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1. | NTRODUCTI ON
Hi'gher pl ant s of fer uni que advant ages as
experimental material to probe the chain of events connecting
the gene locus and its phenotypic trait. Wth an alternation
of di stinctly different gametophytic and spor ophytic
generations, higher plants constitute highly suitable systens

to study the nmechanism by which a segment of the hereditary

mat eri al is wultimately expressed as a phenotype (Nelson
1967) . However, a major problem encountered in t he
bi ochem cal genetic analysis of higher plants 1s that, in

relatively very few cases there is a clue in the phenotype of
the nutant as to the metabolic lesion that is responsible tor
it. Where such a correspondence is obvious, 1ike the flower
colour nmutants of maize, or nmutants affecting carotenoid
synt hesi s, consi derabl e progress has been made in

understanding gene expression and 1its regul ation.

Anong higher plants, maize lends itself best to
st udi es on genetics and biochem'stry of devel opment .
Extrenely high genetic variability, availability of a wealth
of information on its genetics in terns of wel | mpped
chronosones and easily detectable phenotypes are attributed
to the <choice of mai'ze, for studies 1in basic biological

research in general and genetics in particular.

One of the nobst interesting and inportant problens
In eukaryotic genetics today is the regulation and control of
gene action during differentiation and devel opment. However,

a rigorous analysis of the genetic basis of difterentiation
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and development is often hanpered by the lack of suitable

mut ant s. Further, developmental nutants are often | ethal

In maize, a nunber of nutations are known which
affect either seed or seedlings during specific stages of
devel opnment and growt h. However, not many nutants are
avai | abl e which individually affect the phenotype of seed as
we || as seedlings. One such mutant is the etched nutant of
mai ze which affects the seed as well as seedlings. The et
allele in hompbzygous recessive condition causes a pitted and
scarred endosperm and also gives rise to virescent seedlings.
Etching phenotype of the kernel and virescence of seedlings
are genetically inseparable. It is interesting that in the
seed the effect of the nmutation is in endosperm which is
dead-end tissue and the effect is 1irreversible. On the
contrary, the virescence phenonenon is on a growing tissue of
seedlings and the effect of the nutation is reversible under

Tight.

The present work ains at an indepth analysis of et
mutation in terns of seed and seedling phenotypes. Attenpts
have been made to study the relationship between the e,
nmedi ated seed aberration and seedling virescence. St udi es

were perfornmed to look into the nature of possible changes in

chl or opl ast bi ochem stry I ncl udi ng rel evant enzymes.
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Furt her, bi ochem cal changes in seeds during devel opnent,

maturation and germnation has been investigated. our

observations suggest a close correlation between aberrations

of endosperm phenotype and delayed chloroplastogenesis and

associated changes in the enzyme levels in the early

seedlings.



2. LI TERATURE REVI EW

VI RESCENCE

The virescent mutants of higher plants are an
Interesting group of nutants, which at early seedling stage
are near-white to yellow sh, and gradually turn green as they
gr ow. Virescent mutations are found to occur in a w de range
of flowering plants including tomato (Rick, 14Y82), maize
(Chollet and Paolillo, 1972), cotton (Benedict et at, 1972)

and groundnut (Alberteet al, 197b).

The effect of tenperature upon a nutant phenotype 1is one
of the easiest of the environmental variables to study and
hence exanpl es of temperature-induced modifications of nutant
phenotypes are nunerous (Robertson and Anderson, 1961). 1n
alfalfa, a chlorophyll-deficient nmutant has been descri bed,
whose expression 1s influenced by tenperature (Stanford,
1959). 1n barley also, several tenperature sensitive nmutants
have been descri bed. (Collins, 1927; Nybom, 1955). In corn,
temperature-sensitive mutants have been recognized even 1n
the wearly days of mmize genetics (Carver, 1927; Emer son,
1912; Lindstrom, 1918; M les, 1915).

The virescent nutant pale-yellow-1, when ¢grown in
conti nuous light at 250 c takes about a week, before the
onset of greening. Normal plants however, require onily one
day for greening. At elevated tenperatures (35 2;), however

the onset of greening is observed in less than two days which

nearly approaches the rate of greening for normal plants



grown at this temperature (Phinney and Kay, 1954 ). The
seedling of pal e-yellow-1, shows a deficiency 11n carotenes
and carotenoi's (f 1lavoxanthi n ¢, violaxanthin b and lutein) 11n
addition to chlorophyll a and chlorophyll b. When grown in
dar k, t he mut ant accumul ates 10% of t he amount of
protochlorophyll-a found in dark-grown normal seedlings (Kay
and Phi nney, 1956) . The dark-grown mut ant seedl i ngs
contained l|less carotenois than normal seedlings, but the sanme
amount of carotene as in normal seedlings. 1t was suggested
t hat the gene may be operating on a common pathway for the
synthesis of chlorophyll and carotenoids, but at a position
after the synthesis of carotenes and before the synthesis of
carotenoi s and the phyty | portion of the chl orophyl |

nol ecul e.

The viridi s mutant of Gateway bariey has been studied

extensively. The mutant is deficient in chlorophyll and
carotenoi ds when young, but devel oped nearly normal 1levels of
pi gment wi t h age (Machlachlan and Zalik, 1963).

Protochlorophyl1l amounts were found to be lower in etiolated
mut ant seedl i ngs. In the young mutant, chloroplasts are
observed to be small and irregular with large vesicles and no
grana. The level of free amino acids, particularly of serine,
was observed to be extremely high. The Vi ridis mutation is
believed to alter the |ipoprotein of Tanellar structure in

the chloroplast, and the other effects are consequential



(Machlachlan and Zalik, 1963).

Quality and intensity of [ight, and tenperature are
found to influence the Gateway barley and 1ts virescent
nmut ant (MIller and Zalik, 1965). However, chl.a to chl.b

ratio did not differ in either barley 1ines under treatnment

except in the nutant at low tenperature. The opti mum
conditions of tenperature and light intensity for both 1lines
0

were found to be 24.5 C and 1020 ft C. The mut ant was found

to be very sensitive to iow tenperature. Interestingiy, this
mut ant at high tenperature is insensitive to light intensity.
it is hypothesized that the nutation has resulted either in a
reduced rate of synthesis of a noiety of the holochrome ot her
than chl orophyl I, or a reduced rate of assenbly of the

noi eti es into grana.

Reci procal crosses of normal and nutant Gateway Dbarl ey

gave F populations with normal green appearance. Since the
1
mut ant character was not i nherited maternal ly, t he

possibility of it being due to a plastome nutation was

excl uded. I he segregation ratios of F progeny obtained from
2

selfing the F plants showed that the chliorophyll-deficient

1
character behaved as a recessive single nucl ear - gene

mut at i on. The slight deviation from the expected 3:1 ratio
observed in the segregating F popul ati on may be due to
poor germ nation of nutant seeég. It is also possible that
seedlings of the mutant genotype had becone similar to the

normal phenotypically and wer e not distinguishable



(St ephansen and Zalik, 1971).

The soluble leaf proteins of the virescent nutant of
Gateway barley on poi yacrylamide gel electrophoresis showed
that fraction 1 protein in the nutant is less in 4 day old
seedlings, but it increased with age and at 8 day no
di fference was observed. At 4 day stage, the nutant was also
found to lack sone 1amellar proteins, but at the 8 day old

stage no such differences were noticed (Jhamb and Zalik,

1973). in the normal Gateway barl ey, m crotubul es were
present in etioplasts and also during formation of the
lame'l lar system  However, in the nutant, the microtubules
were observed only after the formation of the [lanellar

system 1t was concluded that the m crotubules m ght perform
a function in orienting the lanellar system of chloropl asts

during their devel opnent (Jhamb and Zalik, 1975).

Increase in chlorophyll content between 4th day and 8th

day roughly paralleled the increase in photosynthetic
activities of the nmutant plastids. However, when t he
photoreductive activities were expressed on a per mg.
chl or ophyl | basi s, there was a 2 fold increase in their

specific activities from4th to 5th day. Thus the initia
increase in the photoreductive activity expressed on a
chl or ophyl | basis could not have been due to an increase in

chl orophyl | content. It m ght have been due to the synthesis
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of other nmenbrane conponents which were 1linmting. The

limting conponents could be a nenbrane protein or sonme other

factor required for proper functioning of photosynthetic
el ectron transport. It was concluded that chl or ophyl |
content did not limt photoreductive activity at the earliest

stage of devel opnent (Horak and zalik, 1975).

St udi es on carboxylase enzyne activities reveal ed
profound differences between normal and nmutant Gateway barley
seedlings grown in light for 4 days. Normal seedlings at 4
day old stage showed 11 times nore RuBP-carboxylase activity
and 18 times higher activity per gram fresh weight, as
conpared to the nutant. In the nornal seedl i ngs, PEP
carboxylase represented only 8% of the sum of the two
carboxyl ase activities, whereas in the mutant seedlings it
accounted for 70% of the carboxylase activity. The high PEP
carboxylase activity in young seedlings of the nutant grown
in light, suggests an adaptation within the nutant during the
peri od when the anount of RuBP-carboxy lase IS | ow

(Barankiewicz et at+, 1979).

Acyl lipids were also found to be deficient in the
virescent seedlings of the barley mutant (Thonson and Zalik,
1981). Furt her, it was shown that the addition of 5-ALA
i ncreased the chlorophyll content to the same extent in both

nor mal and nutant seedlings, indicating that the pignent
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deficiency is not due to blockage in the biosynthetic pathway
of chl orophyl . This deficiency is suggested to be one of
the several pleiotropic responses resulting fromthe failure
to synthesize a specific gene product that is required for
nor nal chl oropl ast formation. This reflects a close co-
ordination of the synthesis of macromolecules and plastid
devel opnment and provides evidence that 1ipid conponents ot her
than pignents may also play an active role in the assenbly of

the photosynthetic appar at us.

During greening, the protein content per plastid did not
vary between normal and nutant barley seedlings. However, a
difference in the SDS-PAGE pol ypeptide profile was observed
between norrmal and nutant seedlings. Hi gh nol ecul ar wei ght
proteins of 96 kD and 66 kD were found to decrease, whereas,
34 kD, 27 kD and 22 kD proteins were found to increase in
relative quantity as a function of greening (Kyle and zalik,

1982).

The fully greened nutant seedlings of barley were found
not to be deficient in the 1ight-harvesting chlorophyll-

protein conplex and in the reaction centers of PSI and PSII.

Furt her, it was reported that PS | associated photochemical
activities appeared wthin the first hour of pl asti d
devel opmrent and PS 11 associated activities and oxygen
evolution wthin the next 6 hours. In all cases, it was

noticed that the developnental rate per unit protein was
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slower in the nutant followng 6 days of etiolation, but no
such difference between the genotypes could be seen after 8
days. This is due to a decrease in the developmental rate of
the wild-type chloroplasts. An increase in photosynthetic
unit size associated with plastid morphogenesis was observed
to be faster in normal seedlings after 6 days, as conpared to
mut ant seedl i ngs. However, this difference was found to be
negligible after 8 days (Kyle and zZalik, 1982). It was
concluded that all aspects of chloroplast developnment are
affected in the nutant by an overall reduction in the rate of
chl oropl ast morphogenesis. The nutation therefore, does not
affect any single photo-chemical parameter in particular

The virescent mutant of gateway barley, therefore undergoes
the normal pattern of proplastid to chloroplast devel opnment,

but at a markedly reduced rate.

Chloroplasts are the major sites of cellular fatty acid
synthesis in green tissue. The acetyl1-CoA carboxylase which
catalyzes the formation of malonoyl CoA, which in turn 1is
utilized by the fatty acid synthetase conplex is found to be
maxi mal during the interval of rapid T1ipid accunul ation and
declined sharply at Jleaf maturity. Quantitatively, the
activity was higher in the nmutant than in the wld type

(Thonmson and Zalik, 1981).

In cotton, it was reported that a single nuclear gene

mutation Jleads to the virescence of seedlings. The young
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seedlings are distinctly yellow and turn green with age. The
yellow |eaves of the virescent cotton nutant, show a
relatively higher photosynthetic activity on the basis of
chl orophyl|l as conpared to that of normal |eaves. Further it
was noticed that at saturating light intensity, the rate of
carbondi oxide fixation was 8 fold higher in the virescent
| eaves as conpared to green | eaves. It was suggested that
the inpaired pignment synthesis which could be |ethal IS
offset by a high photosynthetic capacity in the virescent

| eaves (Benedict and Kohel, 1968).

The level of RuBP-carboxylase in virescent cotton |eaves

was found to be normal or even higher than that of norma

green | eaves. However, no significant correlation was
observed between the rate of synthesis of chlorophyll and the
rate of synthesis of RuBP-carboxylase in the nutant | eaves.

On a chlorophyll basis, the synthesis of RuBP-carboxylase in

the nmutant far exceeds that of the nornal (Benedict and
Kohel , 1969).
In  summary, the yellow viresent cotton |eaves have a

high photosynthetic rate, a low anount of PEP carboxyl ase
activity and a total absence of lanellar aggregation into

grana in the chloroplasts (Benedict and Kohel, 1970).

A virescent chloroplast nmutation has been described in

tobacco (Archer and Bonnett, 1987a). This nutant is unique
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in that it is inherited maternally unlike other virescent
mutants which follow Mendelian inheritance. This nmut ant
displays a lag in chlorophyll accumulation and granal stack
formation in young | eaves. Furt her, this nmutant when

conpared to the normal, shows a much higher reduction in the
thylakoid proteins. Stromal protein levels in this nutant
are al so reduced, al t hough to a | esser extent.
Polyacrylam de gel electrophoresis of the thylakoid extracts
showed that three polypeptides are specifically decreased in
the mutant. E’I ectrophoresis of the thylakoid proteins coded
by the chloroplast genone, revealed the absence of a 37.5

kD polypeptide in the nutant (Archer et _al 19B7D) .

p—S_jp— L |

Rate of chlorophyll synthesis and chloroplast nunber per
cell in the virescent nutant of tobacco were simlar to that
of the control. Further, carotenoid content in the mutant
was found to be sufficient to protect chlorophyll from photo-
oxi dati on. Photosynthetic rates of this tobacco nutant at

low1ight intensities suggested a reduced ability to collect

l'ight. Further, a significant reduction in thylakoids per
granum was al so observed in virescnt | eaves. However, mature
virescent leaves wth nearly nornal chl or ophyl | cont ent

showed normal granal profiles (Archer and Bonnett, 1987a).

In Phaseolus vulgaris. the |leaves of young virescent

seedlings fix less carbondioxide than those of control
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pl ants. In addition to this, RuBP carboxylase activity was
observed to be lower in nutant |eaves than that of control
| eaves. Photophosphorylation per chl oropl ast, medi ated by
photosystems 1 and 11 is reported to be slightly higher in
the nmutant plastids. Further, it was reported that the
virescent nutant showed slight differences in the ampunt and
conposition of leaf 1ipids as conpared to normal. Lar ge
differencs in RNA content was al so noticed between normal and
virescent seedlings. Mut ant | eaves also showed a higher
initial content of cytoplasmic ribosomal RNA conpared to
controls. However, as |leaves age, it was observed that
ri bosonal RNA content is initially simlar, but conti nued
synthesis is found to be greater and nore prolonged in the

mut ant (Heyes and Dale, 1971).

In virescent peanut |eaves, a 72-hour lag period was
noticed before the onset of rapid chlorophyll accumulation.
A distinctly lower rate of protein synthesis, and nornma
rates of nucleic acid synthesis was observed in the nutant.
Furt her, it was shown that during the lag period of
chl or ophyl | accumulation, devel opnent of chloroplast grana
and the activity of many enzymes of the reductive pentose
phosphate cycle, PEP carboxylase and malate dehydrogenase are

reduced in the virscent |eaves (Benedict and Ketring, 1972).

The temperature-sensitive nmmize nutant M 11, grown in
0
the dark and at a tenperature of 15 C, shows an abnor nal
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ultrastructure ot the etioplast. 1t was observed that the

pi gment content was reduced, but 1in Vi vo absorption

characteristics suggestd that the normal protochlorophyl |

( ide)-hol ochrome was present. It was shown that the nmutant

0
M when grown in the light at 15 C showed abnormal
11
ultrastructure of the plastids, extrenme reduction in pignment

content and marked deficiency in ribosomes. 1t was suggested
o]
that n the nutant at 15 ¢, plastid nmenbrane was extremely

sensitive to light (Millerd et al, 1969Y).

The role of tenperature in regulating the expression of
virescent trait has been studied in five non-allelic nutants

of maize (Hopkins and watden, 1977). These are W, V V |

16 16
VV. V v and V V . The mutant W was found to be
33 _12 12 18 18
insensitive to tenperature. The other four nutants,

however, are characterized by a discrete threshold tenp-

erature below which greening will not occur. The threshold

o]
tenperatures are found to be specific and range from 20-25 C

Subthreshold tenmperatures were found to lead to lethality due
to endosperm depletion. Rate of greening was found to
increase with increasing tenperature, above the threshold
t enper at ur e. It was suggested that gr eeni ng per haps
represents a loss of tenperature sensitivity as the seedling
mat ur es. It was found that |oss of chlorophyll 1n the nutant

(0]

vV V at 20 C is acconpanied by a corresponding decrease 1n
16 16

car ot enoi ds. On the other hand, Vi rescent seedl i ngs
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accumulate only trace levels of protochlorophyll in darkness.

However, wunder intermttent or continuous low=Ilight intensity

at 2u0 ¢, the virescent seedlings accumul ate only trace |evels
of chiorophyll. seedlings etiol ated at zao C were found to
synt hesi ze chlorophyll in 1light at 20O C‘and this chlorophyl
was stable in light for atleast 48 hours (Hopkins, 1982).
These observations suggest t hat photo-oxidation of
chlorophyl]l 1s probably not a significant factor in the
dramatic failure to accumul ate chlorophyl | at tenmperatures
bel ow 250 C in virescent -1b seedlings. The genetic | esion

perhaps causes a temperature-sensitive block at an earlier

poi nt 1N t he bi osynt hetic pat hway | eadi ng to
protochlorophyl1. vV Vv seedl i ngs when gr own at
16 1b
0
temperatures below 25 €, show aberrant plastids, about 2/3

size of the normal and contain aberrant thylakoids and only
trace amounts of 70S ribosomes and 23S and 1bS plastidic rRNA

(Hopkins and Elfman, 1Y84).

