 
type, i a ,  dark-specific accumulation of a pigment fluorescing at 627 nm as described for the mutant control strain Y5. 

villea glabra. In general, angiosperms are thought to require 
light for greening with the exception of several studies that have 
reported dark chlorophyll biosynthesis only under preillumi- 
nation conditions (Adamson et al., 1985). Our negative 
cross-hybridization results with these species are also con- 
sistent with the observation that this gene is not present in 
the completely sequenced chloroplast genomes of the an- 
giosperms tobacco and rice (Shinozaki et al., 1986; Hiratsuka 
et al., 1989; Shimadaand Sugiura, 1991). In addition, proteins 
that are immunologically cross-reactive to antibodies against 
liverwort FrxC have not been detected in the angiosperms 
spinach and tobacco (Fujita et al., 1989). Collectively, these 
results suggest that, with perhaps the exception of Psilotum, 
a gene involved in light-independent protochlorophyllide reduc- 
tion is conserved in photosynthetic prokaryotes as well as in 
the chloroplast genomes of an alga and nonflowering land 
plants. 

DlSCUSSlON 

A Role for ChlL in Light-lndependent 
Protochlorophyllide Reduction 

Our results demonstrated that chloroplast genomes from 
dark-greening organisms contain a gene involved in light- 
independent chlorophyll biosynthesis. The striking amino acid 
sequence identity that BchL has with its chloroplast-encoded 
homologs coupled with the similar phenotype observed upon 
disruption of bchL from R. capsularus, frxC from /? boryanum, 
and chlL from Chlamydomonas clearly suggest that these gene 

products have a similar function in photopigment biosynthe- 
sis. It should be noted that there is as yet no direct evidence 
for enzymatic function for the polypeptide encoded by bchL 
or its homologs. However, several lines of evidence suggest 
that these gene products represent one subunit of a mul- 
tisubunit complex involved in catalyzing protochlorophyllide 
reduction. A strong argument for an enzymatic role is based 
on the previously noted amino acid sequence similarity that 
BchL and its homologs have to dinitrogenase reductase (NifH), 
which is the Fe-S subunit of the nitrogen-fixing enzyme 
nitrogenase (Figure 2 and Table 1; Hearst et al., 1985; Kohchi, 
et al., 1988; Ohyama et al., 1988b; Fujita et al., 1991). Sequence 
similarity between these proteins includes conservation in over- 
all length as well as conservation of functional domains such 
as the ATP binding motif and cysteine residues known to be 
important for Fe-S binding (Figure 2; Howard et al., 1989; 
Georgiadis et al., 1990; Fujita et al., 1991). The NifH-like fea- 
ture of BchL and its homologs is also supported by biochemical 
studies of the FrxC polypeptide from liverwort (Fujita et al., 
1989). This analysis has demonstrated that FrxC, like NifH, 
is a soluble protein that exists as a dimer in solution and that 
FrxC has a functional ATP binding domain. In addition to the 
nitrogenase-like feature of the BchL homologs, we and others 
have recently sequenced and genetically disrupted two addi- 
tional genes involved in light-independent protochlorophyllide 
reduction in the bacterium R. capsulatus (J. Y. Suzuki, J. M. 
Dobrowolsky, and C. E. Bauer, manuscript in preparation). It 
is interesting that one of these additional genes codes for a 
polypeptide that has significant sequence identity to the p 
subunit of dinitrogenase, thereby suggesting the tantalizing 
conclusion that enzyme complexes for light-independent pro- 
tochlorophyllide reduction may be evolutionally related to the 
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Figure 7. DMA Gel Blot Analysis for the Presence or Absence of chIL
from Cyanobacteria, an Alga, and Major Groups of Land Plants.

Total or chloroplast-enriched DMAs were isolated from Cyanobacteria,
an alga, or land plants, digested with EcoRI and fractionated on a 0.7%
agarose gel, and treated as described in Methods.

nitrogenase holoenzyme. Additional biochemical analysis of
this enzyme is clearly warranted to address these speculations.

There is also a compelling evolutionary argument based on
the genetic and physiological disparity between prokaryotic
and eukaryotic organisms that would indicate a structural rather
than a regulatory role for BchL/ChIL in (bacterio)chlorophyll
biosynthesis. One strong argument against a regulatory role
is based on the observation that R. capsulatus does not ap-
pear to regulate chlorophyll biosynthesis at the step of
protochlorophyllide reduction. Photosynthetic bacteria also do
not compartmentalize gene expression or its photosynthetic
apparatus into organelles; therefore, it seems unlikely that ChIL
would be involved in transport of an essential component into
the chloroplast or in any aspect of nuclear-organellar interac-
tion that may be involved in protochlorophyllide reduction. It
seems more likely that the high degree of sequence con-
servation among BchL/ChIL and NifH reflects a conserved
structural rather than regulatory role for these proteins.

