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Analysis of some barley chlorophyll mutants
and their response to temperature stress
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Abstract

Six barley chlorophyll (Chl) mutants, viridis, flavoviridis, chlorina, xantha, lutea, and albina, differed in the contents
of Chl (a+b) and carotenoids (Cars). In accordance with their Chl-deficient phenotype, the Chl a and 4 and Car
contents of mutants decreased from viridis to albina, only xantha had the same or even higher concentration of Cars as
the wild type plant. The albina mutant completely lacked and xantha had a significantly reduced photosynthetic
activity. We found quantitative differences in protein contents between wild type and mutant plants, with the lowest
concentration per fresh mass in the albina mutant. Chl fluorescence analysis revealed that heat-treated barley leaves of
both the wild type and Chl mutants had a lower photosystem 2 efficiency than the untreated ones. With **S-methionine
labelling and SDS-PAGE we found that six to nine de novo synthetized proteins appeared after heat shock (2 h, 42 °C)
in the wild type and Chl mutants. In al/bina the expression of heat shock proteins (HSPs) was reduced to 50 % of that
in the wild type. Hence mainly albina mutants, with a completely destroyed proteosynthetic apparatus of the
chloroplasts, are able to synthesize a small set of HSPs. The albina mutant is a very useful tool for the study of different
gene expression of chloroplast and nuclear DNA.
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Introduction

Biosynthesis of Chl is a complicated stepwise process
which is controlled by numerous genes (Sestik 1985,
Mayfield ef al. 1995, Wettstein et al. 1995). Mutants
with alterations of Chl biosynthesis play an increasing
role in exploring the biochemistry and molecular biology
of this process and its regulation and that is why these
mutants have been widely used as an experimental tool
(Somerville 1986, Suzuki ef al. 1997). Chl mutants
appear spontancously or are induced by agents such as
ionizing radiation or mutagenic chemicals (e.g., Vagera
1969, B6hmova and Duhova 1983, Vaishlya et al. 1998).
The respiratory inhibitor, sodium azide, is a potent
chemical mutagen for inducing mutations in lower and
higher organisms (Nilan ef al. 1973, Nilan and
Veleminsky 1981). Chl mutants produced after the
treatment with sodium azide in barley differ in their
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spectra and frequencies (B6hmova and Duhova 1983).

Because the Chl mutants respond very sensitively to
stress (BOhmova et al. 1993) we chose them as a suitable
model object for analysis of heat-shock response. In all
studied organisms the heat-shock treatments influence
gene expression by inducing a set of genes coding for
transcription of heat-shock proteins (HSPs) (Nover et al.
1983, Vierling and Key 1985, Vierling ef al. 1989,
Vierling 1991, Waters et al. 1996). Plants synthesize
several classes of HSPs in response to stress (Necchi ef
al. 1987, Suzuki et al. 1998). HSPs have been found in
different cell compartments such as nuclei, cytosol,
mitochondria, chloroplasts, and endoplasmic reticulum
(Waters et al. 1996). The effects of heat stress can be
also studied by Chl fluorescence (Koepp 1992).

In the present paper six barley Chl mutants were
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characterized: viridis (slightly less green than wild type),
Sflavoviridis (pale green), chlorina (green-yellow), xantha
(yellow), lutea (pale yellow), and albina (white). Xantha
and albina are mutants with changed plastid
ultrastructure (Dediova-Hajossyova et al. 1983, Huddk
et al. 1993). They were obtained after treatment with
sodium azide (BOhmova and Dihovd 1983). We

Materials and methods

Plants: Barley seedlings (Hordeum vulgare L. cv.
Fatran) from the Breeding Station Sladkovicovo and its
Chl mutants were grown in a greenhouse at 25 °C in a
12/12 h light/dark cycle and an irradiance of 20 W m2,
The one-coloured mutants were obtained after treatment
with 1 mM sodium azide (B6hmova and Duhova 1983).
Leaves of 7-d-old seedlings were used for all
experiments.

Reagents: All chemicals were of analytical grade. 33S-
methionine (37 GBq mol!) was obtained from
Amersham-Buchler (Braunschweig, Germany).