Hi gh t |l ourescence yield of chlorophyll has been used as
a rapid screen for photosynthetic mutants of mai ze. Four

mut ants of v-424 are reported to be allelic and virescent and

di spl ayed higher | evel s of | eaf chl orophyll f I ourescence
during greening. Fully greened nmutants had normal | eaf
chlorophyll flourescence yield and normal 1levels of [ight-
harvesting conpl exes (Polaccoet al , 1985).

The high chlorophyll flourescence (hct) nutations are
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nucl ear mut ants which are deficient in photosynthetic
el ectron transport but not in t he accumul ation of
chl orophyl | . The high chlorophyll flourescence observed in

these nutants indicates an inefficient use of harvested

light energy. These nmutations lead to a reduction in the
conponent pol ypeptides of one or nore of the «chloroplast
el ectron transport or ATP-generating conpl exes. Chl or opl ast
RNA's are not altered in these mutants, indicating that

the nuclear nmutations lead to loss of chloroplast—-encoded
pol ypepti des by causing a post-transcriptional bl ock

However, the mutant hcf-38, accunul ates aberrant amounts and
sizes of certain chloroplast RNA's inplying that this |ocus
may function in chloroplast transcription or RNA processing.
The hcf nutations are typically pleiotropic Ilesions at a
single locus resulting in the loss of a set of functionally
related proteins (Barkan et _al,1986) .

Mut ant s t hat affect synthesis of photosynthetic
pi gnent s, chl oropl ast organization and electron transport
systens are fairly common in higher plants. The nutant plants
fix as nmuch carbondioxide per unit leaf area as wld type
controls, at saturating light intensities. Si nce t he
chl or ophyl | content in these nutants is less than that of
wild type, carbondioxide fixation expressed on chlorophyll
basis is higher than in normal plants. This shows that the
rate limtation on carbondioxide fixation is not inposed by

chl orophyl | content.
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investigation of the nutants by biochem cal t echni ques
and el ectron mcroscopy show a striking deve lopmenta |
interdependence of the structural elenments of chloroplasts
and the photosynthetic pignents. The earliest studies on
this aspect were conducted with certain bariey nutants (von
Wettstein and Eriksson, 1964). Lethal or semi-lethal nutants
that are white (al bino),vel low (xantha) or pale green
(viridis) are the nost commopn class of nutants i1n higher plants.
Though these nutants are referred to as chlorophyll mutants,
only a mnority actually represent blocks in chlorophyl I
synthesis and the others result from blocks in the formation
of accessory pignents or the structural el ement s of
chloroplasts, whose nornal devel opment is essential for

stability of the photosynthetic pignents.

The chlorina-2 mnutant of barley conpletely | acks
chlorophyll-b and is smaller than nornal t hr oughout its
growth peri od. It contains lesser anounts of reducing

sugars and sucrose. The photosynthetic and respiratory rates
are found to be equal to that of normal plants. Hill1-reaction
in the chlorina-2 nmutant of barley 1s found to be norma

under high-1ight intensities. But, at lower intensities of

l'ight, the mutant carries out the H 1 I-reaction | ess
effectively. Thi s shows that chiorophy! i-b may not
essentially have a photochemical role. However, it was

suggested that chlorophy! I-b perhaps affects 1amellar pairing
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since chloroplasts of this nmutant reveal fewer grana.

The investigations of chloroplast nutants, particul arly

the Dbarley nutants, have shown the 1interdependance of the

processes of | anel | ar organi zation and pigment-synthesis,
| eading to the formation of normal chloroplasts. Structural
elements in chloroplasts are not asssembled properly in the
absence of photosynthetic pignents and conversely, a given
structural arrangenment IS apparently necessary for

photostabililty of the chlorophyll pignments.

In maize, early chloroplast developnent s normally
acconplished while leaf tissue is tightly rolled within the
| eaf sheat h. This suggests that the normally late appearance
of light-harvesting conplex is not obligatory for thyl akoid
differentiation. Miutants have been described in maize where
loss of PS Il or the cyt.f/b conplex does not block assenbly
of other fully active conplg;es into the thyl akoi ds. It is
probably advantageous for devel oping chloroplasts to delay
assenbly of the mjor 1light-harvesting apparatus until
el ectron transport is adequately high since excessive photon
capture may lead to irreversi ble damage. A barley nmutant has
been described which generates thylakoids with high levels of

LHC-II, irrespective of the devel opnental stage of the

chl oroplast and this nutant dies at an early seedling stage.

In the V-424 nutant described earlier, the thylakoid



19
proteins coded for by the chloroplast genonme were present in
decreased anounts, while the ambunt of nuclear-coded |ight-
harvesting chilorophyl1l a/b binding protein (cab-protein) was
simlar to that of the control strain. It was found that no
t hyl akoi d poiypeptides were mssing in the nmutant, but the PS
Il reaction <centre protein and the 34 kD atrazi ne-bi ndi ng
protein levels were only 24% and 50% of control levels
respectively. DNA restriction enzyne analysis showed that
the chioroplast genone s altered in the Vvir-c nutant,
supporting the genetic evidence which showed that the nutation

is inherited 1in a non-Mendelian fashi on.

In contrast wth many photosynthetic nutations, t he
virescent nutation is not lethal and virescent plants survive
to flower and produce seed. Despite the nunber of virescent
mut ati ons that have been described, the primary effect of the
mutation is unknown. The phenotype suggests a tenpora
aberrati'on in sone factor governing chlorophy i 1 content, such
as the ability to synthesize, prot ect or accunul ate
chl orophyll. The variety of ways by which chlorophyll can be
influenced my explain why the virescent phenotype IS
produced by a nunber of distinct nmutant loci within a given
speci es. In maize, ten nutant loci on eight different
huclear chronmpsomes each produce the virescent phenotype.
Few virescent nutations which are maternally inherited are

also reported. The existence of both nuclear and cytoplasmic
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mut at i ons produci ng the sanme phenotype supports the view that
virescent nutants conprise a diverse group in which each
di stinct nmutant |ocus disturbs a specific factor regulating

chl orophyl |l content.

Most nucl ear virescent nutants have decreased carotenoid

levels in the young |eaves. Typi cal | y, the carotenoid
content in virescent |eaves decreases about two fold, while
the chl orophyll content decreases three to five fol d.

Al t hough, the total anmount of carotenoid pignents decreases,
the ratio of carotenoids to chlorophyll actually increases in
virescent nutants and appears to be anple for chlorophyl

protection. Poor developnent of the grana is the nost
frequently studied structural aberration in vi rescent
mutants. An interesting exception is one virescent nutant of
mai ze (Chollet and Paolillo, 1972). Low chl or ophyl | cont ent
in this mutant is associated with large grana and a poorly
devel oped fretwork of stromal thylakoids. Nornmal t hyl akoi d

structure devel oped as chlorophyll accunul at ed.

Photosynthetic rates are found to be different in
different virescent nutants of maize. Thus, vi rescent
nmut ants, although simlar in phenotype have varied effects on
photosynthesis. These effects may reflect alteration of a
di fferent photosynthetic conponent in each virescent nutant.

If several different proteins are required for the nornmal
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sequence of thylakoid stacking, defects in any one of them
could lead to a reduction in thylakoid stacking and an
inability to accunul ate photosynthetic pignents. Specific
effects on photosynthetic activity would depend on the role
of the defective protein. The virescent phenotype nmay result
fromnmutations within the structural gene of such a protein.
Nor mal phenotype is recovered when a gene product of simlar
function i's synt hesi zed |ater in | eaf devel opnent.
Alternatively, virescent mut ati ons nmay be regul atory
mut ati ons controlling the timng of gene expression and, as
such may provide a genetic tool to understand the regulation

of chloroplast devel opnent.

The plastid ribosome deficiencies in virescent nmaize are
not photosensitive, but nore directly related to the genetic
| esi on. A further correlation between virescence phenonenon

and plastid rRNA in V V seedlings is indicated by the

16 16
observation that chlorophyll and chloroplast ultrastructure

are stable for upto tw weeks after green seedlings are
transferred to ZOC)C in the light. Apparently, it 1is the
formation and not stability or accunulation of chl oroplast
ribosomes in actively expanding tissue that is regulated by

the virescent gene. The nmutant V V however, shows an

16 18
unexpectedly high rRNA content.

GCenes coding for chloroplast rRNAs and for sone of the
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chl or opl ast ribosomal polypeptides are Jlocated in t he
chloroplast genone, while chloroplast RNA polymerase,
aminoacyl t-RNA synthetases and the majority of chl oropl ast
ribosomal polypeptides appear to be coded in the nucleus.
Virescence represents nuclear control at an early step in

plastid devel opnent and a pleiotropism that includes pignent

synt hesi s. The virescent trait results from nodification of
genes t hat normal |y regul ate chl or opl ast ribosome
biosynthesis. It 1is possible to speculate that virescent

trait reflects a temperature-sensitive transcription or
transl ati on of one of t he critical nucl ear - coded

polypeptides.

ETCHED MJTANT

The genetics and phenotypi c behaviour of a nunber of
virescent nutants of nmize have been described (Neuffer et
al . 1968; Coe _et. _al, 1983). The _etched nutant is an
interesting endosperm nutant and a seedling nmutant for
virescence. This nutant was originally isolated from
irradiated maize genotypes by Dr.L.J. Stadler (Stadler,

1940) .

The et allele in homozygous recessive condition causes a
pitted and scarred endosperm and also gives rise to virescent
seedlings (Coe and Neuffer, 1977). Fig:l shows a selfed

etched ear with etching clearly seen on both coloured and



23
col ourl ess kernels. The et gene has been mapped on the Iong
arm of chronosone 3, at a map position of 1bl. Earlier
studies on the genetics of the etched nmutant suggested that
the et allele shows variable penetrance and expressivity
(Rhodes, 1952).

The virescent seedlings show al bino |eaves during early

stages of devel opnment and then turn normal green by about 10

0
days in bright-light and at a tenperature of 25 + 2 C

(Ramesh et al, 1984). This phenonenon of virescence is found
to be light and tenperature sensitive. Vi rescence 18
expressed in bright-light <conditions as well as field
condi tions. Fig:2 shows 6,8 and 10 day old nornal and

virescent seedlings grown under bright-light.

Ultrastructural studies on the etched nutant revealed a

very poor devel opnent of the lanellar system in the

chl oropl asts of 6-day old |eaves of virescent seedlings. At
the 10 day old stage, when the virescent |eaves are
indistinguishable from the nornmal, a nornal chl or opl ast

ultrastructure 1is exhibited by the nutant |eaves ( Ramesh

and Reddy, 1985).

Standard in vi tro procedures as well as photo-acoustic

spectral anal ysi s reveal ed significant quantitative
di fferences in chlorophyll and carotenoids during t he
greening process in light (Ramesh et al, 1984). Studies on

the pigment conposition between |ight-grown normal and nutant



Fig. 1 A selfed etched ear (et et)
showing the segregation of coloured and
col ourl ess kernels.

Fig. 2 b, 8 and 10 day old norma
(right,) and virescent (left) seedlings
under bright-Ilight conditions.
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seedlings at 6-day old stage by thin Jlayer chromatography,
reveal ed no qualitative differences in t he pi gment

conposition (Santha Kumari, 1984).

Solubilized thyilakoid nmenbrane fraction of nutant | eaves
revealed significantiy lower |evels of chlorophyll pi gment s
ana protein, than that of normal upto the 8th day after
germ nati on. However, by the 10th day, both normal and
mut ant seedlings show about equal amounts of pignment and

protei n.

SDS- PAGE of solubilized thylakoid nmenbrane extracts

revealed no qualitative differences in the chlorophyll-
protein conpl exes. However, upto the 8th day after
germ nation, t hese conpl exes were found to be | ess
i nt ense in the nmutant as conpared to the nornmal . At the

10t h day, the nutant and nornal seedl i ngs show the
chlorophyli-protein conplexes wth alnost equal intensity

(Sangeetha et a1, 1986).
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3. GENETIC ANALYSIS OF THE et ALLELE
3.1 | NTRODUCTI ON
Dr. L.J. stadler (1940) had identified the et nutation
for the first time from the progeny of irradiated maize
genot ypes. Incidentally, this was the first radiation-

i nduced nmutants in maize as well as in higher plants. The

identification of this nmutant was firstly on the basis of kernel

phenotype and secondly on the earily seediing phenotype.
reported that the et allele, in homozygous [recessive
condi tion causes a pitted and scarred endosperm and
virescence in seedlings. Early 'linkage anal ysis by Stadler
lead to the localization of the allele on the long arm of 3rd
chrombsone 1inked to the a |ocus, a gene 1involved in
ant hocyanin biosynthesis. A decade later, Rhodes (1952)
noted deviations from the expected Mendelian segregations
anongst the progeny of et et kernels. 1t was said that the
et alilele shows variabl e penetrance and expressivity. |In the
last few decades or so not a single publication appeared on
this nutant. It was known by then that the etching of the
kernel and the virescence of the seedlings are inseparable by
genetic neans.

The present study deals wth a detailed genetic
anal ysis of the et allele in ternms of 1its phenotypic segrega-
tions and expression. It is showmn here that the progeny
popul ati ons of selfed etched plants do not show any abnornal

rati os and the deviations originally reported by others

may be due to the exceptional kernel s having al nost

He
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undetectable 1evels of etching i.e., et alilele shows highly

vari abl e expressivity.

3.2 MATERI ALS AND METHODS

3.2.1 Crosses The isogenic maize lines of homozygous

nor mal L_L+ et+.) and nutant (et._et) genotypes are in the

background of line R168. The honmpbzygous stocks were

mai nt ai ned by repeat ed selfing and sibbing. 1 he

het er ozygot es (QLT et) were made by reciprocal Crosses

bet ween the honpbzygous pl ants. F progeny were obtained by
. 2

selfing et et heterozygotes and the segregating ears were
harvested either at maturity or on specified days after
pollination. Test-crosses were also perfornmed to obtain
het erozygotes and honobzygous kernels on the sanme segregating
test-cross ears.

Each plant was designated with an i1dentification nunber

conprising the year, season, range, row nunmber and plant
number . for eg : - 14865 R-0122-3, indicates that the plant
was grown in the year 1985, in the Rabi season (Wnter), in

range 1 and row nunber 22, and is the third plant 1n the row.
A1l kernels used for a single row were from the same ear and
had the same phenotype. Contamination was prevented using

silk bags and tassel bags. Pollen bags were put 12 hours in
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advance. For uniform poililination, silks were cut 12 hours in

advance. Standard corn polilination nethods were used.

3.2.2. Phenotypic scori ng : The "etched scale": The

phenotypic variation anong the progeny of seifed ears of et et

pl ants has been noticed both in the extent of etching upon
the surface of the kernel and also in the depth of etching.
An "etching-scale" was made from selted etched kernels for

the purpose of classification and analysis of expressivity.

A two-directional scale of etching was nmade i.e., t he
letter scale from ‘a’ to ‘e’ shows the gradation of the
extent of etching on the kernel surface with ‘a’ at the
m nimum of the scale and ‘e’ at the maxi num The nuneri cal
scale is from ‘1’ to '3’, where the gradation 1is made
depending on the depth of the cracks observed. I he 1’ type
shows onily superficial® cracks, while the '3’ type shows deep
cracks in the endosperm In the preparation of the scale,
progeny kernels of similar size from individual ears were

se lected.

3.3 RESULTS AND DI SCUSSI ON A nunber of controlled crosses
bet ween desirabl e genotypes were nade to t est t he
I nheritance and expression of the etched allele.

Table 3.3.1 gives the results of segregating pattern of
+
selfed heterozygote et- et stocks. A very large nunber of

crosses were made but only a representative few crosses are

listed in the table. The results clearly show a 3 : 1



Table 3.3.1

Test of inheritance of

=+

+

the et allele as shown Dby

the cross of a et / aet_ x aet / a et
2
kernel Progeny phenotype Total .
S.No Pedi gree pheno- , nunber of 3.1
type Nor mal et ched kernel s
1 85R-0130-3 col our- 86 25 111 0. 362
less
normal
2 85R-0133-3 ' 78 22 100 0.480
3 85R-0133-10 ,, 56 15 71 0.b66
4 BER-0179-2 ), 78 24 102 0.117
5 86R-0180~9 = 89 28 117 0.070
6 86R-0180-12 158 53 211 0.001
7 86R-0182-5 . 98 28 126 0.517
8 87R-0421-7 , 43 12 55 U.296
9 87R-0424-1 ' 82 26 108 0. 049
10 87R-0424-12 ,, 108 32 140 0. 335
11 87TR-0425-1 e 46 12 58 0. 574
12 87R-0428-2 ' 116 36 152 0.140
13 B7R-0428-6 . 42 12 54 0.221

val ues were found

confidence in all cases.

to be non-significant at

| evel of
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segregation. However, a wi de variation of etched phenotypes
was noticed amona the et et .kernels which will be dealt with
in a later section. Fig: 3 shows a selfed ear segregating for

normal and etched kernels in a 3:1 ratio.

Table 3.3.2 shows the results of test-crosses of t he
+

het erozygous plants (et et). The progeny kernels segregate

in ratios very close to 1 normal : 1 etched. lhe val ues

cal cul ated show that the deviation is not significant. Fi g:

4 shows a test-cross ear segregating for nornmal and etched
kernels in a 11 ratio. These results along wth the
observations that etched plants on selfing give rise to only
etched progeny, unambiguously show that etched trait 1is

i nherited as recessive.

We have also anal ysed the mutant kernel viability, the

percentage of germnation and the ferti 1 ity of the plant
under field conditions. Furt her, ot her parameters Iike the
wei ght of the kernel, hei ght of the plant were studied. No

significant difference was noticeable 1n any of the above
paraneters analysed.

