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Summary. Two barley (Hordeum vulgare L.) forage varieties — Hemus and
Karnobat, with high and low Rubisco content in the fully expanded first leaves
(Metodiev and Demirevska-Kepova, 1992), were compared in pot vegetation
experiments in respect of yield. Changesin the content of leaf pigments, the
levels of total soluble and Rubisco immunoreactive protein werefollowed dur-
ing six phenophases: 3rd leaf, tillering, stem extension, heading, anthesisand
milk ripeness. The results show maintenance of high level of photosynthetic
componentsin the phases critical for grainfilling regardless of the differences
observed inthe primary leaves. Thus, the use of Rubisco asan early selection
criterion for improved yield is dubious. The question, whether Rubisco content
in leaves during the grain-filling period might be a useful marker for produc-
tivity, remains open and needs further investigations.
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Abbreviations: cv — cultivar; DW — dry weight; EDTA - ethylene diamine
tetraacetic acid; EL1SA —enzyme-linked immunosorbent assay; FW —fresh
weight; PM SF — phenyl-methyl sulphony! fluoride; Rubisco —ribulose-1,5-
bisphosphate carboxylase/oxygenase, EC 4.1.1.39

Introduction

Ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39; Rubisco) isthefirst
and key enzyme in the Calvin-Benson cycle of photosynthetic fixation of CO,. The

* Corresponding author, e-mail: luci @router.bi025.bas.bg



16 L. Simova-Stoilovaet al.

rate of photosynthesis and biomass accumul ation depend largely on the quantity and
activity of Rubisco (Lorimer, 1981). Under natural environmental conditionsthelevel
of this protein could be a limiting factor in photosynthesis throughout the life span
of the leaf (Makino et al., 1983). In addition to its key enzymatic function, Rubisco
isaremarkably abundant protein (up to 65% of total leaf protein), storing consider-
able amount of nitrogen (Ellis, 1979). There is some evidence that a part of Rubisco
is not available for carboxylation and plays the role of storage protein (Eichelmann
and Laisk, 1999). Rapid selective proteolysis of thisenzymewas observed at the onset
of natural and experimentally induced senescence, providing aminoacids for redis-
tribution to reproductive structures (Crafts-Brandner et al., 1990). The dual role of
Rubisco as akey photosynthetic and leaf storage protein predeterminesitsimportance
for plant productivity. Correlation has been observed between Rubisco activity and
high yield in several species (Frey and Moss, 1976; Murthy and Singh, 1979; Mar-
tinez-Bargjas et al., 1992). The activity of Rubisco has been more or less correlated
with its amount (Friedrich and Huffaker, 1980). Genetic variation in Rubisco con-
tent in cereal varieties has been reported (Tingey and Andersson, 1986; Metodiev and
Demirevska-Kepova, 1992). It has been suggested that Rubisco could be used as a
selection criterion for high yield (Frey and Moss, 1976; Murthy and Singh, 1979;
Osaki et al., 1993).

Data about the role of photosynthesis in plant productivity are controversial.
Duration and rate in leaf photosynthesis werein a close relationship with crop yield
for soybean, wheat, barley, sorghum, maize and tobacco (Zelitch, 1982; Sarquis et
al., 1998). In many cases, chlorophyll quantity was maximal in the leaves serving as
amajor source of photoassimilates for devel oping sinks during the grain-filling period
(Herzog, 1982; Zhdanova and Karyagina, 1997). It was established that the amounts
of Rubisco and chlorophyll in the leaves of high-yield cultivars of rice, wheat, maize,
soybean and potato at successive growth stageswere larger than in the standard-yield
cultivars (Osaki et a., 1993). The same tendency could be expected for barley cul-
tivars. On the other hand, breeding for high rates of leaf net photosynthetic CO, ex-
change and its components has not yet brought any successin improving crop yield
(Gifford and Jenkins, 1982; Richards, 2000).

In acomparative study on Rubisco quantity in the fully expanded first |eaves of
ten Bulgarian barley cultivars it was established, that the amount of Rubisco varied
from 15 to 50 per cent of the total soluble protein and from 2.5 to 10 mg.g~t FW. Dif-
ferences in total soluble protein were not significant (Metodiev and Demirevska-
Kepova, 1992). Hemus has been recognized as a standard barley forage variety for
several years (Stephanov and Peev eds, 1986). To evaluate the usefulness of Rubisco
as an early selection criterion, it was necessary to follow the time course of its ac-
cumulation in ontogenesis.