Heat-shock treatment of freshly cut leaves incubated in
distilled water was carried out for 2 h at 42°C in a
JULABO Exatherm U3 electronic water bath. The
temperature was kept constant (42.0+0.5 °C). During the
heat shock, leaves were transferred into a small tube and
kept well-watered under high humidity. After the
treatment, additional incubation was carried out at room
temperature for 30 min. Afterwards, the plant material
was frozen in liquid nitrogen and immediately elaborated
or stored at -70 °C.

Pigment determination: Chl a, Chl b, and total Cars of
primary barley leaves were extracted in 95 % ethanol
and spectrophotometrically determined as described by
Lichtenthaler (1987). The pigment extracts were
prepared from the middle part (1 and 5 cm from the top)
of primary leaves of mutant and wild type seedlings.

Chl fluorescence in vive was measured at room
temperature with the Walz PAM (Effeltrich, Germany)
fluorimeter. The leaves were placed between two glass
plates and irradiated through a 5 mm bore in a black
carton (F;). Maximal fluorescence F, (>700 nm) was
determined by a saturating flash of 1 s duration. The Chl
fluorescence  ratios  F./F, = (F,-F)F, and
F\/F, = (F - F)/F, were determined (Genty ef a/. 1989,
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compared photosynthetic parameters (pigment contents,
Chl fluorescence) and the total RNA and protein
contents of isolated Chl mutants to characterize them
and thus to obtain a model for the stress response study.
To examine the heat sensitivity we measured the Chl
fluorescence after heat shock treatment and compared
HSPs using SDS-PAGE analysis.

Babani and Lichtenthaler 1996).

Isolation of RNA: The total amount of RNA was
isolated according to Click and Hackett (1966).
Absorption spectra of total RNA were recorded with a
Specord M40 spectrophotometer.

Isolation of total protein: Proteins were extracted
according to Laemmli (1970) from the leaves in liquid
nitrogen using mortar and pestle in buffer (100 kg m3)
containing 10 mM Tris-HCl (pH = 8.0), 1 mM EDTA,
2.5 % sodium dodecyl sulfate, 5 % mercaptoethanol, and
10 % glycerol. Samples were heated for 15 min by
65 °C, and than centrifuged at 6 000xg for 10 min. The
supernatant was collected and stored at -20°C, or
immediately used for fractionation of proteins. The
method of Lowry et al. (1951) for protein content
measurement was employed. Proteins were analyzed by
SDS-PAGE in a 14 % gel (acrylamide : bisacrylamide
19 : 1) according to Laemmli (1970). For each sample 10
pg of proteins were applied. The Mr determination was
made using marker of low-molecular proteins (Sigma).
Gels were stained with Coomassie Brilliant Blue (CBB)
R-250.

In vivo labelling and radiofluorography of de novo
synthesized proteins: For radioactive in vivo labelling
the seedlings were preincubated under previously
described conditions for 1h. After addition of 33S-
methionine (11.1 PBq m3) the samples were incubated
for another 1h. After the 2-h-treatment at 42 °C the
samples were additionally incubated at room temperature
for 30 min. Proteins isolated according to a previously
described method were analyzed by SDS-PAGE in a
15% gel according to Laemmli (1970). Radioactive
samples were loaded with equal radioactivity in each
aliquot. After electrophoresis the gels were stained with
CBB and dried. The gels were exposed to Kodak X-ray
film for 5-10 d at -70 °C.



Results and discussion

Pigments: In accordance with their Chl-deficient
phenotype, the Chl (a+5) content of mutants decreased
from viridis to albing (Table 1). The mutant albina
contained Chl a and Chl b only in traces, if at all. The
total Cars content was also lower in Chl mutants than in
the wild type. The only exception was the mutant xantha
having a higher concentration of Cars than the wild type.

Table 1. Comparison of contents of chlorophyll (Chl) and
carotenoids (Cars) [g kg'(f.m.)] in Chl mutants.