Table 3.3.3 gives the weights of mature kernels, both
normal and mnutant. Si ngl e kernel weights, 4-kernel weights
and 10-kernel weights were conpared and the results do not
show any significant deviati'on of the nutant from the normal.
Tables 3.3.4 AJ give the results of seifing of plants grown
from classified etched kernels on the basis of "et ched

scal e". Fi g: 6 shows the kernels classified as per the



Table 3.3.2

5. No

Segregati on of et kernel phenotypes on
testcross ears.
+
The cross of aet/aet X a_ et/get
P
kernel Progeny phenotype Jlotal X
FPedigree pheno- number of L4 |
type Normal etched kernels
1 HBb6R-01656-4 colour- 40 24 6Y 108
less
et.ched
Yod 8bR-0U166-10 bbh 53 118 1. 22
3 HBbR-01bB8-Y i % Hb 8BU 166 U. 21
4 B6R-U170-5 . 34 29 b3 V.39
5 BBR-0179-2 colour- 68 5Y 127 U.b3
less
normal
6 8Bb6R-0L181-H iy a4 41 HY ohb
7 BB6R-0181-b ) 71 6O 141 0.9
8 HbR-U1B4-b i g 126 108 234 1.448
9 H6R-0184-7 AH 83 7" 154 093
P
values are observed to be non-significant at 5% level of confidet



Tabl e

.3: Weights

of mut ant and nornal kernels from

segregating selfed ears of heterozygous plants
aet+/ aet

Number of Mean of Mature kernel
weights (gms)
S.No Pedigree kernels
Normal Etched
1 B6R-0179Y Single kernel
weights

2 86R-0180 i 4

3 86R-0181

4 87R-0421 i

5 87R-0424 § 9 0.171+0.014 0.1644+0.015
6 86R-0182 4-Kernel

weights
7 B87R-0428 i 5 0.614+0.017 0.6056+0.025
8 86R-0179 10-Kernel
weights

9 86R-0180

10 86R-0181

11 87R-0421 ;% 1.875+0.273 1.87940.170
12 87R-0424

13 B7R-0428




+

F1g.3 : A selted ear (et et) showing
normal and mutant kernels 1n a 3 : 1
ratio.

+
Fig.4 : Test-cross (et et x etet) ear
showing 1 : 1 segregation of normal

and etched kernels.
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etching scale. The progeny kernels were classified as per the
scal e. The results clearly revealed the extensive variation
in the phenotypic expression of the et allele. Anot her
| nportant observation is that the progeny of such a selfed
plant exhibit a wde array of -etched phenotypes. For
instance, a plant grown from 1 ‘'a type (superficial and very
little etching on the kernel surface) on selfing gives rise
to progeny of almpst all types on the scale i.e., 1 'a'to 3 ¢.
Thus, it 1s rare to get a true breeding type etched 1ine.
This corraborates the earlier observation that the et allele
exhibits wvariable expressivity and the genetic background
does not seemto influence the expression. No preponderance
of any one specific type of etched phenotype was noticed over
the ot hers. A careful analysis of the segregation data
reveals that there is no significant wvariation in the

penetrance of the etched trait.

It can be concluded from our genetic analysis that the
et allele is inherited as a Mendelian recessive. The results
of reciprocal crosses further denonstrate that the nutation
IS nuclear in origin. A 100% penetrance and variable
expressivity of the et allele has been denonstrated by the
results of our genetic analysis. The observations on the
inheritance of the virescence phenotype agree wth the
earlier observations that t he two phenot ypes are

genetically inseparable.
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4. SCANNING ELECTRON M CROSCOPI C
ANALYSIS OF THE ETGCHED MJTANT

4.1 | NTRODUCTI ON

The etched nutation as described eariier, affects both
kernel and seedling phenotypes. This chapter deals with
a detailed analysis of the aberrant kernei phenotype of the
et ched nmutant using scanning electron m croscope. However, a
brief description of kernel ontogeny and starch netabolism is

given below as 1t is relevent to the present work.

The endosperm which is produced as a result of fusion

bet ween one nal e generative nucleus and two polar nuclei, i's
the storehouse of large quantities of starch. The endosperm
nouri shes the enbryo during early stages of devel opnment, and

the plantlet after germ nation (Brink and Cooper, 1947).

In the cereals, the endosperm devel ops unilaterally, soO
that in the mature seed 1.e., caryopsis it resides conpletely
on one side of the enbryo. Endosperm formati on begins a few

hours after fertilization, with the enbryo sac rapidly
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becoming filled with endosperm nuclei while the enmbryo has

reached only the 10 to 24 cell stage. Duri ng its
devel opment, the endosperm changes tremendously in size
( Randol ph, 1936). The endosperm devel ops an outer al eurone

| ayer which devel ops protein bodies called aleurone grains.
Cells of aleurone layer remain alive unlike other endosperm
cells of cereals which are dead cells packed with starch and

to a |l esser extent protein (Jacobsenet_al., 19/9).

Starch begins to accumulate in mize two weeks after

pollination. Except for the pericarp, the young caryopsis
| acks starch one week after pollination. About two weeks
after pollination, starch is found in the distal mar gi nal

cells of the endosperm (Bernstein, 1943;.

Starch is laid down in discrete sub-cellular bodies, t he
starch grains. 1 hey have a characteristic appearance for
each species. Starch grain shape is determned to a |arge
ext ent by amylose content. Hi gher ampunts of amy lose are
observed to lead to round grains. In mai ze, the grain shape
is predominantily angul ar. A normal kernel of maize consists

of about 74% starch, 4% 1ipid and ii% protein. Endosperm of
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nai ze consists of 88% of the kernel starch
whereas the enbryo consi'sts of onily 9% of total starch (karle

et a"l,. 1956). The starch grains display a great range of

size and shape in cereals.

The differentiation processes such as starch synthesis
( Shannon, 1974;, protein body formation (bLuvick, 14961) and
storage of 14C photosynthetic products (Shannon, 1974) begin
near the apex of the endosperm and proceed downward. St or age
of starch and protein is maximsed when these processes are

coordinated such that the endosperm cells are successively

filled to capacity fromtop to bottom

A developing kernel of maize 1s conposed of celis of
varying physiological ages and there appears to be a major
gradient in cell developnment fromcells located 1n the basal
endosperm region to those in the central crown region and a
m nor gradient from the periphery towards the centre of the
endosper m As a consequence, at any given time during the
devel opnent of the kernel, there is a variability between
cells as to their starch content. The initiation of starch

accunmul ation proceeds basally and centripetally in t he
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endosperm cells next to the enbryo. Ther ef or e, It was
proposed that starch biosynthesis is of progressive type and

occurs in waves during kernel devel opnment (Lampe, 1931;

Boyer et al, 1977).

Several® nutant genes are known in nmaize that affect
starch synthesis and thus endosperm development. A very well

knowmn case is that of the waxy gene causing very little

anyi ose production. 1T he effect of the waxy gene is shown to
be extended to the microspore (Brink and MacG 1 | ivray, 1924 ;
bemerec, 1924). it was l1ater shown that the nutant gene had

the sane effect on the starch of the fenale gametophyte
(Brink, 1925). The nmutant gene amy! ose-extender, Wwhich
i ncreases the proportion of amylose of the endosperm has the
sane effect in the pollen (Banks et al, 1971). I he sugary
mutant |eads to a change in the carbohydrate storage products
of the endosperm The principal storage product in the

mut ant 1s the water-soluble poO I ysaccharide, phytoglycogen

(Sumer and somers, 1944).

The defective kernel nutants of maize wherein both the

endosperm and enbryo are abnormal, are retarded in the
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embryoni ¢ development (Mangelsdorf, 1926). The germiess
mut ant s wherein only the enbryo 1is defective provide
excel lent material for the genetic analysis of embryogenesi s
(Neuffer and Sheridan, 1980). For the study of enbryo-
endosperm interaction, defective kernel nutants are ideal
Analysis of the defective kernel nmutants revealed that the
developmental fates of the two tissues, endosperm and enbryo
appear to be largely independant (Ssheridan and Neuffer,
1981) .

The mutants in which the endosperm is defective becone
distinguishable at an early point in «kernel developnment.
Since the etched kernels become distinguishable at an early
stage of kernel devel opment, the nmutant kernels and endosperm
can be readi 'y studied over a large period of their

developmental cycle.

In the present study, we have |ooked at the structura
aberrations on the endosperm of et et kernels using Scanning
El ectron M croscopy. We also conpared the SEM data from
other organs iike enmbryo and pollen of both the nmutant and
W Id type. This was done to test whether et nutant is tissue

specific or general. Further, this study is ainmed at finding
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out whet her the expression of et allele is transient or total

constitutive during the endosperm devel opnent and maturati on.

4.2 MATERI ALS AND METHODS:

4.2.1 Scanni_ nhg electron m _croscopy (SEM) of endosperm Mature
+ +

kernels of normal (et et ) and nutant et et genotypes were

= L

soaked for an hour in double distilled water. After renoving
peri carp, the endosperns were fixed on specinmen stubs wth
e lectroconductive sSilver paint and coated with gold for 1u
min. in JEOL FCc-1100 ion sputter. "l he specinens were
observed wunder a JEOL-35 Scanning Electron Mcroscope at a
vol tage of 15 KV.

4.2.2 1solation of starch grains and preparati on tor Scanni_ng

+ +
fclectron _M _croscopy: Normal (et —et ) and nutant (et et)

kernels were soaked in water for about 6-8 hours. Ihe
kernels were then ground in 75% ethano!l . The suspension was
heated for 30 min. in a boiling water bath and centrituged at

10,000 g for 15 mn. The resulting starch was suspended in a
small volume of 7% gluteral dehyde in 0.02 M phosphate buffer
(pH 7.2) for about one hour. It was then centrifuged for Db

mn at 5,000 g. The peliet was then washed 1in distilled
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water 6-7 tinmes. The precipitate was suspended in ethanol
and the suspension was taken and fixed on specinmen stubs with
electroconductive silver paint and coated with gold for 1u
min. in a JEOL FC-1100 ion sputter. The specinens were
observed wunder a JEOL-35 Scanning Electron Mcroscope at a

vol tage of 15 KV.

4.3 RESULTS AND DI SCUSSI ON

The enbryo and endosperm of the Kkernel, and pollen
grains of nornal and nutant genotypes were studied by
scanning electron m croscope. Starch grains isolated from

normal and nutant kernels were also exam ned.

The surface scans of the enbryo of normal and nutant

genotypes are shown 1in Fig.6a and Fig.6b. As can be observed
+ +
fromthe figures, the enbryo of et et and et et kernels do

not show any detectable differences indicating that the et
mut ati on does not affect the enmbryo phenotypical ly.

+ +
Pollen grains of et et and et et genotypes were also

exam ned and are shown in rig.7a and Fig.7b. As is revealed



Fig.6 : Surface scan of the enbryo of
(a) nhormal kKernel ( b) mutant kernei-

Fig.7 : Surface scan of a pollen grain of
(a) normal genotype (b) mutant genotype.
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by the surface scans, the polilen grains appear similar in

both genot ypes.

On the other hand, the surface scans of the endosperm of
et et kernels clearly reveal cracks or scars on the surface.
Fig.8a and F+rig.8b show the normal and nutant endosperm
surface as revealed by scanning electron mcroscope at a
magnification of 300x. In order to gain an insight 1into the
endosperm |esions caused by et allele, endosperm transverse

sections were taken at different levels and observed under

scanni'ng el ectron m croscope.

The phenotypic variations noticed in the extent and
depth of etching of kernels is substantiated by observations
under SEM Fig.9a shows the SEM scan of the endosperm ofetet

kernels. The depressions or cracks noticed on the surface
are also noticeable 1n the sections of the endopserm at
various levels as revealed by Fig.9a. Fig. 9b shows a scan of
the magnifi'ed portion of the crack in the endosperm shown in
Fig 9a. Starchless celis are clearly noticed along the area

of t he crack. Fig.10a and Fig.10b show the SEM
+ +
photomicrographs of et et and et et kernels at a



F1g.

8

scanni ng el ectron m crograph
an endosper m of

( a)Normalkernel

(. b) Mut ant ker nei
Magnification 300 X.

of






magnification of 1000 X Fig.10b shows areas of depressions
in which no cells are observed. On the other hand, no
depressions are noticed in the endosperm of normal kernels at
any magnification.

Fig.11a and Fig.11b show the starch grains isolated from

+ +
mature et. et and et et kernels at magnification of 1000 X

The starch grains of nornal and nutant kernels at a
magnification of 6000 X, are shown in Fig.12a and Fig.12b. As
is evident fromthe figures, the starch grains in the nutant
kernels do not differ fromnornmal Kkernels in size or in

shape.

The results of the scanning electron nm croscopic
analysis further confirm the variable expressivity of the et
all el e. The variation in the expressivity of the et allele
was reported earlier (Rhodes, 1952). I he cracks or
discontinuities noticed in the endosperm were suggested to be

due to sectors of starch-less cells anong normal cells

The apparent variation observed 1n the etching of the
endosper m may be due to the time at which the et allele

expression is switched on or off during the devel opnent of



Fig.d : ( a) Scanning electron nicrograph
of an etched endosperm

showi ng a deep scar.

(b) Scanning electron mcrograph
showing starch-less celis in

the deeply-cracked area of an
etched endosperm

Fig.10 : (a) Scanni ng el ectron
m crograph of t he
+ +

endosperm of et et

kernel at a magnification of
1000x .

(b) Scanning electron mcrograph (1000 x)
of the endospermof et et kernel

showi ng a depression area with no
cells.






F1g. 11 : St arch grai ns at a
magnit 1cation of 100U X.
(a) Nornmal (b) Mut ant

Fig.12 : Starch grains at a magnificatin
of 6000 X
ta) Normal (b) Mutant
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the kernel. The et et kernels can be easily distinguished

phenotypically from normal kernels, quite early during kernel

devel opment . It can be argued that the cells in which the
et gene is active can neither synthesize nor accunulate
. ; + +
starch granules unlike the normal et. et. cells. Accordingly
cells or cell-l1ineages of such progenitor et et cell will
have no starch at all. Such areas in the endosperm
constitute discontinuities. The streaks of such broken ceiils
observed by SEM in et et kernels support this cell-lineage

pattern of et gene expression.

The et gene expression is transient during kernel

devel opment, because none of the gaps are extended throughout

t he kernel. Thus, iif starch synthesis continues in cells in
which et gene activity ceases, such cells and their | i neages
will then be phenotypically normal. The result 1s a

di spersion of etched areas on a normal background area of the
kernel. However 1t is not cl ear as to what determ nes
the extent of transient expression of the et allele in
endosperm cells. 1t 1s clear that et _al lele has no

apparent effect on the size and shape of starch grains.

The results of Scanning electron mcroscopic anal ysi s
confirm the conclusion that the et effect is highly tissue

specific in maize.
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5. EFFECT OF et MJTATION ON STARCH

METABOLI SM I N KERNELS AND SEEDLI NGS

5.1 | NTRODUCTI ON

The seed occupies a critical position 1n the lite-cycle
of hi gher pl ants. It sustains the young plant in the early
stages of growt h before it becomes an independent and

autotrophic organism able to use 1light energy for 1ts growth
and development. Seeds contain carbohydrates, tats and o11s,
and proteins as a source of food reserves to support

germ nation and early seedling growth.

Car bohydr at es, mai nly starch. predom nate 1n cereal
endosperms. starch, the main organic reserve or cereal grains
consists of two polymers of D-glucose, one linear and the
ot her branched. I he linear polymer, amylose, 1s formed from
glucose wunits joined by e 1,4 glucosidic |inkages. The
branched polymer amylopectin consists of many anylose chains

linked by ea=1, 6 bonds. Normal nmai ze contains about 25%

amyl ose and 75% anmyl opectin.

The starch reserves in maize are reported to be present

in different proportions in different tissues (karleet al.,
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1956 ). Furt her, there are protein-rich and starch-rich
regions in the endosperm called the horny and floury

endosperm respectively (Wber, 1980).

Sucrose, which 31s the sugar translocated trom the nother
plant to the kernel, is the substrate tor starch formation
Sucrose 1s converted to fructose and UDLP glucose by sucrose
synt het ase. Both fructose and UUP glucose are then converted
to glucose-1-phosphate, which is then converted to AUP
glucose by AUP g | ucose-pyro-phosphorylase. | he AUP gl ucose
donates 1ts glucose to a gilucose prinmer, thus increasing the
chain Ilength by one unit. 1 he enzyne involved is AUP-
g lucose-starch synthetase. The ©O-enzyme introduces o | , 6

branch points.

The mobiiization of stored reserves 1n the storage
Organs is a post-germinative event. The amyiose and
amy lopectin in the native starch grains are first hydrolyzed
by a-amylase which breaks the e-1,4 glycosidic |inkages
between the glucose residues randomy throughout the chain.
The released oligosaccharides are further hydrolyzed by
B~amylase unti gl ucose and nmltose are produced.

a-amyl ase
Anyl ose > G ucose + Maltose
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a-amylase cannot hydrolyze the & 1 ,6 branch-points of

anmyl opectin and hence highly branched cores ot glucose units,

called 1Timt dextrins are produced

a-amy lase
AMY TODBCLE TN e e o it o i e > Glucose + Maltose + |imit

dextrin,
P-amytase cannot hydrolyze native starch grains. Lt can
cl eave successive maltose units trom the non-reducing end of
large oligoners, released by prior a-amylo |l yti ¢ attack
B-amy lase
AMY IG8E = = i i > Maltose
p-amy lase
Amy |lopeCtin —==—=——re—sec—e—m—ee > Maltose + |1m1t dextrin.
Both & and B amyiases are present 1n higher plants.

Germ nating «cereal grains are known to produce and secrete

these starch-hydroi ysing enzynes. I he sole physiological
function ot these enzynes 1s reported to be the digestion ot

starch reserves ot the storage tissues. | he tirst genetic

analysis ot amylase 1sozymes 1n plants was reported by

Scandalios (1Y66), using certain inbred lines ot /ea mays.

Studies 1n nmaize and barley (rrydenberg and Nielsen, 196h)

strongly suggest a sinple Mendelian control ot the anylases

1n higher plants. I he two maj or amylases are each controlled
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by an independent gene, each having a pair o0r co-dominant

alleles (Chao and Scandalios, 1Y6Y; Scandalios et al, 19Y/4).

Studies on nmaize kernels during germnation reveal ed
that both amylases are abundant 1n the endosperm but their
expression differed considerably during different stages.
Based on genetic analysis, a separate origin for each of the
amy lases has been reported (Bernstein, 1943). | he e-amylase
iIs reported to be originating fromthe enbryo 1.e., the
scutel | um whereas the p-amylase from the endosperm
However, recent studies gave evidence suggesting strongly
that a-amylase 1s synthesized 1 ndependant 1y 11n both the
scuterltum and endosperm ( Chao and Scandalios, 1469; 1ly/1,) .
cthao and scandalios (19/7/2) negated the earitier finding that

B-amy lase originates 1n the endosperm

The studi es on devel opi ng mai ze endosperns reveal ed very
low 1eveis of B-amy lase and total absence of e-amylase
activity. very little amylolytic activity 1s observed 1n the
endosperm of the dormant mai ze kernels. During germnation

however, the amylase activities increase 1n the endosperm

in this study, attenpts are nade to investigate the

effect of et nutation on starch netabolism during germ nation
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and early seedling growt h. lhis is because the phenomenon of
Virescence 18 a post-germinative event and lasts t31(| early
stages of seed|ing growt h. therefore, an analysis or the

starch accumulation and degradation processes 1n the nutant
could give valuable information to an understanding ot the

phenomenon ot virescence.

