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ABSTRACT

Coordinated expression of plastid and nuclear genones
determ nes the devel opnental status of the plastid (Taylor 1989).
A mutation either in plastid genone or in nuclear genone l|leads to
signi fi cant changes in the plastid phenotype (Krk and
Ti | ney-Bassett 1978). Followng mutation, normal and nutant
plastids sort out from one another during successive cel
di visions of heteroplastidic cells in a regular manner to produce
variegated plants (Kirk and Tilney Bassett 1978). Several nuclear
gene induced plastid nutations are known in pearl mllet
Subrahmanyam et al (1986) denonstrated a pattern dependent

mat ernal plastid inheritance.

Several nuclear induced plastid nutants of higher plants and
algae are known to block different steps in the chlorophyll
bi osynthesis and affect the devel opnent of  phot osynthetic
apparatus (Kirk and Til ney-Bassett 1978). D rect evidence for the
role of nuclear genes in the regulation of plastid devel opnent
comes from the study of nutants with defects i n chl oropl ast
bi ogenesis such as structural organization of thylakoid nenbranes
(Martienssen et al 1987), assenbly of multiprotein conplexes
(Rochaix and Erickson 1988), plastid transcription (Jenssen et al
1986), plastid RNA processing and translation (Taylor 1989). An
understanding of the control of plastid gene expression will be
useful to deci pher the nechani sns coordinating the expression of

the plastid and nucl ear genes to devel opnental signals.



Chl orophyll deficient nmutants controlled by independent | oci
are well characterised in pearl mil | et (Karunasri and
Subrahmanyam 1994). Normal and chlorophyll-deficient phenotypes
with the sane genotype under identical growh conditions and
chlorophyll-deficient (yellow white) phenotypes differing in their
genotypes with respect to one or nore independent |oci can be
readily produced fromthe appropriate variegated (stripe) plants.
The present study was undertaken to: 1) identify the nature of
bl ock (s) in chlorophyll biosynthesis anong chlorophyll-deficient
phenotypes 2) study the regulation of gene expression in normnal
and chlorophyll-deficient siblings anong different genotypes and
3) conmpare the plastid genone organization anong chlorophyll
deficient nmutants.

Low tenperature (77 K) fluorescence spectroscopy was enpl oyed
to identify the blocks in the chlorophyll biosynthetic pathway.
The green seedlings of all the accessions exhibited fluorescence
em ssion maxi ma at 657, 685 and 733 nm at an excitation wavel ength
of 438 nm The 657 em ssion peak corresponds to a spectral form of
prot ochl orophyllide (Pchlide) (Lebdev et al 1985; Boddi et
all992), while the 678 emssion maximum is of chlorophyllide
(Chlide). The F_.. emssion peak corresponds to chlorophyll
fl uorescence from photosystem || (PSII) and F from LHcPI of
photosystem | (PSI). The yellow seedlings showed em ssion maxi na
at 657 and 678 nm and the white seedlings displayed single peak
wth emssion maximum at 657. The proposed block in the
chl orophyl | biosynthetic pathway of white seedlings is in the

conversion of Pchlide to chlide, whereas in yellow seedlings the



conversion of chlide to chlorophyll is inpaired. It is proposed
that vi and vi control the reduction of Pchlide to Chlide while
the conversion of Chlide to chlorophyll is controlled by vi, and
vi. loci.

The overall transcription of plastid genone was low in the
chlorophyll-deficient  siblings. Northern analysis reveal ed
aberrant transcripts for plastid encoded RNA polymerase (RNAP-P)
genes (rpoa, rpoB) in yellow and white seedlings differing in
their abundance conpared to the normal green seedlings. The
transcript abundance and size varied anmong different yellow and
white seedlings. The 16s rRNA, transcripts of rbcL and psbA were
absent in yellow and white seedlings unlike the rpoA and rpoB
transcripts suggesting a differential transcription of plastid
genes in chlorophyll-deficient seedlings. Abundance of the
aberr ant transcripts could be a consequence of al tered
transcriptional levels and/or inpaired post-transcriptional and
processing in the absence of plastid translational machinery. The
abundant levels of aberrant transcripts of plastid rpo genes
indicate that RNA polynerase activity is of nuclear origin. The
pl astid encoded |arge subunit (Lsu) of Rubisco, nuclear encoded
LHCP-II of PS Il and ferredoxi n oxi doreductase (FNR were detected
follow ng imunoblotting with pol yclonal antibodies rai sed agai nst
the respective proteins. The LSU was present in all green
seedlings irrespective of their genotype while it was absent in
yellow and white seedlings. Four subunits of LHCP-11 wth
nol ecul ar sizes 3 0 kD; 28 kD; 27 kD and 24 kD were found in green

seedlings. Yellow seedlings showed 27 kD and 24 kD pol ypepti des



while the white seedlings displayed 28 kD polypeptide only. FNR
was detectable in all green and yel |l ow seedlings but was absent in
all white seedlings. FNR catalyzes the reduction of plastid
specific NADP to NADPH an essential compound of the ternary
conpl ex (PCOR-NADPH-Pchlide) for the reduction of Pchlide to
Chlide. It is thus proposed that vi or vi. control FNR synthesis.

Southern blot of DNA from green and yell ow white seedlings
fromstripe mutants were hybridized with plastid encoded 16 rDNA,
rbcL, rpoA and rpoB probes fromrice. Wth 16s rDNA probe Bgl |
di gests accessions showed a 2.9 xb promnent band in all the
genotypes irrespective of phenotypes while GA5 14 white showed
2-additional bands of 1.5 kb and 1.2 kb. BamH digests revealed 2
nore (3.2 kb and 0.4 kb) bands of equal intensity. No differences
were observed between normal and yellow siblings within yellow
stripe nmutants whereas considerable differences were found between
white stripe nutants vem 36 and GAS 14.

Hybridi zation of Bgl | digests wth rbcL probe in all the
accessions revealed 12.3 kb fragnment. |P 5009 and GA5 14 showed an
additional band corresponding to 10.1 kb. BamH and Bgl | +
BamH doubl e digests showed two bands corresponding to 6.2 kb and
3.3 kb differing in their signal intensity in IP 9712 and VCM 36.
The 3.3 kb fragnment was absent in the double digest of VOM36
white, while 6.2 kb fragnent was absent in BamH digest.

Bgl | digests probed with rpoA showed a single fragnent
(18.2 kb) suggesting no Bgl | site within the gene whereas Bam H
di gests showed 1.5 kb and 1.3 kb fragments with the intensity of
1.3 kb fragnent being 3-fold higher. Hybridi zation of Bgl |



digests with rpoB probe showed no differences between nornmal and
mutant seedlings wthin each genotype, but differences between
yellow stripe mutants |IP 5009 and IP 9712 and between white
stripe mutants VOM36 and Gws 14 were found. Signal intensity
anong the bands varied between genotypes. BamH digests showed no
differences between green and nutant seedlings wthin each
genotype with the exception of VOM36 white in which 0.5 kb
tragment WasS absent.

These results indicate RFLPs in the rpoB and 16s r DNA regi ons

of the plastone anong the different pearl mllet genotypes.



| NTRCDUCTT ON

Coordinated expression of ©plastid and nuclear genones
determnes the devel opnental status of the plastid. The fact that
many nuclear nmutants block chloroplast devel opnent has been
interpreted as an argunment for the regulation of chloroplast
devel opnent by nuclear genes. Cenetic information in the nucleus
therefore ultinmately regulates the expression of the plastid
genone (Taylor 1989). A nutation either in plastid genone (Borner
et a1 1972, 1973; Rao 1974; Kirk and Tilney-Bassett 1978) or in
nucl ear genone (Ratnaswamy 1960; M Il er 1968; Til ney-Bassett 1963,
1965, 1970a, b; Krishna Rao and Koduru 1978; Koduru and Rao 1980,
1983; Henny 1982; Appa Rao and Mengesha 1984; Subrahmanyam et al
1986; Reddy and Subrahmanyam 1988 a, b; Karunasri and Subrahmanyam
1994) leads to significant changes in the plastid phenotype.

Nucl ear gene induced plastid nutations are elegantly
sumarised by Kirk and Tilney Bassett (1978). Followi ng plastid
mutation, nornmal and nutant plastids sort out from one another
during successive cell divisions in a regular manner to produce
variegated plants with defined striping pattern in |eaves and
shoots (Tilney-Bassett 1978) . Variegation due to plastid nutations
shows non-Mendelian inheritance, thus exhibiting differences in
reciprocal crosses as in Pelargonium zonale (Baur 1909) and
Mrabilis jalapa (Correns 1909). Variegations due to nutable
nucl ear genes and nuclear gene controlled plastid nutations which
follow Mendelian inheritance were reported in several plants viz

Ar abi dopsis (Robbel en 1966; Redei 1973; Redei and Plurad 1973),



Capsella bursa (Sheel 1956), barley (So 1921; 1Imai 1928, 1935,
1936a, b; Borner et al 1976), Ovyza (Pal and Ramanujam 1941),
mai ze (Anderson 1923; Jenkins 1924; Demerec 1927; Rhoades 1943,
1946; Stroup 1970; Coe et al 1982), Sorghum (Karper and Conner
1931; Karper 1934; Mller 1968), Epilobium (Mchaelis 1965)
Cenothera (Epp 1973) Petunia (Potrykus 1970) and pearl mllet
(Ayyangar et al 1935; Kadam et al 1940; Gl et al 1969; Appa Rao
and Mengesha 1984; Subrahmanyam et al 1986; Reddy and Subrahmanyam

1988a,b; Karunasri and Subrahmanyam 1994).

Pl astid | nheritance

Plastids are known to be transmtted either maternally or
bi parentally (Kirk and Tilney-Bassett 1978). Biparental plastid
transmi ssion is characterized by the contribution of plastids from
both parents. Biparental inheritance of plastid nutations was
denmonstrated in Pelargonium zonale (Baur 1909; Roth 1927; | nai
1936a; Tilney-Bassett 1963, 1965, 1970a,b). QCenothera (Scholtz
1954) and Secale cereale (Frost et al 1970).

Ayyangar et al (1935) reported albinism controlled by a
recessive gene in pearl mllet. Vinchon (1949) showed single
recessive gene pair control for 8 of the 10 |ethal chlorophyll

deficiencies. Ratnaswany (1960) reported a white stripe phenotype

controlled by a recessive gene. Burton and Powell (1965) observed
nonogeni ¢ recessive i nheritance in ten of the thirteen
spont aneously occurring chlorophyll deficiencies and digenic

recessive inheritance in the renaining.

GIll et al (1969) reported foliage striping of two nutants,



PYS7 and GYS8, in the presence of 3 complementary recessive
nucl ear genes whil e another stripe phenotype of GA5 14 is shown to
be controlled by 3 different loci with duplicate, conplenentary
and inhibitory type of gene interactions. Subsequent studies by
Reddy and sSubrahmanyam (1988a) on the sane white stripe nutant
(G5 14) revealed the control of striping by the delayed
expression of two independently assorting recessive genes. Krishna
Rao and Koduru (1978) reported non-Mendelian bi parental
I nheritance of the variegated phenotype in a white stripe nutant.
Appa Rao and Mengesha (1984) isolated a yellow stripe mnutant
(I'P 5009) controlled by a recessive gene. Subrahmanyam et al
(1986) denonstrated a pattern dependent maternal pl astid
I nheritance in the same nmutant. On selfing, the variegated plants
produce green, variegated and yell ow or white progeny, proportions
of which are dependent upon the phenotype of the parent.
Heteropl astidic parental cells may give rise to homoplastidic egg
cells with either normal or nutant plastids, leading to the
devel opnent of green or nmutant seedlings. Variegated offspring
originate from heteroplastidic egg cells where sorting out is
I nconpl ete. Reddy and Subrahmanyam (1988b) further characterized
and established the genetic basis of plastid alterations, the node
of t ransm ssi on fol | ow ng i ntrapl ant, interspikelet  and
I ntergenotypic crosses of the stripe nmutants. Further genetic
analysis followng intercrosses of different variegated |ines of
Pennisetum glaucum revealed at |east 4 independent |oci, any one
of which in homozygous recessive condition leads to nutant

phenot ypes whil e the devel opment of chlorophyll is acconplished by



the conplenentary interaction of domnant genes at these |oci

(Karunasri and Subrahmanyam 1994).
Utrastructural and Ml ecul ar Characterization

Utrastructural, biochemcal and nolecular studies in the
nucl ear gene controlled yellow stripe miutant of Pennisetum glaucum
reveal ed the absence of chlorophyll (Subrahmanyam et al 1986),
poor devel opnment of plastids and the absence of internal thylakeoid
nmenbrane organi zation, plastid specific ribosones and 23S and 16S
ribosomal RNAs (Reddy et al 1988) indicating the lack of protein
synt hesi zi ng machinery. Simlar observations were nade in iojap of
mai ze (Wl bot and Coe 1979) al bostrains of barley (Borner et al
1976; Knoth and Hagemann 1977) and Pel argoni um zonal e (Borner et
al 1972). Biochemcal studies on pearl mllet stripe nutant
(Sujatha and Subrahmanyam 1991) reveal ed the presence of nuclear
coded small subunit (SSU and the absence of plastid coded |arge
subunit (LSUof the Rubisco in the yellow tissue and/ or seedlings
while no differences were observed with reference to PEPcase.
Simlar findings were reported in iojap mutants of naize
(Siemenrothet al 1980), al bostrains of barley (Borner et al 1976)
and heat bleached ribosome-deficient plastids of rye (Fierabend
and wildner 1978) . Even in the absence of translational nachinery
in the plastid conpartnment, nutant plastids multiply during cell
divisions indicating the presence of genetic material and
utilization of the nuclear coded conponents required for its
mai nt enance and continuity (Reddy and Subrahmanyam 1988a,b). These

findings clearly establish the nuclear control over chloroplast



devel opnent. The |ack of chlorophyll and the enzynes required for
the Calvin cycle indicate the photosynthetic inability of these

nmut ant pl asti ds.
Chl orophyl | synthesis and plastid biogenesis

Miut ati ons that block chlorophyll synthesis have nmajor effects
on chl oropl ast biogenesis and thus are |ethal. Mor eover, these
nmutants have extensive pleiotropic effects in the expression of

bot h nucl ear and pl astid genones.

Von Wettstein and co-workers (1971) identified 20 different
loci, all in the nuclear genone, at which nutations cause a
yell ow, chlorophyll-deficient phenotype in barley. Sone nutants
are blocked at specific steps in chlorophyll biosynthesis
resulting in inpaired chloroplast devel opnment at an early stage of
internal nmenbrane assenbly. Mscia and Robertson (1978) described
simlar effects in maize nutants. The block in specific steps of
chl orophyll synthesis is due to nmutation leading to inpairment in
the synthesis and/or activity of an enzynme at a particular step
The lack of chloroplast nmenbrane assenbly nay be a pleiotropic
consequence of the absence of chlorophyll and/or the accunul ation

of chl orophyl| precursors.