Mutant Chl a Chl b Chl (a+b) Cars
wild type 19.52 5.35 24.88 7.10
viridis 8.94 1.95 10.89 4.90
Sflavoviridis 6.70 1.10 7.81 3.83
chlorina 3.23 2.06 5.29 1.10
xantha 1.11 1.21 2.32 9.70
lutea 0.45 0.03 0.47 0.51
albina 0.08 0.17 0.25 0.82

Total RNA contents of the wild type plants and Chl
mutants (Table 2) well correlated with their colouring
and decreased from viridis to albina. The mutant albina
completely lacked chloroplast RNA (23S and 16S)
(Béhmova, unpublished).

CHLOROPHYLL MUTANTS AND TEMPERATURE

Table 2. Contents of total proteins [g kg‘l(ﬁm. )] and RNA [mg
kg'l(f.m. )] in chlorophyll mutants.

Mutant Proteins RNA
wild type 332 2360
Viridis 24 .4 1800
Sflavoviridis 232 1410
chlorina 123 1230
xantha 28.1 990
albina 8.4 435

Chl fluorescence: Any factor which affects the
efficiency to capture the excitation energy by open
photosystem 2 (PS2) reaction centres also modifies the
variable Chl fluorescence parameters F,/F,, F,/F,,
AF/F,, and Rfd (Genty ef al., 1989, Santricek et al.
1992, Siffel ef al. 1993, Babani and Lichtenthaler 1996).
The F,/F,, and F,/[F, ratios of wild type, lutea,
Sflavoviridis and viridis did not significantly differ (Fig.
14,B), but these parameters were significantly lower in
chlorina, xantha, and albina mutants. Albina and xantha
mutants did not photosynthesize. Seedlings lacking
photosynthesis survive only by metabolism of starch
reserves (Colowick and Kaplan 1980). Our Chl mutants
(white and yellow) did not survive more than 14 d in a
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Fig. 1. Comparison of the fluorescence ratios Fy/Fyq (4) and Fy/F, (B) for chlorophyll mutants with and without heat-shock

treatment.

field and more than 21 d in a greenhouse.

Chl fluorescence is also an analytical tool for
investigating stress damage (Stapel et al. 1993, Jimenez
et al. 1997). Heat shock reduces photosynthetic activity
due to specific damage to PS2 (Schuster ef al. 1988). The

heat treatment changed the shape of fluorescence (Fig.
14,B). The differences between mutants were more
pronounced with F,/F; which confirmed that F,/F, is a
better indicator of photosynthetic quantum conversion
than the ratio F,/F,, (Babani and Lichtenthaler 1996).
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Chl fluorescence analysis indicated that heat-treated
barley leaves (both wild type and Chl mutants) had a
lower PS2 photochemical efficiency. The reduction of
PS2 activity in barley after heat treatment was also
observed by Stefanov et al (1996). PS2 (the H,O-
oxidizing, quinone-reducing complex) is usually the
most heat sensitive of chloroplast thylakoid-membrane
protein complexes involved in photosynthetic electron
transfer and ATP synthesis and one of the most
thermolabile photosynthetic processes in general
(Heckathorn er al. 1998). Less is known about the
protective adaptations of PS2 to heat stress. However,
accumnulating evidence suggests that chloroplast HSPs
are involved in photosynthetic and PS2 thermotolerance
(Heckathorn et al. 1998).

Protein content: SDS-PAGE using molecular mass
markers showed qualitative and quantitative differences
between individual Chl mutants and in relation to wild
type (Fig. 2, Table 2). The lowest amount of proteins per
fresh mass was found in the al/bina mutant. Wild type,
viridis, and flavoviridis had very similar protein patterns
and the difference was only quantitative.

As an cxample we present the subunits of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBPCQ). The
small subunit (SSU) is encoded by nuclear DNA, the
large subunit (LSU) by chloroplast DNA. The most
significant differences were found between the wild type

c Vi flavi chlo lu X

RuBPCO LSU—p

pLHCP —p
LHCP —»

pSSU —»
RuBPCO SSU —p

and albina. Albina contained only traces of both
subunits. The lack of LSU in a/bina mutant could be
explained by the fact that albina plastids have structural
features typical for senescent plastids (Huddk et al
1993). Moreover, the albina mutant contains a lower
amount of RNA (Table 2). Contents of other enzymes of
PS1 and PS2 were significantly lower in albina than in
wild type and other mutants. In chlorina and lutea both
RuBPCO subunits were less expressed. The mutant

, xantha is specific by strong expression of RuBPCO LSU

and SSU. The expression of LSU is even higher than that
in the wild type, although this is not a photosynthesizing
mutant. Flavoviridis had a lower expression of some
proteins than viridis (e.g., both subunits of RuBPCO and
other proteins).