The Involvement of Additional Chloroplast and Nuclear
Loci in Light-Independent Protochlorophyllide
Reduction

Several studies have identified additional loci in Chlamydo-
monas that are involved in protochlorophyllide reduction.

Recently, a deletion in a 4.0-kb region of the Chlamydomonas
chloroplast genome was reported to have a similar yellow-in-
the-dark phenotype as described for chIL (Roitgrund and Mets,
1990; Goldschmidt-Clermont et al., 1991). Sequence analysis
of this region, which the authors have termed chIN, demon-
strates that the deletion disrupts an open reading frame
homologous to the chloroplast ORF465 from liverwort (Choquet
et al., 1992). A specific function for chIN in protochlorophyl-
lide reduction has not yet been ascribed. However, chIN exhibits
significant amino acid sequence similarity to bchN (D. H. Burke,
M. Alberti, and J. E. Hearst, unpublished sequence data, Gen-
Bank accession number Z11165), an additional gene from
R. capsulatus that we have shown by mutational analysis to
be involved in protochlorophyllide reduction (J. Y. Suzuki, J. M.
Dobrowolski, and Q E. Bauer, manuscript in preparation). Thus,
by analogy it would appear that chIN may encode for an addi-
tional subunit of the enzyme complex. Furthermore, although
chIN and chIL are distantly located in the Chlamydomonas chlo-
roplast genome (Figure 1A), in liverwort, lodgepole pine, and
R. capsulatus, homologs of chIN and chIL (frxC) are physically
linked in what appears to be an operon (Kohchi et al., 1988;
Yang and Bauer, 1990; Lidholm and Gustaffson, 1991). This
arrangement is typical for genes involved in a similar func-
tion. Finally, chIN and chIL homologs are not present in the
completely sequenced chloroplast genomes of the angio-
sperms rice and tobacco (Shinozaki et al., 1986; Hiratsuka et
al., 1989; Shimadaand Sugiura, 1991), which is consistent with
the characteristic light-dependent greening of this group of or-
ganisms as well as with the results of our chIL gene
cross-hybridization analysis.

In addition to chIN and chIL, previous genetic studies by
Wang and others have identified at least six nuclear loci that
are involved in light-independent protochlorophyllide reduc-
tion in Chlamydomonas (Ford and Wang, 1980a, 1980b). These
yellow-in-the-dark or "Y" mutants have the same phenotype,
i.e., dark accumulation of protochlorophyllide, as do chloroplast
mutations in chIN and chIL. The involvement of these nuclear
loci in protochlorophyllide reduction has not yet been eluci-
dated. However, because protochlorophyllide reductase from
R. capsulatus appears to involve three gene products and only
two chloroplast genes have been identified as homologs, it
leaves open the possibility that a third subunit is nuclear en-
coded. An additional possibility is that the nuclear loci could
be involved in aspects controlling chIL and/or chIN expression.
We are currently testing this possibility at the transcriptional
and translational level. Finally, it is also likely that one or more
of the nuclear loci are not directly involved in protochlorophyl-
lide reduction but are instead affecting a step in chloroplast
development or physiology that in turn has a pleiotropic effect
on light-independent protochlorophyllide reductase expression.

Have Angiosperms Lost a Light-Independent
Protochlorophyllide Reductase?

Our evidence that chIL hybridizes to representative gym-
nosperms, ferns, and photosynthetic bacteria, but not to
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angiosperms, correlates well with physiological and biochem- 
ical evidence that angiosperms as a group require light for 
greening. Although we cannot definitively exclude the possi- 
bility that absence of chlL cross-hybridization is due to gene 
sequence divergence or gene transfer to the nucleus, our 
results indicate that structurai genes involved in light-indepen- 
dent protochlorophyllide reduction may have simply been lost 
in the angiosperm lineage. A question remaining, however, 
is the evolutionary nature of the nuclear-encoded, light-depen- 
dent PCR enzyme of angiosperms. A number of studies 
indicate that light-dependent PCR is not unique to angio- 
sperms. This argument is based on the overwhelming genetic 
evidence for a light-dependent protochlorophyllide reductase 
activity in algae such as Chlamydomonas and Scenedesmus 
(Wang, 1979; Ford and Wang, 1980a, 1980b; Ford et al., 1981, 
1983; Senger and Brinkmann, 1986). There is also immuno- 
logical and sequence information for the existence of a light- 
dependent PCR from the gymnosperm pine (Ou et al., 1990; 
Spano et al., 1991). In addition, Fujita et al. (1992) recently 
reported the inactivation of a bchL homolog present in the 
cyanobacterium F? boryanum, which resulted in a strain that 
failed to reduce protochlorophyllide in the dark, but surpris- 
ingly retained chlorophyll biosynthetic capability in the light. 
This result indicates that P botyanum harbors a light-dependent 
PCR activity and therefore suggests that both the light- 
independent and the light-dependent protochlorophyllide 
reductases of plants are of prokaryotic origin. 