The aim of the present investigation was to compare the developmental changes
in leaf pigments, leaf soluble protein and Rubisco quantities in two barley cultivars
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— Hemus with high Rubisco content and Karnobat with low Rubisco content in the
first leaves, in relation to some yield characteristics.

Material and Methods

Plant material. Barley (Hordeum vulgare L.) cultivars were obtained from the Bar-
ley Institute of Karnobat. Vegetation experimentswere carried out in the greenhouse
of the Institute of Plant Physiology during 1996-1997 and 1999-2000. Seeds were
sowed in potswith 5kg of dry soil, 10 pots per variety, 40 seeds per pot, in the third
decade of October. The soil was from the experimental field of the village Gorny
Lozen near Sofiaand contained 4.06 mg N, 45 mg P,O; and 18 mg K ,O per kg abso-
lutely dry weight. Additional fertilization with N, P and K was applied in order to
obtain a planned yield of 40g grain per pot (from 5 main plants per pot). N wasim-
ported four times over the whole vegetation period — at sowing, at the stage of the
third leaf, at the end of tillering and at the stage of stem extension. Tap water was
added periodically to maintain about 60% of the maximal field water capacity
throughout plant vegetation. The plants were grown under ambient temperature and
solar radiation and were regularly weeded. During the day potswere transferred out-
doors. In winter the pots were periodically covered with snow. At the phase of the
3rd leaf the number of plants per pot was reduced to 20 and at the tillering phase —
to 5in two consecutive steps. Leaf material for analyses was sampled during the fol-
lowing stages of development: 3rd leaf, tillering, stem extension (average leaf sam-
ple), heading, anthesis and seed ripening (flag leaf sample). Under the experimental
conditions plants developed normally. Grain yield parameters were determined at the
stage of full ripening, when the plant were with completely yellow leaves and well
developed ears and grains.

Leaf extracts. Two gramsof leaf material, stored under liquid nitrogen until ex-
traction, were homogenized with 8 ml of ice-cold 100 mM Tris-HCI, pH 8, containing
20mM MgCl,, 10mM NaHCO,;, 1mM EDTA, 2mM PMSF, 12.5% glycerol (v/v),
20 mM b-mercaptoethanol, 120 mg Polyclar. After centrifugation at 12000” gfor 30min
the supernatant was used for estimation of total soluble protein and Rubisco content.

Determination of protein quantity was done spectrophotometrically according
to Bradford (1976).

Determination of leaf pigment quantity was according to Arnon (1949) and
calculated using the formula of McKinney (1941).

Quantitative determination of Rubisco in leaf extractsfrom barley was carried
out immunochemically by sandwich ELISA using rabbit polyclonal antibodies spec-
ific against barley Rubisco and goat anti-rabbit 1gG-peroxidase conjugate (M etodiev
and Demirevska-K epova, 1992).
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Results

Climatic conditions during the experiments and general observations on plants.
During 1996-1997 the winter was severely cold (day temperature drop till -15°Cin
December and January led to frostbite of separate |eaves), whereasin 1999-2000 the
autumn and winter were mild. Night temperatures never dropped below 0°C in Decem-
ber and below -10°C in January. The unusually high temperatures in the late spring
and the beginning of the summer of 2000 exerted certain unfavourable influence and
accel erated the vegetation cycle about 2—3 weeks. With these exceptions, asawhole,
the climatic conditions were favourabl e for the devel opment of the barley plants. Dur-
ing both yearsthe plants of cv. Hemus developed dightly faster and accumulated more
biomass in the overground organs during the tillering phase in comparison with cv.
Karnobat (Table 1).

Table 1. Biomass accumulation in the overground plant organs during the vegetative growth stage of
barley varieties

Phase Hemus Karnobat

FW per plant (g) DW per g FW FW per plant (g) DW per g FW
3rd leaf 0.41+0.054 0.1089 0.415+0.049 0.1041
tillering 1.90+0.330 0.1529 1.210+0.210 0.1467
stem extension 23.94+6.215 0.2030 23.020+7.342 0.2150

During the reproductive stage, DW per g FW in flag leaves was more or less
constant and without significant differences between varieties (0.2089+0.0147 for
Hemus and 0.2110+0.0106 for Karnobat). The cold-resistance and recovery from
frostbite was better in cv. Hemus. No differences between the two varieties were
observed in the time of entering on and the duration of the phenophases. Differences
in leaf areas were more markedly expressed among plants than between cultivars.

