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Abstract. The changes caused by NaCl salinity and jas- Salinity is known to reduce the growth and development
monic acid (JA) treatment (8 days) on growth and pho- of glycophytes. The extent of this inhibition is correlated
tosynthesis of barley plantdi6rdeum vulgarel., var. to the extent of NaCl salinity, the plant species sensitiv-
Alfa) have been studied. Gas exchange measurementsty, and the environment.

and analysis of enzyme activities were used to study the Because plant productivity ultimately depends on the
reactions of photosynthesis to salinity and JA. Both 100 rate of photosynthesis, the effect of salinity on carbon
mm NaCl and 25pm JA treatment led to a noticeable  assimilation has been studied frequently (Bethke and
decrease in both the initial slope of the curves represent-prew 1992, Passera and Albuzio 1978). Much of the
ing net photosynthetic rate vs intercellular C&ncen-  reported reduction of COassimilation can be attributed
tration and the maximal rate of photosynthesis. The cal- to the direct effect of salinity on the biochemical reac-
culated values of the intercellular G@oncentration,  tjons of photosynthesis, e.g. reduced level and activity of
CO, compensation point, and maximal carboxylating ef- ribulose-1,5-bisphosphate carboxylase (RuBPC) (Miteva
ficiency of ribulose-1,5-bisphosphate carboxylase sup- et al. 1992, Seeman and Sharkey 1986), NaCl-induced
port the suggestion that biochemical factors are involved ajterations in the synthesis and distribution of photoas-
in the response of photosynthesis to JA and salinity similates, increase in both the rate of photorespiration
stress. The activities of phosphoenolpyruvate carboxyl- and glycolate oxydase activity (Joshi and Nimbalkar
ase and carbonic anhydrase increased more than twofold1984), inhibition of photosynthetic electron transport and
Pretreatment with JA for 4 days before salinization di- pS|| activity (Maslenkova et al. 1991, Mohanty and Sa-
minished the inhibitory effect of high salt concentration radhi 1992). Other have attributed the decline in photo-
on the growth and photosynthesis. The results are dis-synthesis caused by salinity to reduced photosynthetic
cussed in terms of a possible role of JA in increasing surface area available for G@ssimilation, i.e. that the
salinity tolerance of the barley plants. salinity effects on photosynthesis are mediated primarily
via effects on leaf extension (Papp et al. 1983). More-
over, unavoidable uptake of specific ions by the plants
and accumulation of these in the leaves are widely as-
sumed to result in inhibition of photosynthesis (Robinson
et al. 1983, Seemann and Critchley 1985).

To improve salt tolerance, nonhalophytic species have
developed different strategies that allow plants to with-
_— stand salinity stress. The increase of salt resistance pre-
Abbreviations: RUBPC, ribulose-1,5-bisphosphate carboxylase; PSil, Sumably involved a protection of cell membranes (Bew-
photosystem II; ABA, abscisic acid; JA, jasmonic acid; CA, carbonic ley 1979, Leopold and Willing 1984), including chloro-
anhydrase; JA-ME, methyl ester of jasmonic acid; PEPC, phospho- plast membranes (Maslenkova et al. 1992), and from
enolpyruvate carboxylasé, net CQ, assimilationl’, CO, compensa-  gccumulation of some protector components (Clarkson
o o reshi 1 Hanson 1980, Greenuiay and s 1830)

