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even class of enzymes plays a predominant role. In our
results, both endo- and exopeptidase activities increased
during grain development in the irrigated plants at all
rHs examined (Tables 2 and 3). The endopeptidase
activities were maximum at alkaline pH and exopepti-
dases activities maximum at neutral pH. It has been
reported in the literature that during monocarpic senes-
cence, RuBisCo is degraded and nitrogen is mobilized
to the developing grains™*, The breakdown of RuBisCo
has usually been studied with a pH optimum of 4 to
5 (refs 17-19), while a pH optimum of 6.5 has also
been reported™. The highest rates of degradation have
been reported at pH 8.0 for RuBisCo and at pH 6.0
for small subunit (SSU) alone?'. Differences in the
proteolytic properties of SSU may be due to different
conformations of the substrate proteins and the true pH
of the enzyme can thus be concealed. It has been
observed that the highest cleavage of the large subunit
of endogenous RuBisCo s at pH 4.0 but maximal
degradation of external ["‘C}-methylated RuBisCo is
observed at pH 9.0 (ref. 22). In oat leaf segments, different
degrees of degradation and differences in degradation
products were demonstrated for both subunits of RuBisCo
at pH 4.5, 7.0 and 8.0 and it was suggested that proteases
have different pH optima in senescent leaves™,

Water deficit increased both endo- and exo-proteolytic
activities (endopeptidases and exopeptidases) almost ten
fold (Tables 2 and 3). In water-stressed plants, the acidic
endoprotease activity is maximum il 15 DAA followed
by an increase at alkaline pH at 20 DAA, wherecas
protease activities were more or less same at all pH
values tested with an increase at alkaline pH being
slightly more than at neutral pH at 20 DAA (Table 3).
Water deficit induced an increase in proteolytic activities
which could be responsible for the decrease in leaf
protein content (Table 1) (ref. 7). Proteolytic activities
were assayed using azocasein and water deficit increased
the activities at different pH values — 6.0, 8.5, 9.0 and
10 in Vigna and Phaseolus cultivars®,

In conclusion, it can be said that drought-induced
enhancement of monocarpic senescence in flag leaf of
wheat during grain development was concomitant with
the enhancement of both exopeptidase activity and en-
dopeptidase activity against RuBisCo. Both the endopep-
tidase activity and exopeptidase activity was enhanced
at acidic, neutral and alkaline pH.
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Blocks in chlorophyll biosynthetic pathway among
different chlorophyll-deficient phenotypes of Penni-
setum glaucum (L.) R. Br. were investigated employing
77 K fluorescence spectroscopy. Green seedlings from
yellow/white stripe mutants and an albine mutant
showed emission maxima at 657, 685 and 733 nm
corresponding to protochlorophyllide (pchlide), photo-
system II and photosystem I respectively. Yellow
seedlings showed peaks at 657 nm and 678 nm corres-
ponding to pchlide and chlorophyllide (chlide) res-
pectively, indicating a block in the reduction of chlide,
whereas the white seedlings and albino accumulated
pchlide, suggesting an impairment in the photo-
reduction of pchlide. Of the four loci identified”,
viy and vi; blocks the conversion of pchlide to chi(ide),

"~ whereas the conversion of chlide to chlorophyll is

under the control of vi; and vi; loci.

Steps in chlorophyll biosynthesis are subject to modu-
lation by both light and cell type'?. Information on
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chlorophy!l biosynthetic pathway mostly comes from the
use of normal, etiolated or dark-grown plants*®. Work
in seemingly unrelated different plant systems has pro-
vided insights into the regulatory interaction between
plastid and nuclear genomes’.

Mutations in nuclear genes that affect plastid biogenesis
are of immense value in dissecting the mechanisms
controlling plastid development’. Mutations that block
chlorophyll biosynthesis have major effects on chloroplast
biogenesis and thus are lethal. Several nuclear-induced
plastid mutants of higher plants and algae are known
to block different steps in the chlorophyll biosynthesis®'".
In a Mendelian mutant of Chlamydomonas reinhardtii,
accumulation of protoporphyrin IX was reported'’. A
recessive Mendelian mutant of Arabidopsis thaliana
though formed protochlorophyllide (pchlide), was unable
to photoreduce the protochlorophyllide to chlorophyll'?,
Albino mutant alb-fl7, and yellow mutant, xan-i59, of
barley were shown to photoreduce chlorophyllide
(chlide), but were unable to phytylate the chlorophyllide
to form chlorophyll a'*'*. In albostrains of barley,
absence of tRNA®" was found to block chlorophyll
synthesis'>. In pearl millet, studies on chlorophyll-
deficient (stripe) mutants provided genetic evidence for
plastid—nuclear gene interactions in the biosynthesis of
chlorophyll'®!?, Ultrastructural and molecular charac-
terization of plastids in these mutants’®'? revealed the
absence of: (i) chlorophyll, (ii) thylakoid membrane
organization, (iii) plastid-coded large subunit of RuBisCo,
and (iv) plastid-specific ribosomes and rRNA (23s and
16s) vis-d-vis defective plastid protein synthesizing
machinery. So far, four independent loci which control
the biosynthesis of chlorophyll have been identified
based on the segregation patterns in the progenies of
intercrosses of different stripe mutants®, While any one
locus in homozygous condition blocks the biosynthesis
of chlorophyll, chlorophyll synthesis is accomplished by
the complementary interaction of dominant genes at