METHODS 

Cell Lines and Growth Conditions 

The stable'green-in-the-dark" wild-type strain 2137 (mt+) of Chlamydo- 
monas reinhardtii was used as the recipient for particle gun 
transformation and was obtained from R. Togasaki, Indiana Univer- 
sity. Mutant strain CC-1169 (Y-5, mt+) was used as a control for analysis 
of protochlorophyllide accumulation in the dark and was obtained from 
the Chlamydomonas Genetics Center, Duke University (Durham, NC). 
Cell lines were routinely grown in Tris-acetate phosphate media (TAP) 
or TAP agar plates (Harris, 1989) at 25°C under dark, dim (0.5 lux), 
or high illumination (2000 to 10,000 lux) growth conditions. 

chlL lsolation and Sequence Analysis 

A Chlamydomonas homolog of the Marcbantia polymorpha (liverwort) 
frxC gene was identified by cross-hybridization of Chlamydomonas 
chloroplast DNA with a liverwort frxC probe. For this analysis, a 2.1-kb 
Bglll-Hincll fragment containing the frxC chloroplast gene of liverwort 
was subcloned from plasmid pMP323. pMP323 contains a 6.9-kb Bglll 
fragment (Bg6) of the liverwort chloroplast genome (Ohyama et al., 
1988a). The subclone of frxC was random-primer labeled (Random 
Primed DNA Labeling Kit; US Biochemical Corp.) with 3*P-dATP 
(Amersham) and hybridized against a DNA gel blot of purified 
Chlamydomonas chloroplast DNA that was digested with various re- 
striction enzymes. A cross-hybridization pattern was observed which 
placed the putative frxC gene within the 7.6-kb EcoRI-9 chloroplast 

restriction fragment (Figure 1A) that was subsequently confirmed by 
cross-hybridization to the insert fragment of plasmid p64, a clone con- 
taining the EcoRI-9 region of the Chlamydomonas chloroplast genome 
(a gift of J. Palmer, Indiana University). chlL was further shown to span 
a Hindlll restriction site located within the EcoRI-9 fragment and was 
subsequently subcloned as 1.4-kb Hindlll and 3.7-kb EcoRI-Hindlll re- 
striction fragments into the respective sites of M13. Sequence analysis 
of both strands of ch/L was then performed on the M13 subclones by 
dideoxy nucleotide sequencing (Sequenase Kit; US Biochemical Corp.) 
using synthetic primers synthesized with an oligonucleotide synthesizer 
(Model No. 394; Applied Biosystems, Foster City, CA). 

Plasmid-Encoded chlL Disruption 

A chlL disruption was constructed from piasmid p64 by subcloning 
a 1.6-kb Hindlll restriction fragment containing the kanamycin resis- 
tance (Km') and bleomycin resistance (Ble') structural genes from 
pUC4Kixx (Pharmacia) into a unique BstBl site in plasmid p64; this 
was accomplished by blunt ending the restriction fragments with the 
Klenow fragment of DNA polymerase I prior to ligation. The resulting 
construct pChlL::KanH contains a 1.6-kb insertion at codon 114ofchlL. 

Partlcle Gun Transformation 

Particle gun-mediated transformation of the Chlamydomonas chlo- 
roplast genome followed the protocol of Newman et al. (1990). 
Transformation vector p183 was a generous gift of E. Harris and 6. 
Randolph-Anderson, Duke University. Two separate bombardments 
were performed; one utilized a 1:l (2.5 to 2.5 pg) ratio, and the second 
transformation utilized a 15 (2.5 to 12.5 pg) ratio of the drug resistance 
marker plasmid p183 to the chlL disruption plasmid pChlL::KanH, 
respectively. Recipient cell strain 2l37 (mt+) was grown in 05 mM FrUrd 
as described by Newman et al. (1990). Transforming DNA was annealed 
to tungsten particles and then bombarded into 9.66 x 107 cells using 
a particle accelerator gun (prototype; Nippon Zeon Co., Tokyo, Japan) 
containing a low-acceleration charge. After bombardment, cells were 
replated onto HSHA agar media (Harris, 1989) containing 100 pg/mL 
each of spectinomycin and streptomycin and 50 pg/mL ampicillin. Drug- 
resistant colonies, which appeared after 5 days of incubation at 25°C 
under high light (6000 lux), were allowed to enlarge for an additional 
9 days, after which individual colonies were restreaked as whole cell 
populations for two rounds on TAP agar drug selection plates. 
Subsequent rounds of restreaking were performed on drug-free TAP 
agar media. 