5.2 MATERI ALS AND METHODS

5.2.1 Germination of Kernel s: | he mature kernels ot normal
+ o+

(et et ) and nutant (et et) genotypes, were soaked 1n tap-
water tor 8-10 hrs. I he kernels were surtrace-sterilized 1n
sodium hypochilorite tor about 1b min. and washed twice w1ith
double-disti| led water. I he Kkernels were then kept tor

germ nation 1n vermiculite 1n plastic trays.

0
| he temperature was mai ntained at 2b + z C. Light was
provided by tiourescent lanps with an intensity ot [ 3(8.362
-9 -2 -1
x 1u ) mole m sec J. I he 11 1uminance was

measured with a Li-Cor Model photometer with a radiometric sensor

b.2.z. ueterrmnation of Starch content

a. Kernes: Devel oping kernels (20, 3U, 40U DAP.) mature

kernels (dry kernels) and germ nating kernels (3,4 and b DAQG)
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were used tor starch estimtions. Known quantities ot kernel
sanmpl es were ground 1n /5% ethano! (3 ml/gm) using a nortar
and pestle. I he resulting suspension was heated tor 3y min.
in a boiling water bath and centrituged at 10,v0u g tor 1b
min. I he resulting starch precipitate was suspended in 0.z N
potassium hydroxide and boiled tor 3D mm. and subsequently
neutralised to pH b.b with glacial acetic acid. 1 he

suspensi on was incubated with amyloglucosidase (b. Cc. 3.2.1.3,

0
Si gma) at 3/ C tor 18 hrs. Atter centritugation ot the

suspensi on, the supernatant was used tor glucose estimation.

b) Leaves: Leaves trom b,8 and 10 day old and normal nutant
seedlings were harvested and their starch content was
estimated as per the procedure ot Mac Haé ( 1971) . | he | eaves

were ground 1n boiling 8U%ethano! and centrituged at 2000 g

tor 1lu mm. Gl ucose, sucrose, certain ol 1gosaccharides and
short chain glucose polymers were removed trom the leat
tissue with hot alcohol. 1 his alcohol extraction procedure

was repeated twice. The pellet was suspended 1n distilled

0
wat er and incubated at 100 (J 1n a boiling water bath tor 3JJ

min. ih1s gelatinised starch suspension was treated Wi1th

amy loglucosidase 1n the presence ot sodi um acetate—acetic
0]
ac1d butter, pH 4.b, and incubated at 3/ C tor 3b hrs.
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Amy loglucosidase hydrolyses starch to glucose, and t he
hydrolysate was deproteinised ( 1 miI aliquot was taken and it
was de-proteinised by adding b M water, 2 mi ot vu.s N sodium
hydroxide and 2 m ot fa%zinc sul phate solution). After de-
proteinisation, the released glucose was estimated by a
nodi fied photometric adaptation of the somogyi nethod called
the Nelson’s nethod (Nelson, 1944)). | he aetaiis of the

procedure and reagents required are given below.

copper Reagent A:

25 ams of sodium carbonate (anhydrous), 25 gms of
Roche | le salt (sodium, potassiumtartarate), 2u gnms of sodium
bi carbonate and 200 gns ot anhydrous sodium sul phate were

dissolved 1n about s8uvuo mM ot water and diluted to 1 litre.

0
Il his solution was t1 1tered and stored above 2u c.

Copper_ Reagent ti:

15% Copper sulphate containing one or two drops of conc.

sul phuric acia per 1vu m.

Arsenomolybdate CO | OUur reagent:

25 gnme. of ammoni um mo Iypdate was dissolved 1n 450 i of
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distilled water. 21 nml of conc. sulphuric acid was added. 3

gms of sodiumbi-arsenate dissolved in 25 mi of water was
0

m xed and placed 1n an incubator at 37 C for 24 to 4a hrs.

This reagent was stored in a glass-stoppered brown bottle.

To 1 m of a deproteinised aliquot, 25 parts of copper

reagent A and 1 part of copper reagent B were added. The
solutions were mxed and heated for 20 min. in a boiling
wat er  bat h. The tubes were then cooled and 1 m  of

arsenomolvbdate reagent was added. The col our devel ops very
rapi'dly and will be conpleted by the tinme thorough mxing and

evolution of CcO was conpleted. The soilution was then

2
diluted to 25 mM and read 1n a spectrophotometer at 520 nm.

The optical density of the col our devel oped was proportiona

to the glucose present.

Gl ucose factor for starch:

Hydr ol ysi's of pure st arches by t he purified
amyloglucosidase preparation vyielded 1.090 + 0.005 gns
glucose per gram starch, thus giving the glucose to starch

conversion factor of 0.91 (Pucher et al, 1948).

The starch content of the tissue was calculated as
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Glucose conc. volume or the
det er mi ned hydro! ysate(m! )
( gms/mi ) X X 10 X u.9

X1U00U%

b.2.3 Ekstimation of amvlases 1n germinatina Kernels and

1 eaves
+  +
a) Jlotal _amvl ases: Normal (et _et ) and etched (et et)
kernel s 3, 4 and fa days atter germ nation and |eavaes ot
b, 8 and 1U day old seedlings were wused tor amylase
estimations.
A Known quantity ot kernel or teat material (u.b - 1 gm)

was homogenized in z m ot chilled extraction butter (20 m.
mol es sodiumcitrate) pH 6.1. I he nomogenate was diluted to

7 mi with extraction butter and then spun at 3U,uuu g tor 3D

(0}
min. All Steps were pertormed at u-4 C. | he total amylase

activity was assayed 1n a reaction m xture (4 m) cont ai ni ng
240 p nmol es ot sodium-citrate butter, pH 6.1, 8 nmg soluble
starch, 6 H mol es sodium t louride and bU H I ot enzyme extract..

Atrguots ot buu pi were withdrawn at u, 30U and bu minand the

reaction was st opped by adding 500 M ot 3, b
dinitrosalicylic acid .reagent (Bernftield, 19b6h). [3,b
dinitro-sal icycl 1c acid reagent: lo 20ml ot 2 N sodium
hydr oxi de, bu m ot distilled water and 1 g ot

dinitrosal 1cyl e acid was added. it was dissolved on a
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magnetic stirrer cum hot-plate without po1iing. 30 gms Of

sodi um potassium tertarate was aacadea ana the voiume Was mage
upto 10U ml with distilied water. I he reagent was stored 1n
a brown bottle protected trom tight]. | he solution was then
boilled tor 5 min 1n a boiling water bath. After cooling, the
m xture was diluted with distilled water to a final volunme of

6 m. I he increase 1n the amount of reducing sugars was

determ ned colorimetrically at 540 nm using maltose as the

standard.

b) Estimation of e-amy | ase: d&-amylase was assayed by the

above mentioned reaction conditions except R-limt dextrin

was the substrate instead of soluble starch.

C) Estimation Ol P-aWVlase: 1 he procedure was essentially
same as above except that the enzyme extract was preincubated

with b mM ELI1A for 48 hrs.

Micromoles Of maltose |1perated/second was calculated.
I he enzyme activity was expressed as n kat/mg. seed
and n katygm leaf. protein estimtions were according to the

procedure of Lowry (Lowryet_ al., 1951).

b.2.a4 fc lectrophoretic analysis of 1sozymes of  amylases




1h germinating kernels and leaves:

Electrophoresis of the total “~amylase extract
performed in /% polyacrylamide gel, according to
0

procedure or Davis at 4 C (Davis, 146a).

Solutions tor el ectronphoresis:

Sol . A : 1 NHcl 48 m|
Iris 36.6 gms pH 8.y
TEMED 0.28 mi
volume made upto luu mnm with distilled water.
Sol .B : 1 N Hcl a8 m
Iris .98 gns pH b.7
TEMED U 4b mi

volume made upto 100 m with distil led water .

sol1. C : Acry (am de 28.0 gns
Bis-acryl|amide 0.73b gns

Vol ume made upto 100 m with distilled water.

sol. L) : Acrylamide 10.0 gns

Bi1s—acry lamide 2.5 gns

Vol ume made upto 100 m with distilled water.
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was

t he



sol. E © Ri1bOotlavin 4 mg

Vol ume made upto 100 ml with distified water.

sol. F © sucrose 4u gms

volume made upto 1UU m with distilled water.

sol. G: (lobe prepared tresh).
Ammoni um per sulphate - U 14 gns

Volume made upto 100 m with disti1 led water.

Preparation ot gel for electrophoresis or enzynme extract:

Runni'ng gel 1 part B solution
(Large pore solution) 2 parts L solution

1 part E solution

4 parts F solution
Stacki ng gel : 1 part A solution
(Small pore solution) 2 parts C solution

1 part disti | led water

4 parts G solution

Preparation ot reservoir butter: (10 x)
Iris b.U gns
Glycine 28.8 gns

Vol ume made upto 1 litre with distilled water.
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pH or the reservoir butter = u. 3.

0
Electrophoresis was carried out tor about »-6 hrs at 4 .

A constant current or 1U mA/slab was used.

b.2.b Stainng of amyviases 1n polvacryvianide gels:

The amylases in native gels were visualized wusing a
negative staining nmethod (Wrk and Work, 1972). The gel was
i ncubated 1n the extraction butter (Sodiumcitrate butter, pH
6.1) at 3J) ¢ for 30 min and then transferred to a tray
containing amylose solution (4 mg amylose in 1 m extraction
buf fer, pH 6.1) and incubated for 1 nr at room tenperature.
The ge1 was then thoroughly washed in the extraction buffer,
to renove the adhering starch on its surface. I he gel was
then stained with iodine solution (24 mM potassium iodide and

1 mM iodine). After a few mnutes clear white transparent

bands agai nst a blue background were visualized.

5.3 RESULTS AND DI SCUSSI ON

Starch content was estimated in inmature devel oping

ker nel s, mature Kkernels and in germnating kernels and
+ +

seedlings of both et et and et et genotypes. The levels of

amylolytic enzynmes were also esti'mated in germnating kernels
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and seedlings of nornmal and etched stocks.

The starch levels of immature devel opi ng kernels (2vu, 30,
and 40 days after polilination) of normal and nutant genotypes
are given in Table 5.3.1. It is clear that the et et Kkernels
accumulate greatly reduced levels of starch (nmore than bo0%)
at 20 DAP stage as conpared to normal. At the 30 DAP st age,
the et et kernels show about 50% decrease in starch content
as conpared to that of normal. 40 DAP kernels also show a
simlar difference in starch content.

The starch content of mature and germ nating kernels (O,
3, 4 and 5 days after germ nation (DAG)) of ggf g;+and et et
genotypes are given in Table 5.3.2. The mature et et kernels
accunul ate significantly lower levels of starch than that of

nor mal . This difference in starch content 1s also Sseen 1in

germ nating kernel's of 3 DAG stage. On the contrary, the
+ +
et et~ and et- et- kernels of 4 DAG and 5 DAG stages, do not

show significant differences in the starch content. Furt her

it was noticed that the nutant kernels consistently show the
same amount of starch during germination ( 3 to 5 DAG,
whereas normal kernels show a decrease in the starch levels

during the sane period.



Table - 5.3.1 : Starch content of immature devel opi ng kernels

Starch content
(% fresh weight)

S5.No Days atfter
Genotype
pollination
+ +
et et et et

1 20 40.8 + 3.68 18.6 + 2.61

yd 30 hbg.3 + 1.23 30.8 + 1.8b

3 40 66.3 + 1.086 39.6 + 2.01

fcach value is an average of atleast 6 independent

experiments.



Table - 5.3.2 Starch content of germnating kernels
Starch content
Days after (% fresh weight)
S.No
germination Genotype
+ +
et et et et
1 1 68.31 + 2.60 42.84 + 1.80
2 3 56.39 + 1.13 40.22 + 1.18
3 4 43.11 + 1.19 39.86 + 1.12
4 - 42 .30 + 1.30 41.86 + 1.25
Each value 1is an average of 5-6 experinents. I he Kkernels
were germ nated under f lourescent light at 2b +_ 2 C
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The starch !evels of Jeaves of virescent et et as we|) as
+ + -

nor mal et et seedlings at 6, 8 and 10 DA are given in
Table S, 3. 3. It is observed that the l|eaves of both et et

+ & -
and et et seedlings show similar levels of starch at gai)

the three stages studied. Further, the starch profiles were

found to be the same in growing seedliings oOf both the

genotypes.

The amy | ase enzynme activity as wel | as its
specific activity in germnating 3, 4 and b DAG
kernels of both genotypes are given in Fig. 13 a. It can
be seen that the total amylase levels as well as its

+ +
specific activity in et .t kernels increased between the

3rd and 5th day after germ nation. On the contrary, t he
total amylase levels and its specific activity decreased
during the same period in kernels of et et genotype. An

interesting observation here is that the total amylase |evels

+ +
are significantly higher 1in et et kernels during all the
three tested stages.

The a-amylase activity and its specific activity 1in

germ nating kernels (3,4 and 5 DAG) of normal and nmutant

genotypes are given in Fig. 14 a. The a-amy lase |evels of



Table 5.3.3 : Starch content of devel opi ng seedlings*

Starch content

bDays after : (% fresh weight)
S.No
germination Genotype
+ +

et et et et
1 6 1.396 + 0.0bb 1.523 + 0.024
2 8 3.69 + 0.113 4.47 + 0.169
3 10 1.85 + 0.029 2.16 + 0.06b

Each value is an average of atieast b experinents.
Leaves were collected from seedlings grown under f |ourescent
light at 25 + 2°C.

x kernels were not included in the estinmations.
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+ +
et et kernels was observed to be significantiy higher than

t hat  of et et kernels at all the three stages studied.
However, the overall ea-amylolytic pattern was found to be
similar in both the genotypes. Simlarly, the specific

activity profiles were also found to be similar in the

germ nating kernels of both the genotypes.

The P-amylase activity and 1ts specific activity in

germ nating normal and mutant kernels of 3,4 and S DAG are
+ +

given in Fig.15 a. In et et kernel s, t he p-amy lase
l evel s increased from 3rd day to bth day after germ nati on.
On the contrary, the p-amylase levels actually decreased

during the same period in et et kernels. Furt her, B-

amylase |levels were observed to be signiticantly higher n
+ +
et- ot kernels of 4 DAG and 5 DAG conpared to that of et et.

Fig.13 b shows the total amylase and its specific activity
profiles in nutant and normal’ seedlings of 6,8 and 1u DAG

It was observed that total amylase levels were significantly
+ +
hi gher in normal (et~ et- ) l|eaves than that of virescent (et

et) | eaves. Tot al amyl ase levels in |eaves of both the
genotypes peaked at 8 DAG followed by a decrease by the 10th

day. Similariy, the specific activity of total amylase peaks
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+ +
at 8th day in et et seedlings followed by a decrease at the

10th day. On the contrary, specific activity of total

amylase in et et seedlings increased frombth to 10th DAG

The a-amy lase levels and its specific activity 1in 6,8
and 10 DAG normal and mutant |eaves are given in Fi g. 14 b.
At 6, 8 and 10 days after germ nation, the a - anylase
l evels were observed to be higher in normal | eaves as
compared to the virescent | eaves. The e-amy lo | ytic
profiles and 1its specific activity profiles peak at the 8th

day in both normal and virescent | eaves.

The B-amylase "levels and 1ts specific activity in b,8

and 10 DAG normal and mutant |eaves are given 1n Fig.1b b.

B-amylase activity was found to be significantl!yY higher in

nor mal | eaves as conpared to virescent |eaves, at al | t he
+ +

three stages studied. p-amylase levels in et et | eaves

were found to peak at the Bth day, whereas, i n et et |eaves

the levels were observed to increase upto the 1o0th day.

In order to wunderstand if the et allele causes any
qualitative changes in the isozymes of amylases, 1n addition

to quantitatively changing the enzyme |evels, we studied the
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electrophoretic profiles of anyiases in germnating kernels

and seedlings of normal and nutant genotypes.

Electrophoretic profiles of total anyiases of 3,4 and 5

+ + et et |
day old et et and kernels are shown 1n Fig.16 . 1t

was found that the zymograms of normal and nmutant genotypes
do not show any qualitative differences in the isozymes oOf

anyi ases, throughout the period of kernel germ nation.

fclectrophoretic profiles of l|eaf anyiases ot nornal and
virescent seedlings at 6, a and 10 DAG are shown n rig. {7
No difference was noticeable in the zynograns of b, 8 and 10
DAG normal and virescent |eaves with respect to the isozynes
of amylases. Qualitative and quantitative analysis of
anyi ases has clearly shown that the et nutation affects only
the levels, but not the isozymic pattern of anyiases. It is
possi ble that the starch-hydroiysing enzymes are sonehow
affected by the structural discontinuity in the endosperm
It is uniikely that the et gene has any direct effect on the

expression of genes encoding anyi ases.

The amylolytic enzyme activity profiles 1n the grow ng

seedl i ngs under 1ight, did not show any signi ficant



Fig.16 . E | ectrophoretic profile of seed
amy lases during germination.
Lane 1 - 3 day old normal kernel
2 - J mut ant
-4 nor mal
n mut ant
-5 nor mal
" mut ant

oo~ wWN

Fig : 17 Electrophoretic profile of
leaf amy! ases 1n young seedlings.

Lane 1 - b day old normnal | eaf
virescent "
3 -8 nor nal
4 n vi rescent
5 - 10 normal
6 ) vi rescent
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deviations fromthat of the germnating kernels, i ndicating
that the et affect 1s continued upto 10 DAG (Sangeetha and

Reddy, 1488).

Our observations lead us to interpret that the et
mutation affects starch accunmulation in naize endosperm
during early stages of devel opnent. This was clearly shown
by significant reduction in the starch levels in 20 and 30
DAP et et Kkernels. However, at maturity these endosperns
show sonme increase in their starch levels indicating a
parti al recovery. During germnation, the etched nutation
appears to cause a significant reduction in amylolytic enzyne
activities. Further, during later stages of germnation, the
starch 1levels in both rmutant and normal! becone al nbst equal.
This does not indicate, however, that starch synthesis is
enhanced in et et endosperm 1t is rather due to increased

o + +
hydrolysis of starch in et et Kkernels during germ nation

1t is <clear that starch hydrolysis is inpaired in et et
kernels as reflected by very little change in starch levels

during early stages of germ nation.