Several nuclear induced plastid nutants of higher plants and
algae are known to block different steps in the chlorophyll
bi osynthesis (Kirk and Tilney Bassett 1978). Sager (1955) reported
a Mendelian nmutant of Chl anydononas reinhardtii which had

accunul ated particularly protoporphyrin IX A recessive Mndelian

10



mutant Of Arabidopsis thaliana can formprotochl orophyllide but is

unabl e to photoreduce it to chlorophyl|l (Robbelen 1966). An al bino
17 59

nutant alb-f and yellow nutant Xan-j of barley were shown to
phot oreduce chlorophyllide, but were wunable to phytylate the
chlorophyllide to form chlorophyll-a (Von wettstein et al 1971;
Henni ngsen and Thorne 1973). Mutations which affect formation of
the chlorophyll or carotenoids of the chloroplast also affect the
synthesis of photosynthetic apparatus (Kirk and Tilney-Bassett

1978) .
Pl astid Genone O ganisation

Most plastid genomes are circular and range in size from
120 to 217 kb ( Palnmer 1990 ). Variation in genone size 1isS
related primarily to the size of inverted repeat ( IR ) in
the plastid genone and its coding capacity. Copy nunber per
plastid ranges from 22 to 300 depending on the devel opnenta
stage. Conplete sequence information in plastid genones is
avail abl e for tobacco ( N cotiana tabacum ), liverwort (Marchantia
polymorpha), rice ( Oryza sativa) (Shinozaki et al 1986; oOhyama
et al 1986, Hratsuka et al 1989 ), naize and several other plants
(Maier et al 1995). The unique feature of chloroplast genone
iIs the presence of inverted repeat segnents ( IR and IR ) ,
separated by a large and small single copy regions (LSC and SSC)
respectively ( Sugita et al 1984 ). Studies on a w de range of
species led to the establishnment of consensus chloroplast gene
order anong vascular land plants identical to that found in
tobacco (Palmer 1990). Data available for the cereals wheat, naize

and rice show that their chloroplast genones have diverged from

11



the consensus gene order through a series of overlapping
inversions within the LSC Hratsuka et al 1989). PMastid DNA
encodes approximately 135 genes that fall into three ngjor
functional categories: genes encoding proteins and RNAs invol ved
in transcription and translation of the plastid genone (RVA
pol ymerase subunits, tRNAs, rRNAs, ribosonmal proteins, initiation
factor 1), genes encoding proteins of the photosynthetic apparatus
(Rubi sco, Ppsi, ps1ii, ATP synthase, cytochrome b_/f conplex) and
genes encodi ng proteins of the NADH oxi doreductase conplex. Most
pl astid genes are organized in conplex operons that are conserved
anong plastid genonmes (Sugiura 1992; Millet 1993) and their
transcription plays a central role in establishing the levels of
many plastid mRNAs and proteins. Variations in plastid mRNA
stability also significantly influences plastid gene expression

(Rapp et al 1992).
Coor di nat ed expression of nuclear and plastid genones

Bot h the nucl ear and chl oropl ast genones encode conponents of
the photosynthetic apparatus. Plants are able to accurately
coordinate the accumulation of chloroplast and nuclear encoded
subunits through a conplex regulatory hierarchy including control
of transcription rates and mRNA accumul ation (Taylor 1989). Light
mainly controls the expression of the nuclear encoded
phot osynthetic genes such as small subunit of Rubisco and
chlorophyll a/b binding protein of PSII (Link 1988; Gilmartin et
al 1990; Kein and Millet 1990). The chloroplast genes are
regulated by light, nRNA splicing and stability (QGuissem et
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a21988; Link 1988). Study of mutants offers an alternate
approach to separate the individual contribution of Ilight and

chl oropl ast devel opnent on gene expressi on.

Drect evidence for the role of nuclear genes in the
regul ation of plastid devel opnent cones from the processes in
chloropl ast biogenesis such as structural organi zation of
thyl akoid nenbranes (Martienssen et al 1987), assenbly of
multiprotein conplexes (Leto et al 1985; Rochaix and Erickson
1988), plastid transcription (Jenssen et al 1986), plastid RNA
processing and translation (jenssen et al 1986; Kuchka et al 1988;
Taylor et al 1987) . An understanding of the control of plastid
gene expression wll be useful to decipher the nechanisns
coordinating the expression of the plastid and nuclear

conpartnents to devel opnmental signals.

In leaf cells of plants having photooxidatively danmaged
plastids due to either bleaching by norflurazon (Celmuller and
Mohr 1986; Burgess and Taylor 1987) or nutations that block the
bi osynthesis of protective pignents (Myfield and Taylor 1984;
Guliano and Scol nik 1988) the rbcS and cab gene famlies are not
expressed. It was observed that the expression of rbcS and cab
gene famlies was either repressed or not activated in albino
nmut ants of Hordeum vulgare bearing undifferentiated plastids (Hess
et al 1992 a & b) . Furthernore in experinents using transgenic
plants a strong correlation was found between the presence of
green differentiated chloroplasts and the expression of reporter

genes controlled by pronoters of nuclear encoded chloropl ast
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proteins (Herrea-Estrella et al 1984; Sinpson et al 1986;
Stockhaus et al 1989). A control mnechanism was postul ated that
triggers the expression of nuclear genes encoding chloroplast
proteins in accordance with the developnental status of the
plastids (Borner and Sears 1986; Taylor 1989; Rajasekhar 1991;
Susek and Chory 1992). Convincing evidence for the functionally
normal plastid as the origin of the signal cones fromthe genetic
studies of different variegation/chlorophyll-deficient nutants of
various plants. A conparative analysis of progeny conposition in
crosses between variegated and nornmal inbred lines of pearl mllet
(Reddy and Subrahmanyam 1988b) suggest that in egg cells wth
exclusively defective plastids, the plastids do not revert back
inspite of acquiring a domnant allele from the pollen parent
while in egg cells with a mxture of green and mutant plastids,
the nutant plastids could develop into functional plastids under
the influence of a domnant allele. This was further substantiated
by genetic analysis of stripe mnmutants from seven different
accessions of pearl mllet (Karunasri and Subrahmanyam 1994). Han
et al (1993) and Hess et al (1994) showed evidence for the
exi stence of a plastid-derived signal affecting the transcription
of light induced nuclear genes in the ribosome-deficient pl astids

of al bostrains of barley.

SCCOPE

The devel opnent and differentiation of plastids is controlled
tenmporally and spatially by co-ordinate expression of nuclear

genes for plastid proteins. The diversity of plastid types is

14



controlled by the devel opmental program of the plant suggesting
thereby a significant flow of information between the nuclear and
plastid compartnents. Nucl ear nmutations, which affect plastid gene
expression are of immense value in dissecting out the mechani sns
controlling plastid developrment. Many of such nutants display
striped (variegated) phenotypes such as iojap (ij) and
chloroplast nodifier (cm) of maize (Rhoades 1943, Stroup 1970),
chl oropl ast mutator (chm) of Arabidopsis (Knoth and Hagemann
1977), al bostrains (as) of barley (Redei 1973) and stripe
mutants of pearl mllet (Ratnaswamy 1960; Krishna Rao and Kodur u,
1978; Appa Rao and Mengesha 1984; Subrahmanyam et a1 1986).
Plastid defects in mutants of maize and barley are relatively well
characterized at the genetic, wultrastructural and biochem cal
l evel s. Nuclear mutations in these plants are controlled by

recessive gene (s) and the plastids are maternally transmtted.

In pearl mllet, Ratnaswany (1960) reported a white stripe
phenotype controlled by single recessive gene. GIll et al (1969)
reported foliage striping of tw mutants (PYS 7 and GYS 8)
controlled by 3 conplenentary recessive nucl ear genes and anot her
stripe nutant (Gws 14) was shown to be controlled by 3 different
loci with duplicate, conplenmentary, and inhibitory type of gene
interaction. Subsequent studies of Reddy and Subrahmanyam (1988a)
on the OAN5 14 stripe mutant revealed expression of striping

controlled by two recessive genes.

A single recessive gene control of yellow striping in a

mutant of [P 5009 was reported by Appa Rao and Mengesha (1984) .
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I ntrapl ant, interspikelet Crosses in t he sane nmut ant
unequi vocal ly established a pattern dependent naternal plastid
I nheritance « (Subrahmanyamet al 1986) . Results from reciprocal
crosses of stripe mutant (IP 5009) wth normal inbred Iines
provided the genetic basis of plastid alterations, their node of
transmssion (Reddy and Subrahmanyam 1988b). A honozygous
recessive genotype leads to defective plastid devel opnent wth
variable penetrance and expressivity (Reddy and Subrahmanyam,
1988b) . On crossing of stripe plants with pollen from nornal
i nbreds, green and yellow progeny were obtained. selfing stripe
plants or crossing with its green sib produced yellow, stripe and
green progeny suggesting that in egg cells wth exclusively
defective plastids, the plastids do not revert back inspite of
acquiring a domnant allele fromthe pollen parent, while in egg
cells with a mxture of green (normal) and yellow (defective)
plastids, the vyellow plastids could develop into functional
pl astids under the influence of a domnant allele. Pearl mllet is
an anenable system to design and obtain the nornal and
chlorophyll-deficient phenotypes at wll wthout altering the
genotype under simlar growh conditions. Using appropriate stripe
mutants it is possible to produce yellow or white seedlings
differing in their genotypes wth respect to one or nore
i ndependent loci controlling their phenotypes. The persistence of
altered plastids in honoplastidic egg cells(in yellow spikel ets)
and the developnent of defective plastids to normal in the
presence of normal plastid in the sane cell as in heteroplastidic

egg cells (in stripe spikelets) on acquiring a domnant allele
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from the pollen parent established the requirenent of a
chl oropl ast coded factor (5s) for the expression of the dom nant
allele in bringing about the normal developnent of otherw se
defective plastids. Karunasri and Subrahmanyam (1994) determ ned
the allelic conposition of different stripe nutants based on
segregation patterns in the progenies from crosses between yellow

stripe and white stripe nutants.

U trastructural and nol ecul ar characterization of plastids in
these mutants (Reddy et al 1988 and Sujatha and Subrahmanyam 1991)
reveal ed the absence of : (i) chlorophyll, (ii) thylakoid nmenbrane
organi zation, (iii) plastid coded |arge subunit of Rubisco, and
(iv) plastid specific ribosomes and ribosomal RNA (23s and 16s)
vis a vis defective plastid protein synthesizing machinery.,
Chl or ophyl | is an essential conponent of the nmgjor |ight
harvesting conplexes of PS | and PS Il thylakoid nmenbranes. The
poor organi zation of thylakoid menbranes in the ribosome

deficient plastids could be due to the lack of chlorophyll.

By deploying this genetically sinple and anenable system
the present study was undertaken (i) to identify the nature of
block(s) in  chlorophyl | bi osynthetic  pat hnay among the
chlorophyll-deficient phenotypes derived fromdifferent genotypes,
(ii) to study the regulation of gene expression in relation to
nucl ear-plastidic interactions in plastid devel opnent in green and
yellow or green and white siblings from the respective stripe
parent and (iii) to conpare the plastid genone organizati on anong

di fferent chlorophyll deficient nutants.
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MATER ALS AND METHODS
2.1. PLANT MATER AL

Genot ypes of pPennisetum glaucum (L.) R Br. stripe nmutants and
their breeding behaviour (Table 1) are well characterised
(Karunasri and subrahmanyam 1994) . Selfed seeds from the vyellow
stripe mutants of IP 5009 and IP 9712 (Fig. 1) and the white
stripe mutants of G 14 and VOM 36 (Fig. 2) were sown in trays
(bottom of Figs. 1 and 2) wunder glass house conditions (14 h
light). Seven day old green and non-green (yellow or white)

seedl i ngs were used.
2.2 FLUORESCENCE SPECTROSCCPY:

Six day old seedlings grown in plastic trays were harvested
2-3 h after sunrise and the fluorescence spectra were recorded
i mredi ately since the harvesting of seedlings in dark resulted in
i nconsi stencies. Seedlings approximately equal in size were used.
For each set of nmeasurenents five sanples were taken from green
and yellow siblings of IP 5009, |P 9712 accessions. Likew se they
were repeated with green and white seedlings of VCM 36, GA5 14 and
al bi no. FI uorescence em ssion spectra were recorded at 77K with
Htachi fluorescence spectrofluorometer (nodel 4010). The
excitation wavel ength was 438 nm with 5 nmexcitation slit and 4
nm emssion slit. The integration tinme was 0. 18s. The nean

spectrum was snoot hened before recording.
2.3. RNA EXTRACTI ON AND PURI FI CATI ON

Total RNA from 7-day old seedlings was extracted according to
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Table 1: Accessions of Pennisetum glaucum (L.) R Br. used, their
phenot ype, genotype and source.
Accession Phenotype Source
(Genotype)
IP 5009 Green yellow stripe Dr. S. Appa Rao and
(Vil Vil)* Dr. M.H. Mengesha,
Genetic Resources
. Division, ICRISAT,
IP 9712 Green(§?113¥ izrlpe Patancheru, A.P.,
2 2 502 324, India.
VCM 36 Green white stripe
(V13 vi, vi, V14)*
GWE 14 Green white stripe Prof. J.L. Minocha
(Vi3 Vi3 Vi4 Vi4)* Genetics Dept.
Punjab Agric. Univ.
Ludhiana, India.
Albino Albino seedlings Prof. N.C.Subrahmanyam,
(al al )*x* School of Life Sciences,
University of Hyderabad
Hyderabad-500 046, India
according to Karunasri and Subrahmanyam (1994).

"*accor di ng to Reddy (198 6) .
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Figure 1. Yellow stripe nutants of |IP 5009 and IP 9712
and their respective progenies given bel ow
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Figure 2. \Wite stripe nutants of VCM 36 and GA5 14 and
their respective progenies given bel ow.
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Fig. 2



the STRATACENE RNA isolation kit instruction manual. Care was
taken to ensure that all glassware and solutions are free from
nucl eases by baking the glassware at 200°C for 6 h and preparing
the solutions using DEPC (RNase inhibitor) treated water wherever

per m ssi bl e.

One gram of seedlings were quickly frozen in liquid N, and
ground to a snooth powder using nortar and pestle. The contents
were transferred imediately into a 50 mL polypropylene tube
cont ai ni ng 10 mL denat uri ng sol ution (4M guanidinium
I sot hi ocyanate; 0.005M sodium citrate pH 7.0; 0.1M pB-mercapto
et hanol ; 0.5% sarkosyl) and m xed well by shaking the tubes gently
for 3 min at 25°C. To this 1 mL of 2M sodium acetate (pH 4.0) was
added. After mxing thoroughly 10 mL of water saturated phenol was
added and mxed thoroughly by inverting the tube. This was
followed by the addition of 2 mL of cHIsaM. The contents were
shaken vigorously for 10 sec, <chilled on ice for 15 mn and
centrifuged at 10,000 rpm in Sorvall SS-34 rotor for 20 mn at
4 C. Agqueous phase was transferred to a fresh tube, mxed with an
equal volune of isopropanol and was kept at -20°C for 1 h to
precipitate RNA The RNA was pelleted by centrifugation at 10,000
rpmin Sorvall SS34 rotor for 20 mn at 4°C. After decanting, RNA
pel l et was washed with chilled (-20 © 70% ethanol, vacuum dried
for 5mn and dissolved in DEPC water. After dissolving the RNA
conpletely, an equal vol of 4M lithiumchloride was added and kept
on ice bath for 3 h to selectively precipitate high nolecular

weight RNA.  Followi ng centrifugation at 10,000 rpm in Sorvall
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SS-34 rotor for 10 min at 4°C, RNA pellet was vacuum dried for

5 mn and dissolved in DEPC water.
2.4 PLANT DNA EXTRACTI ON AND PURI FI CATI ON

Total DNA from 7-day old seedlings (green and yellow white)
of stripe mutants 1P 5009, |IP 9712, VCM 36 and GWS 14 and an
al bino nutant were extracted according to the nodified nethod of
Sharp et al (1988). Seedlings were frozen and ground in liquid N,
to a fine powder and 5 mL of lysis buffer (100mM Tris-HCl1l pH 8. 5;
100mM NacCl; 50nM EDTA; 2% SDS) was added per gram of tissue and
i ncubated at 37 C for 2 h with occasional stirring. An equal vol
of phenol (buffer saturated with Tris-HC pH 8.0): cCcHIsaMm (1:1)
was added, stirred at low speed for 10 min and centrifuged at
10,000 rpm at 25°C in Sorvall SS-34 rotor for 20 min. To the
supernatant 0.6 vol of isopropanol was added and gently m xed. DNA
was spooled on to a glass rod and transferred to a fresh tube to
which chilled (-20°CQ 70% ethanol was added and recentrifuged at
10,000 rpm for 10 min. Ethanol was decanted, DNA pellet was vacuum
dried for 30 min and was dissolved in 1X TE (pH 8.0) at 4°C

overni ght.