Restrlctlon Fragment Length Polymorphlsm Analysis 

For restriction fragment length polymorphism (RFLP) analysis, in- 
dividual transformed cell lines were grown mixotrophically under high 
light (10,000 lux) with shaking (250 rpm) for 5 days in 25  mL of TAP 
media without drugs. Total DNA was then isolated using a previously 
described DNA miniprep procedure (Newman et al., 1990) that was 
modified by use of 1.5 mL of liquid culture as the source of cell mate- 
rial. DNA samples were then digested with various restriction enzymes, 
fractionated on a 0.7°/o agarose gel, blotted to a Nytran membrane 
(Schleicher & Schuell), and hybridized with 32P-labeled probe 1 
(Figures 4A and 46). Probe 1, a 217-bp BstBI-Scal restriction fragment 
of chll, was gel purified from low-melting temperature agarose (NuSieve 
GTG; FMC Corp., Rockland, ME) and used as a template for random- 
primer labeling. 
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Pigment Determinatlon 

Cells were inoculated from TAP agar plates into50 mL of TAP medium 
and shaken in an Erlenmeyer flask at 200 rpm under high light (10,000 
lux). After 4 to 5 days of growth (to saturation), the cells were then 
subcultured at 11500 dilution into 50 mL of TAP media and grown for 
an additional 4 days under high light (10,000 lux) or total darkness. 
Pigments were then extracted from light- or dark-grown cells as fol- 
lows: 20 mL of cell culture was pelleted by centrifugation at l l O O g  for 
5 min, resuspended with 2.0 mL of fresh Tris-acetate phosphate me- 
dia, and then lysed by sonication. Unbroken cell debris were then 
removed bycentrifugation at llOOgfor 5 min, and the resulting super- 
natant was then extracted of pigments by emulsifying with 2.0 mL of 
diethyl ether. The pigment-containing diethyl ether phase was sepa- 
rated from the aqueous phase by centrifugation at llOOg for 5 min 
and analyzed for room temperature fluorescence emission spectra 
using a Hitachi 62000 fluorescence spectrophotometer with an exci- 
tation wavelength set at 438 nm (Bednarik and Hoober, 1985; Roitgrund 
and Mets, 1990). Fluorescence peaks at 666 and 648 nm correspond- 
ing to chlorophyll a and b, respectively, were qualitatively similar using 
either excitation wavelength of 438 nm or the excitation wavelengths 
for maximum fluorescence. The minor fluorescence emission peaks 
observed in the pigment spectra from dark-grown Y-5 (644 and 662 
nm) and JSlOOO (664 nm) are minor components that vary in levels 
from extraction to extraction. 

DNA Gel Blot Analysis 

Total or chloroplast-enriched DNAs from various photosynthetic organ- 
isms were isolated as previously described (Palmer, 1986; Doyle and 
Doyle, 1987; Wagner et al., 1987; Wilson, 1990) and subjected to one 
round of CsCI2 gradient purification. DNA samples were digested with 
EcoRl and fractionated on a 0.7% agarose gel. DNAgel blots (Southern, 
197.5) were prepared in duplicate and hybridized against 32P-labeled 
probe 2 (Figure 3) under low-stringency conditions in 5 x SSC (1 x 
SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.5% Blotto, 1.0% Nonidet 
P-40 at 42% for 12 hr. The filters were subsequently subjected to two 
20-min washes at room temperature in 2 x SSC, 0.1% SDS and 1 x 
SSC, 0.1% SDS, an additional room temperature wash in 0.1 x SSC, 
0.1% SDS, and a final 20-min wash at 42% in 0.1 x SSC, 0.1% SDS. 
Probe 2 is a 7l6-bp polymerase chain reaction-amplified product of 
a region interna1 to the structural sequence of the Chlamydomonas 
chloroplast gene chlL. This probe was obtained using the follow- 
ing primers: N terminus, 5‘-GTGTTACAAATTGGTTG-3’; C terminus, 
5’-GGTTCTGrTAATAATTG-3’. Preliminary DNA gel blot analysis was 
performed using as a probe the 16s and 23s ribosomal DNA (rDNA) 
from the Chlamydomonas chloroplast transformation vector p183 (J. Y. 
Suzuki, unpublished results). We used the resulting rDNA hybridiza- 
tion signals as a guide to adjust for similar levels of chloroplast DNA 
in the subsequent blot shown in Figure 7. Similar levels of chloroplast 
DNA were confirmed by examining the relative hybridization signals 
in a blot identical to that in Figure 7 using as a probe a radiolabeled 
970-bp EcoRl fragment from pl83 containing the 16s rDNA(J. Y. Suzuki, 
unpublished results). 