Generally, proteins of the mutants viridis, xantha,
and flavoviridis are very close to those of the wild type.
The mutants viridis and flavoviridis are able to survive
but xantha is not.

Protein content after heat treatment: We searched for
a class of proteins that can be induced by heat stress in
wild type as well as in all the Chl mutants by analyzing
the total protein extracts after the heat-shock treatment
(cf. Fig. 3 for wild type and chlorina, albina;, xantha,
{utea, and viridis were also analyzed, but the gels are not
shown). ‘
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Fig. 2. Comparison of protein profiles of the barley wild type (c) and chlorophyil (Chl) mutants (vi - viridis, flavi - flavoviridis, chlo
- ‘chlorina, lu - lutea, X - xantha, a - albina). Positions of molecular mass markers (M) are on the right. RuBPCO - ribulose-1,5-
bisphosphate carboxylase/oxygenase, LSU - large subunit, SSU - small subunit, pSSU - precursor of SSU, LHCP - light-harvesting

Chl a/b protein, pLHCP - precursor of LHCP.
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The experiments with 33S-methionine labelling and
SDS-PAGE indicated six to nine de novo synthesized
proteins following heat shock (2 h, 42 °C) in wild type
and Chl mutants. The majority of all the bands were
present in both wild type and mutants. Some of the HSPs
observed in our experiments (18. 26, 32. 70 kDa) were
also observed in barley leaves by Kruse et al. (1993).
Changes in expression of proteins after heat-shock

kDa M c c chlo chio a a
kDl HS HS HS

97 —»

69—

46 —>»

30-—»

14—»

CHLOROPHYLL MUTANTS AND TEMPERATURE

treatment in wild type and Chl mutants are summarized
in Table 3. Wild type and all Chl mutants produced the
18.5 kDa protein. The only exception was mutant xantha
that expressed proteins with molecular masses of 18, 17,
and 16 kDa. The mutant al/bina contained reduced
amounts of all proteins (see Table 2) and therefore also
the synthesis of HSPs was reduced to 50 % in
comparison with the wild type.

Fig. 3. Fluorogram of in vive 3S-methionine labelled proteins isolated from the wild type (c) and chlorophyll mutants (for
abbreviations see Fig. 2) before or after heat-shock treatment (HS: 2 h, 42 °C). Proteins were fractionated by SDS-PAGE. Positions
of molecular mass markers (M) are on the right. Protein de novo synthesis (single arrow) or enhanced synthesis (double arrow).

Table 3. Comparison of de novo and enhanced protein synthesis in chlorophyll mutants after heat-shock treatment (2 h, 42 °C).

Mutant 105-60 kDa 50-20 kDa 19-12 kDa
enhanced synthesis  synthesis de nove  enhanced synthesis synthesis de novo  synthesis de novo
wild type 78,73, 69 89; 70; 62 38; 32; 26; 24 28 18.5;18
viridis 94; 80; 69; 66 104; 97, 64 27, 26; 24 33; 28; 22;.20 18.5;,18
chlorina 78, 73; 69; 62 89; 70 43; 38; 32; 26; 24 28 18.5; 18
lutea 94; 69 104; 97, 80;64 27,26, 24.5; 24 33,22 18.5; 18
xantha 78,73, 64; 62 89, 70 49; 44; 40, 29; 26; 24; 22 18,17, 16
albina 69; 62 79 26; 24 - 18.5; 18

Summary; The Chl mutants are limited in
photosynthesis and their pigments and proteins are
altered in quantity. Moreover, heat stress in barley Chl
mutants has been verified by changes in Chl fluorescence
and in production of HSPs. Mainly al/bina mutants, with

completely destroyed proteosynthetic apparatus of
chloroplasts, are able to synthesize a small set of HSPs.
This is why the al/bina mutant may serve as a useful tool
for studying different gene expression of chloroplast and
nuclear DNA.
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