DNA was treated with RNase A (50 mug/mL) at 37°C for 2h
followed by digestion with proteinase K (100 pg/mL) at 37°C for
3 h. SDS was added to a final concentration of 0.1% DNA was
further purified twice with equal vol of phenol: CH SAM (1:1) and
once with CH SAM at 10,000 rpmin Sorvall SS-34 rotor for 10 min
each at 4°C. To the aqueous phase, 0.6 vol of isopropanol was

added and the DNA was allowed to precipitate at 25 C. DNA was
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spooled and transferred to a fresh tube and washed once with
chilled (-20°Q 70% ethanol. DNA was pelleted by centrifugation at
10,000 rpm in Sorvall SS-34 rotor at 4°C for 10 min, vacuum dried
and dissolved in 1x TE pH 8.0.

2.5. QUANTI FI CATI ON CF DNA AND R\A

DNA and RNA were quantified by their absorbance neasurenents

ata 260 nm (aA,..,) and 280 nm (A,,.) USing Beckman DU 65
260 280

spectrophotoneter. An (D wunit corresponds to approxinmately
50 upg/mL of double stranded DNA or 4 0 pg/mL of RNA. The purity of

the nucleic acids was assessed by their A, ./A,.,. ratios.
260 280

Preparations of DNA and RNA gave ratios of >1.8 and >2.0
respectively.

2.6. RECOMBINANT PLASM DS

Recombinant plasmids (containing plastid specific genes) used

in the present study are listed in Table 2.
2.6.1. Amplification and plasmd DNA extraction

A single bacterial colony carrying reconbinant plasmd was
transferred into 20 mL of LB medium (1% bactotryptone, 0.5%
bact oyeast, 0.5% Nacl) containing ampicillin (100 pug/mL) and
i ncubated overnight at 37°C on a platform shaker (250 rpm.
Plasmd DNA fromthe clones was extracted by al kaline lysis method
(mni preparation) according to Sambrook et al (1989) . The cells
were harvested at 5000 rpm (Sorvall SS-34 rotor) for 10 min. The

pellet was suspended in 100 uL of ice-cold solution | (50 nM
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Tabl e 2: Gene specific probes used in the present study.
Gene(s) (Coding for) Size Plasmid Source
rpo A (e-subunit of RNA 1.0 kb pRP4 Prof. M.Sugiura
polymerase) Nagoya Univ.
Japan
rpo B (B-subunit of RNA 3.2 kb pRP2 - do -
polymerase)
rbe L (Rubisco larger 0.7 kb pRP1 = do =
subunit)
16s rDNA (16s rRNA) 0.7 kb AUM 1.6 Dr. Kunni Malayan
ICGEB, India.
psb A (D1 reaction 1.0 kb pCBgl 11 Dr. Navin Khanna

center protein
(32 kD) of photo-
system I11I)

ICGEB, India.
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glucose; 25 mM Tris-cl pH 8.0; 10 mM EDTA pH 8.0) and transferred
to a 1.5 mL eppendorf tube, vortexed well and 200 uL of solution
Il (0.2 N NaOH, 1% SDS) was added and mixed by inverting the tube
rapidly five times. Finally 150 uL of solution IlIl (5 M potassium
acetate) was added, vortexed and centrifuged at 12,000 x g for
5 min (Sorvall 24S microfuge). The supernatant was collected and
extracted with equal vol of phenol:CHISAM (1:1) by centrifugation
at 12,000 x g for 2 min in the mcrofuge. The aqueous phase was
collected into a fresh eppendorf tube and plasmid DNA was
precipitated by adding 2 vol of chilled ethanol (-20°C). DNA was
pelleted by centrifugation in the mcrofuge at 12,000 x g for
5mn at 4 C and washed with 70% ethanol, dried under vacuum
(450 mMm Hg) for 2 mn and dissolved in 25-50 uL, TE (pH 8.0). The
pl asm d DNA  was treated with RNase A (100 pg/mL final
concentration) at 37°C for 30 mn, its quality and quantity were

checked on 0.8% agarose gels.

2.6. 2. PCR Amplification

A igonucleotide primers (20 bp long were selected based on
prior DNA sequence information on rice chloroplast genone

(H ratsuka et al 1989; as presented bel ow

Gene Forward prinmer Reverse priner

rpo A 5 TAGAACTTAT TCTTAGGTAA3' 5’ CAAGCTCTCC TCCATCGTICC 3’
rpo B 5 ATGCTCCGGA ATGGAAAT3’ 5" GITGAAGAAG GGATAATTTGG 3°
rbc L 5" AGAGCTGTAT TTGCGAGGGA3' 5' GIGITAAGGA TTATAAATTG 3’
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Anplification of gene specific fragnents from rice
chl oropl ast genone were carried out by polynerase chain reaction

(PR 18-20 bp in 0.5 mL microfuge tubes containing the follow ng:

10 x Taq poly buffer (STRATAGENE) 5 uL
dNTPS (1.25 mM) - 8 uL
H,0 34 uL
Forward primer (150 ng/ulL) - 1 uL
Reverse Primer (150 ng/uL) - 1 UL
Taq pol ynerase (STRATAGENE) 0.5 uL
Tenpl ate DNA (100 ng) 1 uL

50 uL

The conponents were mxed gently and 30 uL, of mneral oil
(SIavn) was layered on top of the mxture to limt evaporation
during high tenperature reginmes. PCR amplification was performnmed
usi ng Perkin El nmer Cetus thermocycler wWith cycles of denaturation
at 94°C for 1 min, annealing at 55°C for 1 min and extension at

72°C for 4 mn for 30 cycles.

DNA fragnments were separated on 0.8% agarose gel in 1x TBE to

confirm their sizes using BIORAD horizontal electrophoresis unit

at 3V cmfor 8 h at 2 5°C
2.6.3. Eution of DNA fragnents

Cel piece containing specific DNA fragnent was cut and
transferred into a 1 mL sterile syringe and was passed through the
nozzle into an eppendorf tube with the piston. An equal vol of

buf fer saturated phenol (pH 8.0) was added, mxed vigorously and
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kept at =-80°% for 15 min. The tubes were then centrifuged at
14,000 rpm for 15 mn at 25°C in a microfuge (Beckman). The
aqueous phase was mxed with an equal wvol of phenol: CH SAM (1:1)
and spun at 10,000 rpm for 10 mn at 25°C. DNA was precipitated by
adding 0.1 vol of 3 M sodium acetate (pH 5.2) and 2.5 vol of
chilled (-20°Q ethanol and kept overnight at -20°C. DNA was
pelleted at 14,000 rpm for 15 mn at 4°c, washed once with chilled
(-20°CQ 70% et hanol, vacuum dried and dissolved in 50 uL of 1X TE

(pH 8.0) at 4°C.

The size, purity and concentration of PCR anplified DNA
fragnents were rechecked on 0.8% agarose gels with 1 Kb DNA

| adder (FIBCO-BRL)as markers.
2. 7. RADIOLABELLING OF PROBES

DNA fragnents to be used as probes were |abelled by nick
transl ation according to the manufacturer's (GIBCO-BRL, Maryl and,
USA) instructions making use of the unique property of E. coli DNA
polymerase | which adds nucleotide residues to 3°0H term nus when
one strand of the DNA helix was nicked by DNase. This enzyne al so
has 5’—3’ exonucl ease activity and renoves nucleotides from 5’
direction of the nick. The sinultaneous renoval of nucleotides
from 5 end and addition at 3 end ensures specificity of
transl ation process. Reaction m xture consisted of the follow ng:

Solution A - 5 uL (0.2 mM each of dATP, dGTP, dTTP, dCTP
in 500 mM Tris-HC1l, pH7.8; 500 mM MgCl ;
100 mM 2-mercaptoethanol; 100 upg/mL BSA)
DNA (50 ng) - X uL.
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H.O - y uL.

2
a32p dorp - 10 pL 100 uCi (3000 Ci/mL specific activity)
Solution C - 5 uL (0.4 U/uL DNA polymerase I; 40 pg/uL

DNase I; 50 mM Tris-HCl, pH 7.5; 5 mM
magnesium acetate; 1 mM 2-mercaptoethanol;
0.1 mM PMSF; 50% (w/Vv) glycerol; 100 ug/mL BSA

50 uL

The contents were gently mxed by vortexing and spinning in a
m crofuge and were incubated at 15 C for 90 min. 5 uL of stop
buffer (0.3 M EDTA, pH 5.2) was added to termnate the reaction
and volume was mnade wupto 100 u. with STE. To renove the
uni ncor porated dNTPs and a—32P dCTP, |abelled DNA solution was
| oaded onto a spun column according to Sambrook et al. (1989) and
centrifuged at 1600 x g (3800 rpm) in Sorvall SS34 at 25°C for
4 mn. Flowhrough was collected and l|abelling efficiency was
determned by using Cerenkov counting. The radioactivity of the
probe was neasured using liquid scintillation counter (Beckman)
and specific activity (dpm/ng DNA) was determned from cpm per uL

sanpl e and the counting efficiency (3.33)
2.8 | SCLATION OF THE TRANSCRI PTI ONALLY ACTI VE CHROMOSOME (TAC):

Transcriptionally active chronosones (TACQ of plastids were
prepared as described by Tewari and Goel (1983). Triton X-100
| ysates of plastids were prepared from 20 g each of green and
yellow siblings separately. The Ilysates were «clarified by
centrifugation at 12000 rpm for 30 mn in a Sorvall SS 34 rotor.
Plastid DNA and associated proteins were pelleted at 1,00,000 x g
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for 3.5 h in Beckman SwW-41 rotor. The pellet was dissolved in
50 mM Tris-HCl1 pH 8.0, 25% glycerol, 100 mM Kcl, 10 mM BME and
1mM PVBF. Reaction mxture for RNA polymerase assay consisted of
50mM Tris-HA pH 8.0, 10mM Mgcl , 10 mM MnCl,, 0.25 nM DIT,
25 mM Kcl, 100 um each of CTP, GIP, UTP, 20 uci a 32p ATP (300
ci/mmol) and 15 uL of dissolved TAC in a final volune of 50 uL.
The reaction was carried out at 30°C and termnated at different
intervals using 5% cold TCA. The precipitable radioactivity was
collected on to GF/C Watnman filter and neasured in liquid

scintillation counter (Beckman).
2.9. NORTHERN BLOT HYBRI DI ZATI O\

2.9.1 El ectrophoresis of RNA

RNA was separated on fornal dehyde agarose gels according to
Sambrook et al (1989) . The gel was prepared by nelting the
appropri ate amount of agarose in water, cooled at/to 60°C. The gel
was cast and allowed to set for 1 h at room tenperature. 5X
f or mal dehyde gel running buffer (0.1 M MOPS pH 7.0; 4 0 nmM sodi um
acetate, 15 nM EDTA pH 8.0) and fornal dehyde (SIGVA) were mxed to
give final concentrations of 1Xx and 2.2 M respectively. RNA

sanpl es were prepared by the following nethod in sterile microfuge

tubes:

RNA (upto 3 0 ug) vari abl e vol une
5X formal dehyde gel running buffer 3.5 uL

3 7% (wv) fornal dehyde 6.0 uL

dei oni zed formamide 17.5 uL.

35.0 uL
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The sanples were incubated at 65°C for 15 min and chilled on ice
bath. 2 ulL of sterile DEPC treated fornmal dehyde gel |oading buffer
(50% glycerol; 1 mMm EDTA pH 8.0; 0.25% bronmophenol blue 0.25%
xyl ene cyanol FF) was mxed with RNA sanple and | oaded onto the
gel which was prerun for 5mn at 5 V/cm Sanples were |loaded in
two parallel sets in a single gel and run at 25 C for 5 h in 1X
formal dehyde el ectrode buffer at 2 Vcm One set was stained to
check the extent of separation of RNA while the other was used for

Nort hern blotting.
2.9.2. Northern Bl otting:

Soon after the fractionation, the gel was soaked in 5 vol of
water for 5 mn to renove traces of formal dehyde. RNA in the gel
was partially denatured in alkaline solution (50 mM NaOH, 10 mM
Nacl) for 15 mn and neutralized in 0.1 M Tris-HCl (pH 7.4)
solution for 15 min. Nyl on nenbrane (Gene Screen Pl usc? was soaked
in sterile water for a few seconds and then in 20 x SSC for
15 mn. The gel was carefully placed on nylon nenbrane. Several
blotti ng papers and stacks of tissue paper were placed above the
menbrane. A glass plate and a 500 g weight were placed over the
top of the stack. The transfer of RNA was carried out in 20X SSC
by sem -dry capillary blotting nmethod (Sanbrook et al 1989) for
16 h. The menmbrane was rinsed in 2X SSC to renove residual agarose

and placed on wet filter paper to prevent drying of nmenbrane.
2.9.3. | mobi |i zati on:

W cross linking of RNA to the nenbrane was done twice to
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minimize |oss of RNA during hybridization at 1200 uJoules for 30
sec using Stratalinker (STRATAGENE). The nenbrane was baked at

80°C for 3h to reverse the fornal dehyde reaction.
2.9.4 Bl ot Hybridi zati on:

The nenbrane was placed in a heat seal able pol ythene bag to
which 20 mL of prewarm prehybridizatior? solution (5X SSC, 5%
dextran sul phate, 50 mM sodi um phosphate pH 7.2, 5X Denhardt’s
solution, 2.5 mM EDIA 0.5% SDS and 100 ug/mL denatured sal non
sperm DNA) were added. Prehybridization was carried out overnight

in a shaker water bath at 65°C

Denat ured radi ol abel |l ed probe (sp. activity > 1 x 10 dpm/ng)
was added to the prehybridization mxture and the bag was
reseal ed. Hybridization was carried out in the shaker water bath

at 65°C for 18h.
2.9.5. Post hybridization processing:

The nenbrane from the hybridization bag was carefully taken
out and washed for 10 min in each of the follow ng solutions (i)
3X SSC and 0.1% SDS, (ii) 2X SSC and 0.1% SDS, (iii) 0.5X SSC and
0.1% SDS to renove non-specifically bound probe. The nenbrane was
air dried and covered in saran wap. Autoradi ography was done for

varyi ng periods depending on the signal (sec. 2.14).

2.10 PROTEI N FRACTI ONATI ON AND DETECTI ON:
2.10.1 Soluble Proteins

Total soluble proteins were prepared according to Han et a1l
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(1993). Seven day old green, yellowwhite seedlings from each
accession were separately ground using mortar and pestle in
(2 mL/g tissue) the honpgenizing buffer (0.1 M 2-(N-Morpholino)
et hane sulfonic acigNa-MOoPsS pH 7.5, 10 mM NaCl, 1 mM EDTA, 10%
sucrose, 5% B-mercaptoethanol (BME) and 4% SDS). Extracts were
denatured at 70°C for 5 min, microfuged at 10,000 rpm for 10 min.