ACKNOWLEDGMENTS 

We thank Dr. Robert Togasaki and Masahiko Kitayama for Chlamydo- 
monas strain 2137 (mt+), for advice, and for help with particle gun 

transformation. We are indebted to Drs. Elizabeth Harris and Barbara 
Randolph-Anderson for the gift of the transformation vector p183. Many 
thanks to Drs. Gerald Gastony, Jeffrey Palmer, Robert Price, Stephen 
Downie, Elizabeth Haas, Drew Schwartz, Steven Strauss, and Kenneth 
Wolfe for various clones, plants, and plant DNA preparations used in 
this study. We also thank Jeffrey Favinger, Donald Burton, and Dr. Bruce 
Allen for technical assistance; Marilyn Milberger for help with figures; 
and Drs. Jeffrey Palmer, Maria Kuhsel, and Stefan Surzycki for helpful 
advice. 

Received March 23, 1992; accepted June 10, 1992. 

REFERENCES 

Adamson, H., Griffiths, T., Packer, N., and Sutherland, M. (1985). 
Light-independent accumulation of chlorophyll a and 6 and proto- 
chlorophyllide in green barley (Hordeum vulgare). Physiol. Plant. 

Apel, K., Santel, H.J., Redllnger, T.E., and Falk, H. (1980). The pro- 
tochlorophyllide holochrome of barley (Hordeum vulgare L.). Eur. 
J. Biochem. 111, 251-258. 

Beale, S.I., and Weinstein, J.D. (1991). Biochemistry and regulation 
of photosynthetic pigment formation in plants and algae. In New Com- 
prehensive Biochemistry, Vol. 19: Biosynthesis of Tetrapyrroles, P.M. 
Jordan, ed (Amsterdam, The Netherlands: Elsevier), pp. 155-235. 

Bednarik, D.P., and Hoober, J.K. (1985). Synthesis of chlorophyllide 
b from protochlorophyllide in Chlamydomonas reinhardtii y-1. Science 

Bogorad, L. (1950). Factors associated with the synthesis of chlorophyll 
in the dark in seedlings of Pinus ieffreyi. Bot. Gaz. 3, 221-241. 

Bold, H.C., Alexopoulos, C.J., and Delevoryas, T. (1980). Vascular 
cryptogams I: Division Psilotophyta. In Morphology of Plants and 
Fungi, 4th ed. (New York: Harper and Row Publishing, Inc.), pp. 

Boynton, J.E., Gillham, N.W., Harris, E.H., Hosler, J.P., Johnson, 
A.M., Jones, A.R., Randolph-Anderson, B.L., Robertson, D., 
Klein, T.M., Shark, K.B., andSanford, J.C. (1988). Chloroplast trans- 
formation in Chlamydomonas with high velocity microprojectiles. 
Science 240, 1534-1538. 

Castelfranco, P.A., and Beale, S.I. (1983). Chlorophyll biosynthesis: 
Recent advances and areas of current interest. Annu. Rev. Plant 
Physiol. 34, 241-278. 

Choquet, Y., Rahire, M., Girard-Bascoe, J., Erickson, J., and 
Rochaix, J.-D. (1992). A chloroplast gene is required for the light-in- 
dependent accumulation of chlorophyll in Chlamydomonas reinhardtii. 

Doyle, J.J., and Doyle, J.L. (1987). A rapid DNA isolation procedure 
for small quantities of leaf tissue. Phytochem. Bull. 19, 11-15. 

Dring, M.J. (1988). Photocontrol of development in algae. Annu. Rev. 
Plant Physiol. Plant MOI. Biol. 39, 157-174. 

Ford, C., and Wang, W.Y. (198Oa). Three new yellow mutants in 
Chlamydomonas reinhardtii. MOI. Gen. Genet. 179, 259-263. 

Ford, C., and Wang, W.Y. (1980b). Temperature-sensitive ye//ow mu- 
tants of Chlamydomonas reinhardtii. MOI. Gen. Genet. 180, 5-10. 

Ford, C., Mitchell, S., and Wang, W.Y. (1981). Protochlorophyllide 

64, 345-352. 

230, 450-453. 

300-310. 