Table 1, Accessions of Pennisetum glaucum (L.) R.Br. used,
their phenotype, genotype and source

Phenotype

Accession (genotype) Source

1P 5009 Green yellow stripe S, Appa Rao and M. H.
(viyvi* Mengesha, Genetic Resources

P 9712 Green yellow stripe Division, ICRISAT, Patancheru
(viy viy)

VCM 36 Green white stripe
(viy viy vi, vi)*

GWS 14 Green white stripe J, L. Minocha, Geneties De-
(viy vig vi, vij)* partment, Punjub  Agriculural

University, Ludhiana
Albino Albino secdlings Isoluted in carlier study**

(al al)**

*Karunasri and Subrahmanyan®, *+Reddy®,
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these loci’®. We present here the in vivo low temperature
(77 K) fluorescence emission spectra of five well-defined
chlorophyll-deficient (vellow and white) mutants of pearl
millet (Table 1), and their respective green siblings
among different genotypes. Comparison of the accumu-
lation of intermediates of chiorophyll biosynthesis among
different chlorophyll-deficient (yellow or white) and their
normal siblings derived from different genotypes enabled
the identification of blocks at specific steps in chiorophyll
biosynthetic pathway and their control by different loci.

Genotypes of stripe mutants .of Pennisetum glaucum
(L.) R. Br. (Table 1) and their breeding behaviour were
well characterized”*?'. Following self-pollinations, yellow
stripe mutants IP 5009 and IP 9712 gave green, yellow
stripe and yellow progeny, while white stripe mutants
GWS-14 and VCM-36 gave green, white stripe and
white progeny. Seeds from the yellow stripe mutants of
IP 5009 and IP 9712, white stripe mutants of VCM 36
and GWS 14 and albine mutants were sown in plastic
trays under glasshouse conditions (14 h light and 10h
dark). Low temperature (77K) fluorescence measure-
ments of upper-expanded portion of six-day-old green
and non-green (yellow and white) seedlings were recor-
ded, using Hitachi fluorescence spectrophotometer (model
4010). Seedlings were harvested 2-3 h after sunrise, and
the fluorescence spectra were recorded immediately using
seedlings of approximately similar size. For each set of
measurements, five samples were taken from green and
yellow siblings of the yellow stripe mutants (IP 5009
and IP 9712), green and white siblings of the white
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Figare 1. Low temperanme (77 K) fluorescence cission spectra of
green scedlings from different genotypes (a, b, ¢, d, ¢) at 438 om
excitation wavelength: a, IP 5009; b, 1P 9712 ¢, ¥CM 16, &, GWS
14; e, Albino.
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Table 2. Accumulation of protochlorophillide/chlorophillide and proposed plock(s) in chlo-
tophyll biosynthetic pathway in chlorophyll-deficient phenotypes of Pennisetum glaucum

(L) R.Br.
Block in chlorophyll

Phenotype Genotype Pchlide  Chlide biosynthesis

Cs
Yellow vi, vi, Vi, Vi, Vi, Vi, Vi, Vi, + + Chlich)sChl
Yellow Vi, Vi Vi vi, Vi Vip Vi Vi, + + Chlide — Chl

PCOR
White Vi, Vi, Vi, Vi viy vig viy vi, + - Pchlld:c—o»lfhllde
White Vi, Vi, Vi, Vi viy viy vig v, + - Pchlnd;c—oaghhde
Albino al al + - Pchlide — Chlide

Green siblings had protocholorphyllide and chlorophyll irrespective of their genotype.
Pchlide - protochlorophyllide; Chiide ~ chlorophyllide; Chl — chlorophyll;

(+) accumulation; (-) absent.

CS - chlorophyll synthetase; PCOR ~ protochiorophyliide oxidoreductase.

FLUORESCENCE {Relative unils)
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Figure 2. Low temperature (77 K) fluorescence emission spectra from
seedlings at 438 nm excitation wavelength. (a, IP 5009 yellow seedlings;
b, IP 9712 yellow seedlings; ¢, VCM 36 white seedlings; d, GWS
14 white seedlings; e, al ul white seedlings).

stripe mutants (VCM 36 and GWS 14) and albino.
Fluorescence emission spectra were recorded at excitation
wavelength of 438 nm with 5 nm excitation slit and 4
‘nm emijssion slit. The integration time was 0.18s. The
mean spectrum was smoothened before recording. The
spectra were not normalized since the aim of the study
was qualitative and not quantitative.