Supernatants containing total cellular proteins were retained.
2.10.2 Thylakoid nenbranes:

Thylakoid nenbranes were isolated by the procedure of
Vainstein et al (1989). Geen and yellow or white siblings from
each accession were ground in suspension buffer (0.6 M sorbitol,
10 MM HEPES-KOH (pH 7.5) and 2 mM cacCcl ) . The suspension was
filtered through four layers of <cheese cloth and subsequently
through four layers of mracloth and centrifuged at 3,000 rpm
(Sorvall SS-34 rotor). The supernatant was recentrifuged at
7,000 rpm (Sorvall SS-34) for 20 mn at 4°C and the pellet
(thyl akoid menbranes) was suspended in 10 mM HEPES-KOH (pH 7.5)

buffer.
2.10.3 Pol yacryl am de gel electrophoresis (PAGE):

Denaturing SDS-PAGE of soluble and thylakoid nenbrane
proteins was performed using Laemmli (1970) system Based on
vi sual assessment of protein concentrations on gels stained wth
Coomassie Brilliant Blue, equal anmounts of protein sanples were
| oaded onto the gel and separated on 12% resolving gel (pH 8.5)

with a 5% stacking gel (pH 6.8) at 70 V constant voltage for 16 h
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at 15°C
2.10.4 Immunological detection of proteins:

Proteins from polyacrylamide gels were transferred onto
nitrocel | ul ose menbr ane in a transfer buf f er
(Tris—-glycine-methanol) according to Towbin et al (1979) using
BIORAD electroblotting apparatus at 600 mA constant current for
3 h at 4°C The blot was transferred to blocking solution
(1 x PBS; Tween-20; mlk protein) and incubated for 1 h at 25°C
and was washed in 1 x PBS for 15 min. For the detection of the
Rubi sco large subunit (rbclL), light harvesting conplex of
photosystem || (LHCP-II) and ferredoxin oxidoreductase (FNR
proteins, separate antisera raised against each of these proteins
from maize were wused (kind gift from Dr. M.K. Reddy, ICGEB,
India). Following the incubation in the primry antibody solution
at 4 C overnight, the blot was washed in PBST solution 5 tinmes for
5 mn and rinsed once in 1 x PBS solution. The blot was further
I ncubated with anti-rabbit IgG conjugated to peroxidase. For the

col our reaction 4-chloronaphthol was the substrate.
2.11 DNA POLYMERASE PURI FI CATI ON AND ASSAY:

Plastid DNA polymerase was purified and assayed for its

activity by the nmethod of McKown and Tewari (1984).
2.11.1 Preparation of Plastid Lysate:

30 grams of 5 day old (green and yellow) seedlings were

chopped in buffer (50 mM Tris-HC1l pH 8.0, 10 mM MgClz, 10 mM BME
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and 1 mM PMSF) and filtered through four |ayers of cheese cloth
and miracloth. The filtrate was centrifuged at 1000 x g for
10 min. The pellet (of plastids and nuclei) was suspended in the
sane buffer and Triton X-100 was added to a final concentration of
2.5% The mxture was kept on ice for 30 min to 1lyse plastid
menmbranes. The plastid lysate was clarified and separated from

nucl ei by centrifugation at 5000 x g for 30 m n.

2.11.2 Col um Chronat ogr aphy:

To renobve contamnating nucleic acids and nucleases, the
plastid |ysate was loaded on to 15 mL (settled volune)
DEAE-cellulose colum pre-equilibrated with buffer conprising
50 mM Tris-HCl pH 8.0, 25 mM KCl and 25% glycerol. The colum was
washed with 4-5 bed vol of a buffer containing 10 mM BVE and 1 mM
PMSF. The bound proteins were eluted with equilibration buffer
including 500 mM KCl1 (at this salt concentration nucleic acids

were bound to the colum while the proteins were eluted out).

The eluted proteins (approximately 30 mL) were dialysed
agai nst buffer (50 mM Tris pH 8, 100 mM Kcl, 10 nmM BME, 1 mM PNSF,
25% (wv) glycerol, 0.1% Triton X-100, 0.1 mM EDTA) and then
| oaded on to a 5 mL (settled volume) heparin sepharose columm
pre-equilibrated with dialysis buffer. The colum was washed
extensively with the sanme buffer to elute unbound proteins whereas
the bound proteins were eluted with 500 mM KC1 (sanme buffer except
0.1% Triton X-100 and 0.1 mM EDTA) as 1.0 mL fractions. The

fractions were assayed for DNA polymerase.
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2.11.3. DNA polymerase assay:

Reaction m xture consisted of 50 mM Tris-HC1l pH 7.5, 10 mM
Mgcl , 100 MM Kcl, 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 1 uCi 3H dTTP,
1-2 ug of nicked calf thymus DNA and 10 pL of partially purified
enzynme in a total volune of 100 uL. The reaction m xture was kept
at 37°C for 30 mn. The reaction was termnated in sanples taken
out at different time intervals by adding 5% TCA. The precipitate
was collected on to G-/e glass fiber filter and the radioactivity

was neasured in a liquid scintillation counter.
2.12 STAI NI NG AND VI SUALI ZATI ON OF DNA | N PLASTI DS AND NUCLEUS:

Protopl asts were isolated from green and yell ow siblings. 4-5
young expanding |eaves (green and yellow) were taken and cut into
narrow strips and incubated in protoplast isolation solution
(given below) for 60 m n. WAsh solution was replaced by protopl ast
Isolation solution and the contents were incubated at 28°C for
12 h in dark. Leaf tissues were squeezed with forceps to renobve

maj or debris.

DAPI (1 pg/mL) solution was prepared in the protoplast wash
buffer. A drop of DAPI solution was taken on the slide and m xed
gently with a drop of solution containing protoplasts and
coverslip was placed. The protoplasts were examned under a
m croscope with a uv filter attachment. Plastids stained orange

red while the nucl eus stained bl ue.
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COWPOSI TI ON OF PROTOPLAST | SOLATI ON SOLUTI ON

Ingredient Stock Solution Final Conc. in
Medium

5 O KH2PO4 Added as dry powder 27.2 mg/L

2 KNO3 Added as dry powder 101 mg/L

3 CaClz.2H20 Added as dry powder 1.48 g/L

4, MgSO4.7H2O Added as dry powder 246 mg/L

B KI Stock 0.1 mg/ml 0.16 mg/L

6. CuSO4.5H20 Stock 0.01 mg/ml 0.025 mg/L

7 & MES Buffer Stock 100 mM 5 mM

(20X)

8. Mannitol Added as dry powder 130 g/L

9. Cellulase RS Added as dry powder 1.5%

10. Macerozyme Added as dry powder 0.05%

* The medium was prepared and autoclaved.

* pH was adjusted to 5.8.

* Enzymes were dissolved in the medium at room temperature and

* The solution was filter sterilized ( 0.2 um pore size).

2.13 SOUTHERN BLOT HYBRI DI ZATI ON
2.13.1 Restriction Digestion of Plant DNA

Bgl | and BamH | restriction enzynes were used for digesting
the DNA sanples from the siblings of each accession according to
the manufacturer's instructions (Genei, Banglore, India). Single
and double digestions were carried out at 37 C in a circulating

water bath for 3h for single and 5h for double digestions
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respectively. Reaction was terminated by heat inactivating the

enzynes at 65°C for 15 mn.

2.13.2. Southern Blotting

DNA fragnments were size fractionated on 1.1% agarose gel in
1X TAE. The gel was subnerged in 1X TAE and el ectrophoresis was
performed at 2 V/cmfor 18 or 20 h (specified in figure |egend) at
25°C in Pharmacia LKB wunit. DNA fragnments from the gel were
vacubl otted according to the suppliers manual (LKB 2016 Vacu Gene)
onto nylon nmenbrane (CGenescreen hybridization transfer menbrane,
DuPont, NEN research products, USA) preincubated in 3 X SSC for
10 mn. DNA in the gel was denatured in alkaline solution (1.5 M
NacCl, 0.5 M NaOH) for 3mn followed by treatnent W th
neutralizing solution ( 1M Tris, 2M NaCl pH 5) for 3 mn under

suction (60 cm H,0). DNA transfer was carried out in 20 X SSC for

3 h to ensure conplete transfer of high nolecular weight DNA The
menbrane was rinsed in 3 X SSC, air dried and baked at 80°C for

2 h in a vacuum oven.

2.13.3 Blot hybridization

Menbrane containing inmobilized DNA was placed in a heat
seal abl e pol yt hene bag. Preheated (at 65 C) prehybridization
solution (1 mM EDTA, 70% SDS, 0.5M NaHPO pH 7.2) mxed wth

denatured salnmon sperm DNA (100 pg/mL) was added into the bag

2
(10 nL/dm of nenbrane) and heat sealed. Prehybridization was

carried out for 18h at 65°C in a shaker water bath (Haake).
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Radi o-| abel | ed probe was denatured at 100°C for 5 min and
chilled on ice bath for 10 min. Probe was delivered into the bag
by cutting one corner. The bag was reseal ed after renoving trapped
air. Hybridization was carried out in the shaker water bath at

65°C for 18 h.
2.13.4 Post hybridization Processing

The nmenbrane was carefully renmoved from the bag and washed
twce in 500 mL each of the follow ng solutions: (i) 1 mM EDTA,
40 mM Na HPO (pH 7.2), 5% sps, (ii) 1 mM EDTA, 40 mM Na HPO (pH
7.2), 1% SDS at 65°C for 30 min to renove nonspecifically bound of

t he probe.

2.14 AUTORADIOGRAPHY

The washed nenbrane was air dried, covered in saran wap and
exposed to X-ray film (Kodak) at -70 C in casette (SIGVA) wth
intensifying screen (Cronex). The exposure times varied depending
upon the intensity of the radioactive signal nonitored with a mni
GM counter. Exposed film was developed in: a) Kodak devel oper at
20 Cfor 2 mn, b) water bath for 1 mn c) rapid fixer (Kodak) for

10 mn and running water for 5 mn.
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3. ACCUMULATION OF INTERMEDIATES IN CHLOROPHYLL BIOSYNTHESIS
CONTROLLED BY DIFFERENT GENES

3. 1. | NTRODUCTI ON

In higher plants, chlorophyll synthesis is 1light-dependent
al though nost of the steps in the pathway are |ight-independent
Castel franco and Beale (1983). Abundance and the activity of the
enzymes catalyzing different steps in the pathway, however, are
subject to nodulation by both light and cell type (Boese et al
1991; Spano and Timko 1991; Wtty et al 1993). The first
internediate in the formation of chlorophylls and other
tetrapyrroles is 5-aminolevulinic acid (ALA) and protoporphyrin IX
Is the last internmediate common to chlorophyll biosynthesis (Fig.

3) and heme formation (Rudiger and Schoch 1988).

Formati on of Mg-protoporphyrin-IX (Fig.3) is the first step.
in the chlorophyll branch of the pathway followed by its
esterification, protochlorophyllide (Pchlide) formation and its
reduction to chlorophyllide (Chlide) and to chlorophyll(s). In
nost angiosperms Pchlide reduction is a |ight-dependent reaction
catal yzed by NADPH. PCOR (Giffiths, 1978). Both NADPH. PCOR and
its substrate Pchlide accunmulate to high levels in the |eaves of
dar k-grown angi osperns. The transient formation of Chlide, its
conversion and concomtant integration into the newy formng
light harvesting conplexes of thylakoid menbrane appear to be
closely tied to chloroplast devel opnent (He et al 1994).

I nformation on chlorophyll biosynthetic pathway nostly depended
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Figure 3: The chlorophyll biosynthetic pathway
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on the use of green, etiolated or dark grown plants (Castelfranco

and Beale 1983; Rudiger and Schoch 1988; Senge 1993).

Wrk in seemngly unrelated areas wusing different plant

systenms has provided insight into the regulatory communication

bet ween pl astid and nucl ear genones (Taylor 1989). Genes that
play inmportant role(s) in the process of interest can be
identified wusing nutants as tools in dissecting a conplex

mechanism into smaller parts. Studies on chlorophyll-deficient
(stripe) nutants in pearl mllet provided genetic evidence for
pl asti d-nucl ear gene interactions l|leading to the devel opnent of

chl orophyl|l (Reddy and Subrahmanyam 1988a,b).

Genes that regulate the devel opnent of chloroplasts from
proplastids are known. 1In barley 20 different nuclear nutants
whi ch cause yel | ow, chlorophyll-deficient phenot ype wer e
identified (von Wettstein et al 1971). Sonme nutants had bl ocks at
specific points in chlorophyll biosynthesis and in all cases,
chl oropl ast devel opnment was arrested at an early stage of internal
menbrane assenbly (Taylor et al 1987). Simlar defects were found
in iojap (ij) and chloroplast nodifier (cm of nmaize (Thonpson et
al 1983), albostrains of barley (Knoth and Hagemann 1977) and

variegation nutants of pearl mllet (Reddy et al 1988).

Lowt enper ature (77K) fl uorescence spectroscopy S a
sensitive and powerful tool frequently used to study Pchlide forns
and its transformation in dark-grown |eaves (Boddi et al 1992;
Hendrich and Bereza 1993). Bi osynthesis of Pchlide, t he

structure, | ocalization and properties of NADPH-PCOR and
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reduction of Pchlide to Chlide are extensively reviewed (Hendrich
and Bereza 1993). Pchlide in |eaves of dark-grown plants show a
spectral heterogeneity in vivo which probably reflects their
nol ecul ar arrangenent within the etioplast nmenbranes. The nmain
form Pchlide (absorption maxi num at 650 nm and a
fluorescence em ssion maxi nrum at 657 nm , has a basic role in the
greening of etiolated |eaves (Gassman et al 1968; G anick and
Gassman 1970; diver and Giffiths 1982) and has been described as
a photoactive conplex of PCOR - Pchlide (Boddi et al 1989; Boddi

et al 1990). On irradiation of etiolated plants or |eaves, Pchlide

is transforned into Chlide (680 nm form . Then the newy
synt hesi zed chlorophyll is built in a short time into different
Chl-protein conplexes of PS | and Il which can be neasured by

their fluorescence enmssion at 733 nm and 685 nm respectively
(Hendrich and Bereza 1993).

Several stripe nutants of pearl mllet have been genetically
characterized (Subrahmanyam et al 1986; Reddy and Subrahmanyam
1988a,b). So far four independent |oci have been identified based
on the segregation patterns in the progenies of intercrosses of
different stripe mutants (Karunasri and Subrahmanyam 1994)
mut ants. Any one locus in honbzygous recessive condition leads to
the nutant phenotype while devel opnent of chl or ophyl | IS
acconplished by the conplenentary interaction of dom nant genes at

t hese loci (Karunasri and Subrahmanyam 1994).

In the present study, in vivo lowtenperature (77 K
fluorescence emssion spectra of five different chlorophyll

deficient (yellow white) phenotypes of pearl mllet (Table 1) and
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their respective green siblings anong different genotypes and

phenotypes were recorded to detect differences and/or simlarities

in the accumulation of i ntermedi at es in the chlorophyll
bi osynt heti c pat hway. Compari son of t he accunul ation of
intermediate(s) of  chl orophyl | bi osynthesis anong different

chlorophyll-deficient (yellow and white) phenotypes, their normal
siblings derived from different genotypes and stripe phenotypes
enabl ed the identification of bl ocks at specific step(s) and their
control by different |oci.

3.2 NMATERI ALS AND METHODS

Six day old seedlings grown in plastic trays were harvested
2-3 hours after sunrise and the fluorescence spectra were
recorded inmmediately since the harvesting of seedlings in dark
resulted in inconsistencies. Seedl i ngs approximtely equal in
size were used. For each set of neasurenents five sanples were
taken from green and yellow siblings of [P 5009, IP 9712
accessi ons. Li kewi se, they were repeated with green and white
seedlings of VCM 36, GA5 14 and al bino. Fl uorescence em ssion
spectra were recor ded at 77K with Hi t achi fl uorescence
spectrofluorinmeter (nodel 4010). The excitation wavel ength was
438 nm, wWith 5 nm excitation slit and 4 nm em ssion slit. The
I ntegration time was 0.18. The nean spectrum was snoot hed before

recor di ng.