EMBO J. 11, 1697-1704. 



Chloroplast Chlorophyll Biosynthesis Gene 939 

photoconversion mutants of Chlamydomonas reinhardtii. MOI. Gen. 
Genet. 184, 460-464. 

Ford, C., Mitchell, S., and Wang, W.Y. (1983). Characterization of 
NADPH:protochlorophyllide oxidoreductase in the y-7 and pc-ly-7 
mutants of Chlamydomonas reinhardtii. MOI. Gen. Genet. 192, 

Fujlta, Y., Takahashl, Y., Kohchi, T., Ozekl, H., Ohyama, K., and 
Matsubara, H. (1989). ldentification of a novel nifH-like (frxC) pro- 
tein in chloroplasts of the liverwort Marchantia polymorpha. Plant 
MOI. Biol. 13, 551-561. 

Fujlta, Y., Takahashl, Y., Shonai, F., Ogura, Y., and Matsubara, H. 
(1991). Cloning, nucleotide sequences and differential expression 
of the nifH and nifH-like (frxC) genes from the filamentous nitrogen- 
fixing cyanobacterium Plectonema boryanum. Plant Cell Physiol. 

Fujita, Y., Takahashl, Y., Chuganji, M., and Matsubara, H. (1992). 
The nifH-like (frxC) gene is involved in the biosynthesis of chlorophyll 
in the filamentous cyanobacterium flectonema boryanum. Plant Cell 
Physiol. 33, 81-92. 

Georgladis, M.M., Chakrabartl, P., and Rees, D.C. (1990). Crystal 
structure of the nitrogenase iron protein from Azotobacter vinelan- 
dii. In Nitrogen Fixation: Achievements and Objectives, P.M. 
Gresshoff, L.E. Roff, G.S. Stacey, and W.E. Newton, eds (New York: 
Chapman and Hall), pp. 111-116. 

Goldschmldt-Clermont, M., Choquet, Y., Girard-Bascoe, J., Mlchel, 
F., Schirmer-Rahlre, M., and Rochalx, J.-D. (1991). A small chlo- 
roplast RNA may be required for trans-splicing in Chlamydomonas 
reinhardtii. Cell 65, 135-143. 

Grifflths, W,T. (1975). Magnesium 2,4-divinylphaeoporphyrin a5 as a 
substrate for chlorophyll biosynthesis in vitro. FEBS Lett. 50,355358. 

Grifflths, W.T. (1978). Reconstitution of chlorophyllide formation by 
isolated etioplast membranes. Biochem. J. 174, 681-692. 

Harrls, E.H. (1989). The Chlamydomonas Sourcebook: A Comprehen- 
sive Guide to Biology and Laboratory Use (San Diego: Academic 
Press), pp. 25-31. 

Harrls, E.H. (1990). Chlamydomonas reinhardtii chloroplast genome. 
In Genetic Maps: Locus Maps of Complex Genomes, 5th ed., Book 
2: Bacteria, Algae, and Protozoa, S.J. OBrien, ed (Cold Spring Har- 
bor, New York: Cold Spring Harbor Laboratory), pp. 2.122-2.129. 

Hearst, J.E., Albertl, M., and Doollttle, R.F. (1985). A putative 
nitrogenase reductase gene found in the nucleotide sequences from 
the photosynthetic gene cluster of R. capsulata. Cell 40, 219-220. 

Hlratsuka, J., Shimada, H., Whittier, R., Ishibashi, T., Sakamoto, 
M., Morl, M., Kondo, C., Honjl, Y., Sun, C.-R., Meng, B.Y., Li, 
Y.-Q., Kanno, A., Nishizawa, Y., Hiral, A., Shlnozakl, K., and 
Suglura, M. (1989). The complete sequence of the rice (Oryza sativa) 
chloroplast genome: lntermolecular recombination between distinct 
tRNA genes accounts for a major plastid DNA inversion during the 
evolution of cereals. MOI. Gen. Genet. 217, 185-194. 

Howard, J.B., Davis, R., Moldenhauer, B., Cash, V.L., and Dean, 
D. (1989). Fe-S cluster ligands are the only cysteines required for 
nitrogenase Fe-protein activities. J. Biol. Chem. 264, 11270-11274. 

Huang, C., and Llu, X.4 .  (1992). Nucleotide sequence of the frxC, 
petB and trnL genes in the chloroplast genome of Chlamydomonas 
minhardtii, Plant MOI. Biol. 18, 985-988. 

Jones, R., and Haselkorn, R. (1988). The DNA sequence of the 
Rhodobacter capsulatus nifH gene. Nucl. Acids Res. 16, 8735. 