In vivo low temperature fluorescence emission spectra
of green seedlings from the different genotypes are
presented in Figure 1a—e, while the spectra from the
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corresponding yellow or white siblings from each mutant
are presented in Figure 2. The results are summarized
in Table 2. The emission spectra were recorded at 438
nm excitation wavelength which preferentially excites
pchlide®,

The fluorescence emission maxima in green seedlings
were at 657 nm, 685nm and 733 nm (Figure 1 a-e).
Emission spectra revealed the invariable fluorescence
emission peak positions in accordance with the elegant
demonstration by Boddi et al.** on the repeatability of
the technique and no additional peaks appeared (data
not presented). The emission spectrum from the green
seedlings, irrespective of their genotype, showed a
broader peak in the 720-733 nm range (Figure 1 a-e).

Yellow seedlings from the yellow stripe mutants (IP
5009 and IP 9712) exhibited fluorescence emission maxi-
ma at 657 sm and 678 nm (Figure 24, b). The 678 nm
peak was found to be sensitive to the light conditions
at the time of harvesting. Freshly-harvested leaves showed
678 nm peak, while few hours of storage in dark resulted
in the loss of this peak. The second derivatives of the
spectra did not alter the number and position(s) of the
peaks (data not presented). White seedlings from the
white stripe mutants (GWS 14 and VCM 36) and albino
showed fluorescence emission maxima at 657 nm.

Fluorescence emission spectra of green progeny irre-
spective of the source (Figure 1 a-e) showed emission
maxima at 657 nm, 685 nm and 733 nm corresponding
to pchlide, chlorophyll from antennae of PS II and PS
I respectively when excited at 438 nm (refs 22-24). F,,
observed from green seediings of IP 9712 indicates
chlorophyll fluorescence from PS 1 reaction centre com-
plex. Emission band at 678 nm corresponding to chlide?®
was not detectable in the green seedlings, thereby con-
firming the transient presence of chlide, followed by its
rapid conversion to chlorophyll and its concomitant
integration into PS II' and PS I membrane protein
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complexes. However, we cannot completely account for
the presence of pchlide in green seedlings which is
generally absent in mature leaves because of rapid
conversion into chlide/chlorophyll.

A comparison of emission spectra of the white seed-
lings (Figure 2 ¢, d, e) with those of the green seedlings
(Figure 1 ¢, d, ) from three different mutants (GWS 14,
VCM 36 and albino) revealed a common emission peak
at 657 nm which corresponded to pchlide, while the
emission peaks at 685nm and 733 nm which corre-
sponded to the chlorophyll of PS II and PS I respectively,
were absent in the white seedlings. Furthermore, peak
at 678 nm corresponding to chlide observed in the yellow
seedlings (Figure 2 a, b) is absent in the white seedlings.
This indicates that white seedlings are defective in the
conversion of pchlide to chlide, thereby resulting in the
accumulation of pchlide. The conversion of pchiide to
chlide is catalysed by plastid-specific NADPH-PCOR
which accumulates in the plastids of dark-grown plants
and eventually becomes the dominating polypeptide of
the plastid envelope®”?’. The white stripe mutants (GWS
14, and VCM 36) are homozygous recessive at the two
loci (viy viyvi, vi), while the yellow stripe mutants (IP
5009 and IP 9712) carry dominant alleles at these loci®,
It is therefore likely that the conversion of pchlide to
chlide is controlled by one or both of these loci in
pearl millet (Table 2). Further confirmation about the
nature of the gene products is awaited,

The presence of an emission peak at 678 nm (Figure
2 a, b) in the yellow seedlings signifies the accumulation
of chlide?* and the absence of chlorophyll in PS I and
PS II complexes in yellow seedlings indicate a block
in the conversion of chlide to chlorophyll. The two
yellow stripe mutants are homozygous recessive at vi,
or vi, loci, and their dominant alleles are complementary
in the production of chlorophyll?. We propose that these
loci control the production and/or the activity of chlo-
rophyll synthetase which catalyses the conversion of
chlide to chlorophyll (Table 2).

When the leaves are illuminated, pchlide is immediately
converted to chlide which is thereafter esterified. In the
present study, a major pchlide, form was found in the
white seedlings, whereas three spectral forms with fluo-
rescence emission maxima at 632 nm, 645 nm and 657 nm
were reported in etioplasts®, Emission peak at 678 nm
in the yellow seedlings from yellow stripe mutants of
pearl millet represents single chlide form (an esterified
form — phytyl chlide) unlike different chlide forms in
etiolated (dark-grown) seedlings™.