) O i H
concentration,C,, ambient CQ ioncé:]ntration; RWC, relative water The regula}tlon of such co_mplgx plant reSpon.ses Sug_
content;Tr, transpiration rate. gests the existence of special signal transduction chain
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controlling mechanism in the plants (Parthier 1991, Zee- tration, and JA pretreatment before salinization, allowed
vaart and Creelman 1988). Some of the phytohormones,us to study the photosynthetic response to salt stress anc
such as abscisic acid (ABA), ethylene, or jasmonates, the possible role of this plant growth substance in the
may act as stress modulators by suppressing or enhancprocess of stress adaptation.
ing the stress responses of plants. Applied exogenously
they can induce physiological changes identical with
characteristic parts of the stress responses (La Rosa et alpaterials and Methods
1985, Maslenkova et al. 1993, Popova et al. 1995, Skiver
and Mundy 1990). Plants
Exogenous treatment of barley seedlings with ABA  seeds of barleyHordeum vulgareL., var. Alfa) were germinated for
and jasmonic acid (JA) reduced the rate of photosyn- 2 days in two layers in moist filter paper in vermiculite at 25°C in the
thetic CQ fixation and the activity of RUBPC, increased dark. Then they were transferred into Petri dishes containing 40 mL of
the rate of photorespiration, and increased both thg CcO distilled water or equal amounts of water solution at the reguired NacCl
compensation point and stomatal resistance (Popova ef"d JA concentrations (100MnNaCl and 25um JA). During the
experimental period the seedlings grew in a growth chamber under
al. 1987' 1988). It .has also been observed that barleywhite fluorescent lamps (35 Wif), with 12-h light/dark periods. Day/
seedlings treated with JA or grown on 50-100 NaCl night temperatures were 25/20°C, and relative humidity was about
have an increase in activity of carbonic anhydrase (CA), 50%. To obtain NaCl stepwise-treated plants, the daily increase in
with a more pronounced effect on the cytoplasmically NaCl concentration was 25wmuntil 100 mv NaCl was reached. In the
localized enzyme. It was suggested that the enzyme jsexperiments with JA-pretreated plantsmﬁ phytohormone was a_ld_ded_
involved in the plant’s adaptation to osmotic stress as a to the growth medium of the seedlings for 4 days before salinization
possible biochemical mechanism (Popova et al. 1991), With 100 ma NaClfor the next 4 days.
Maslenkova et al. (1989, 1990) have established that
ABA and JA application to the growth medium of barley
seedlings leads simultaneously to changes in photosyn-G2s Exchange Measurements
thetic light reactions connected with chloroplast thyla- Gas exchange measurements were performed by a portable photosyn-
koid membranes. Treatment of barley leaf segments with thesis apparatus (LI 6000, Li-Cor, Linkoln, NE). Leaves of five or six
ABA, JA, or JA-ME induced very similar patterns of plants were placed intoa0.25-.literchamber. Quaptumflux density was
specific proteins (Weidhase et al. 1987). Lehmann et al. ?ng“é%m " BPlﬁgRéripe:)o\\:\;i(tis(:etf)lzc?ofogz}/t(lenrﬁzz(rj:ticrgnvtvaﬁrg‘;
(1995) demonstrated that application of A.BA or JA-ME +2°C. The I,’espoémse of photosynthesis to leaf internal partial pressure
to barley segments or exposure to osmotic stress led 10, CO, (C)) was determined as described by Davis et al. (1987).
the synthesis of novel proteins that were identical with  maximal carboxylating efficiency«) was calculated as the initial
respect to immunological properties and molecular slope of the curve relating net G@ssimilation ) vs intercellular CQ
masses. concentration@;). The following function was fitted to the experimen-
Our studies with salt-treated barley seedlings revealed t@! data:
significant changes in soluble and thylakoid membrane c
proteins which resemble to a great extent the specific A=-P - Ps
changes in polypeptide profiles after exogenous JA ap- Po+C
plication to the root medium (Maslenkova et al. 1992, \herep,, p,, p, are parameters.
Miteva et al. 1992). The stomatal limitation of photosynthesis was calculated ac-
The observed similarity in the photosynthetic re- cording to Farquhar and Sharkey (1982) as
sponses of barley seedlings to salt stress and exogenous
application of JA suggests that JA may play a specific L P A
role in the reaction of photosynthetic apparatus to salt A
T e e e st oo i =Sl ot i
! . A ! . r.f)hotosynthetlc rate a€, = 350 pmol mol™* (C, is ambient CQ
photosynthetic responses which allow plants to increase concentration).
their tolerance to unfavorable conditions. In this respect,
we were interested in studying the importance of non-
stomatal (biochemical) factors in the observed decline in
photosynthesis. An important focus was to examine
modification in the activities of phosphoenolpyruvate Leaf'tissue, without the.major veins, was ground in'a mortar on ice at
carboxylase (PEPC) and CA as one of the adaptive pho—a _ra_tlo of 19, fresh weight, to 5 mL of cold extraction medium con-
tosynthetic responses. taining 0.33m sorbitol, 50 nw Hepes-NaOH, 2 m KNOg, 2 mm
. . EDTA, 1 mm MnCl,, 1 mm MgCl,, 5 mv K,HPGQ,, 20 mv NaCl, and
Different eXpe”mental approaCheS' namely Iong term 0.2 M sodium isoascorbate (pH 7.6). The homogenate was quickly
stress treatment of barley seedlings with 10@ MacCl filtered through four layers of cheesecloth and centrifuged at 20,600 x
and 25uMm JA, gradual application of low salt concen- for 15 min, and the supernatant was used directly for enzyme assay.