It is not clear whether this altered starch-hydrolysis

is anything to do with virescence. It is possible that rapid



"
nobi | i sation of food reserves may act as one of the signals
for onset of normal greening. Since et nutation affects tpqg
process of starch hydrolysis, it may have an indirect affect
on greening. These observations lead to the suggestion that
the virescence of et et seedlings has its origin 4 the
endosperm |l esions caused by et allele during kerne |

development..



6.ANALYSIS OF CERTAIN ENZYMES |IN THE ETCHED MUTANT

6.1 | NTRODUCTI ON.

Isozymic analysis of genetically well defined enzymes
served as one of the nmost effective tools 1n developmental
genetic studies in higher organisms. | he earliest systematic
study dealing with genetic aspects of 1isozymes in higher
pl ants was the work on multiple esterases in nmaize endosperns
(Schwartz, 1960). The genetics of other 1isozyme systens has
also been mostly investigated in Zea mays. Iwo of these
systems are catal ases (Scandalios, 1965 b; Sandalios, 19Y68),

and amylases (Scandali os, 1Y66a).

Isozymes of fer uni que advantages to exam ne gene
activity in a changing cellular or tissue environment.
Changes 1n isozyme patterns in sanples of a particular
ti ssue, t aken in the course of development, reveal the
appearance or disappearance of individual i sozymes. Ihis

suggests that genes involved 1n the synthesis of isozymes are
differentially activated 1n development.. Functional aspects
of specific isozymes can be understood by their cellular and

sSub-cell ul ar localization.

Peroxidases: Peroxi dases are a group of i sozymes With
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simlar catalytic properties. They act on a great variety of
substrates. They can utilize hydrogen peroxide to oxidize a
wi de range of hydrogen donors such as phenolic substances,
cytochrome ¢, nitrite, leuco-dyes, ascorbic acid, indole,
am nes and certain inorganic ions. Per oxi dases are believed
to have a role in lignification (Siegel, 195b), respiration
(Nicholls, 196b5) inactivation of catalytic proteins (Sizer,
1953), degradati on of anthocyanins (Grommeck and Markakis,
1Y64) and metabolism of hornones such as gibberel 1ins,
cyt oki ni ns, et hyl ene and particularly auxins. Per oxi dases
are heme-protein enzymes which contain hematin prosthetic
groups. Per oxi dases are nonspecific with respect to the
hydrogen donor, but are highly specific with respect to the

per oxi de groupi ng.

Isozymes of peroxi dases have been reported in a variety
of plants. Peroxi dases are also reported to be tissue and
organ-specific 1in several plant systens (Scandalios, 1Y64).
Genetic variants of peroxidase isozynes have been found in
pollen and immature endosperm of several inbred nmai ze
strains. Electrophoretic anal ysis of 'parent and F

1
generation pol len extracts revealed that the variants are
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I nherited according to sinple Mendelian rules and are
determ ned Py co-domi nant alleles at one |ocus. Distinct
variation 1iNn the peroxidase content has been reported in

different tissues.

Thirteen distinct peroxidases have been identified in
mai ze, nost of them having null or co-dom nant variants.
CGenetic polymorphisms have been shown for nine of the nmaize
per oxi dases (Brewbaker and Hasegawa, 1974). None of the
nmai ze peroxidases. were detected in all tissues studied. No

tissue of mai ze studied so far is found to be free of

peroxi dase activity. St udi es of peroxidases during maize
devel opment. shows that essentially all tissues show a
gener al pattern of increasing nunber and intensity of

isozymes (Hamil 1 and Brewbaker, 1969).

Catalases: Catalase IS a heme-protein whi ch acts

specifically on hydrogen peroxide. Catalases have four iron
atonms per molecule attached to the protein and chelated to
protoporphyrin | X It is wdely distributed 1in plants,
microorganisms and ani mals. Its biological role remains
unknown although its presence seens to be inportant as an

accessory to the consunption of oxygen.
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The distribution of catalase isozynes in various tissues
of the maize sporophyte, was investigated (Scandalios, 1968).
During the differentiation and developnent of the naize
sporophyte shifts in nunber and intensity of catalase
i sozynes have been found in the early stages of devel opnent
of mize plant (dry kernel to 5-day old seedling). It is
reported that there is a shift of one electrophoretic formto

another during this stage of devel opnent.

Six distinct electrophoretic variants of catalase have
been found in nmaize endosperns. Mai ze endosperm catalase is
suggested to be regulated by six allelic genes, the alleles

acting without dom nance (Scandalios, 1968).

Catalase in maize is coded by two non alilelic loci, cat 1
and cat 2 mapping to two different locations in the nmaize
genonme (Roupakias et al, 1980). The catal ase genes exhibit a
high degree of tenporal and spatial specificity in their
expression during devel opment of the maize plant (Scandali os,

1983) .

In mai ze scutellun the cat 1 and cat '| genes are
differentially expressed during early seedl i ng growt h

(Scandal i os, 1979). Cat 1 is expressed during ker nel
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mat urati'on whereas cat 2 is expressed during germ nation. It
was shown that cat 1 is expressed in the devel oping Kkernel

dry seed and during the early days post-imbibition. cat 2
production becones evident on days-2 and -3-post-imbibition.
When both genes are expressed a five-banded zymogram pattern
is observed due to the random association of the cat-1 and
cat-2 subunits and the tetrameric structure of nmize catal ase
(Quail and Varner, 1971; Scandalios, 1465). As devel opnment
proceeds, cat-1 ‘levels decline whereas cat-2 accumulates

resulting in a shift of catal ase gene expression

The expression of the two structural genes is regulated
by several factors (Scandalios, 1974). car-1 1s a distinct
temporal regulatory gene located 37 map units fromthe cat-2
structural gene. Car-1 is linked with cat-2 and 1s |ocated
on chronmosonme 1S. Since the regulatory gene is not |ocated
adj acent to the structural gene, its action on cat-2 gene
expression may be nediated by diffusible substances (trans-
acting) which are produced by the regulatory gene. The ot her
regulatory gene car-2 specifically affects <cat-1 protei'n

synt hesi s.

The subcel lular distribution of cat al ase in t he
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glyoxysomes suggests a possible physiological role tor the
catalytic reaction of catalase. Glyoxysomes are known to
contain oxidases which reduce oxygen to hydrogen peroxide.
Catal ase which normally acts peroxidatically, may then as a
safety mechanism switch to its catalytic reaction to purge
the cells of noxious anpbunts of hydrogen peroxide 1in the

absence of a sufficient supply of hydrogen donors.

RuBP-Carboxvlase and PEP-Carboxlase:

The enzyne ribulose-bis-phosphate carboxylase fixes
carbondioxide in plants and is the nost abundant sol uble |eaf

protein ) C plants 1ike nmaize possess a secondary

4
carboxylation reaction catalyzd by PEP-carboxylase.

Rubisco 1s an aggregate of eight identical 12, voo-14, oov
mol.wt. small subunits and eight identical 50,000-565,000
mol . wt . | arge subunits (kawashima and Wildman, 1970). The
small sub-unit is encoded for by a nuclear gene (Kawashinma
and Wildman, 1972,.). The large sub-unit is
encoded by chloroplast DNA and it has also been physically
mapped on chloroplast DNA in maize (Coen et al, 1977;
Bedbrook et al , 1979; Link and Bogorad, lyau). By the use of
antibodies "labelled with flourescent dyes, it has been shown

that Rubisco in C plants is restricted to bundlie-sheath
4
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cells. Because of 1its high sedinentation coefficient and
high i_n-vi vo concentration, it is easy to separate Rubisco
from other leaf proteins (CGoldthwaite and Bogor ad, 1971),

The gene for large sub-unit is located within a 2500 base-
pair DNA fragment which maps approximately 30,000 base-pairs
fromthe 5’ end of one of the two sets of plastid rkNA genes
and approximately 71,000 base-pairs fromthe 5’ end of the

ot her set of rRNA genes ( Bedbrook et al, 1979).

PEP-carboxylase IS located in the cytoplasm of mesophyl |
cells and has a sub-unit nolecular mass of 100-103 kba and is
believed to conprise 8-15% of the total leaf soluble protein

( Uedan and Sugiyama, 1976; Hudspeth et al , 14986).

In a reaction catalyzed by PEP-carboxylase atnospheric
carbondioxide is converted to oxalo-acetic acid. I he
oxaloacetic acid is then either reduced to malate or
transaminated to aspartate. In maize, the aspartate fornmed
is then decarboxylated and the |iberated carbondioxide is

then fixed through Rubisco in the normal c cycle in the
3
bundl e- sheat h chl oropl asts.

In this chapter, the possible influence of et nutation

on the general netabolismof the cell in developing as well
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as germnating kernels and seedlings has'been investigated.
in as nmuch as marker enzynes are necessary tor such an
anal ysi s, peroxidase and catal ase were chosen tor studies on
kernel netabolism and Rubi sco and PEPcarboxylase tor studies
t hese

on seedling metabolism Developmental profiles of

enzyme activities in developing and germnating seeds and
+ +
seedlings of both et et and et et have been conpared and

anal ysed. Isozyme profiles of these enzynmes have also been

analysed 1n both the genotypes.

6. 2MATERI ALS AND METHODS

6-2.1 Estimation of peroxi dases i n germinati ng kernels and
leaves: Nor mal’ (gL+ gL+) and etched (et et) germnating
kernels (3, 4 and 5 day ol1d) and |leaves (b, 8 and 10 day ol d)
were wei ghed and honogeni zed 1n 1UmM sodium-phosphate buffer,
pH 7.0. The homogenate was then centrifuged at 15000 g for

30 min. Supernatant was dialyzed against distilled water for

0
about 12-16 hours at 4 cC. Phenolic inhibitors were renoved

py dialysis and the dialysate was used for peroxidase assay.

Per oxi dase activity was det er m ned spect rophot o-
0

metrically by measuring the increase in absorbance at 25 C in

a H TACHI Spectrophotometer using guai acol as hydrogen donor
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To 2 m of 10UmM sodium-phosphate buffer (pH 7.0), containing
30 M nmoles of guaiacol and 40 p noles of hydrogen perioxide,
60 P! of dialysate was added to start the reaction. optica

density was recorded at 470 nm at one minute intervals.
.Change in absorbance of 0.001/min was taken as 1 unit of
enzyme activity. The enzyme activity was expressed as
units/mg protein. Soluble protein was neasured by the nethod

of Lowy using bovine albumn as standard.

6.2.2 Estimation of catalases i_n germinating Kkerneis and
+ +
Jeaves Mature normal (et et- ) and nutant (et et) kernels

(3, 4 and 5 DAG) and seedlings (6, 8 and 10 day old) were

used for catal ase estimtions. Known guantities of
germnating kernels and |eaves were honobgenized 11n 10nM
sodium-phosphate  buffer, pH 7.0. The homogenate 'S

centrifuged at 15000 g for 30 min and the supernatant was

used for assay of catalase.

The activity of catalase was determined by direct
measurements of the decrease in 1ight absorption in the
region 230 to 250 nm caused by the decomposition of hydrogen

per oxi de by catal ase.
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At tenperatures of about 25 c and less, the optical
density of a 1:500 hydrogen peroxide solution was nmeasured at
240 nm 1n the H TACH spectrophotoneter. The instrumant was
left set for OD reading and the shutter cl osed. Known vol une
of catalase was then added to the peroxide solution and
rapidly stirred and a stop watch was started. The Sslowy
changing optical density was read every 1U seconds for the
first 30 seconds. Thereafter, the optical density was
measured at, 50 and 70 seconds. Protein estimations were done
by the Lowy nethod (Lowry gl'sa_,'wm) . Enzyme activities
were represented as units/mg protein.

Polvacrvliamide gel electrophoresis: Isozyme analysis:

Electrophoresis of the total enzynme extract was
performed in 1% poiyacrylam de gel according to the procedure

of Davis, (Davis,1964).

6.2.3 Visualization of peroxidases on gels: Enzyme activity
in the gel was revealed by putting it in benzidine solution
(1 gm benzidine, 9 m acetic acid and 3b mi water). It was
then left in dark. Equal volunme of 3% hydrogen peroxide was
added 10 min after the stain was added. Bl ue bands were

observed. The bands turn brown after about 10 min. The gels
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wer e photographed immediately.

6.2.4 \isualization qf catalases on ge lIs: i he gel was
soaked in a solution of horseradish peroxidase in 10 mM
sodi um phosphate buffer, pH 7.0 (50 u mol es  peroxidase/ml
buffer; for 45 min. Hydrogen peroxide was then added to a
conc. of 5 mM and soaking was continued for 10 mn. H gher
concentrations of hydrogen peroxide reduce the sensitivity of
the activity stain by inactivating catalase and by preventing
conpl ete decomposition of hydrogen peroxide at the position
of bands of catal ase. The gel was then rapidly rinsed 1n
water for few mnutes and was placed in a solution of
diamino-benzidine (0.5 mg/mi1 phosphate buffer) until staining
was conpl et ed. Wth this nodified staining method for
catalase only achromatic bands wthout dark boundari es
appear ed. Because peroxi dases give only dark bands, there
was no anbiguity in identifying the isozymes of bot h

cat al ases and peroxi dases.

6.2.5 Determination of RUBP carboxylase activity: Wi ghed

anounts of |eaves were ground in a chilled nortar in a buffer
solution containing 0.1 M Tris-Hecl (pH 7.8), 10 mM npagnesi um
chloride, 1mM EDTA, 5mM dithiothreitol and 0.5 gms of fine

sea sand (3 m of buffer solution was used for 1 gm of |eaf
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material). I he homogenate was then centrituged at 1voou g
for 10 min and the supernatant obtained was applied to a v, X
15 cm column of Sephadex G-25, preequi librated with 25 mM
Tris-Hecl (pH 7.8), 0.1 mM EDTA and 1mM DTT. The eluate was

used for enzynme assay.

Assay method:The spectrophotometric nethod is based on the

enzyme catalyzed formation of 3-P-glycerate from ribul ose
di phosphate in the presence of bicarbonate buffer, nagnesium
ions and a sul phydryl conpound. By addition of ATP and 3-P-
gl ycerate kinase, glycerate 1,3-diphosphate is forned. fhis
is reduced by DPNH to a&a~91 ycerophosphate with the aid of
glyceraldehyde - 3-P - dehydrogenase, triose - P - isomerase
and & ~gl ycerophosphat e dehydrogenase(Racker, 1 962 ) .

The reaction m xture vn a final volume of 1 m contains the
follow ng solutions. 0.05 M of 1M Tris buffer (pH 7.8);
0.02 m of 0.006 M nicotinamide adenine dinucleotide reduced
form (DPNH); 0.05 m of 0.1M Glutathione; 0.05 mi of 0.5%
Glyceral dehyde- 3- phosphate dehydrogenase; o0.v2z m of 0.vzb%
of 3-phosphoglycerate ki nase; 005 m of 0.05% a-
gl ycerophosphat e dehydrogenase-triose-P-isomerase; 0.02 m of
0.025 M ribul ose diphosphate; 0.06 M of 0.2 M adenosine

tri phosphate; 0.02 m of 0.5 M magnesium chloride; 0.15 ni
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of 0.5 M potassium bicarbonate; o0.u6 mi of enzynme extract;

0.45 ml1 distilied water.

After m xing, optical density readings were taken at 34u
nms at 1-min intervals for atleast 8 min. After a lag of

about 3-4 mn maxi mum rates were achieved.

Enzyme activity was determ ned using aliquots of crude
enzynme preparations at concentration ranges where the enzynme
activities measured were proportional to the volune of the

preparations.

One wunit of enzyne 1s defined as that anount which
catalyzes t he cl eavage of 1 micromole of ribulose
di phosphate per mnute under the conditions of the assay.
The cal cul ations are based on the assunption that 1 mcronole
of DPNH gives an optical density of 6.22. Since the cleavage
of 1 nole of ribulose diphsophate results 1n the oxidation of
4 molecules of DPNH, the values for DPNH oxidation are

di vided by 4. 1 he enzyme activity is expressed in terns of
e noles CO fi xed/min/mg. chlorophyll or protein or gm.

2
fresh wei ght.

6.2.6 Determ nati on of PEPcarboxylase activity: Known




quantities ot leaves (6, 8 and 1J day old nutant and normal)

wer e honogeni zed in ice-cold extraction buffer containing 50

(pH 7.8), 10 mM magnesium chloride, z% bovine

32 m ot

mM  Hepes- NaoH
serum al bumin 25% glycerol and 1nM dithiothreitol.

extraction buffer was wused for 1 gm of leaf material.

Homogenate was then centrifuged at 10000 g for 10 min and the

super nat ant obtained was used as the crude enzyne extract.

Assay method:

PEP car boxylase is coupled wth NAD malate dehydrogenase

added in excess into the reaction nedium along with NADH.

PEP malate

FEP + CO ———m——r———— > OAA + NADH ==—=—=—=cce- > Malate + NAD

carboxylase dehydrogenase

The utilisation of NADH was neasured as the decrease in

absor bance at 340 nm. The reaction mxture 1n a final

volume of 1 m contains 700 ju) of 500 mM Tricine(PH 7.2).100 }.u
of 100 mM PEP, 50 lI.I| of 200 mM magnesi um chl ori de, 100 qu of 4 mM
NADH, 5 w1 of nml ate dehydrogenase and 50 }J| of enzynme extract.

Decrease in optical density was neasured at 340 nm for upto

5 mn. The decrease in absorbance of reaction m xture/nm was
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determ ned and then the activity in u noles Co ftixed/mg

chlorophyl I/hr was cal cul at ed. Each nole of NADH corresponds

to one u mol e of CO fixed.
‘ 2

Activity = Absorbance/min. x 0.1613x60x(20/x) x 1000
0.1613 = To convert the absorbance of NADH 1into /umoles
60 = min. to hours

20 dilution of leaf extract in reaction m xture

X = u gms chlorophyl1/ml of original Ileaf extract

l

1000 = u gns to mg chlorophyll.
6.3 RESULTS AND DI SCUSSI ONS

Peroxi dase levels in germnating kernels (3, A and b

DAG) of normal and nutant genotype are given in Table 6.3.1.