3.3 RESULTS
The in vivo low tenperature fluorescence em ssion spectra of

green seedlings fromdifferent genotypes are presented in Fig. 4(a
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to e) while the spectra from the corresponding yellow or white
siblings from each mutant are presented in Fig.5. The enission
spectra were recorded at 438 nm excitation wavelength which
preferentially detects Pchlide (Lebdev et al 1985). The
excitation at 440 nm which preferentially detects chlorophyll from
PS Il also showed simlar results (data not presented). The
excitation at 470 nm detected only two peaks with em ssion naxina
at 685 and 733 corresponding to chlorophyll in PS 11 and |
respectively abolishing the Pchlide peak at 657 nm Hence 438 nm
excitation wavelength was wused to detect different forns of

conpounds in the leaf sanple emtting fluorescence.

The fluorescence em ssion maxima in green seedlings were at
657 nm 685 nmand 733 nm (Fig. 4 ato e) . The relative |levels of
the main peaks varied depending on the genetic background. To
obtain sharper and Dbetter resolution of spectr al bands,
derivatives of the spectra were obtained. The second and fourth
derivatives of the em ssion spectra did not resolve any additional
peaks (data not presented) but revealed the invariable
fluorescence em ssion peak positions in accordance wth the
el egant denonstration by Boddi et al (1992) on the repeatability
of the technique. The em ssion spectrum from green seedlings

showed a broader peak in the 720-733 nmrange (Fig. 4, ato e).

Yel |l ow seedlings from | P 5009 and I P 9712 exhi bi t ed
fl uorescence em ssion maxi ma at 657 nmand 678 nm (Fig. 5 a,b). The
678 nm peak was found to be sensitive to the light conditions at

the time of harvesting. Freshly harvested |eaves showed 678 nm
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Figure 4:

Low tenperature (77K) fluorescence eni ssion

spectra of green seedlings from different
(a,b,c,d,e) at 438 nm excitation

genot ypes
wavel ength: a -IP 5009; b -IP 9712; c¢ -vCcM

36; d -GWS 14; e -Albino).
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Figure 5:

fl uorescence em ssion

Low tenperature (77K)
438 nm excitation

spectra from seedlings at

wavel engt h. (a - P 5009 Yellow seedlings;
b - IP 9712 Yellow seedlings; ¢ - VCM 36
GA5 14 Wi te seedlings;

VWite seedlings; d -
e - al al Wiite seedlings)
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peak while few hours of storage in dark resulted in the |oss of
this peak. The second derivatives of the spectra did not alter the
nunber and position(s) of the peaks (data not presented). Wite
seedlings from GA8 14 (c¢) and VCM 36 (d) and albino (e) showed
fluorescence emssion maxima at 657 nm while an additional broad
and |ess sharper em ssion spectrum in the 613-620 nm range was

detectable in the white seedlings of the white stripe nmutants.

3.4 DI SCUSSI ON

Fl uorescence em ssion spectra of green progeny irrespective
of the source (Fig. 4a to e) showed em ssion maxi ma at 657 nm 685
nm and 733 nm corresponding to Pchlide, PS II and PS |
respectively at 438 nm excitation wavel ength (Lebdev et al 1985;
Boddi et al 1992; Hendrich and Bereza 1993). Em ssion band of 678
nm corresponding to Chlide was not detectable in green seedlings
confirmng the transient presence of Chlide,its rapid conversion
to chlorophyll and its concomtant integration into mnenbrane

protein conplexes of PS 1 and II.

A conparison of em ssion spectra of white seedlings (Fig. 5
c,d,e) wth those of green seedlings (Fig. 4c,d,e) from three
different nutants (GAM 14, VCM 36 and al bino) revealed a conmmon
em ssion peak at 657 nm corresponding to Pchlide and enission
peaks at 685 nm and 733 nm corresponding to the chlorophyll of PS
Il and | respectively were absent. Furt hernore, a second peak at
678 nm corresponding to Chlide detected in yellow seedlings (Fig.

5a,b) is absent in the white seedlings. This clearly suggests that
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white seedlings accunulate Pchlide and are thus defective in the
conversion of Pchlide to Chlide. The reduction of Pchlide to
Chlide is catalyzed by plastid specific NADPH PCOR whi ch
accunulates in the plastids of dark-grown plants and eventually
beconmes the domnating polypeptide of the chloroplast inner
menbranes (Apel et al 1980; Odiver and Giffiths 1980). The white
stripe nutants (GWS 14, and VCM 36) are homozygous recessive at
two |oci (vi, vi, vi, vi,)while the yellow stripe nutants
(IP 5009 and [P 9712) carry domnant alleles at these |[oci
(Karunasri and Subrahmanyam 1994). It is, thus, likely that the
conversion of PChlide to Chlide is controlled by one or both the
loci in pearl mllet. Further confirmation about the nature of the

gene products is awaited.

Pchlide reduction to Chlide is catalysed by NADP dependent
PCOR. NADPH production is plastid specific and is catalysed by
Ferredoxi n oxi doreductase (FNR). | mmunobl ot analysis reveal ed
conparable FNR levels in green and yellow sibling of |P 5009 but

was absent in white seedlings (presented in the next chapter Fig.

9).

The presence of an additional em ssion peak at 678 nm (Fig. 5
a,b) in the yellow seedlings signifies the accunulation of Chlide
in these nutants and the absence of PS | and Il conplexes in the
yel l ow seedlings indicate a block in the conversion of Chlide to
chl orophyll. The two yellow stripe mutants (IP 5009 and IP 9712)
are honozygous recessive at vi and vi loci respectively, and

dom nant alleles at these two loci (vi and vi,) are conpl enent ary
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in the production of chlorophyll (Karunasri and Subrahmanyam
1994) . It is thus proposed that, either of +these Iloci in
homozygous recessive condition is adequate to block the conversion
of Chlide to chlorophyll and control the production and/or the

activity of chlorophyll synthetase (Table 3).

When the leaves are illumnated, Pchlide 1is immediately
reduced to Chlide which is thereafter esterified. |In the present
study, a mgjor Pchlide and a mnor Pchlide forms were

found in the white seedlings (GNs 14, VCM 36 and al bi no] whereas
three spectral fornms with fluorescence em ssion naxi mta at 632 nm,
645 nm and 657 nm were reported in etioplasts (Hendrich and Bereza
1993) . Emission peak at 678 nm in the vyellow seedlings from
I P 5009 and IP 9712 of pearl mllet represents single Chlide form
(an esterified form - phytyl Chlide) unlike different Chlide forns

in etiolated (dark-grown)seedlings (Rudiger and Schoch 1988).

Henni ngsen and Thorne (1973) found that the newy forned
Chlide in barley nutants directly emt fluorescence at 678 nm and
the rate of esterification was nore rapid than in the wild type.
Rudi ger et al (1980) suggested that such esterification of Chlide
in etioplasts is catalyzed by an enzyme or a group of enzynes,
termed chl orophyll synthetase. The occurrence of a single em ssion
spectral peak at 678 nm and the absence of chlorophyll (685 and
733 nm em ssion peaks) in the yellow seedlings of pearl millet in
the present study suggests that the esterification of Chlide is
catalysed by an enzyne different from that <catalysing the

conversion of Chlide to chlorophyll. Since the green and yell ow
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siblings of each accession carry the sane genotype, the chlide

in the yellow seedlings is likely phytyl Chlide. Each of these
nmutants are homozygous recessive at one of the loci (vi,vi, or
vi.vi ) and block the conversion of phytyl Chlide to chlorophyll
but domnant alleles at these loci are conplenentary in restoring
the chlorophyll synthesis. This enphasizes that both these |oci
control the conversion of Chlide to chlorophyll. Furt her
experinents are needed to establish the nature of the gene

product(s) and their regul ation..
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Table 3: Accumulation of protochlorophyllide/chlorophyllide and proposed
bl ock(s) in chlorophyll bi osynthetic pat hway in chlorophyll-
defi ci ent phenotypes of Pennisetum glaucum (L.) R. Br

Accumulation of Block in

Phenotype Genotype chlorophyll
Accession) Pchlide Chlide biosynthesis
CS
Yellow v11v1] V12V12 V13V13 V14V14 + + Chlide — — Chl
(IP 5009)
CS
Yellow V11V11 v12v12 V13V13 V14V14 + + Chlide — — Chl
(IP 9712)
PCOR
White V11V11 V12V12 v13v13 v14v14 + - Pchlide — — Chlide
(VCM 36)
PCOR
White V11V1] V12V12 V13V13 V14Vl4 + - Pchlide — — Chlide
(GWS 14)
PCOR
White (albino) al al + = Pchlide — — Chlide

Note: Green siblings irrespective of the accession and genotype had nornal

chl orophyl |l synthesis (Figure 4).

Pchl i de-prot ochl orophyllide; Chlide - Chlorophyllide; Chl - Chlorophyl
CS - chlorophyll synthetase; PCOR - protochlorophyllide oxidoreductase
(+) accumul ation; (-) absent.
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4. REGULATION OF GENE EXPRESSION DURI NG PLASTID DEVELOPMENT

4.1 | NTRODUCTI ON

Chl oropl ast devel opnent requires coordinated expression of
plastid and nuclear genes and activation of ©plastid gene
transcription nmust be therefore coordinated with the activation
of nuclear gene expression (Taylor 1989). Devel opment  and
differentiation of photosynthetically conpetent chloroplasts and
other plastid types present challenging opportunities to decipher
how plastid gene expression is controlled tenporally and
spatially in coordination with the expression of nuclear genes
coding for chloroplast proteins. Nuclear genes encoding |ight
regul ated photosynthetic proteins appear to be regulated
primarily at the level of transcription and to some extent at the
post-transcriptional and translational |evels (Deng and Gruissen,
1987; Mullet and Klein 1987; Klein and Miull et 1990; Schruber et
al, 1990).

The expression of Rubi sco snal |l subuni t (rbcS) and
chl orophyll a/b binding protein (cab) gene famlies in albostrains
of barley are either repressed or not activated (Borner et al
1976; Batschauer et al 1986; Hess et al 1991, 1994). Simlar
observations were made in iojap nutants of mmize (Han et al 1993)
in photooxidatively damaged plastids following treatment with a
bl eachi ng herbicide, norflurazon (Oelmuller and Mohr 1986; Ernst
and Schefbeck 1988; Burgess and Taylor 1987) or nutations that

bl ock the biosynthesis of protective pignments (Myfield and
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Taylor, 1984; Sinpson et al 1986; Stockhaus et al 1989). It was
postul ated that the expression of nucl ear genes encodi ng
chl or opl ast proteins is triggered in accordance wth the
devel opnental status of the plastids (Borner and Sears 1986;

Tayl or 1989; Raj asekhar 1991; Susek and Chory 1992).

A large increase in plastid transcription occurs during
devel opnent al though basal Ilevels of plastid gene expression are
common to all plastid types suggesting a central regulatory point
in chloropl ast differentiation and activation of pl astid
transcription (Millet 1993). A differential transcription was
suggested as the likely nmechanism involved in the regulation of
chl oropl ast gene expression based on the differential expression
of rbcL found in mesophyll versus bundle sheath cells of nmize
(Link et al 1978) and selective nodulation of psbA mRNA in
illumnated nmize |eaves (Bedbrook et al 1978). Devel opnent of
run-on transcription assays led to the direct analysis of the
transcriptional regulation of plastid genes (Deng et al 1987;
Mul I et and Klein 1987). Furthernore, differential transcription of
genes encoding the transcriptional/translational apparatus occurs
early in barley chloroplast devel opnent (Baungartner et al 1993).
Rat e of transcription varies among the pl astid genes.
Transcriptional activity varies in parallel with mRNA |evel and
protei n abundance, with the Rubisco large subunit (rbcL) being the
nost abundant protein, followed by proteins of the electron
transport, ribosomes and subunits of the plastid encoded RNA

polymerase (Rapp and Mull et 1991; Rapp et al 1992).
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Nucl ear mutants affecting plastid devel opment are powerful
tools in studying nuclear-plastidic interactions to understand
regul ati on of gene expression. |In the ribosome-deficient pl astids
of iojap nmutants of maize (Han et al 1993) and in al bostrains of
barley (Hess et al 1993; 1994), transcription of several nuclear
genes and plastid genes involved in photosynthesis are affected
although the plastid encoded RNA polymerase (rpo) genes are
transcribed in the albostrains of barley (Hess et al, 1993). By
screening norflurazon treated Arabidopsis thaliana mnmutants, Susek
and Chory (1992) proposed a plastid derived signal involved in
coordi nating nuclear and plastid genone expression. Recently, Hess
et al (1994) have provided genetic evidence for the plastid
derived signal necessary for the transcription of several nuclear

genes in the ribosome-deficient pl astids of al bostrains of barley.

Nucl ear i nduced ribosome-deficient altered plastids in
variegation nutants of pearl mllet lack plastid specific
ribosones, ribosomal RNAs, Rubi sco large subunit (LSU) and

t hyl akoi d menbrane organization (Reddy et al 1988; Sujatha and
Subrahmanyam 1991). Cenetic analysis of intercrosses between
different white stripe and yellow stripe plants reveal ed at | east
4 independent loci, any one of which in homozygous recessive
condition leads to nutant phenotype(s) while the devel opnment of
chl orophyl I /chloroplasts is acconplished by the conplenentary
interaction of domnant alleles at these |oci (Karunasri and
Subrahmanyam 1994). These distinct nutants are deployed to study
the expression of: (i) the plastid genes for 16s rRNA and RNA

pol ymer ase subunits necessary for pl astid transcriptional

55



apparatus and for Rubisco LSU (rbc L), ii) D,y protein gene (psb A
of thylakoid nenbranes and (iii) nuclear genes encoding conponents

of chlorophyll a/b binding protein (cab) and FNR

4.2. MATERI ALS AND METHODS (covered in chapter 2) e
4.3 RESULTS

4.3.1 Capacity for RNA Synthesis

Transcriptional ability of the plastids was checked in vitro
by incorporation of (a-32p) ATP into newy synthesized transcripts
in transcriptionally active chronosones (TACs) from both green and
yel l ow plastids of IP 5009. RNA synthesis by TAC isolated from
green plastids showed maxi mum activity within 20 min whereas over

2-fold less activity was found in TAC isolated from yellow

pl astids (Fig. 6).

4.3.2 Transcription of Plastid genes

Total RNAs from green and non-green siblings of five
different genotypes were size fractionated on denaturing gels
blotted and immobilized onto nylon nmenbranes and hybridized with
radi o-l abelled fragnents of 16r DNA, rbcL and psbA genes.
Aut or adi ograns of northern blot hybrids are presented in Fig. 7.
Cl ose exam nation of the transcripts hybridizing to 16s rDNA probe
revealed single size transcript in all the green seedlings (Fig.
7a, lanes 1,3,5,7,9) and no such transcript in yellow or white
siblings (rig.7a, lanes 2,4,6,8,10) derived from the genotypes
vi.vi (IP 5009) , vi V1'2 (1P 9712), vi V1'3Vi4vi4 (VeM 36 and

2 3
GWS 14) , and al a1l (albino) respectively. Although all green
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Fi gure 6:

Plastid DNA bound RNA polymerase
activity in green () and vyellow (D)
plastids from an vyellow stripe nutant
(I'P 5009) of Pennisetum glapucum as neasured
by the incorporation of a- p ATP in their
transcripts.
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Figure 7:

Nort hern bl ot hybridization of 16s rDNA (A),
rbcL (B), and psb A (Q transcripts in

green (@ and yellow (Y)/white (W seedlings
from different genotypes  of Penni set um
glaucum. Total RNA  was hybridized wth
radi o-l abelled plastid specific 16s rDNA

from tobacco, a fragnent of rbcL fromrice
and psb A from pea.
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seedlings, irrespective of their genotype had simlar |evel of

transcripts, there were differences in their transcript sizes.

When rbclL, a plastid gene encoding l|arger subunit of
Rubi sco was used as probe, uniform size transcripts were found
in all green (G seedlings (Fig. 7B) while their yellow (Y) or
white (W siblings |acked them (Fig. 7B).