Kindle, K.L., Richards, K.L., and Stern, D.B. (1991). Engineering 
the chloroplast genome: Techniques and capabilities for chloro- 

290-292. 

32, 1093-1106. 

plast transformation in C. reinhardtii. Proc. Natl. Acad. Sci. USA 88, 

Kohchl, T., Shirai, H., Fukuzawa, H., Sano, T., Komano, T., 
Umesono, K., Inokuchi, H., Ozeki, H., and Ohyama, K. (1988). 
Structure and organization of Marchantia polymorpha chloroplast 
genome IV. lnverted repeat and small single copy regions. J. MOI. 
Biol. 203, 353-372. 

Lascelles, J. (1960). The synthesis of enzymes concerned in bacte- 
riochlorophyll formation in growing cultures of Rhodopseudomonas 
sphaeroides. J. Gen Microbiol. 23, 487-498. 

Laudi, G., and Manzlnl, M.L. (1975). Chlorophyll content and plastid 
ultra-structure in leaflets of Metasequoia glyptostroboides. Pro- 
toplasma 84, 185-190. 

Lidholm, J., and Gustafsson, P. (1991). Homologues of the green al- 
gal gidA gene and the liverwort frxC gene are present on the 
chloroplast genomes of conifers. Plant MOI. Biol. 17, 787-798. 

Mlchel-Wolwertz, M.R. (1977). Chlorophyll formation in cotyledons 
of Pinos jeffreyiduring germination in the dark. Occasional accumu- 
lation of protochlorophyll(ide) forms. Plant Sci. Lett. 8, 125-134. 

Newman, S.M., Boynton, J.E., Giliham, N.W., Randolph-Anderson, 
B.L., Johnson, A.M., and Harris, E.H. (1990). Transformation of 
chloroplast ribosomal RNA genes in Chlamydomonas: Molecular 
and genetic characterization of integration events. Genetics 126, 
875-888. 

Newman, S.M., Gillham, N.W., Harris, E.H., Johnson, A.M., and 
Boynton, J.E. (1991). Targeted disruption of chloroplast genes in 
Chlamydomonas reinhardtii. MOI. Gen. Genet. 230, 65-74. 

Nlkolig D., and Bogdanovlg M. (1972). Plastid differentiation and 
chlorophyll synthesis in cotyledons of black pine seedlings grown 
in the dark. Protoplasma 75, 205-213. 

Ohyama, K., Fukuzawa, H., Kohchl, T., Sano, T., Sano, S., Shirai, 
H., Umesono, K., Shlki, Y., Takeuchi, M., Chang, Z., Aota, S., 
Inokuchi, H., and Ozeki, H. (1988a). Structure and organization 
of Marchantia polymorpha chloroplast genome. I. Cloning and gene 
identification. J. MOI. Biol. 203, 281-298. 

Ohyama, K., Kohchi, T., Sano, T., and Yamada, Y. (1988b). Newly 
identified groups of genes in chloroplasts. Trends Biochem. Sci. 13, 

Oku, T., Sugahara, K., and Tomita, G. (1974). Functional develop- 
ment of photosystems I and II in dark-grown pine seedlings. Plant 
Cell Physiol. 15, 175-178. 

Ou, K., Parker, N., and Adamson, H. (1990). lmmunodetection and 
photostability of NADPH-protochlorophyllide oxidoreductase in Pi- 
nus pinea L. Photosynthesis Res. 23, 89-94. 

Palmer, J.D. (1986). lsolation and structural analysis of chloroplast DNA. 
In Methods in Enzymology, Plant Molecular Biology, Vol. 118, A. 
Weissbach and H. Weissbach, eds (San Diego: Academic Press), 

Peschek, G.A., Hinterstoisser, B., Wastyn, M., Kuntner, O., Plneau, 
E., Missblchler, A., and Lang, J. (1989a). Chlorophyll precursors 
in the plasma membrane of a cyanobacterium, Anacystis nidulans. 
J. Biol. Chem. 264, 11827-11832. 

Peschek, G., Hinterstoisser, B., Pineau, B., and Mlssblchler, A. 
(1989b). Light-independent NADPH-protochlorophyllide oxidoreduc- 
tase activity in purified plasma membrane from the cyanobacterium 
Anacystis nidulans. Biochem. Biophys. Res. Commun. 162,71-78. 

Roitgrund, C., and Mets, L. (1990). Localization of two novel chlo- 
roplast functions: frans-Splicing of RNA and protochlorophyllide 
reduction. Curr. Genet. 17, 147-153. 

1721-1725. 

19-22. 

pp. 167-186. 