At the 3 day old stage, it is observed that the
germ nating normal kernels show slightly higher activity, as
compared to nmutant kernels. Similarly, at 4 and 5 DAG stages
al so, germ nating normal kernels show higher activity as

conpared to kernels of et et genotype.

Activity profiles showed that in the normal kernels, t he
enzyme activity increases fromthe 3rd day to the bth day.

Mut ant kernels also show an overall increase in peroxidase



Table 6.3.1 - Peroxidase |evels in germnating kernels of

nornmal and nutant genotypes

S.No Genotype Days after specific
germination activity
+ +
1 et et 3 1162 + 18
2 et et 3 1043 + 13
+ 4
3 et et 4 . 1208 + 8
4 et et 4 TS5 3 124
4 +
5 et et 5 1448 + 16
6 et et 5 1355 + 15
Each val ue is an average of atleast 6 i ndependent

experiments.
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activity during that period with the exception that 4 day

stage shows a slight decrease.

Peroxi dase levels in leaves of 6, a and 10 DAG normal

and nmut ant seedlings are given in Table 6.3.2. In b day old
¥ F

seed1lings,et —et |eaves show slightly lower activity as

conpared to et et l|leaves. Normal leaves at 8 and 10 DAG
st ages however show higher activity as conpared to virescent
"l eaves. The peroxi dase activity profiles, however follow the

same pattern in normal and virescent |eaves.

Electrophoretic profiles of peroxidase isozymes ot
germ nating normal and nutant kernels are shown 1n Fig.18a.
Lane 1 shows the isozyme pattern of the extract ot 3 day old
kernels of gg+ gL+ genot ype. Lane 2 shows the isozynme
pattern of the extracts of 3 day old kernels of et et
genot ype. As can be observed five isozynes are present in

+ +
both et et and et et extracts. No difference was

noti ceable in the nunber of isozynmes ot peroxidase in nornal

and nutant genotypes during germ nation of kernels.

El ectrophoretic profiles of peroxidase isozynmes n 6, 8
and 10 day old |eaves are given Fig.19. Lanes 1, 3 and b

show the peroxidase isozyne profiles fromthe extracts oOf



Table 6.3.2

+ +

Peroxi dase levels in leaves of et et and et
seedlings
LDays atter sSpecitic
S.No. Genotype
germination activity
+ +
1 et et 6 1344 + 21
2 et et 6 1381 + 16
“ -
3 et et H 2325 + 11
4 et et 8 2019 + 9
- +
5 et et 10 23491 + 14
6 et et 10 2130 + 18
Each val ue is an average of atleast b i ndependent

experiments.

Seedl ings grown in bright-1ight

25 + 2°C.

and at

a tenperature of
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normal seedlings of 6, 8 and 10 day old stages respectively.
Seven isozymes are clearly noticed i1n the above mentioned
lanes. Lanes 7 and y also show the electrophoretic profiles
of peroxidase isozymes from dialyzed extracts of normal
seedlings. 1t is observed that though the intensity of most
of the bands increase, the pattern remains the same in both
dialyzed and un-dialyzed extracts of normal seedlings.
Lanes ¢, A and 6 show the peroxidase isozyme protiles from
the extracts of et et seedlings of b, 8 and 10 day old stages
respectively. The total number of isozymes observed remain

the same in the mutant seedlings at all the stages studied.

Further, dialyzed samples also do not show any qualitative
difference in seedlings of various stages as shown in lanes
8, 10 and 11. However, in the mutant seedlings atfc>, 8 and

10 day old stages, one isozyme of peroxidase is noticed to

show a faster mobility. This particular 1soenzyme 1S not
observed in the normal seedlings at any of the stages
studied. Fig.20 clearly reflects the difference noticed 1N

the normal and mutant seedlings with respect to the mobility
of this particular isoenzyme of peroxidase. Lane 1 shows the
isoenzyme profile of mutant seedlings and lane < shows the

isoenzyme protfile of normal seedlings.



Fig 18 Electrophoretic profile of
seed peroxidase during germination.

Lane 1 - 3 day old nornmal kernels
2 - " mut ant "

F1g : 19 Electrophoretic profile of leaft
peroxidase

Lane 1 - 6 day old normal leaf
p " " virescent
3 = 8 1 normal
4 T 1 virescent
5 - 10 " normal
6 " il virescent
7 -6 1 normal (dialysed)
8 " " virescent
Yy - 8 i normal
i - 8 1 virescent
11 " " n
Fig : 20 Magnified electrophoretic

pattern of leaf peroxidase

Lane 1 = 6 day old virescent leaf
2 " normal
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Catalase levels jpn the germnating norma) and mutant
kernels ot 3, 4 and 5 day old stages are given . table
b. 3. 3. As can be observed, the levels of catalase do not

differ signiticantly between normal and nutant kernels at all
the three stages studied. Further, the activity profiles Of
catai ase are also simlar in both normal and nutant Kkernels.
The activity is found to increasefrom the 3rd to the 4th day
and then decrease by the 5th day in both normat and nmutant

genotypes.

Table b.3.4 gives the levels of catalases 1n |eaves of
b, 8 and 1lu day old seedlings of normal and nutant genotypes.
There are no significant differences in enzyme levels at all
the three stages studied. Activity profiles were also found
to be similar in normal and mutant genotypes. The enzynme
activity 1s gradually found to decrease from 3rd day to bth

day in both the genotypes.

A schematic diagram of the cataiase isozymes of 3, 4 and
5 day old normal and nutant kernels 1s shown in Fig.21a.
Three isozymes of cataiase activity are noticed 1n normal and
mut ant germ nating kernels of 3, 4 and 5 day old stages.

However, no qualitative difference was noticed in the



Table 6.3.3 : Catalase levels in kernels of et

+

et and et
genotypes
) Days after Specific
S.No Genotype
germination activity
+ +
1 et et 3 348 + 9
8 et et 3 322 + 11
+ +
3 et et 4 456 + 8
4 et et 4 438 + 156
+ +
5 et et 5 356 + 22
6 et et 5 316 + 14

Each val ue

1s an average of

b-b experinents.



Table 6.3.4

mutant

Catalase levels in leaves of normal and
seedlings
bays after Specitic
S.No Genotype
germination activity
+ +
1 et et 6 242 + 5
2 et et 6 216 + 11
+ +
3 et et H 212 + 8
4 et et 8 200 + 13
+ +
5 et et 10 208 + 16
6 et et 10 198 + 7

Each value

Seedlings grown

1s an average of 5-b experiments.

in bright-light

and at a temperature of 2b +%2 C
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catal ase activity zones Ot normal and nutant kernels.

The zymogram of catalase 1sozymes of 6, 8 and 1( day old
normal and virescent |eaves 1s shown in Fig.zib. 1he |eaf
extracts from both normal and nutant seedlings show two clear
zones of catalase activity. No detectable aliele specific

cat al ase 1isoenzyme could be seen 1n the nutant | eaves.

The RUBP carboxylase activities in the light-grown normal and
virescent seedlings of 6, 8 and 10 day old stages are given
in table 6.3.5. Chlorophyll and protein contents in the two
genotypes at all the three stages are estinmated. The enzynme
activity is expressed as F mol es CO2 fixed /mg. chlorophyll,
per mg. protein and also per gram fresh weight of the |eaf.

RuBP-carboxylase activity is found to be significantly

lower in the virescent |eaves of 6 day old stage as conpared

to nornmal | eaves of the same stage. The activity of the
enzyme is found to be |ower when expressed in terms of
chlorophyl |, protein and also fresh weight of the |eaf.
Nor mal lTeaves of 6 day old stage show about three and half

times higher activity as compared to 6 day old virescent
| eaves. The enzyme activity when expressed on the basis of

protein content shows about six times higher activity in the
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6 day old normal [eaves as conpared to nmutant | eaves. | he
enzyme activity in terms of fresh weight also shows gix tines
higher activity in the normal leaves at the ¢ day old stage.

At the 8 day old stage, however, the enzyne activity is
slightly higher in the normal 1|eaves as conpared to virescent
| eaves. The higher activity in enzynme levels 1s noticed with
respect to all the three paranmeters, chlorophy!i, protein and
fresh weight. The 10 day old nornmal and nutant |eaves do not

show significant differences in the RuBP-carboxylase activity
when expressed in terms of the chlorophyll content of the
| eaf . However, when the enzyne activity 1s expressed in
terms of the protein content of the leaf and the fresh wei ght
of the leaf, the virescent leaves of 10 day old stage show

slightly higher activities as conpared to nornmal |eaves.

The activities of PEP carboxylase in the normal and
virescent |leaves of 6, 8 and 10 day old seedlings are given
in table 6.3.6. The enzynme activities are expressed in terns
of protein content, chlorophyll content and also fresh wei ght

of the 1leaf.

The 6 day old |eaves of virescent seedlings show about

»vhg iNncrease in pgp-carboxylase activity as conpared to the
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normal , when the enzyne activity 1s expressed on the basis of
chl orophyl | content of the |eaf. The enzynme activity when
expressed on the basis of protein content of the leaf and
fresh weight of the leaf, higher activities were noticed in
the normal | eaves of 6 day old stage. The gy day old
Vi rescent | eaves show slightly hi gher PEP-carboxy lase
activity when the activity is expressed 1n terns of
chl or ophyl | content. Enzyme activity in ternms of protein
cont ent and fresh weight of the Ileaf do not differ
significantliy in the normal and virescent |eaves of 8 day old
seedl i ngs. The 10 day old |eaves of normal seedlings show
slightly lower enzyne activity on the basis of chlorophyll
content of the leaf. However, in ternms of the protein
content and fresh weight of the leaf, the enzyne activity is
slightly higher in the 10 day old virescent leaves of the

et ched nut ant.

A high degree of correlation is observed between RuBP-
carboxyl ase and the chlorophyll content of the leaf, both in
the normal and virescent seedlings. The carboxylating enzyne
activity paralleles the synthesis of chlorophyll in virescent
| eaves. Hence, the difference noticed in the enzyne activity

at earlier stages of seedling growh is not nmaintained at



|ater stages of greening. This 1s retftlected at the 10 day
old stage when the nutant |eaves are phenotypically normal
and contain chlorophyll and RuBP-carboxylase anount simlar

to that of the normal |eaves of the same stage.

There is a significant difference 1n the RuBP-carboxylase
activity at the 6 day old stage of virescent |eaves 1n terns
of all the three parameters (ChlorophYi1 |, protein and fresh
wei ght , ). Understandably, in terms of protein content and
fresh weight of the leaf, the difference 1n enzvme activity

is more than 1n terms of the chlorophy!| content of the |eaf.

A close relation between the synthesis of chilorophy ||
and ribulose diphosphate carboxylase has been suggested
earlier (Trown, 196b). Huffaker et al, have shown that there
is a close relationship between carboxylase activity and

chl orophyl |l synthesis (Huffaker et_al 1966 ) .

-

The activity of the enzyme PEP-carboxylase 1s found to be
hi gher in the mutant |eaves when the activity 1s expressed in
terms of the chlorophyll content. However, the activity 1s
not high enough to be seen when the enzyme activity s

expressed 1n terms of protein and fresh weight.. Iheretore, the
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activity 1S actually found to be lower 1n virescent |eaves
when it is expressed 1N terns ot protein content or fresh

wei ght of the |[eaf.

Analysis of the enzyme data reveals that the et nutation
does not affect the general netabolismof the cell. I he
l evel s of the two carboxylating enzymes are reduced 1in the
mut ant during the early stages of seedling growth. It is
possi bl e that photosynthesis 1s linmted by the levels of the

two enzymes RuBP and PEP carboxylases.



7

7.1

lu1l

Bl OCHEM CAL STUDI ES ON CHLOROPLAST PREPARATI ON FROM LEAVES OF

et et SEEDLI NGS

| NTRODUCTI ON:

In higher plants, greening of I|eaves involves a series of

di stinct morphological and biochem cal processes leading to

chloroplast devel opment and its structural and functi onal
differentiation. it 18 known that chiorophyl !l biosynthesis
and chloroplast; devel opment are spatially and tenporally
correlated . Grana formation 1s reported to be directly
correlated with the rapid phase of chl orophyl | synt hesi's
(Virgin et al,1963). lranscri ptional regulation of gene

expression plays an inmportant role 1n the greening process.

The general transcriptional activity of the plastid genonme 1s

known to increase after illum'nation and decrease during | eaf

development (Deng and Gruissem, 1987).

as

Mat ure chl oroplasts under an electron-microscope abpear

el ongated discs enclosed by a double nmembrane structure

called the envel ope. Inside the envelope 1s the amorphous

stroma and the highly organized menmbrane system whi ch

consists of thylakoids stacked in structures called grana.

Di spersed in the stroma of the <chloroplast are ot her
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structures like plastoglobulyr rich in 11pids, and starch
grains lying close to the thylakoid menbranes. R1bosomes
occur free 1n the stroma and also bound to the outer surface
of the thylakoid menbrane. Chloroplast ribosomes contain
four RNA molecules. The 23S (Mol.wt 1,100,000) bs (40,000)
and 4.5S are present in the large sub-unit and 1bS (b60,000)
is located in the small sub-unit of the ribosome. Large sub-
unit of Rubisco, el ongation factors r ana G and twelve
ribosomal proteins are some of the proteins in the strom
region. Chloroplast thyl akoid membranes contain five mgjor
protein complexes 1.PSI1 reaction center and 'bound ant enna
pigment-protein complex (PS II) 2. PSI reaction center and
antenna Pigment-protein conplex (PkS1). 3. Mobile chl-a/b -

containing LHCP. 4. CF -OF coupling factor ATP synthase

complex and 5. Cyt b %onpléx contafning Cyt b f and
b-f b63.

Ri eske iron - sul phur protein. PS II and LHcP are present in
grana menmbrane and PSi and CF -CF are shown to be present
in stroma menbrane region.0 Tht cyt b - f conpl ex 18
reported to be present in all regionsb of the thylakoid
membrane (Allred and Staehelin, 1Y86).

in the thylakoid membrane, all pigments occur as
discrete lipo-protein units, the chlorophyll-protein

compl exes (1hornber, 197b; Thornber et al,1979). Smith
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provided the first evidence that chlorophyl! was conpl exed
with proteins (Smth and Pickels, 1941). EVidence for the
occurence of numerous conplexes was given py Chiba (1960).
Use of a zwitterionic detergent revealed that aill of t he
chlorophyll in the thylakoid nmenmbrane is conplexed with
proteins (Markwell set al,1979). Al the biophysical

functions of i ght harvesti ng, ener gy transfer and
photochemical energy conversion carried out by t he
photosynthetic pigments are performed by the pigment-protein
compl exes. These conmpl exes are generally hydrophobic 1n
nature and since mpst of them contain the sane pignments 1in

similar proportions, their absorption spectra are al nost

si milar.

Two  of the conplexes CPI and CRPIa are derived from

phot osystem 1. CP 1s derived from PS11 and contains little
a

if any, chlorophyll b. The three conpl exes which contain the

majority of the chlorophyl 1l .b are LHCP LHCP and LHCP .

1 2 3
The major thylakoid proteins are &,f,€ subunits of CF , CF -1
1 o]
and CF 111, apoprotein of chlorophYll-protein conplex 1,
0
32000 dalton protein, Cyt b , cyt f and cyt.b
559 b3

7.2 MATERI ALS AND METHODS



1U4
7.2.1 Preparation af the stromal traction of t he
chloroplasts: Fresh '|eaves were harvested from seedlings

grown under defined conditions and were washed thoroughly
with distilled water. Leaves were cut 1nto small pieces and
were ground in buffer (2 ml/gm leaf) consisting of 4uo mM
sorbitol, 50 mM Tricine-NaoH (pH 7/.8), 5 mM sodium ascorbate,

50 r gms/m1 Bovine Serum Al bum n.

The homogenate was filtered first through 4 layers and
then twelve l|layers of cheese cloth. The tiltrate was then
centrifuged at luuug for 5 min. and the supernatant was
di scarded. The resulting chloroplast pellet was t hen

osmotically shocked by resuspending in 25mM Hepes- NaoH, pH

°
7.5, for 15 mn. at 0 C, and centrifuged at 10,000g for one
mn. The supernatant is called the soluble f raction.

1.2.2 a Preparation ot the menmbrane f raction of t he

chloropl ast: Weighed |eaves were washed in disti1 led water

and then cut into small pieces and honmpgenized 1n an ice-cold

buffer containing 5umM potassium phosphate pH 7.2, 10mM
potassium chloride, 0.3 M sucrose in a prechilled nortar.
For 1 gm of leaf material, 10 nml of buffer was wused. 1 he

homogenate was filtered through 4 |ayers of cheese cloth and
the filtrate was centrifuged at 2000g for 10 mn. The pel let

was resuspended in 50mM potassium phosphate pH 7.2, 10mM
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potassium chloride and centrituged at 4000 g tor 1U min. I he
membr ane pellet was washed by centritugation and resuspension
in cold distilled water at 4000 g for 10 min. | he resultant
pellet was resuspended in 1mM sodium EDTA, pH 8.0 and spun at
10000 g tor 1U min. | he menbrane preparation was suspended 1n
6umM tricine, pH 8. U and spun at 10ooug for 1u min. Finally,

the washed thylakoid menbrane pellet was resuspended in bUmM

0
tricine, pH 8.0 and stored at 4 <. The entire procedure of

thyl akoid preparation was carried out under cold and dark

conditions (as per Dunkley and Anderson, 1979).

7.2.2b. Estimation of protein and chl orophyl! 1n the

thy 1 akoi d membrane extract: Protein 1n the thylakoid menbrane

was estimated Py the Lowy nmethod (LowryY, 1Y61) . opti cal
density was taken at /40nm, since chlorophyll aiso absorbs at
670 nm. Chl orophyll was estimated using cold 80U% acetone.
Optical density was recorded at bb2 nm I he total anpunt of
chl orophyll was expressed as U gms/gm. leaf fresh weight.

7.2.2 ¢ solubilization ot the thy lakoid preparation: I'he

t hyl akoid preparati'on was washed with the buffer consi sting
of (2b mM Tricine-KOH, pH 8.0 containing mechi, -
Mer capt oet hano1 .). 1t was then sedimented at 20000 g tor 10U

0
mn at 4 C. The washed pellet was taken up 1n 1 nm of the
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buffer to produce a honogeneous suspension to which Yml ot
chilled acetone was added at room tenperature with mxing to
avoid formation of clumps of  protein. | he protein was
allowed to precipitate by standing on ice 1n the dark tor one

hour and then pel leted by centritugation at bhouvu g tor 1b

0
min. at. u C. I'he pel let was then washed by the addition of

10 mM acetone and sedimented by centritugati on at 5000 g tor
15 mn. at 0O C. The white thylakoid pellet was suspended in
100 w1 of b% SUS at room tenperature to solubilise the
suspension. The suspension was then placed 11n a bo1ling

water bath for 2 mn. in a sealed tube. After cooling, 1 m

of 0.3 M Tris-HC (pH 8.0) was added.