Probing for the nonocistronic plastid gene, psbA encoding
the 32 kD herbicide binding D polypeptide of photosystem II
(Barkan et al 1986) revealed transcripts of two sizes in all
green (G seedlings (Fig. 7¢C). These were absent in all the

yellow (Y) and white (W seedlings (Fig. 7cC).
4.3.3 Plastid encoded RNA polymerase (RNAP-p)

Transcripts for plastid encoded RNA pol ynerase (RNAP-P) genes
(rpoA, rpoB) in green (G and non-green (yellow, Y/ white, W
seedlings were <checked by northern hybridization wth PCR
anplified gene probes from rice chloroplast genone. G een
seedlings in general displayed conparable rpo A transcript size
and abundance. However, the transcripts of rpoa were aberrant in
all the chlorophyll deficient seedlings but differing in their
si ze range and/or abundance anong different genotypes (Fig. 8A).
Yellow (Y) seedlings from IP 5009 (vi vi ) displayed three-fold
hi gher transcript level conpared to their normal (G siblings
(Fig. 8A) . In yellow (Y) seedlings from IP 9712 (vi,vi)
transcripts were at least 4-fold nore abundant than their green

(G siblings (Fig. 8A) . In vcM 36 (vi vi,), the transcript size

3
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Fi gure

8:

Transcripts for plastid specific RNA
polymerase subunit genes, rpo A (A and
rpo B (B) in green (G and yellow (Y)/white
(W) seedlings from different genotypes of
Penni set um glaucum. Northern blots (A and B)
were hybridized with PCR anplified rpo A and
rpo B gene probes from rice chloropl ast
clone Bank (A kind gift of Prof. M.
Sugi ura).
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range was narrow in green (G seedlings as compared to the w de
size range and 4-fold higher abundance found in their white (W)
siblings (Fig. 8A). In green (G and white (W siblings fromthe
white stripe nutant GA5 14 (vi vi.) , the size range of rpoA
transcripts were simlar to that of VCM 36 but the transcript
abundance in white seedlings was 3-fold higher conpared to their
green siblings (Fig. 8A). In the albino (al al) mutant, mRNA for
rpoA was 50% less than in their green siblings (Fig. 8A) with a;
narrow range of transcript sizes. Transcripts of rpoA anbng green
(G seedlings fromthe five different accessions can be placed in
order of their abundance (VOM 36 > albino > GAS 14 > |P 9712 >
P 5009). Variation in size and abundance of transcripts anobng
chl orophyl |l deficient (yellow, Y or white, W seedlings from
t hese genotypes displayed a different order for rpoA transcripts

(VM 36 > | P 9712 > GA5 14 >I P 5009 > al bino, Fig. 8A) .

RNA hybridized to PCR anplified radio-labelled 3.2 kxb rpo B
gene anong different green and non-green seedlings are presented
in Fig. 8B. In green (G seedlings of the genotype vi vi.
(IP 5009), a single processed transcript was found whereas
transcripts of higher and |ower nolecular sizes were predom nant
and abundant in yellow (Y) siblings (Fig. 8B). Geen (Q
seedlings from IP 9712 and |IP 5009 showed transcript which was
simlar in size and abundance. However, rpoB transcript |evels
were found to be at least 4-fold higher in yellow (Y) seedlings of
| P 9712 conpared to their green siblings (Fig. 8B). Transcripts of
rpoB were of two different sizes in green (G seedlings from

VCM 36 whereas their white (W siblings had an aberrant transcript
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of high (3-fold) abundance (Fig. 8B). Transcripts of higher
mol ecul ar size and abundance were also found in white (W)
seedlings of GWS14 conpared to that of their green (G siblings
(Flg. 8B) . A single transcript was detectable in green (Q
seedlings of albino nmutant while white (W) siblings showed both

aberrant transcript size and 50% | ess abundance (Fig. 8B).

A conparison of rpoB transcripts anong green (G seedlings of

different genotypes revealed a single processed transcript in

| P 5009 (Vil) , P 9712 (Viz) , GWS 14 (Vi3V1'4) and albino (al) and
two transcripts in VCM36 (vi vi ) . Aberrant transcripts were
detectable in all the non-green (yellow (Y) or white (wW))

seedlings but differed in their relative abundance (IP 9712 >

VCM 36 > I P 5009 > GAB 14 > al bi no).

4.3.4 Plastid and nucl ear encoded proteins

| mmunoblots of total soluble proteins from green (G and
yellow (Y) or white (W seedlings from different genotypes probed
with polyclonal antibodies to LSU of Rubisco from nmmize are
presented in Fig. 9A A polypeptide of 55 kD corresponding to LSU
of Rubisco was found in green siblings while it was absent in
their corresponding non-green siblings (Fig. 9A LanesY and W

Tabl e 4) .

| mmunobl ots of thyl akoid nenbranes follow ng separation on
SDS- PAGE probed with LHCP-II antibodies enabled the detection of
four subunits of nolecular sizes 30 kD (a) , 28 kD (b) , 27 kD (c)
and 24 kD (d) in their green (G seedlings (Fig. 9B, all Gs) .
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Figure 9:

| mmunobl ot anal ysis of plastid encoded rbc L
nucl ear encoded LHCP Il conplex and FN\R in
?reen (@ and yellow (Y)/white (w) seedlings
rom different genotypes of Pennisetum
glaucum. Total soluble proteins (A and
thylakoid nmenbrane proteins (B, C from 7-day
ol d seedlings were separated on SDS- PACE and
transferred to nitrocellul ose nenbrane and
probed with antibodies rai sed agai nst Lsu

58 , Wwhole conplex of rHcp-ITI (B) and FNR

fromnai ze.
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Table 4: Plastid and nucl ear gene specific products in green (G and
yellow (Y)/white (W siblings of chlorophyll~deficient
nut ants of Pennisetum glaucum (L. ) R. Br.

Plastid genes1 Nuclear genes2
Source
1és rbcl.  psbA rpoB rpoA LHCP-11 FNR
rRNA (kD)
30 28 27 24
G + + + + + + + + o+ +
IP 5009
Y - - - +++ +++ - - + + +
G + + “ + + nd nd
IP 9712
Y - - - +4+++ +++ nd nd
G + + + + + + o+ o+ o+ +
VCM 36
W - - - +++ +4+44 - 4+ = - -
G + + + + + + + + o+ +
GWS 14
W = - s ++ +++ -+ - = -
G + + + ++ +4 4 + o+ o+ o+ +
Albino
W - - - + + ~ & - = -

1-Transcriptional products; 2-Translational products; (+) present;
(-) absent; nd-not determ ned
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Yellow siblings of [IP 5009 showed 27 kD (c) and 24 kD (d)
subunits (Fig. 9B) , while the white (W) seedlings from VCM 36,
GWS 14 and al bino, displayed 28 kD subunit only (Fig. 9B, all
Ws, Table 4) .

Western bl ot analysis of nuclear encoded FNR revealed a 34 kD
pol ypeptide in the green (G and yellow (W siblings of IP 5009
and in the green seedlings of other accessions (Fig. 9C, all, Gs).
The white seedlings from VCM 36, GA5 14 and albino |acked FNR
(Fig. 9c, all Ws, Table 4).

4.4. DI SCUSS| ON

Transcri ptional activity in vyellow plastids as ingreen
plastids indicates plastid localized RNA polymerase activity
inspite of the absence of plastid translational machinery (Fig.
6). This would inply that, nuclear encoded RNA pol ynerase (RNAP-N)
transcribes plastid genes in the nmutant plastids of pearl mllet.
However, the low level of transcription in the yellow seedlings
(Fig. , all Ys and W) is either due to a slow rate of
transcription or selectivel/preferential transcription of a few
genes. The absence of transcripts of 16s rDNA, rbcL and pbsA genes
(Fig. 7, Y and W and abundant |evels of rpoA and rpoB (Fig. 8A &
B) denponstrate selective transcription of plastid coded RNA

pol ymerase (RNAP-P) genes in the chlorophyll deficient seedlings.

The absence of 16s rRNA in plastids of yellow or white
seedlings are consistent with earlier reports on pearl mllet

(Reddy et a1 1988), ribosome deficient plastids of iojap nutant
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of mai ze (Walbot and Coe 1979) and al bostrains of barley (Hess et
al 1992b) substantiating the absence of the plastid translational
machinery in these nutants. Abundance of transcripts for RNAP-P
subunit genes (rpoa, rpoB) in the absence of translational
machinery in these ribosome-deficient nutants, inplies that the
transcription is carried out by the RNA polymerase of nuclear
origin (RNAP-N). Abundance of aberrant transcripts could be a
consequence of altered transcriptional levels and inpaired

post-transcriptional processing.

In chloroplasts of Euglena gracilis and higher plants, there
are at least two RNA polynerase activities that are each capable
of selective transcription of different cl asses  of genes
(Greenberg et al 1985). To explain the inconsistent results on the
properties of the transcriptional apparatus in plastids (Guissem
1989), it has been suggested that plastids m ght contain nore than
one kind of RNA polynerase (Bogorad 1992). Evi dence for a
nucl ear-encoded plastid-localized RNA polynerase cane from the
study of Epifagus, a non-photosynthetic plant (de Pamphilis and
Pal mer 1990; Morden et al 1991). Epifagus plastids deficient for
rpoB, rpoC and rpoC, genes accunulate rRNA. In ribosome-deficient
pl astids of albostrains of barley, accunulation of mRNA for
rpoB-rpoC -rpoc was reported (Hess et al, 1993) suggesting that
the rpoB operon is transcribed by the nuclear encoded plastid
| ocalized RNA polynerase. Qur results further denonstrate that
the RNAP-N transcribes genes for plastid encoded RNA pol ynerase
(RNAP-P) subunits and suggests that RNAP-P is required for the

transcription of other plastid encoded genes such as 16s rDNA,
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rbcL and psbA.

Giffiths (1978) has shown that plastid provides NADPH
essenti al for a ternary conplex PCOR- NADPH - PClide, a
prerequisite for the photoconversion of Pchlide to Chlide. In
chl oroplasts of higher plants, FNR binds to thylakoid menbranes
and participates in the photoreduction of NADP by nediating
el ectron transfer from reduced Fd to NADP of the PS | (Nakataki
and Shin 1991) thereby provides NADP essential for formation of
ternary complex for photoconversion of Pchlide to Chlide. The
absence of photosynthetic conplexes and the presence of FNR in
yellow seedlings (Fia. 9 B, © in which Chlide accunulates
(Chapter 3, Fig. 3, Table 3) suggests that the reducing power
(NADPH) for PCOR activity (conversion of Pchlide to Chlide) m ght
have been inported into the plastids.

From the results presented in the preceding chapter (Chapter
3), the two white stripe nutants (GWs14 and VCM36) are homozygous
recessive for two loci (vi vi vi vi ) controlling chlorophyll
synthesis (Chapter 3, Table 3). As discussed earlier, one of these
two loci likely codes for PCOR It is now proposed that the other
locus may code for FNR which reduces NADP to NADPH and the
production of FNR and PCCR are coregul at ed.

Bl ock(s) in the chlorophyll biosynthetic pathway (Chapter 3)
resulting in the absence of chlorophyll suggests that the enzynes
catal yzing specific steps in the pathway are controlled by nucl ear
genes (Table 3, Chapter 3). Thus the expression of the nuclear
genes encoding plastid proteins was examned in ribosome deficient
plastid nutants of pearl mllet. OChlorophyll a/b binding proteins

(Cab) formthe light harvesting conplexes of PS | and Il (LHCP I
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and 11). These are the npost abundant thylakoid nenbrane proteins
synthesized on cytosolic ribosomes as precursor polypeptides,
transported into the plastid conpartnment and are further processed
and integrated into chlorophyll-protein conplexes. Absence of
30 kD polypeptide in all these chlorophyll deficient nutants of
pearl mllet suggests that chlorophyll synthesis triggers the
production of the LHCP-II proteins. The presence of 27 kD and
24 kD pol ypeptides (subunits c¢c and d) of LHCP-11 in the yellow
seedlings (Fig. 9B) in which Chlide is synthesized (Chapter 3,
Fig. 3, Table 3) and the absence in the white seedlings (Fig. 9B)
in which Chlide is not synthesised indicate that Chlide is the
likely signal required for the synthesis of these two
pol ypepti des. However, the present data are insufficient to
expl ain the presence of 28 kD polypeptide in white as well as in
normal seedlings and its absence in yellow seedlings. These
findings are consistent with the observations on Cchlamydomonas
rei nhardtii (Johanni ngnei er  1988) where an accunul ation of
internediates of the later steps of chlorophyll biosynthesis was
proposed to be involved in the regulation of the transcription of
nucl ear genes. Thus it is also proposed from the present study
that the signal nolecules for different nuclear encoded LHCP-1I

pol ypeptides are different.

68



5. PLASTID GENOME ORGANIZATION

| NTRODUCTI ON 5.1

The first physical (restriction) map of chloropl ast genome
was established by Bedbrook and Bogorad (1976) and cloning of the
first rRNA gene was achieved by Bedbrook et al (1978) . The
uni que feature of chloroplast genone is the presence of inverted
repeat segnents (IR, and IRg,), separated by large and small
single copy regions (LSC and SSC) respectively (Sugita et al
1984). Most plastid genones are circular and range in size from
120 to 217 kb (Pilmer 1990) . Variation in genone size is related
primarily to the size of inverted repeat (IR) in the plastid
genone and its coding capacity. Conpl et e sequence information of
pl astid genones is available for tobacco (Shinozaki et al 1986),
liverwort (Ohyama et al 1986) rice (Oryza sativa) (Hiratsuka et
al 1989) , mmize and several other plants (see Maier et al 1995).
Copy nunber per plastid ranges from 22 to 300 depending on the
devel opnental stage (Bendich 1987) . Studies on a w de range of
species led to the establishnment of consensus chloroplast gene
order anong vascular land plants identical to that found in
t obacco. Data available for the cereals (wheat, nmmize and rice)
show that their chloroplast genonmes have diverged from the

consensus gene order through a series of overlapping inversions

within the LSC (Hratsuka et al 1989). Plastid DNA encodes
approximately 135 genes that fall into three nmmjor functional
cat egori es: genes encoding proteins and RNAs involved in

transcription and translation of the plastid genonme (4 RNA

pol ynmerase subunits, 30-31 tRNAs, 4 rRNAs, 20 ribosomal proteins,
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initiation factor 1) , genes encoding proteins of t he
phot osynt heti c apparatus (Rubisco, PS |, PS 11, ATP synthase,
cytochrome b /f conplex) and genes encoding protein of the NADH
oxi dor educt ase conpl ex. Most plastid genes are organized in
conplex operons that are conserved anong plastid genones
(Sugiura, 1992; WMullet, 1993; Miier et al 1995 and their
transcription plays a central role in establishing the levels of
many plastid mRNAs and proteins. Variations in plastid mRNA
stability also significantly influences plastid gene expression

(Rapp et al 1992) .

In pearl mllet, nuclear gene induced plastid nutants are
known (Subrahmanyam et al 1986), Genetic analysis follow ng
intercrosses anong different stripe nutants revealed at |east 4
i ndependent loci controlling the developnent of chlorophyll in
ot herwi se defective plastids (Karunasri and Subrahmanyam 1994).
Utrastructural and nolecular studies of these nutant plastids
reveal ed the absence of (i) chlorophyll (Subrahmanyam et al
1986), (ii) Plastid coded psba, 16srDNA and rbcL transcripts
(iti) thylakoid nenbrane organisation (iv) ©plastid specific
ri bosomes (Reddy and Subrahmanyam 1988a), (v) Rubisco LsuU
(Sujatha and Subrahmanyam 1991), (vi) the nuclear encoded
pol ypepti des of LHCP-II (vii) nuclear encoded FNR and (viii)
presence of aberrant and abundant transcripts of plastid encoded

RNA pol ymer ase genes rpoA and rpoB (Chapter 4).