Enzyme Extraction and Assays
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RuBPC (EC 4.1.1.39) and PEPC (EC 4.1.1.31) activities were as-
sayed from the activated crude preparation by following the incorpo-
ration of NaH“CO, into acid-stable products as described earlier
(Popova et al. 1988).

The assay mixture for RuBPC contained in 5@ fepes-NaOH (pH
8.0): 20pmol of MgCl,, 1 pmol of dithiothreitol, 20pmol of NaHCO,
(containing 0.37 MBq of“C, specific radioactivity 1.48 MBg.mol™),
and enzyme extract equivalent to 0.3-0.4 mg of protein. The reaction
volume was 1 mL. Reactions, at 25°C, were initiated by the addition of
2 pmol of RuBP and stopped after 1 min reaction time with BICI.

The assay mixture for PEPC activity contained in 50 tdepes-
NaOH (pH 8.0): 20.mol of MgCl,, 0.4 wmol of NADH, 20 wmol of
NaHCGQ, (containing 0.37 MBq ot“C, specific radioactivity 1.48 MBq
wmol™), 1 wmol dithiothreitol, and enzyme extract equivalent to 0.3—
0.4 mg of protein. Reaction volume was 1 mL. Reactions, at 30°C, were
initiated by the addition of 3umol of PEP. Reaction time was 1 min.

The amount of fixed"*CO, was measured in a liquid scintillation
counter.

Preparation of Leaf Extract for Assay of Carbonic
Anhydrase (CA) (EC 4.2.1.1)

Leaf samples (1 g) were ground with pestle and mortar on ice-cold
medium (10 mL) which contained 0.04 Tris-glycine buffer (pH 8.3)
and 5% sucrose. After centrifugation at 8,009 fer 20 min, the su-
pernatant was removed and used for the enzyme assay.

CA was determined by following the time-dependent decrease in pH
from 8.3 to 7.8. One unit of enzymatic activity (Willburg-Anderson) is
defined as 1Q§/t - 1), wheret, andt represent the time required to
change the pH of the buffer (0.06 NaH,PO,, containing 5 mu cys-
teine and 1 m EDTA) from 8.3 to 7.8 at 2°C after the addition of
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Table 1. Effects of NaCl and JA on the growth of barley seedlings and
RWC of the leaves. The details are given under “Materials and Meth-
ods.” The means and S.E. of three different experiments with 20 seed-
lings each are reported.

Length of the surface

Treatment of the seedlings (cm) RWC (%)
Control 9.94 +0.65 89.8+0.9
100 mv NaCl 5.44+0.39 49.6 £3.9
25-100 nm NaCP 8.76 £0.81 81.0+3.2
25 um JA 6.93+0.72 88.5+2.7
25 pm JA + 100 nm NaCl 7.77+£0.58 62.0+3.1

2 Stepwise increased NaCl concentration from 25 to 1@0wiithin 8
days.

the rate on new leaf initiation, the initial rate of leaf
extension and final leaf length each decrease in plants
grown at 100 mn NaCl. Leaves were shorter in length
and not well expanded. In contrast, when seedlings were
exposed to stepwise changes in NaCl concentration,
plant growth was only slightly affected. Pretreated seed-
lings with 25 um JA before salinization were less af-
fected by the next exposure to high NaCl concentration.
Leaf RWC of control plants was about 90%. Exposure
of plants to 100 m NaCl led to a strong decline in
RWC. There were insignificant differences in the values
of this parameter in JA-treated or stepwise NaCl-treated

CO,-saturated water in the presence and absence of the plant sampleParley seedlings compared with the untreated control

respectively.