T . 2.3 Polvacryi amide Qgel electrophoresis ot thy lakoid

menbr ane traction and stroma t raction: ShS-PAGE with a

discontinuous buffer system was used . SDs-PAGE was carried

out according to the procedure of Laemmli (Laemmlii, 1970).

Running gel (10%)

10 m acrylamide : bis-acrylamide sol ution
30 '. 0.8 gms ww
7.5 m Tris-HCI buffer, pH 9.18

0.6 ni 10% SUS
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11.9 m Doubl e distililed water
25 p | TEMED

1WwJ PI 10% APS

Stacki noagel (5% :

1.7 ml acrylamide: bis-acrylamide solution
30 : 0.8 gms w/w

2.5 m Tris-H SO buffer pH b6.14
2 4

0.2 m 10% SDS

5.63 M Double distilled water

6.25 HI TEMED
25 PI 10% APS

The gels were polynmerised in slabs. 1 he upper reservoir
contained Tris-borate buffer, pH 8.64. Ihe lower reservoir

contained Iris-HC1 buffer, pH vy.4.

I he stroma fraction and the solubilized thy lako1d
preparations were |oaded onto the slab gel at 4 ° C. | he
appropriate volumes containing known aﬁnunts of protein and
chlorophyl | was | oaded. Because the thylakoid preparations
are col oured, no tracking dye was used. Electrophoresis was
carried out for about 8 hrs. 1n dark at 40 C. A constant
current of BmA/slab was used for the first one hour and then

tor the next seven hours 12 mA/slab was used.
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7.2.4 1MBZ staining ot polyacrylamide gel s: | he cytochromes

f and b-5b3 and the Rieske iron -sul phur protein (Cyt-b -f)

present in the chiloroplast thylakoid protein conplex was
stained by the follow ng procedure. The TMBZ sol ution (6.3
mM) was freshly prepared in methanol. Just before use, three

parts of TMBZ solution was mxed with seven parts of 0.2M
sodi um acet at e, pH 5.0. The gels were immersed in this
m xture at room tenmperature 1n the dark. After one to two
hours with occasional m xing hydrogen peroxide was added to a
final concentration of 30 mM. The staining was visible
within 3 min. and increased in intensity over the next 30
min. The gels were then placed in a solution of 1sopropanol

0.25 M sodium acetate (pH 5.0) mxed in a ratio of 3:7. I he
acetate buffer (with 30% isopropanol) was then replaced once
or twice with fresh solution to renove any precipitated IMBZ.
TMBZ stain was removed from gels by adding sodium sulphite
solution to a final concentration of atleast /70 mM. I he
stain was cleared in 1-3 hrs. and the gel was then washed 1n

30% 1sopropano!l solution 2-3 times to renmove sodium sulphite.

7.2.5 Coomassie staining of polvacrylamide gels:

Stai ni na solution: 0.2% Coomassie blue, 50% methanol and

7% acetic acid

Destaini ng solution : 40% met hanol, 7% acetic acid.
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The ge! was put 1n the staining solution and left for i
hours with occasional shaking. It was then washed twice with
the destaining solution and left overnight 1n the destaining

solution.

7. 'i. 6 blutionofchlorophv! I-proteincomplexes tromSS-PAGE

gels and reelectrophoresis:

The green band CP1 and ye | |l owgreen band LHCP , LHCP
1 2
and LHCP were excised from the gel and frozen immediately in

liquid nitrogen. Absor ption specra of gel slices was
recorded. 1 he gel pieces were then honopgenized in Iris-HCI
buffer containing 1mM PMSF, B-mercaptoethanol and SDS. I he
homogenate was then left af -4o C overnight. It was then
centrifuged at 50000 rpm and the supernatant was lyophilized

and aliquots were then |oaded onto gel slots in the gel

system descri'bed earlier. Since protein concentration was
extremely | ow "n the eluted gel slices even after
lyophilisation, staining was carried out Dby the siliver
st ai ni ng met hod. Apparent mol.wts were determ ned by
comparison Wwith the following proteins. Glyceraldehyde-3-
phosphate dehydrogenase (36,000 mo!l wt), Bovi ne al bum n

(66,000), carbonic anhydrase (29,000) and phosphorylase
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(97,400 )dal tons.

7.2.7 811 ver stainmg of proteins i n pol vacry i amide gels:

(1) Fixing 50% Methanol
12.6% Aceti_c Acid 1 1/2 hours

0. 5% Formalin (38%)
(2) Wash 50% ethano | 20 x 2 mm.

(3) Pretreat 200 mg
Sodi um thiosulphate/litre 1 min.

0.b5% formalin

(4) Wash Distilled water 20 X 2 Sec.
(5) Impregnation 2 gms

silver nitrate 20 mn.

0.75 mM Formalin/litre
(6) Wash bistilled water 20 X y Sec
(7) Devel op 60 gns sodi um

carbonate. 0.5 mi 10 min

tormalin/litre
(, 8) Wash List1!l led water 20 X ¢ sec
(9) Wash 50% met hanol 20 mins
Distilled water was then added to dilute 50 % methanol to

retain the stain on the gel.

7.2.8 Measurement of photosvnthetic e lectron transport:

(a) Measurement of whol e chai n electron transport:

The rate of whole chain electron transport H O
2
Methyl viologen in isolated chloroplasts was nmeasured as



oxygen uptake.

bonor > PSII YPS I >MW

1 ne reaction mxture 1n a final volume ot 1.S ni
contai'ned 2umM Tris-HCI, pH 7.5, 5nM Magnesium chloride, 10mM
sodi'um chloride, 2luumM sorbitol, 1mM methyl viologen, 0.1mM
sodium azide, 5nmM amonium chloride and thylakoid menbrane

equi valent to zulu gms chlorophy!l1/ml.

b) PS1 electron transport:

Donor— -=>P8]I >W

PS 1 electron transport from artificial electron donors
TMPD to methyl viologen was assayed polarographically as
oxygen upt ake. The reaction medium in a final volume of 1.5
m contains 2umM Tris-HCl, pH 7.5; 2mM  sodium ascorbate,
G 1mM TMPD, 5uM DCMU, 0.1mM sodium azide, 1mM methyl viol ogen
and 1u p gns chlorophyll / m.

The electrode vessel was filled with the reaction

0
m xture and after equi Ilibriation at the tenperature of 30 ¢

for 30 seconds atl east, the sample was added 1n dark. The
recorder was then turned on. When a good base 11ine was
recorded after about 30 secs, light was turned on and the

change 1i1n oxygen concentration during 3-5 min. was recorded.

To measure oxygen consunption, the pen was set as far away as



possible trom the zero Iine.

Air saturated water contains U.ZH ﬁmoles ot oxygen/m| at.
2UOC, about 0.25 H moles at BUOC and 1 atm. pressure.
wWwhen a few crystals ot dithionite was added, the oxygen
concentration fell to zero. Therefore, the span on the chart
of the recorder, between "air-line’ and "dithionite-!ine”

will be equal to (0.2b X Volume) of the electrode vessel 1n

ml)/r moles oxygen/ml.

PSI activity was represented as r moles of
oxygen/hr/mg.chil.

U.240 x Volume ot X Det lection of ¥ 1000 X 6L
the vessel pen on chart/min.

chlorophyli (F gms/ml) X Span ot chart
span ot chart = dithionite value

U.240 = standard

c) PSII Electron Iransport: The rate of psll electron

transport was determined spectrophotometrically by measuring

the bleaching of DCPIP at 6UU nms.

The sample was 1lluminated for 3U seconds with

saturating white light. The final volume of the reactions
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m xture was 3 m! and it contained chlorophyll equivalent to

20 gms/ml; 20mM Tris-HC1, pH 7.5; 5mM Potassium chloride,

10mM sodium chloride, b5mM Anmmoni um chloride and 2bu M DCPIP.
PSI1 activity is represented as ? mol es  DCPILP

reduced/hr/mg.chl.

Absor bance at 600 nms/min x 60 X 1000

19 x chlorophyl |l conc ( r gms/ 100 F | )

{.2.: Pigment estimations atter hormone treatments

Normal and virescent stocks (}orﬁ day old seedl1ngs) wer e

germnated as described earlier. Leaves were then treated

with certain hormone solutions. | he cut |eaves were incubated
in di fferent concentrations of hor none sol utions for

di fferent time intervals. In addition to hornones, t he
| eaves were incubated in a solution of 1sotonic sucrose. The

| eaves were incubated in distilled water for the sane period
of time for the purpose of control. Extraction of the
pi gment was then carried out with cold 80% acetone. 1 he

homogenate was centrifuged and the pellet was repeatedly

washed with cold 80% acetone until no nore pignment was
extractable from it. The volume of the total supernatant was
measur ed. 1 he optical density of an aliquot was measured at

663, b48, 62b and 480 nm. To avoid any possible degradation



of pigments, the extraction was carried out 1n cold and dark

conditions.

The following equations were used to estimate amounts of chl.
a and chl. b. The pigment content was expressed in ' ams/gm

of leat fresh weight.

(12,87 A - 2.65 A - .24 )V
663 64b bZ2b
Chl.a = B
Y
(23.6 A - 4.23 A = (Yzigd A v
645 bed bZb
I
Chl.b =
Y
where A A and A = Absorbance at 663, b64bn
664 B45 626
and 626 nms. V = Volume of the extract in ml and Y = Wt. of
leat material in ams. Tlhe carotenoid content wa calculated
using the ftormula of Jensen and Jenson (14/72). It. s

expressed as F gms/gm of leat tresh weight.
carotenoids

the

A vV
480 10U
Carotenoids =
25 Y
carot
where A = Absorbance of carotenoids at 480nm.
480
= A - 0.111 A - 0.638 A
480 663 645
A = Absorbance of leaf extract at 480nm.

480
V = Volume of the extract in ml.

Y = Weight of the leat material 1n grams.
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7.3 RESULTS AND DI SCUSSI ON
The protein content in the stromal and thy lako1d
fraction of the b,8 and 10 day old nornal and virescent
| eaves are given in table:7.3.1. At the b-day old stage,

about 40% reduction in protein content of the thylakoid 1s

noticed in the mutant seedlings as conpared to the normal.
However, the differences bet ween normal and vi rescent
seedlings in the protein content of the stromal fraction 18
very nmuch reduced. Only about 22% reduction is noticed at

the 6 day old stage, 1n the stromal proteins of virescent

seedlings as compared to 6 day old normal seedlings. At the

8th day old stage, the virescent | eaves show about 18%
reduction 1in the thylakoid proteins. ln contrast, t he
virescent | eaves show a 10% reduction in stronal protei ns

The 10 day old normal and virescent |eaves however do not
show si'gnificant differences in either the stronal or the

t hyl akoid protein content.

Fig-zzl shows the electrophoreti c separation of the proteins
of the stroma fraction of b,8 and 10 day old normal and
vVirescent |eaves. Lanes '1' and ’~z' represent the stromal
Peptides of 6 day old normal and mut ant seedl i ngs
respectively. Atleast 18 bands are clearly seen 1in each of

the | anes. However, no difference 1s noticed i'n these two



Table 7.3.1 : Thylakoid and stromal protein content in the seedlings

of normal and mutant genotypes

bays aftter Thy lako1dx Stroma | %
S.No Genotype

germination Protein Protein
1 6 et+ et+ Yy73.84 6165.18
2 6 et et buy. 11 471.034
3 g et+ et+ 1285. 36 H39.10
4 8 et et 1051.94 756.94
5 10 et+ et+ 1410.90 1092.94
6 10 et et 1389 .31 1074.56

*x u gms/gm leaf fresh weight

Fach value 1s an average of atleast 5 experiments
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| anes either in the nunber or in the intensity o+ bands.
Equal ampunts of protein are loaded in both the |anes. Lanes
3 and 4 show the separation of proteins in the g-gay old
normal and virescent seedlings respectively. No difference is
noti ceable between the two lanes and further they do not
differ fromthe proteins of 6-day old seedlings. Simlarly,
| anes 5 and 6 show the stromal proteins of H) day old normal
and virescent seedlings and the banding patterns in the gel
do not suggest any differences in the stromal proteins.
Lanes 7,8,9 and 10 reveal the stromal peptide separation of b
and 8 day old normal and virescent | eaves. Hi gher protein
concentrations were |oaded in these |anes. However, the
peptide profiles remain the sanme in the soluble fraction of
the normal and virescent |eaves.

Fractionation of thylakoid extracts of normal and
virescent leaves for their chlorophyl |l -protein conplexes
reveal ed the presence of at |east .four pigment-protein
conpl exes and a free-pignment zone. The conpl exes identified
on the gels are cP1, LHCP , LHCP and LHCP
Fig.23 shows the e'lectrop:\oreticzseparatiOr? of the pigment-protein
complexes-CP-1, LHCP-I,LHCP-2,LHCP-3 and the free-pignment zone.
To determne the polypeptide conposition of t hese

conpl exes, the green bands were excised and the eluted



Fig : 22 Electrophoretic profile of
stromal proteins
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protein was reelectrophoresed. Fig:24 shows the polypeptide
conposition of the above mentioned compl exes of the bday old
normal and virescent |eaves. Lane 1 and 2 show the polypeptide

profiles of the UP conplex of normal and nutant seedl!ings

; 1 .
respectively. Lane 1 shows seven polypeptides 1n the

molecular-weight range of 94- 20 kD. In lane 2, only five very
faint bands are observed.

Two pol ypeptides in the 43 kD nol.wt.region are present in
extremely low quantities, if not absent, 1n the b-day old
virescent seedlings. Pol ypepti de compositon of the conpl exes

LHCP and LHCP of normal |eaves are shown in lane 3. only

1 2
three of the eight polypeptides observed 1n Lane 3, are

noticed to be contam nants of UP . Lane 4 gives the
1
pol yepti de profiles of LHUP and LHUP of virescent |eaves
1 2
of b day old mutant seedlings. Polypeptides 1n the nolecul ar

wei ght range of 67 kD are clearly found to be present 1n very
low gquantities as observed in l|ane 4. Further a 20 kD

pol ypeptide is clearly absent in LHUP and LHUP comp lex of
1 2
the b day old nutant seedlings. Lanes S and &6 show the

polypeptide composition of LHCP of normal and virescent
| eaves respectively. Pol ypepti de composition of LHCP 18
found to be simlar in both nutant and normal seedlings,

al though they stained less intensely in the mutant. Lanes 7
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and 8 show the reelectrophoresis ot the tree-pignent zone of
normal and virescent |eaves. As expected they do not stain

for protein in both the |anes

Fig.25 shows the el ectrophoretic separation ot the
cytochrome conplex from the thylakoid extracts of normal and
virescent 6-day old | eaves. Lane 1 shows the control (Cyt.c
-mol.wt.12,800). Lane 2 shows the cytochrome conplex of the &
day old nornal | eaves and lane 3 of the nutant |eaves
Normal and nutant seedlings do not show any difference in the

intensity of staining of the cytochrone conpl ex.

Table 7.3.2 gives the photosyntheti ¢ electron transport
(whol e chai n, PSI and PSII) rates of 6,8 and 10 day old
nor mal and virescent leaves in terns of the chlorophyll
content of the |eaf. It is observed that the PSI, PSII and
the whole chain electron transport rates are wunaffected in
the nmutant at 6,8 and 10 day old stages.

Table 7.3.3 gives the results of the pigment levels in
nor mal and virescent 6 day old l|leaves after treatnent with
gibberellic acid. Chlorophyll,a and chlorophyll.b and
carotenoid levels were estimated after 4,8 and 24 hours of
i ncubation of the |eaves in hornone sol ution. No significant

difference was noticed in the pignent levels after GA



Fig 23 Electrophoretic profile of
thylakoid chlorophyll-protein complexes
Lane 1 - 6 day old normal leaves
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Fig 25 E1 ectrophoreti ¢ profile of
cytochrome conpl ex
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treat ment. Simlarly, table 7.3.4 and 7.3.5 show the pigment
| evel s after incubation of normal and virescent |eaves 1n |AA
and sucrose respectively. As 1s evident from the table, no
significant differences were noticed between normal and
virescent |eaves 1n response to the treatments given. I abl e
7.3.6 gives the pignment |evels after incubation of Ieaves in
ki netin. After 4 hours of incubation in kinetin solution a
slight increase 1n pignment level was noticed both in the &
day old normal and virescent |eaves. However, no difference
was noticed 1n the response of the normal and virescent

| eaves to kinetin treatnment.

The observations on chloroplast studi es suggest that the
stromal protei'n content 1s reduced 1n the virescent | eaves
t hough the extent of reduction 1s not as nmuch as that ot t he
| amel | ar proteins. However , absolutely no qualitative
difference was detectable 1n the protein profiles ot t he
stroma of normal and virescent 1eaves at all the seedling
stages studied. Further, significant differences were noticed
in the polypeptide profile of the individual chl orophyl I -
protein conplexes of the normal and virescent | eaves.
Intenity of the staining of the bands and ailso the nunber of
bands were found to differ between the two genotypes.