940 The Plant Cell 

Riidlger, S., and Schoch, S. (1988). Chlorophylls. In Plant Pigments, 
T.W. Goodwin, ed (London: Academic Press), pp. 1-59. 

Schulz, R., Stelnmiiller, K., Klaas, M., Forreiter, C., Rasmussen, 
S., Hlller, C., and Apel, K. (1989). Nucleotide sequence of a cDNA 
coding for the NADPH-protochlorophyllide oxidoreductase (PCR) 
of barley (Hordeum vulgere L.) and its expression in fscherichia coli. 
MOI. Gen. Genet. 217, 355-361. 

Seltsam, E., Wldell, A., and Johansson, L. (1987). A comparison 
of prolamellar bodies from wheat, Scots pine and Jeffrey pine. Pig- 
ment spectra and properties of protochlorophyllide oxidoreductase. 
Physiol. Plant. 70, 209-214. 

Senger, H., and Brlnkmann, 0. (1986). Protochlorophyll(ide) accumu- 
lation and degradation in the dark and photoconversion to chlorophyll 
in the light in pigment mutant C-2A’of Scenedesmusobliquus. Phys- 
iol. Plant. 68, 119-124. 

Shimada, H., and Suglura, M. (1991). Fine structural features of the 
chloroplast genome: Comparison of the sequenced chloroplast ge- 
nomes. Nucl. Acids Res. 19, 983-995. 

Shlnozakl, K., Ohme, M., Tanaka, M., Wakasugl, T., Hayashlda, N., 
Matsubayashi, T., Chunwongse, J., Obokata, J., Yamaguchl- 
Shlnozakl, K., Ohto, C., Torazawa, K., Meng, B.Y., Suglta, M., 
Deno, H., Kamogashlra, T., Yamada, K., Kusuda, J., Takalwa, 
F., Kato, A., Tohdoh, N., Shlmada, H., and Suglura, M. (1986). 
The complete nucleotide sequence of the tobacco chloroplast ge- 
nome: Its gene organization and expression. EMBO J. 5,2043-2049. 

Southern, E.M. (1975). Detection of specific sequences among DNA 
fragments separated by gel electrophoresis. J. MOI. Biol. 98,503-517. 

Spano, A.J., He, Z., and Tlmko, M. (1991). The NADPH-proto- 
chlorophyllide oxidoreductase in pine: Evidence for conservation 

in protein structure between angiosperms and gymnosperms en- 
zymes. Plant Physiol. 96 (Suppl.), 849 (abstr.). 

Stanler, R.Y., and Cohen-Bazlre, G. (1977). Phototrophic prokaryotes: 
The cyanobacteria. Annu. Rev. Microbiol. 31, 225-274. 

Taylor, DA, Cohen, S.N., Clark, W.G., and Marrs, B.L. (1983). Align- 
ment of genetic and restriction maps of the photosynthesis region 
of the Rhodopseudomonas capsulata chromosome by a conjugation- 
mediated marker rescue technique. J. Bacteriol. 154, 580-590. 

Wagner, D.B., Furnler, G.R., Saghal-Maroof, M.A., Danclk, B.P., and 
Allard, R.W. (1987). Chloroplast DNA polymorphisms in lodgepole 
pine and jack pines and their hybrids. Proc. Natl. Acad. Sci. USA 

Wang, W.Y. (1979). Photoconversion of protochlorophyllide in the y-7 
mutant of Chlamydomonas minhardtii. Plant Physiol. 63,1102-1106. 

Whlttler, D.R (1988). Dark-grown Psilotum. Am. Fern J. 78, 109-116. 
Wllson, K. (1990). Preparation of genomic DNAfrom bacteria. In Cur- 

rent Protocols in Molecular Biology, F.M. Ausubel, R. Brent, R.E. 
Kingston, D.D. Moore. J.G. Seidman, J.A. Smith, and K. Struhl, eds 
(New York: John Wiley & Sons), pp. 2.4.1-2.4.5. 

Yang, Z., and Bauer, C.E. (1990). Rhodobacter capsulatus genes in- 
volved in early steps of the bacteriochlorophyll biosynthetic pathway. 
J. Bacteriol. 172, 5001-5010. 

Youvan, D.C., Byllna, E.J., Alberti, M., Begusch, H., and Hearst, 
J.E. (1984). Nucleotide and deduced polypeptide sequences of the 
photosynthetic reactioncenter, E870 antenna, and flanking polypep- 
tides from R. capsulata. Cell 37, 949-957. 

Bebo, K.M., and Heant, J.E. (1984). Genetic-physical mapping of 
a photosynthetic gene cluster from R. capsulata. Cell 37, 937-947. 

84, 2097-2100. 