Relative Water Content

Relative water content (RWC) was measured as described by Morgan

plants. The inhibitory effect of 100 mNaCl on RWC
was overcome to a significant extent during the JA pre-
treatment of the plants.

(1986) except that turgid mass was obtained after soaking the leaves forGas Exchange

2-3 hin distilled water. The RWC values were calculated according to
the formula

initial fresh mass- dry mass
= - % 100.
full turgid mass- dry mass

Chlorophyll contenextracted by acetone (80%, v/v) was measured
according to Arnon (1949).
Soluble proteinwas determined according to Lowry et al. (1951) in

Changes in CQassimilation rate/) as a function of the
calculated substomatal G@oncentration@;) were used

to distinguish the role of stomatal resistancg (n the
limitation of A under salinity stress and JA treatment
(Fig. 1). Treatment of barley seedlings with 100um
NacCl for 8 days caused a very strong decline in the rate
of A at normalC, (350 wmol mol%). Long term treat-

aliquots of supernatants, with bovine serum albumin as the standard ment with JA also led to inhibition oA\, but Compared

protein.

Chemicals

JA was purchased from Serva Chemical Corp. All other chemicals were
obtained from Sigma (St. Louis, MO).

Results
Growth Responses and RWC

Treatment of barley seedlings with 100unNaCl or 25
M JA for 8 days caused a significant decline in the rate
of growth (Table 1). Although salinity had no effect on

with the control the values oA were 2—-2.5-fold lower.
When seedlings were exposed to stepwise changes in
NaCl concentration or pretreated with 2% JA for 4
days before salinization, the rate of photosynthesis was
less inhibited (Fig. 1 and Table 2). All kinds of treat-
ments led to a noticeable decrease in both the initial
slope of theA/C; curve (representing the maximal car-
boxylation efficiency &) and the maximah. In 100 nwm
NaCl-treated plants the value af was almost tenfold
lower compared with the control. The plants’ exposure to
100 mv NacCl for 8 days resulted in a fourfold increase
in the CO, compensation pointl{). The values of" for

the other variants were very similar to the control.
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Table 2. Leaf gas exchange characteristics of barley plants after treatment with NaCl asndcd#boxylating efficiencyl’, CO, compensation point;
A, net CQ assimilation,C;, intercellular CQ concentrationt, stomatal limitation of photosynthesig; stomatal resistance to GOrr, transpiration
rate. The details are given under “Materials and Methods.” Values are means +nS=E 4)).

A (pmol C/C, Tr (mgH,0
Treatment a (cm s?) " (wmol mol™) CO, m2s) Ls (%) (C, = 350) ri (s cni?) m2s?
Control 0.068 92.2 8.75 275 0.72 7.8+0.5 29520
100 mv NaCl 0.007 345.3 0.05 4122 0.95 488 +2.7 96+1.4
25-100 nw NaCP 0.033 87.2 4.20 42.1 0.64 185+1.8 145+1.2
25 pm JA 0.037 135.6 3.79 47.0 0.77 15.8+0.2 19.8+0.8
25 um JA + 100 mv NacCl 0.054 7.7 4.71 39.7 0.69 17.5+1.3 16.9+0.9

2The data forLg and C/C, in the variant with 100 m NaCl were calculated &, = 400 ppm because of greathier
b Stepwise increased NaCl concentration from 25 to A0within 8 days.