Henningsen and Thorne'® have observed that the newly-
formed chlide in barley mutants directly emit fluorescence
at 678 nm, and the rate of esterification was more rapid
than in the wild type. Ritdiger er al.®® have suggested
that such esterification of chlide in etioplasts is catalysed
by an enzyme or a group of enzymes, termed chlorophyll
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synthetase. The occurrence of a single emission peak
at 678 nm and the absence of chlorophyll (685 nm and
733 nm) peaks in the yellow seedlings of pearl millet
in the present study suggests that the esterification of
chlide is catalysed by an enzyme different from that
catalysing the conversion of chlide to chlorophyll. Since
the green and yellow siblings of each accession carry
the same genotype, the chlide in the yellow seedlings
is likely to be phytyl chlide. Each of these mutants is
homozygous recessive at one of the loci (vi,vi, or
viyvi,) (ref. 20) and block the conversion of phytyl
chlide to chlorophyll, but dominant alleles at these loci
are complementary in restoring the chlorophyll synthesis.
This emphasizes that both these loci control the con-
version of chlide to chiorophyll. Further experiments
are needed to establish the nature of the gene product(s)
and their regulation.

The present study established the genetic control for
the reduction of pchlide and/or chlide to chlorophyll.
Green and chlorophyll-deficient seedlings from each
stripe mutant exhibited differences, implying differences
among the plastomes of the two phenotypes. RFLP
analysis with plastid-specific probes could be used for
establishing the physical basis®. Further studies on in
vitro complementation to determine the nature of inter-
actions are underway.
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Concentrations of major nutrients and micronutrients,
rare earth elements (REEs), Th and nutrient/REE
ratios in the leaves of diseased and apparently healthy
coconut palms of the root (wilt)-disease-affected tract
and healthy palms of the disease-free tract, covering

three major soil types of Kerala, namely alluvial.

(entisols), laterite (ultisols), and sandy (entisols),
were examined in relation to the disease. Accumula-
tion of major nutrients, especially K, was generally
observed in the leaves of diseased palms. Mg content
of leaves of palms growing on laterite soil in
disease-affected tract was lower than that of palms
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in the disease-free tract. The leaf concentrations of
La, Ce, Pr, Nd, Sm, Gd and Th did not show
significant differences between healthy and diseased
palms. The only exception to this trend was Gd
whose concentration was less in the diseased and
apparently healthy palms growing on laterite soil of
the disease-endemic area than that in the healthy
palms of the disease-free area. Some of the essential
plant nutrients (EPN)/La, and EPN/Ce ratios were
significantly different in palms of the disease-affected
tract compared to that in palms of the disease-free
tract indicating imbalances in the relative concentra-
tions of EPNs and REEs. These results call for more
detailed study of the geochemical differences between
the disease-affected and disease-free tracts for iden-
tification of the soil chemical factors associated with
the incidence of the disease.

Coconut root (wilt)-disease has a history of over a
century. It was first reported in 1874 in Erattupetta of
Meenachil taluk in Kottayam district of Kerala State. Tt
is a debilitating disorder affecting about 0.41 million
hectares of coconut gardens in the State, causing an
estimated yield loss of 968 million nuts annually'. Pres-
ently, the disorder is seen mostly in the central and
southern districts of Kerala,

Over the past few decades, considerable research has
been done on various aspects of the root (wilt)-disease’.
Etiology of the disease has been examined from several
angles namely, bacteriological, fungal, virological,
nematological, and nutritional aspects. The work of
Solomon et al.? revealed the presence of mycoplasma-like
organisms (MLOs) in the phloem element of root (wilt)-
disease affected coconut palms. Valiathan et al.* reported
that presence of high Ce and low Mg levels in leaf
may be responsible for the incidence of the disease.
They also proposed a common geochemical basis for
endomyocardial fibrosis in human beings and root (wilt)-
disease of coconut palm. Their study was based on
analysis of a few leaf samples collected from healthy
and diseased palms. In view of the abundance of monazite
deposits (the source of rare earth elements and Th) in
Kerala soils, the possibility of absorption of these ele-
ments, especially Ce, in large amounts by coconut palms
cannot be overiooked. The present study was therefore
taken up to examine in detail the levels of rare earth
elements (REEs) and Th in coconut palms growing in
disease-affected and disease-free tracts of the State.

Based on the prevalence of the disease', the districts
of Kollam, Pathanamthitta, Idukki, Kottayam, Alappuzha
and Ernakulam, and parts of Thrissur district, were
considered disease-affected areas. The districts of Thiru-
vananthapuram, Palakkad, Malappuram, Wayanad,
Kozhikkode, Kannur, Kasaragod, and parts of Thrissur
were considered disease-free areas. Leaf samples were
collected from coconut palms growing in ToOt
(wilt)-endemic areas and root (wilt)-free areas, repre-
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