Developmental changes in leaf pigment content. The amounts of chlorophyll «,
chlorophyll b and carotenoids for the six phenophases of 99/00-vegetation period are
presented in Fig. 1. Average leaf sampleswere collected during the vegetation growth
stages (I —3rd leaf, |1 —tillering, 111 — stem extension), whereas during the reproductive
stages (1V —heading, V —anthesis, VI —milky ripeness) analyses were performed with
flag leaf samples. The pigment content of both cvsfollowed characteristic time-course
changes with no significant differences between varieties. The same dynamic chan-
gesin chlorophyllswere observed in 96/97 but the maximal valueswere lower. Gener-
aly, chlorophyll a quantity in the flag leavesincreased remarkably during the reprod-
uctive stage and remained at a high level till the milky ripeness phase. Changesin
chlorophyll 5 content were smaller. Carotenoids tended to accumul ate after thetillering
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Fig. 1. Content of leaf pigments in the leaves of barley cultivars Hemus
(solid symbols) and Karnobat (open symbols). Squares - chlorophyll a,
circles- chlorophyll 5 and up triangles - carotenoids. Vertical bars- standard
deviations. On the abscissa— phenophases: | —3rd leaf; I —tillering; 111 —
stem extension; 1V — heading; V — anthesis and VI — milk ripeness.

phase in 99/00. Differences in carotenoids were more expressed comparing the two
vegetation years than between the cultivars. In 96/97 carotenoids accumulated as early
asthe 3rd leaf stage with no significant difference between varieties (data not shown).
A possible explanation may be the climatic conditions in 96/97 with severe winter.

Total soluble protein and Rubisco content in the leaves in different pheno-
phases. Dataon total solubleleaf protein for the vegetation period 99/00 are presented
in Fig. 2. A similar increase in leaf protein content with maximal accumulation at
anthesis and a dlight reduction at the milky ripeness phase were observed during the
96/97-vegetation period. However, significant differences between the cvs were ob-
tained only at anthesisin 99/00, whereasin 96/97 (data not shown) there was not such
adifference. Theincreasein the soluble protein during phases 111-V1 ismost probably
due to greater dry biomass of the leaves (Table 1 and the text bellow). The quantity
of Rubisco immunoreactive protein on afresh weight basis (Fig. 3) was higher in cv.
Hemus at tillering and stem extension phases. At heading and anthesisthe differences
in Rubisco amount between the cvs became insignificant. After anthesis, Rubisco
quantity in cv. Hemus decreased to agreater extent in comparison with cv. Karnobat.
Hence, the differences in Rubisco quantity between cvs. Hemus and Karnobat,
observed in 10-day-old barley seedlings, tended to diminish during ontogenesis. In
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Fig. 2. Total soluble protein content on fresh weight basis in the leaves of
the varieties Hemus (dark columns) and Karnobat (light columns). Vertical
bars represent standard deviations. On the abscissa— phenophases: | — 3rd
leaf; Il —tillering; 111 — stem extension; |V —heading; V — anthesisand VI
—milk ripeness.
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Fig. 3. Rubisco content on fresh weight basisin the leaves of the varieties
Hemus (dark columns) and Karnobat (light columns). Vertical bars
represent standard deviations. On the abscissa— phenophases: | — 3rd leaf;
Il —tillering; 111 — stem extension; 1V — heading; V — anthesis and VI —
milk ripeness.
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addition, during the vegetative growth stage (for example, tillering) Rubisco was
27.5% from the total soluble proteinin cv. Karnobat and 45% in cv. Hemus. At an-
thesis Rubisco was 65% of the total soluble proteinin cv. Karnobat and 50% in cv.
Hemus. In contrast to lower initial quantity of Rubisco, cv. Karnobat maintained high
level of this enzyme during the reproductive stage.