Long term treatment of barley seedlings with 100 m  stepwise treatment with NaCl or pretreatment with JA

NaCl or 25um JA resulted in manifold increase . before salinization diminished the inhibitory effect of
Pretreatment with JA or a progressive increase in NaCl NaCl on the activity of RuBPC.

concentration also caused an increase.ibut to much When barley plants were grown on 100unNaCl or
lower extent. 25 pMm JA the activity of PEPC increased more than

Transpiration rateTr) was decreased threefold in 100 twice. Pretreatment with JA or a progressive increase in
mm NaCl-stressed plants. Pretreatment with JA or step- the NaCl concentration also caused an increase in the
wise treatment with NaCl enhanced the values of this enzyme activity but to a lower extent.
parameter. CA activity was increased strongly when plants were

treated long term with 100 mNacCl or 25um JA (Fig.

i ; 2). The activity of the enzyme was increased by salinity
Enzyme Activities, Chlorophyll and Protein Contents stress to approximately 70%. by JA to 50% of control.
RuBPC activity was reduced very strongly when plants The pretreatment with JA caused a much lower increase
were treated with 100 mn NaCl; the percentage of inhi-  of CA activity. Stepwise treatment with NaCl did not
bition was approximately 65% of control (Fig. 2). JA affect the activity of the enzyme.
also inhibited the activity of RuBPC but much slower; The chlorophyll & and b) content decreased when
the inhibition was only 25%. It should be noted that seedlings were grown in the presence of NaCl. By con-
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Fig. 2. Effect of NaCl and JA treatment on the activity of RuBP&,(
PEPC B), and carbonic anhydras€)(of barley leaves. Activity of the

enzymes was determined as indicated under “Materials and Methods.”

The activity of RuBPC was 0.384mol of CO, mg™ protein min® in
the control, for PEPC 0.06@mol of CO, mg™* protein min?, and for
carbonic anhydrase 523.6 units Thgrotein. Data are average of five
experiments = S.E.

trast, the long term treatment with 281 JA or pretreat-
ment with JA before salinization did not affect the chlo-
rophyll content (Table 3).
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Table 3. Effects of NaCl and JA on chlorophyll content and leaf
soluble protein. The details are given under “Materials and Methods.”
Values are means + S.kn = 7-9).

Leaf soluble
Clorophyll @@ + b) protein (mg
Treatment (mg Chl (g Fwy?) (g FW)™
Control (H,0) 2.30+0.072 8.45+1.012
100 nm NaCl 1.73+0.047 6.11+0.079
25-100 nm NaCFP 1.78 £0.052 5.32+0.075
25 pm JA 2.43+0.040 4.87 +0.042
25 pm JA + 100 nv NaCl 2.04 +0.069 5.28 +0.053

2 Stepwise increased NaCl concentration from 25 to 1@0wiithin 8
days.

Discussion

The results presented here show that exogenous pretreat
ment of barley seedlings with jasmonic acid before salin-
ization improved the growth and photosynthetic perfor-
mance of the plants.

The growth of barley seedlings on water solution
supplemented with 100 m NaCl was reduced notice-
ably relative to untreated plants (Table 1). This is a typi-
cal response of nonhalophyte species. JA-stressed plant:
showed a low growth rate without any changes in the
values of RWC. Our data indicated that a gradual low
salt (25 mu) increase in NaCl concentrations had very
low negative effect on the growth of the seedlings. More
importantly, pretreatment of the seedlings with, s JA
diminished the inhibitory effect of high salinization on
the plant growth. This was in agreement with our previ-
ously reported results for the similar effect of ABA pre-
treatment on the same plant species subjected to salinity
stress (Popova et al. 1995).

The growth reduction of barley plants is likely to be a
consequence of a number of different effects of both
stress factors on plant processes, including effects on
photosynthetic reactions. Actually, JA and especially
high salt concentration have an inhibitory effect on the
rate of photosynthesis when applied separately to the
growth media.

The reduction in leaf chlorophyll concentration is a
general phenomenon in sensitive plants subjected to salt
stress (Robinson et al. 1983, Stiborova et al. 1987). In
our experiments, the content of chlorophyll was de-
creased by NaCl to an extent approximately equal in all
variants treated with NaCl (Table 3). Treatment with 25
pm JA for 8 days had no effect on the chlorophyll con-
tent; regardless of that, a decrease in the rate of photo-
synthesis was observed. The results showed that there
was no correlation between the degree of inhibition of
salt stress on the chlorophyll content and the intensity of