To exam ne of there transcriptional deficiencies related to

any replicational alterations in the plastomes, DNA specific
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staining and plastid specific DNA polynerase activity were
exani ned. Southern blot hybridizations of genomic DNA were
carried out using plastid specific genes (16srDNA, rbcl,rpoA and
rpoB) as probes to identify plastome structural rearrangenments in
the green and vyellowwhite seedlings derived from different
stripe mutants.

5.2 MATERI ALS AND METHODS

(covered in sections 2.11 to 2.14)

5.3. RESULTS
5.3.1 DAPI staining and visualization of plastid DNA

Intact protoplasts were isolated from green and vyellow
seedlings from the yellow stripe mutant (IP 5009) of Pennisetum
glaucum, stained with DNA fluorochrome DAPI (4’,6-diamidino-2-
phenylindol e) according to Coleman et al (1981) for the visual
quantification of plastid DNA using a mcroscope with U filter.
Phot om crographs of DAPI stained intact and broken protoplasts
from both green and yellow seedlings are presented in Fig. 10.
Pl astid nucleoids are visualised after DAPI staining due to their
conpact ness. The plastids from green and yell ow seedlings showed
differences in the relative DNA content in the two plastid types.
The plastids from yellow seedlings (Fig. 10 E,F) were snaller

than those fromtheir green siblings (Fig. 10 C, D).

5.3.2 DNA Polynerase activity

Plastid specific DNA polynerase was partially purified from

plastid |ysates of green and yellow seedlings of the yellow
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Figure 10:

DAPI (4,6-diamidino-2-phenyl indole) staining of
protoplasts isolated from green and yellow seedlings
of 1P 5009. Note plastid DNA (orange colour) and

nucl ear DNA (blue col our). (Panel A - Protoplasts
from imuature cells; B - Intact protoplasts from
green seedlings; C - Partially disrupted protoplasts
from seedlings; D -Plastids from green seedlings;

E-Protoplasts from yell ow seedlings; F-Plastids from
yel | owseedl i ngs).
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stripe mutant of Pennisetum glaucum (Sec. 2.11). DNA polymerase
activity was assayed in vitro by the incorporation of H dTTP
into the newy synthesized DNA/replicating DNA. DNA pol ynerase
activity was found in both green and yellow plastids (Fig. 11) .
In plastids fromyellow seedlings the DNA pol ynmerase activity was
over 2 folds higher than in plastids from their green siblings

(Fig. 11).
5.3.3 Southern Blot Hybridizations

DNAs from green and yellow siblings from IP 5009 & IP 9712
and green and white siblings from GwsS 14 and vcM 36 variegation
nmut ants were digested with Bgl | and/or BamHI, size fractionated
on 1.1% agarose gels and blotted onto nylon nenbranes. Southern

32p dCTP labelled plastid specific

blots were hybridized with «
16 s rDNA, rbcL, rpoA and rpoB probes from rice. Autoradi ograns
were used to examne restriction fragment |ength polynorphisns
between green and chlorophyll deficient siblings wthin each
genotype anong different accessions/genotypes with respect to
each of the plastid gene specific probes.

Aut or adi ogranms of Southern hybridizations of genomic DNAs
from green and yellow white siblings from different nmutants with
| abel l ed plastid specific 16s rDNA probe are shown in Fig. 12.
Results are sunmmarized in Table 5. Hybridization with Bgl |
digests revealed a 2.9 kb fragnment with high signal intensity in
all the genotypes irrespective of the phenotypes (Fig. 12 A, B).

Bgl | digests of Gws14 white seedlings showed additional bands of

1.5 kb and 1.2 kb (Fig. 12 A lanes 7 & 10) whereas VCM 36 white
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Figure 11: Activity of partially purified DNA
polynerase in green (¢) and yellow (D)
plastids of |P 5009 as neasured by the
i ncorporation of HTTP into the newy
synt hesi zed DNA.
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Figure 12:

Aut or adi ograns of Southern blots of genomic
DNA from green and vyellow white seedlings
from I P 5009 and Gwsi4 (A and IP 9712 and
vcM36e (B), hybridized to plastid encoded 16s
r DNA probe fromtobacco. (Lanes 1, 4, 7, 10
- Bgl | digests; Lanes 3, 6, 9, 12 - BamH
di gests; Lanes 2, 5, 8, 11 - Double
di gests).
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Table 5: Restriction fragments from total genomic DNA from different

accessories of Pennisetum glaucum hybridized to the 0.7 kb
16s rDNA probe from tobacco

Accession/phenotype
Fragment
IP 5009 IP 9712 VCM-36 GWS-14
Bgl I Bgl I Bam HI (kb) R RS
Bam HI G Y G Y G W G W
6.0 +
3.6 +
3.2 ++ ++ + + + 44 +4
2.9 ++ ++ ++ ++ +4 o +4 ++
2.4 + + ++ ++ ++ ++ ++ ++
1.7 + + +
s 9. +
1.4 + + +
1.3 ++ ++ ++ ++
Y. +
1.1 +4 +4 ++ 4
0.5 + ++ +4 4
0.4 ++ ++ + ++ ++ ++

(+) Present; (++) intensity; G- Green; Y-yellow; W-white.
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seedlings revealed a band corresponding to 6.0 kb Bgl | fragnent
(Fig. 12 B, lane 10) . No differences in hybridization pattern
were found between green and yellow siblings of yellow stripe

mutants (Figs. 12 A, Blanes 1 & 4).

Hybri di zati on of 16s rDNA probe to Bam H digests of DNAs
from different genotypes are presented in Fig. 12A & B. In
| P 5009 green and yellow siblings two Bgl | fragnments (3.2 kb and
0.4 kb) hybridized to the probe (Fig. 12A, lanes 3 & 6) . The
signal intensity of the 3.2 kb was found to be higher. Geen and
yell ow seedlings from IP 9712 revealed two nore (1.7 and 1.4 kb)
fragnents (Fig. 12 B, lanes 3 & 6) . Bam H di gests of VCM 36
green revealed 1.7kb and 1.4 kb fragments hybridizing to the
probe whereas VCM 36 white seedlings showed 3.6 kb and 3.2 kb
bands (Fig. 12 B, lanes 9 & 12). BamH digests of both green and
white siblings of Gws 14 showed 3.2 kb, 1.7 kb, 1.4 kb and 0.4 kb
bands (Fig. 12 A lanes 9 & 12).

Bgl | and Bam H doubl e digests of IP 5009 and GA5 14 showed
bands corresponding to 2.4 kb 1.3 kb, 1.1 kb and 0.5kb (Fig. 12A
| anes 2,5,8,11). Moreover an additional fragment of 1.5 kb was
found in GAS 14 white while IP 9712, and VCM 36 showed a single
band corresponding to 2.4 kb (Fig. 12B, lanes 2,5,8,11). No
di scernible differences were observed between green and

yel |l ow white siblings of each accession.

Results of the hybridizations with rbcL gene probe are
presented in Figs. 10 A and B. Bgl | digests of green and yell ow
siblings from IP 5009 and green and white siblings from G\ 14
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showed bands corresponding to 12.3 kb and 10.1 kb (Fig. 13A
| anes 1,3,7,10), whereas band corresponding to 10.1 kb Bgl |
fragment was absent in IP 9712 and VCM36 (Fig. 13B, |anes
1,4,7,10). Bam H fragnents of 6.2 kb and 3.3 kb were found to
hybridi ze to rbcL probe in IP 5009, IP 9712 and GAS5 14 (Fig 13A &
B, lanes 3,6,9,12). VCM36 green and white siblings showed only
the 3.3 kb band (Fig. 13B, lanes 9 & 12). The signal intensity of
3.3 kb band was at least twice that of the 6.2 kb band. Double
digests of IP 5009 and GAS 14 revealed 3 bands of 6.2 kb, 3.8 kb
and 3.3 kb (Fig. 13A lanes 2,5,8,11) whereas in the double
digests of the IP 9712 and VCM 36 3.8 kb fragnent did not |ight
up. The signal intensity of 3.3 kb band was found to be higher
than 3.8 kb & 6.0 kb bands in IP 5009, GA5 14 and IP 9712 (Fig.
13B lanes 2,5,8,11). In VCM36 white, the intensity of the 3.3 kb
and 6.2 kb fragnments was nore than 3.3 kb fragnment (Fig. 13B,

| anes 8,11).

Southern blots of restricted DNAs from green and
chlorophyll-deficient seedlings from different accessions /
genotypes were hybridized wth labelled plastid specific, PCR
anplified rpoA (1.0 kb) and rpoB (3.2 kb) gene sequences from

rice chloroplast genone.

Sout hern blot hybrids of genomic DNA from green (Q and
Yellow (Y) / white (W seedlings from different stripe nutants
probed with plastid specific rpoA gene are shown in Fig. 14 A &
B. Bgl | digests of DNA from all the accessions showed 18.2 kb
fragnment hybridizing to rpoA (Figs. 14 A & B, lanes 1,4,7,10),

78



Fi gure 13:

Sout hern bl ot hybridization of genomic DNA
from green and yellow white seedlings from
P 5009 and cws1i4 (A and |IP 9712 and VCM36
(B to plastid encoded rbc L probe from
rice. (Lanes 1, 4, 7, 10 - Bgl | digests;
Lanes 3, 6, 9, 12 - BamH digests; Lanes 2,
5, 8, 11 - Double digests).
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whereas Bam H digests revealed two (1.5 kb and 1.3 kb) fragments
hybridi zing to the probe (Figs. 14 A & B, lanes 3,6,9,12). Double
di gests displayed hybridizations simlar to Bam H digests wth
1.5 kb and 1.4 kb bands (Figs. 14 A & B, lanes 2,5,8,11). In both
Bam H digests and double digests, the signal intensity of the

1.3 kb fragment was higher than the other fragnents.

Aut or adi ograns of Southern blots of genomic DNA from
di fferent genotypes hybridized to plastid specific rpoB probe are

presented in Fig. 15 A & B. The results are sumarised in Table 6.

Bgl | digests of DNA from both green and yell ow seedlings
of IP 5009 revealed simlar hybridization patterns with rpoB
showi ng bands corresponding to 12.3 kb, 11.0 kb, 5.0 kb, 3.0 kb
(Fig 15 A, lanes 1 & 4) . In green and white siblings of GAS 14,
additional Bgl | fragnents (1.9 kb, and 0.7 kb) hybridized to the
probe (Fig. 15 A lanes 7 & 10) . Bgl | digests of green and
yellow siblings of IP 9712 revealed simlar hybridizing patterns
as that of GA5 14 (Fig 15 B, lanes 1 & 4) . The intensities of
1.9 kb and 0.7 kb fragnments were 2 fold higher in green seedlings
as conpared to yellow seedlings fromIP 9712 (Fig 15 B, lanes 1 &
4). In green and white siblings of VCM 36, the 1.7 kb and 0.7 kb
bands were absent (Fig. 15 B, lanes 7 & 10) . The intensity of
12.3 kb and 5.0 kb bands showed higher intensity conpared to
other bands. No differences were found between green and white
siblings of VCM36. Conparison of hybridization patterns anong the
four genotypes reveal ed differences between different genotypes /

accessions (Fig. 15 A& B; lanes 1,4,7,10, Table 6). A conparison
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Figure 14:

Sout hern bl ot hybrids of genomic DNA from

green and yellow white seedlings from IP
5009 and Gws 14 (A and IP 9712 and VCM 36
(B) probed wth plastid encoded rpo A gene
from rice. (Lanes 1, 4, 7, 10 - Bgl |
di gests; Lanes 3, 6, 9, 12 - BamH digests;
Lanes 2, 5, 8, 11 - Double digests).
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Figure 15:

Autoradiograms of Southern blots of genomic
DNA from green and yellow white seedlings
from IP 5009 and Gwsi4 (A and [P 9712 and
vcM36 (B) hybridized with plastid encoded
rpo B probe fromrice: (Lanes 1, 4, 7, 10 -
Bgl | digests; Lanes 3, 6, 9, 12 - BamH
di gest s; Lanes 2, 5, 8, 11 - Double

di gest s).
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Tabl e 6:

accessi ons of

rpoB probe fromrice

Restriction fragments from total

genomic DNA from different
Pennisetum glaucum hybridized to the 3.2 kb

Accession/phenotype
Fragment
IP 5009 1P 9712 VCM-36 GWS-14
Bgl I Bgl I Bam HI (kb) _— _—
Bam HI G Y G Y G W G W
12, + + ++ ++ ++ ++ W
11.0 + + + + + + + +
7.8 + +
5.0 ++ ++ +4 ++ ++ ++ ++ +4
4.0 + + + + + + + +
3.1 ++ ++ + 4 ++ +4 + 4 ++
3.0 3.0 + + + + + + + +
2. T "> + + +
1.9 +++ + ++ ++
3 IS -+ + “ 4 + + + +
1.4 +44 44+ +++ o+ +++ 4+
1.2 + + +++ + + +
0.7 44+ 4 + &
0.6 + + + +
0.5 + + ++ +4 + + +
(+) Present; (++) intensity; G- Green; Y-yellow; W-white.
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of hybridization pattern between yellow stripe nutants [P 5009
and IP 9712 revealed the presence of additional bands of 1.7 kb
and 0.7 kb in IP 9712 and ews 14 differed from VCM 36 in having

1.7 kb and 0.7 kb fragments.

Bam H digests of different genotypes hybridizing to the
probe are presented in Fig. 15 A & B, lanes 3,6,9,12. In |IP 5009
green and yellow, BamH fragnents of 4.0 kb, 3.1 kb, 3.0 kb, 2.7
kb, 1.4 kb and 0.5 kb hybridized with the probe. The 3.1 kb
band showed 2 fold higher intensity than the other bands (Fig. 15
A & B, lanes 3 & 6) . No differences were discernible between
green and vyellow siblings of [IP 50009. IP 9712 showed an
addi ti onal band of 1.3 kb, which was absent in IP 5009 (Fig 15 B,
lanes 3 & 6). In VCM 36 green seedlings , BamH fragnents of 4.0
kb, 3.1 kb, and 0.5 kb were found whereas white seedlings were
characterized by the absence of 0.5 kb fragment (Fig. 15 B, |anes
9 & 12) and by the presence of fragnents in the size range of 2.3

to 1.7 kb.

Doubl e di gests reveal ed additional bands hybridizing to rpoB
probe. [P 9712 showed 2 additional bands of 1.2 kb and 0.6 kb
(Fig. 15 B, lanes 2 & 5) . The signal intensity of 1.2 kb and 0.7
kb bands in IP 9712 green were at least 2-3 fold higher than in
their yellow siblings (Fig 15 B, lanes 2 & 5; Table 6). In GASl4
white, an additional band of 1.2 kb was detected in conparison
with their green siblings (Fig. 15 A lanes 8 & 11) . In VCM 36
green, bands corresponding to 4.0 kb 3.0 kb, 2.0 kb, 1.9 kb, 1.8
kb, 1.7 kb, 1.5 kb, 1.3 kb and 0.5 kb hybridized to the probe.
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The intensity of 2.0 kb to 1.5 kb range fragnents were higher
than other bands (Fig 15 B, lane 8) . VCM 36 white reveal ed the
presence of additional bands of 10.3 kb, 7.8 kb, 3.7 kb, 3.4 kb
and 1.4 kb (Fig 15B, lane 11) wth the 3.0 kb fragnment show ng

hi gher signal intensity.
5.3.4. DI SCUSSI ON

Detection of DNA in both green and yellow plastids follow ng
DAPI staining (Fig. 11; B,CDEF) is consistent with earlier
observations in the stripe mutant IP 5009 (Reddy et al 1988).
DAPI is a DNA fluorochrome used for the detection and measurenent
of nuclear and organellar DNA in plants (Coleman et al 1981;
Gl braith 1990; Sodmergen et al 1992; Nakamura et al 1992; Suzuki
et al 1992; Zhu et al 1992; 1Izumi et al 1993; Sodnergen et al
1994) . The DNA - DAPI fluorescence was shown to have 20 fold
increase as conpared to DAPI alone (Lin et al 1977; KapuscinsKki
and Skwozylas 1977) and the fluorescence emtted is directly

proportional to the DNA content.