Earlier studies on the etched nutant, clearly showed
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Table 7.3.6 : Pigment content in 6-day old leaves of normal and mutant

genotypes after kinetin treatment

Time chil.a chl.b chl.a Total carote- chloro—.
of (pams/ (pams/ chloro noi1ds phyll
S.No Genotype 1ncu- gm. leaft) am. leaf) ch!l.b ﬁTmam\ma (Hams/ caro-
bat.ion Aan gm. leat teno1id
( hours)
+ +
1 et et = 340.54 264.44 1.287 604 .98 58.36 10. 36
Z et et = 249 .62 222.18 1.123 471 .80 43.149 10 -92
+ +
3 et et 4 3495.86 296.28 1.336 692.14 64 .21 1677
4 et et a4 286.29 £39.61 1.194 525.490 47 .83 10.99
+ +
5 et et = 332.60 270.86 1.227 603.46 6U.04 10.05
6 et et = #40 .91 201.08 1.198 441 .99 46 .11 9.58
+ +
7 et et 8 372.61 282.83 1.317 656.44 63.39 10.33
8 et et H 262.74 230.64 1.139 493.38 47 .64 10. 35
+ +
9 et et = 31121 25091 1.240 562.12 65.67 B. b5
10 et et e 228.36 149. 31 1.145 427 .67 40 .88 10.46
+ +
11 et et 24 279.56 186.66 1.497 466 .22 by .81 7.85

12 et et 24 172.80 130.69 1.322 303.49 37.71 8.04
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t hat the chloroplastogenesis is delayed in virescent
seedlings and at the 6-aday old stage, the nutant |eaves show
a very poor nmenbrane development and thylakoid stacking.
Since the light reactions of photosynthesis take place 1n the
thyl akoid, the major reduction observed in the nutant | eaves
in thyl akoid stacking mght affect the photosynthetic
el ectron transport chain. However, the analysis of our data
on photosynthetic el ectron transport rates clearly reveals
that the mutant and the normal |[|eaves show sim1 lar rates of
photosynthetic electron transport in ternms of the chlorophyll
content of the | eaf. Further, the results also show that the
hormone treatment on seedlings and cut |eaves do not increase
the pigment content drastically. Ther ef ore, the etched
kernels give rise to seedlings which are virescent even after

treatment with the hornones studied.
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8. SUMVARY AND CONCLUSI ONS
Mai ze 1s one of the nost anenabl e systens anong higher
pl ants tor developmental genetic anal ysis. A nunber of well
defined morphological and developmental nutants, af fecting
virtually every stage of 1ts Ilife-cycie have been docunented.
One such interesting nutant <called etched,affects both
kernel and seedling phenotypes.

This work deals with studies on various aspects of the
etched mutant. The inheritance and phenotypic expression of
the et allele has been investigated by a set of appropriate
genetic crosses, mainly test-crosses and selfing. scanni ng
el ectron mcroscopy was perforned to investigate the etching
patterns 1n et et kernels of the selfed ears. Starch grains
were isolated and observed under the SEM. Starch content 1n

developing as wel! as in germnating kernels and seedlings

have been estinmated. Also qualitative and quantitative
analysis of certain enzynmes like amylases, peroxidases and
catal ases have Dbeen perforned. Effect of certain phyto-

hormones on the pignent levels of the normal and nutant
genot ypes has been tested. Chl oropl asts have been i sol ated

from

®

t et seedlings and their biochem cal properties have

been investigated. Stromal peptide profiles and pol ypeptides
of certain chlorophyll-protein conplexes and cytochrome
conpl ex were analysed by standard electrophoretic procedures.
The | evel s of carboxy"l ati ng enzynmes RuBP-carboxy! ase and PEP-
carboxyl ase were estimated in normal and nutant seedlings at

di fferent stages.
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| he results are summarised below

1. Data from selfing of the F het erozygotes and test-
crossing revealed that the ngarIeIe 1s inherited as a
Mendeljan recessive. Further, et allele was found to be 100%
. penetrant.

2. The extent of etching on et et kernels was found to be
vari able anmong segregating ears as well as anong the et et
kernels on +the same ear. An etched-phenotype scale was

prepared based upon the variation exhibited in the extent and
depth of cracks on the endosperm Pl ants grown from kernels
of defined type were selifed and the progeny was classified

as per the scale. The results revealed that the extent of
etching appears to be highly variable and none of t he
specifi'c phenotypes are found to breed true tor t hat

particular phenotype. It can be concluded that t allele

shows variable expressivity.

3. All etched kernels were found to exhibit virescene at
seedling level, wunder defined conditions.

4. The etched endosperns were subjected to scanning electron
m croscopy tor a detailed analysis of etching. 1 he data
revealed gaps which are full of starch-less broken «cells.

The deep cracks on the endosperm clearly revealed the total

absence of cells.

5. | solated starch grains of normal and nutant kernels show
similar grain size and shape as revealed by scannning

el ectron m croscopy.
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6. Developing nmutant kernels ot vuo UAH stage show a
significant reduction in starch content as conpared to normal
kernels at the sane stage. However, at the 30 and auv DAP
stages, the differences in starch content between nornmal and
mut ant kernels are very nmuch reduced.

7. The difference noticed in the starch content at 4u UAP
stage 1s also reflected 1n mature kernels. However, at the
| ater stages of germnation, the kernels of normal and nutant
genotypes do not show any differences in starch content.

8. The starch levels during germnation of nutant Kkernels
remai n const ant, wher eas, the normal kernels show a

significant reduction during the sane period.
+ +

9. Amylolytic enzyne activities ( e and B amylases) i n et et

kernels were found to be higher than that of nutant. The
t ot al amylase and fE-anyIase trends during germnation
di ffered between normai and nmutant kernels and seedlings. on
the other hand, the <x-anylase profiles were found to be
similar in both genotypes. Electrophoretic analysis of
amylases oOf both genotypes during germ nation and greening
did not reveal any qualitative differences in the 1isoenzyme
pattern.
10. Peroxidase activity profiles were found to follow similar
patterns in normal and nutant kernels and seed|lings.

However, peroxi dase isozyme profiles of nutant and nornal

seedlings were found to differ significantily.
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1. The _etched and normal kernels and seedlings did not
reveal any differences 1n catal ase abtivity protiles and
isozyme patterns, al though slight differences were noted at
the quantitative 1evel.

12. Hornmone treatment (GA, IAA and Kinetin) of both nutant
and normal seedlings during germnation did not significantily
alter the pigment content.

13. Polyacrylamide gel electrophoresis of stromal fraction
did not reveal any difference between normal and nmutant
seed 1ings.

14. Elution of chlorophyll-protein conplexes and their
reelectrophoresis revealed that certain poiypeptides of CPL
and LHCP conplex are not detectable 1n the virescent
seed 11 ngs.

15. TMBZ staining of the thylakoid fraction did not show any
differences 1n the cytochrome conmplex of normal and nutant
genotypes indicating that the cyt. complex 1s unaltered in
the mutant.

16. Measur ement of photosynthetic el ectron transport
activities of t hyl akoi d preparations of normal and nmut ant
genotypes show sim'lar photosynthetic rates 1n terms of
chlorophyll content indicating that the phole - ynlLhal. 1c
el ectron transport chain is not affected by the etched

mutation.
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17. Level of RuBP carboxylase i1s found to be lower in
virescent. |eaves and definite correlation was observed in the
rate of synthesis of RuBP carboxyl ase and chiorophyli.

18. PEP carboxylase levels were found to be slightly lower 1n
t he virescent "leaves of the etched nutant I ndi cati ng
differences 1n the carboxylating enzyne |evels between the
normal and virescent seedlings.

In summary, the results establish the i1nfiuence of the
etched nutation on the endosperm and seediing phenotypes.
Furt her, the genetic inseparability of virescence and etched
traits 1s substantiated. It is suggested that the et
mut ati on belongs to a unique class of developmental virescent
mut ant s, whose phenotypic expression 1s reversible and
inf luencea by light and tenperature or an interaction between

t he two.
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Summary. The etched (et) mutation in maize causes
distinct depressions and structural gapsin the endosperm
and also gives rise to virescent seedlings. a and
p-Amylase activities were observed to be higher in
et’ et' kernels and seedlings as compared to that of the
et et mutant. The total amylase and f-amylase trends
during germination aso differed between normal and
mutant kernels and seedlings (it increases in the wildtype
and decreases in et et). On the contrary, the overall
a-amylase trend was found to be similar in both geno-
types (slight decrease during germination). The native gd
electrophoresis of crude enzyme extracts did not revea
any qualitative differences in a and f amylases during
germination. The germinating et et kernels initially
showed lower levels of starch compared with the wild
type kernels, whereas no such difference was found at
later stages of germination. It is concluded that et gene
associated endosperm lesions lead to an impairment of
starch degradation in germinating kernels resulting in
virescent seedlings.

Key words Etched - Vircscence  Starch

enzymes

Amylolytic

Introduction

In maize, of the many known endosperm mutants, the
etched (et) mutant (Stadler 1940) is unique for its distinct
kernel and seedling phenotypes. Kernels homozygous
recessive for et alclc (3L; 153) exhibit the so-called
etched phenotype, i.e., cracks or depressions in the endo-
sperm, whereas the seedlings express vircscence during

* To whom correspondence should be addressed

early stages of growth. (Neuffer et al. 1968; Coe and
Neuffer 1977; Coe et a. 1983). The characteristic vires-
cence phenotype of eret seedlings has been recorded both
under field and laboratory conditions. Under certain de-
fined conditions of light and temperature, et et seedlings
begin their growth with leaves devoid of chlorophyll and
gradually turn normal green in about 10 days after ger-
mination (Ramesh 1983). At this stage, both normal
(er' et™) and mutant (et et) seedlings are phenotypically
indistinguishable. Standard in vitro procedures as wel as
photoacoustic spectral analysis revealed significant
guantitative differences in chlorophyll and carotenoids
during the greening process under light (Ramesh et al.
1984; Sangeetha 1985). It was observed that et et seed-
lings accumulate reduced levels of chlorophyll and caro-
tenoids up to the 8th day. Transmission electron mic-
roscopy of chloroplast preparations revealed that chloro-
plastogenesis is delayed in mutant seedlings. Further,
SDS-PAGE analysis of solubilized thylakoid membrane
extracts of virescent leaves showed reduced levels of
chlorophyll-protein complexes (Sangeetha 1985; Sangee-
tha et al. 1986).

The association of et mutation with both kernel as
well as the seedling phenotypes is interesting. "The insepa-
rability of these phenotypes by genetic crossing-over led
to the conclusion that these two traits are controlled by
the et gene itsdf. Although an absolute correlation be-
tween endosperm defect and seedling virescence in et
mutant has been unequivocally established, the under-
lying biochemical and physiological basis is not yet
understood.

"The present study attempts to look into the nature of
the relationship between kernel and seedling phenotypes
of the er et mutant. We report here on starch-degrading
enzyme activities in et et kernels during germination as
wel as greening of seedlings.
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Materials and methods

The isogenic maize lines of homozygous normal (et et*) and
mutant (et et) genotypes arc in the background of line R168.
Mature kernels were soaked in water for 8-10 h, surface steril-
ized with sodium hypochlorite and germinated in vermiculite.
The seedlings were maintained at 25+2"C under continuous
illumination with cool fluorescent lights (4-5 watts/m?).

Determination of starch content in germinating kernels
and seedlings

Germinating kernels of both genotypes were ground in 75%
elhatiol. The suspension was heated for 30 min in a boiling water
bath and centrifuged at 10.000 x g for 15 min. The starch precip-
itate was suspended in 0.2NKOH and boiled for 30 min and
neutralized to pH 55 with glacial acetic acid. The suspension
was incubated with amyloglucosidase (E.C. 3.2.1.3, Sigma) at
37"C for 18 h. After centrifugation of the suspension, the super-
natant was used for glucose estimation (Nelson 1944). Starch
content in leaf tissue was estimated according to the procedure
of Mac Rac (1971).

Estimation of total amylase, a-amylase and f-amylase
in germinating kernels and leaves

The amylolytic enzyme activities were estimated in normal and
mutant kernels as well as leaves. The day of soaking the seeds for
germination is considered day 1 and the age of seedlings is
referred to as days after germination (DAG). Kernel or leaf
material was homogenized in 2 ml of chilled extraction bufler
(20 mmol sodium citrate), pH 6.1. The homogenate was diluted
to 7 ml with extraction buffer and then spun at 30,000 x g for 30

min. All steps were performed at 4"C. Total amylase activity was
assayed in a reaction mixture (4 ml) containing 240 umol of
sodium-citrate buffer pH 6.1, 8 mg soluble starch, 6 umol so-
dium flouride and 500 ul of enzyme extract. Aliquots of 500 ul
were withdrawn at 0, 30 and 60 min and the reaction was
stopped by adding 500 ul of 35 dinitrosalicylic acid reagent
(Bernfield 1955) and boiling for 5 min in a water bath. Afier
cooling, the mixture was diluted with distilled water to a final
volume of 6 ml. Reducing sugars were determined colorimetri-
cally at 540 nm using maltose as a standard. a-Amylase was
assayed under the above mentioned reaction conditions, except
A-limit dextrin was the substrate instead of soluble starch.

For estimation of ff-amylase, the enzyme extract was pre-
incubated with 5 mAM EDTA for 48 h and then assayed as de-
scribed. Micromoles of maltose liberated/second was taken as
the unit of enzyme activity. Enzyme activity was expressed as
nkat/mg seed and nkat/gm lesf. Protein estimations were ac-
cording to the procedure of Lowry et al. (1951).

Native gd electrophoresis of amylases in crude enzyme ex-
tracts of kernels and leaves was performed at 4"C according to
Davis (1964). Amylases were visualized on gels by the negative
staining method of Work and Work (1972).

Results
Total a- and ft-amylase activities in germinating kernels

The total amylase and specific activity profiles of mutant
and normal kernels (3, 4 and 5 DAG) are shown in
Fig. 1 a. The total amylase levels and specific activity of
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amylaseinet” e’ kernelsincreased between the 3rd and
5th day after soaking, while in the et et kernels they
decreased during the same period. The total amylase con-
tent was always significantly higher in the et * ¢r* kernels
as compared with the et et kernels.

o-Amylase activity profiles are shown in Fig. 1 a The
o-amylase level of er' er™ kernels was observed to be
significantly higher than that of et ¢/ kernels at al three
stages studied. However, both in the mutant and normal
kernels a-amylase related data follow the same trends,
i.e., they decreased dlightly during germination.

The p-amylase activity profiles are also shown in
Fig. 1 a The fi-amylase levels increased from the 3rd to
the 5th day after germination in et * ez ' kernels, whereas
its levels actually decreased in the et et kernels. Further,
p-amylase levels were observed to be significantly higher
inet™ et ” kernels of 4 and 5 DAG compared with that of
et et.

Total a and fi-amylase activities in leaves

Total amylase profiles of seedlings (6, 8 and 10 DAG) are
shown in Fig. 1 b. It was observed that amylase levels
were significantly higher in normal (e:" et ™) leaves than
that of virescent (et et) leaves. Total amylase levels in
leaves of both genotypes peaked at 8 DAG. Similarly, the
specific activity of total amylase peaked on the 8th day in
et’ et seedlings and then decreased. On the contrary,
specific activity of total amylase in et er seedlings in-
creased from the 6th to the 10th DAG.

The aamylasc profiles of leaves harvested from
seedlings of 6, 8 and 10 DAG are shown in Fig. 1 b. The
a-amylase level was significantly higher in normal leaves
as compared with the virescent leaves a 6, 8 and 10 days
after germination. The x-amylolytic profiles and specific
activity profiles peaked on the 8th day in both ¢/ et
and et et leaves.

The ff-amylase profilesin seedlings (6, 8 and 10 DAG)
areshown in Fig. 1 b. f-Amylasc activity was significant-
ly higher in normal leaves as compared with virescent
leaves. f;-Amylase activiy peaked on the 8th day in
et' er' leaves, whereas it increased up to the 10th day in
et et leaves.

Electrophoretic analysis

Electrophorctic analysis of amylases in er™ er™ and et et
kernels during germination and in the seedlings during
greening did not reveal any qualitative differences in the
isozyme pattern (data not shown). It was concluded that
the et mutation affects only the level but not the isozymic
pattern of amylases.

Correlation between amylase levels and starch content

The mature et et kernels accumulated significantly lower
levels of starch (42.84% fresh weight) compared with
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that of er* ¢r™ kernels (68.31% fresh weight). Similarly,
germinating kernels of the 3 DAG stage also showed the
same trend (et ' et —56.39%: et er —40.22%). On the
contrary, there was no difference between ¢7 et (4 DAG
-39.86%; 5 DAG -41.86%) and er* et” kernels (4
DAG.... .43.11%; 5 DAG -42.30%) at 4 and 5 DAG
stages. Mutant kernels consistently showed the same
amount of starch during germination (1-5 DAG),
whereas normal kernels indicated a decrease. Leaves of
both et et and ¢/" er' seedlings at 6, 8 and 10 DAG
exhibited similar levels of starch. Further, the starch pro-
files of growing seedlings were the same for both geno-

types.

Discussion

The present data on starch hydrolyzing enzymes during
germination of kernels suggest that the total amylase
levels are significantly reduced by et mutation. This could
be due to an impaired movement of amylases or of their
reaction products caused by structural gaps in the endo-
sperm, as revedled by Scanning Electron Microscopic
analysis (data not shown). Similarly, f-amylase levels
also show such a reduction during germination. In et et
kernels, a-amylase also shows significantly reduced activ-
ity. Taken together, these data suggest that during germi-
nation of et et kernels, the starch-hydrolyzing enzymes
are somehow affected by the structural discontinuity in
the endosperm, which might in turn lead to an early
virescence of seedlings. It is unlikely that the et gene has
any direct effect on the expression of genes encoding
amylases.

The amylolytic enzyme activity profiles in the grow-
ing seedlings under light did not show any significant
deviations from that of the germinating kernels, indicat-
ing that the ¢r effect continues up to 10 DAG. These
observations lead to the suggestion that the virescence of
et et seedlings has its origin in the endosperm lesions
caused by et alele during kernel development. This con-
clusion is supported by the following observations: (1)
the mutant kernels consistently show the same amount of
starch during germination (1-5DAG), whereas normal
kernels show a decrease; (2) leaves of both ¢ er' and
et et seedlings were found to have similar levels of starch
a al three stages studied; (3) the leaves of young vires-
cent seedlings (6-8 DAG), when grown under light, ac-
cumulate greatly reduced amounts of chlorophyll pig-
ments as shown by in vivo and in vitro procedures
(Ramesh 1983; Ramesh et al. 1984); and (4) chloro-
plastogenesis is delayed in virescent seedlings as shown
by transmission electron microscopy and this transient
delay is reversed by 10 DAG (Sangeetha et al. 1986).

In summary, we show here that there is a positive
correlation between the impairment of starch degrada-
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tion during germination of et et kernels and virescence of
seedlings. However, there could be several other factors
leading to virescence, besides the et mediated lesions in
the endosperm. It has been reported that the virescent
mutant of maize v76 has a deficiency of chloroplastic 16s
and 23s rRNA (Hopkins and Elfman 1984). Interest-
ingly, the kernels of v16 are phenotypically normal as in
the case of other virescent mutants known in maize. The
availability of a number of non-allelic virescent mutants
simplifies the task of elucidating the causes leading to
virescence. A comparative analysis of several such non-
alelic virescent mutants that do not show endosperm
lesions is in progress.
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