The leaf protein content was decreased in all treat- photosynthesis. This indicates that the loss of chlorophyll
ments, the effect being more expressed in JA-treatedis unlikely to be the primary cause of photosynthetic

seedlings (Table 3).

reduction for salinized barley plants.
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The observed reduction in photosynthetic capacity re- in PEPC and CA activities serves as an adaptive photo-
sulting from salinity stress or exogenous application of synthetic mechanism.
JA could be discussed as a consequence of at least two Experimental evidence has shown that photosynthetic
main factors: 1) an indirect effect mediated by stomatal organisms (mainly aquatic) have developed an inducible
closure causing a reduction in G8upply, or 2) a direct ~ mechanism for the active transport of €&s an adap-
effect on the photosynthetic machinery independent of tation to unfavorable conditions (Badger 1987). The
altered diffusion limitations. Although the role of sto- CO,-concentrating mechanism favors the carboxylation
mata increased in all treated variants, the valud.of  reaction catalyzed by RuBPC (for review, see Sultem-
(about 40%) shows that there are also biochemical con-€yer et al. 1993).
straints to photosynthesis. The suggestion that biochemi- Here we observed that barley seedlings pretreated with
cal factors are involved in response in photosynthesis to JA or stepwise NaCl treated did not show an enhance-
salinity or JA is supported by the reduced rate@f ment of CA ?.CthIty. The activity of PEPC was slightly
saturated photosynthesis, the occurrence of an increasindg!igher than in the control plants.
CO, compensation point, and the reduced values in the Ours and other previous data show that long term
maximal carboxylating efficiency of RuUBPG. treatment of barley plants_wnh JA or exposure to sqlt
Reduction in photosynthetic capacity may result from stress leads to increases in the rate of photorespiration

a decrease in the rate at which RuBPC fixes,@0the ~ @nd the activity of CA (Miteva and Vaklinova 1991,
carboxylation reaction in vivo. This may be caused by Popova et al. 1988). The results are consistent with those

reductions in either substrate concentration {C8 prr]esen(;ceﬂ byrclf]?mazdanov aqu _Carde_nasf (r1]992|) who
RuBP) or in the activity of the enzymes that produce showed that | amydomonathe integrity of the gly-

ATP and reducing equivalents. Actually, this suggestion fr(;lr?;eo??mgfgaﬁsriszﬁgtlgkfgrctit\?i? Induction of LO
is consistent with our data, indicating that high salinity n Fs)ummar we have shown thgi barlev seedlinas
and JA cause mainly alterations in the biochemical ca- mary, we . y'S 9

. . treated with a daily increasing NaCl concentration up to
pacity of photosynthesis unrelated to the observed sto-

L : 100 pum or pretreated with JA before salinization had
ng{gl)“m'tat'on (Maslenkova etal. 1990, Metodiev et al. little decline in the growth and much lower inhibition of

The inhibitory effect of 100 m NaCl on photosyn- photosynthesis and RuBPC activity, indicating that bar-

thesi ¢ anificant extent after the st ley plants are capable of tolerating a relatively high level
€SIS was overcome {o a signinicant extent atter the step- ;¢ salinity, and probably JA is partially involved in the
wise NaCl treatment and by the JA pretreatment of the

. el .~ process of adaptation.
seedlmgs_. The effect of NaCl salln_lty _0r_1_photosynthet|c At present, we cannot explain the enhanced activities
capacity is also reflected by the inhibition of RuBPC

< _ ~ of PEPC and CA after JA treatment and salinity stress,
activity. When the seedlings were exposed 0 Stepwise ;1 oyr suggestion is that this is part of the biochemical
changes in NaCl concentration or pretreated with JA be- 54antation of photosynthesis to environmental stresses.
fore salinization, the RUBPC activity was approximately powever, the mechanism whereby JA can enhance the

Barley seedlings treated with JA or grown on 100 m  fyrther study.

NaCl showed an increase in the activities of PEPC and
CA (Fig. 2). We have made similar observations with
barley plants treated with ABA or drought-stressed acknowledgmentThis research was supported by Grant K-511 from
(Popova et al. 1996). An increase in PEPC activity has the National Fund for Scientific Investigations, Bulgaria.
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