The relatively low DNA content in the yellow plastids (Fig.
10, EF) as conpared to green plastids could be a reflection of
differences in the genone copy nunber. These results are
consistent with the observations in w2 nutant of nmaize where the
relative plastid DNA content in the mutant was found to be 20

fold lower than in normal seedlings (Han et al 1993).

DNA polymerase activity in the ribosome deficient vyellow

plastids (Fig. 11) is indicative of a functional replication
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machi nery of cytosolic origin. However, the > 2 fold increase in
the DNA polymerase activity in yellow plastids as conpared to
that of green plastids (Fig. 11) does not correspond well wth
the plastid DNA content (Fig. 10 E,F).

Following Southern hybridization of genomic DNAs from
different stripe accessions of P. glaucum with plastid specific
probes from rice, it is evident that there are considerable
differences in plastid DNA organization between different

genotypes and between phenotypes to a |esser extent.

Hybridi zation of 0.7 kb 16s rDNA probe only to 2.9 kb Bgl |
fragment in IP 5009, IP 9712, VCM 36 (Fig. 12 A & B, |Ilanes
1,4,7,10) and to three Bgl | fragnments of 2.9 kb, 1.5 kb, and 1.2
kb in GA5 14 (Fig. 12 A lanes 7 & 10) suggests that there are no
Bgl | sites available in 26s rDNA in IP 5009, IP 9712, VCM 36 and
that there are at least two Bgl | sites in the 16s rDNA of GA5
14. No differences were detected in Bam H pattern between green
and yell ow white seedlings of IP 5009, IP 9712, OGA5 14 (Fig. 12 A
& B lanes 3,6,9,12), while green and white siblings of VCM 36
showed differences in the BamH restriction pattern (Fig. 12 B,
lanes 9 & 12) . Since the Bam H restriction pattern of all four
genotypes were found to be different, it is suggested that there
are variations in the nunber of Bam H sites within 16s rDNA in
t hese genotypes. From the Bgl | and /or Bam H restriction
patterns of different genotypes, it is evident that the
organi zation of 16s rDNA in green and yellowwhite siblings

within a genotype is sane but differs from genotype to genotype.
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Bgl | and / or Bam H restriction patterns of the genotypes
IP 5009, IP 9712, VCM 36 and GA5 14 showed no differences with
respect to the organization of rbcL gene (Fig. 13 A & B) . No
differences were found in the rpoA restriction pattern anong
different accessions / genotypes (Fig. 14 A & B) . Thus it is
considered that the rbcL and rpoA genes which are monocistronic

are unaltered in different accessions or genotypes studied.

Conparison of hybridization of rpoB probe with Bgl |
digests of green and yellow white siblings from sanme genotypes
did not differ in their but all four genotypes differed from each
ot her . Simlar conclusions can be drawn from Bam H restriction
pattern. This suggests that Bgl | and Bam H restriction sites
within rpoB gene vary considerably between different stripe
mut ant s/ genot ypes. Differences in the nunber and/or signa
intensity of the Bgl | and/or Bam H fragnents of plastid
specific rpoB gene (RNAP-P) indicates variation in the nunber of
sites or accessible sites anong plastid genonmes in pearl mllet

accessi ons.

Restriction analysis revealed considerable differences in
pl astid DNA organi zation of 16s ribosomal RNA gene and rpoB gene,
encodi ng RNA polymerase subuni t bet ween di fferent
genot ypes/ accessi ons. These differences are indicative of
structural rearrangenents in the plastomes arising due to |oss or
gain of recognition site(s) for a given restriction enzyne.
Furthernore there are differences between the normal plastones

from different accessions which nmay represent hot spot regions
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simlar to those found in Aegilops species (QOgihara et al 1991;
Maier et al 1995). Nevert hel ess, such rearrangenents wthin
plastid genonmes of green progenies from different variegation

mutants so far studied, did not reveal any functional defect.

Nucl ear genes inducing plastome nutations are known in
several higher plants (Tilney - Bassett 1978; Borner and Sears,
1986) , but the node of their action in plastids is nostly
unknown. Association of chloroplast DNA polynorphisnms to the
pl astome nutator activity in Oenothera has been shown recently
(Chiu et al 1990) . But no nutations of plastid DNA have been
detected in heat bleached rye plants (Herrmann and Fi erabend
1980), iojap nutant of nmize (Han et al 1992) and al bostrains of
barley (Hess et al 1993). In the stripe nutants of pearl mllet
(Penni setum glaucum) information in plastid DNA pol ynorphisns is
limted to a small region and requires screening of entire genone

to understand its significance.
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GENERAL DI SQUSSION AND CONCLUSI ONS

Accumul ation of only Pchilde in white seedlings fromwhite
stripe (VOM 36, Gws 14) and al bino nutants, both Pchlide and
Chlide in yellow seedlings (Fig. 5) derived from yellow stripe
mutants (1P 5009, IP 9712) of pearl mllet (P. glaucum) and the
absence of chlorophyll or chlorophyll protein conplexes of PS |
and PS Il in these chlorophyll deficient phenotypes reflects the
inmpairnment at the penultimate and final steps in chlorophyll
bi osynthesis contrary to the albostrainsof barley which |[|acks
chl oroplast glutamate tRNA, the precursor for chlorophyll
bi osynthesis (Borner and Meister 1980; Hess et al 1992 a & b) .
Presence of Pchlide and/or Chlide but not chlorophyll in
white/yell ow seedlings clearly denonstrates that the enzyne PCOR
catal yzing the conversion of Pchlide to Chlide and CS, catalyzing
the conversion of Chlide to chlorophyll are either non-functional
or absent in these nutants while the enzynes catalyzing the
synthesis of Pchlide from delta-ALA are active in these plastid
mutants of pearl mllet. Comparison of vyellow and white
seedlings with their corresponding green siblings showed the

absence of Chlide and chl orophyll conmponents of PS |1 & PS I1I.

Genetic analysis following intercrosses between yellow
stripe and white stripe nutants of pearl mllet revealed 4
i ndependent loci controlling the developnment of chlorophyl
(Karunasri and Subrahmanyam 1994) while the devel opnent of
chlorophyll is controlled by a single recessive gene al/al in
al bino nmutant (Reddy 1986) and in white stripe nutants GA5 14 and

VCM 36, it is controlled by two recessive genes (vi,vi,vi vi,).
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The accunul ation of chlide and the absence of PS | & PS Il
conpl exes in yellow seedlings (Fig. 5 fromyellow stripe nutants
(IP 5009 and IP 9712) is indicative of a block in the conversion
of Chlide to chlorophyll. Thus it is conceivable that the
recessive genotypes vi wvi (IP 5009) and vi. vi_ (IP 9712) block
the conversion of Chlide thereby leading to its accunulation in
these nmutants in which vi , and vi are conplementary to each
ot her (Karunasri and Subrahmanyam 1994). It is now evident that
vi or vizin homozygous recessive condition is adequate to bl ock
the conversion of Chlide to chlorophyll. In higher plants Pchlide
gets accunulated in the dark (Boddi et al 1992) gets reduced
imediately to Chlide by PCOR on illumnation and is thereafter
esterified with geranyl gerenol to form geranyl geranyl Chlide

(ChlGG) . ChlGG is hydrogenated in three steps to becone

chl orophyl | (Schoch 1978).

The enzymatic esterification of Chlide in etioplasts is
catalysed by an enzynme or a group of enzynes, chlorophyll
synthetase (Rudiger et al 1980) . In barley nutants wth
di sturbed pignment biosynthesis, the esterification of Chlide was
nore rapid in chlorophyll-deficient nmutants than in the wild type
(Henni ngsen & Thorne 1973). Thus the Chlide in yellow seedlings
of pearl mllet could be the esterified form and that CS is not
needed for the esterif ication of Chlide but is required for its
conversion to chlorophyll. Much of this information avail able
was from dark grown or etiolated seedlings (Hendrich and Bereza
1993) . Since the green and nutant seedlings wthin each

accession carry the sane genotype, the Chlide in the vyellow
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seedlings is likely to be phytyl Chlide. Each of these yell ow
mutants (IP 5009, IP 9712) are homozygous recessive for one of
the two loci (vi or vi,) whi ch control the conversion of phytyl

chlorophyllide to chl orophyl|l.

Mut ants that block the devel opnent of chlorophyll also have
effects on the expression of plastid and nucl ear genes (Taylor
1989) . RNA synthesis by transcriptionally active chronbsone
(TACQ provides a plastid run-on transcription system in which
transcriptions initiated in vivo will be extended in vitro to
nonitor all three classes of chloroplast genes (Igloi and Kossel
1992). The rate of transcription in yellow plastids decreased as
conpared to green plastids. Transcription in the ribosome
deficient plastids inplies the presence of nuclear encoded RNA

pol ynerase (RNAP-N) in these plastids.

Analysis of the transcripts from northern hybridizations
showed the absence of 16s rRNA, rbcL and psbA RNA and the
accunul ation of aberrant transcripts for RNA polynerase genes
rpoA and rpoB in both yellow and white seedlings from different
genot ypes/ accessi ons. This suggests that plastid encoded RNA
pol ymerase (RNAP-P) is necessary for the transcription of 16s
rbNa, rbcL and psbA genes. Accumul ation of transcripts for the
RNA pol ynmerase genes even in the absence of ribosomes inplies

t hat RNA pol ynerase transcribing these genes is of nuclear origin

and is transported from the cytoplasm into the plastid
conpart nment. Abundance of aberrant transcripts could be a
consequence of al tered transcri ptional rat es and post
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transcri ptional processing. I ndi rect evidence for the existence
of a nuclear encoded chloroplast RNA polymerase has been
presented based on incorporation of UTP in purified fractions of
ribosome-deficient plastids (Siemenroth et al 1980) or using
immunodetection of proteins (resulting from the translation of
poly (A + mRNA (Lerbs et al 1985). Direct evidence for a
nucl ear-encoded plastid localized RNA polynmerase cane from the
study of plastid gene expression in Epifagus in which rRNA gets
accunul ated even in the absence of rpoB, rpoCc and rpoc, genes.
In chlorophyll-deficient nutants of pearl mllet, inspite of the
presence of rpoA and rpoB transcripts, 16s rRNA and transcripts
for rbcL, psbA were absent. Thus RNAP-N transcribes rpo genes in
these nutant plastids of pearl mllet simlar to those of
al bostrains of barley (Hess et al 1993) and iojap nutants of

mai ze (Han et al 1993).

The state of chloroplast devel opment significantly effects
the expression of nuclear genes coding for plastid proteins
(Taylor 1989; Susek and Chory 1992). It has been proposed that
coordi nation of nuclear and plastid gene expression is achieved,
at least in part, by the activity of a plastid-derived factor
(referred to as chloroplast/ plastid factor) that is required for
the optimal or continued expression of nuclear genes encoding
proteins destined for the chloroplasts of the developing and
mature | eaves. Nucl ear encoded chlorophyll a/b binding (cab)
proteins formthe |ight harvesting conplexes of PS | & Il (LHCP
& I1) along with chlorophyll nolecules. Absence of 30 kD

pol ypeptide of LHCP Il in the chlorophyll-deficient yell ow and
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white seedlings of pearl mllet suggests that «chlorophyll is
required for its synthesis. It has been docunented that the other

conmponents fail to accunul ate when one conponent is mssing in a

thylakoid protein conplex, especially in PS Il (Leto et al 1985;
Rochaix and Erickson 1988) . The presence of 27kD and 24kD
pol ypeptides of LHCP Il in the yellow seedlings in which Chlide is

accunul ated may indicate that PCOR and cab genes are coregul ated.
These findings are consistent with the observations made in
Chlamydomonas (Johanningmeier 1988) where an accunulation of
internediates of the later steps of chlorophyll biosynthesis was
proposed to be involved in the regulation of transcription of

nucl ear genes.

In chloroplasts of higher plants, plastid specific enzyme, FNR
catal yzes the photoreduction of NADP by nediating the electron
transfer from reduced ferridoxin (FD) to NADP of the PS |

(Nakataki and Shin 1991). For the conversion of Pchlide to Chlide
during chlorophyll biosynthesis PCOR forns a ternary conplex with
plastid specific NADPH and Pchlide for its catalytic activity
(Giffith 1978). Accunulation of Chlide 1in the absence of

phot osynthetic conplexes and the presencee of FNR in yellow
seedlings suggests that the activity of PCOR is dependent on
reducing power inported into the plastid. The white seedlings
(G 14 and vcM 36) are homozygous recessive for two |oci

controlling chlorophyll biosynthesis. One of these loci was
already assigned to PCOR, it is likely that the other |ocus codes

for FNR
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Detection of DNA in both green and yellow plastids was
consistent with earlier observations (Reddy et al 1988) . However
the apparent low DNA content in yellow plastids as conpared to
green plastids could be due to |ow genonme copy nunber. In w2
mutant of maize, 20-fold decrease in relative plastid DNA content
was observed as conpared to normal seedlings (Han et al 1993).
DNA polymerase activity in the ribosome-deficient plastids is
indicative of functi onal replication nmachinery in these
chlorophyll-deficient plastids and that the DNA pol ynerase is of

cytosolic origin.

Dfferences in the expression of different plastid genes
were observed between normal and nutant seedlings. There are
al so considerable differences in the organization of 16S r DNA and
rpoB genes anong different genot ypes/ accessi ons. These
differences are indicative of structural rearrangenents in their
plastomes arising fromloss or gain of recognition site(s) for a

given restriction enzyne.

Chl oropl ast DNA pol ynorphi sns associated wth plastome
mutator activity was found in OGenothera (Chiu et al1990) whereas
no detectable differences were found in the restriction pattern
of mutant plastids of heat bleached rye plants (Herrmann and

Fi erabend 1980) and al bostrains of barley (Hess et al 1993).

Nucl ear genes that regul ate chl oropl ast gene expression and
chl oropl ast devel opnent contribute to part of the coordinate

control . However, information also flows 1in the opposite
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direction, from chloroplast to nucleus. Si gnal transduction
pat hway functions to coordinate the expression of nuclear genes
encodi ng conponents of the photosynthetic apparatus wth the
functional state of the chlorophyll as the primary signa
nolecule in a conplex regulatory circuit of nuclear plastidic

interactions.

An analysis of nuclear nutations that cause chloroplast
deficiencies provided the first suggestion of signal transduction
pat hway. Using one such nutant Bradbreer et al (1979) excluded
proteins synthesized on plastid ribosomes as signal nolecul es.
According to the data published hitherto, the putative signal
would act on those genes which are regulated by light and
expressed in green tissues. Association of chlorophyll synthesis
wi th nucl ear gene expression has been hypot hesi sed (Batschauer et
al 1980; Johanni ngnei er 1988). In albostrains of barley,
chloroplast tRNA glutamate was postulated as the signal
initiating nmolecule in the signal chain and was suggested that it
was the absence of and not the accunulation of one or several
products of chlorophyll biosynthetic pathway which control the
nucl ear gene expression (Hess et al 1992 a & b). An accunul ati on
of internediates in the later steps of chlorophyll biosynthesis,
ie between magnesi um protoporphyrin nethyl ester and Pchlide was

proposed to be involved in the regulation of the nuclear gene

transcription in cChlamydomonas (Johanningneier 1988) . Present
results show selective accunulation of I nt er medi at es of
chl or ophyl | bi osynthesis in different plastid nutants and

concurrently the nucl ear encoded products.
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