Yield characteristics of the two cultivars. Pot experiments could be useful for
preliminary characteristics of yield potential and comparative purposes. Spoor and
Simmonds (1993) found good correlation between yields of the same varietiesin pot
and field trials for small-grain cereals like barley, wheat and oats. Some yield
characteristics for the two cvs under investigation are compared in Table 2.

Table 2. Yield characteristics (average of 3 pots, 5 plants per pot, data from 2 years)

Cultivar Number of productive  Grain weight Weight of hectoliter
spikelets per plant per pot (g) 1000 grains (g) mass (kg)

Hemus 9 £1.75 44.22+11.82 38.01+0.69 56.46+2.67

Karnobat 10.5£1.95 53.15+ 5.01 37.07+0.47 58.7 +2.91

The cvs Hemus and Karnobat did not differ substantially in productivity. Cv. Hemus
showed atendency to form dightly larger grain mass (probably dueto afaster Rubisco
degradation) but cv. Karnobat compensated with somewhat higher tillering capacity
and total grain quantity. The lack of differencesin yield between Hemus and Karnobat
was in concert with the equally high Rubisco quantity at anthesis for both varieties.

Discussion

The process of photosynthesisis of prime importance for biomass production. The
amounts of chlorophyll and Rubisco have often been considered as indices of light-
harvesting capacity and Calvin-cycle capacity of leaves. Inthe present investigation
we observed distinct differencesin these indices comparing vegetative and reproduc-
tive stagesin the life cycle of both barley varieties. There was atendency of excess-
investment in the photosynthetic apparatus and maintenance of high chlorophyll,
carotenoid and Rubisco levels during the reproductive stage. Thus, the reliability of
the photosynthetic apparatus was ensured, resulting in maximum possible produc-
tivity of photosynthesis under the given environmental conditions.

Generally, in natural conditionsthe normal chlorophyll content of leavesis adequ-
ate to absorb the available photon flux and chlorophyll contents are adjusted to the
flux available. At low limiting irradiance |eaf photosynthesisis saturated with respect
to chlorophyll above 20 mg chlorophyll per cn2 leaf area (Gifford and Jenkins, 1982).
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In our experimental conditionsthe chlorophyll a+5 content was above thisvalue even
at the stage of third leaf (with lowest chlorophyll content) for both varieties. The photo-
protective and stress protective function of carotenoids has been well-established (Esk-
ling et al., 1997). In this study the carotenoids were maintained at high level through-
out the reproductive phase. It is considered that the high pigment level is determined
by the sink-source rel ations between grains as devel oping sinks and leaves as principal
source of photoassimilates (Herzog, 1982; Zhdanovaand Karyagina, 1997). Theflag
and the two penultimate leaves have been regarded as the most important source of
assimilates supply to the earsin barley (Kisselevaand Nekrasova, 1993). The Hemus
variety differed from Karnobat in the rate of Rubisco accumulation, but at the stages
critical for grain filling both cultivars accumulated high levels of Rubisco. Two func-
tions have been attributed to Rubisco as a key photosynthetic and nitrogen storage
protein. The nitrogen storage function of Rubisco is often discussed but not yet elucid-
ated (Makino et al., 2000). It seems that the rate of Rubisco degradation may bein
relation to grain size. The Hemus cultivar formed larger grains compared with Kar-
nobat both in our pot experiments and in field conditions (Stephanov and Peev, 1986).

Our results confirm the opinion that by anthesis the capacity of photosynthesisfor
themagjor grain cropsis high and that photosynthesisis not limiting during grainfilling
period (Richards, 2000). Thiskind of excessinvestment and safety of photosynthesis
may be of value in adverse environmental conditions (various stresses, especially
drought, unfavourable temperature, salinity, etc) often observed in the field. In our
experiments plants received adequate water and fertilizer supply in order to avoid any
drought and nutritional stress. Differencesin cold-resistance between the compared
varietieswere observed, whereas theinitial differencein Rubisco levelswas effaced
in successive developmental stages. Thus, the use of Rubisco as an early selection
criterion for improved yield is dubious. During the grain-filling period the flag and
penultimate leaves in barley serve as a major source of photoassimilates (Kisseleva
and Nekrasova, 1993). However, the question whether Rubisco content in these leaves
might be an useful marker for productivity, remains open and needs further inves-
tigation.
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