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Response of photosynthesis of Pisum sativum to salt stress
as affected by methyl jasmonate
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Abstract

10-5 M methyl jasmonate (JA-Me) treatment itself did nol considerably change the
€O, fixation, parameters of room temperature chlorophyll fluorescence induction,
proline content, and Na~ as well as C!” accumulation. Salt stress (30 mM NaCl) lead
to a decrease of both 14CQO, fixation and relalive water content, and to an increase of
proline content. Immediate nonvariable fluorescence (I'y) also increased and the
variable to maximal fluorescence ratio (F/I,,) decreased. Pretreatment with JA-Me
for 3 d before salt treatment diminished the inhibitory effect of NaCl on the rate of
1400, fixation, protein content, and activity and content of ribulose-1,5-bisphosphate
carboxylasc/oxygenase. The Na' and CI” contents in leaves decreased in JA-Mce
pretreated plants. The JA-Me pretreatment prevented the increase of Fg level and
restored the values of F/F .

Additional key words: chiorophyll fluorescence: Cl; Na; NaCl; pea; proline; relative water content;
ribulose- 1,5-bisphosphate carboxylase/oxygenase; salt stress.

Introduction

Exposure of plants to salt stress resulls in changes in most physiological and
biochemical processes resulting in a disturbance of normal growth and development.
Salt stress induces reduction in primary photochemical activities (e.g., Kaiscr et al.
1983), inhibition of CO, assimilation (e.g., Seemann and Sharkey 1986), and
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alteration in polypeptide profiles (e.g., Hurkman ef a/. 1989). The response of plants
to salt stress depends on many [actors, but phytohormones are thought to be among
the most importan! endogenous substances mnvolved in the mechanisms of tolerance
or susceptibility of various plant species. The tolerance of certain plants to different
stresses is probably related to their capacity to produce a high amount of abscisic acid
(ABA). ABA plays a central role in regulating osmotic adaptation of the plants, as
well as in the synthesis of proline (e.g., Aspinall and Paleg 1981, Stewart and
Voetberg 1985). Our previous results (Fedina ef a/. 1994) also showed the protective
effect of ABA against NaCl stress.

Jasmonic acid and its fragrant methyl ester are the major representatives of a
group of native plant bioregulators called jasmonates. They both stimulate and inhibit
different biological systems (Ueda and Kato 1980, 1981, Saniewski and Czapski
1983). Exogenously applied jasmonates are stressors causing typical stress responses
{Popova and Uzunova 1996). Most evident is the synthesis of novel abundant
proteins (Parthier 1990, 1991). At present it is difficult to prefer one or another view,
because neither the role of jasmonate nor the primary sites of its action are known.
Some observations point to cell membranes: trigger function of jasmonates becomes
likewise plausible by physico-chemical or chemical interactions with biological
membranes. As a hypothesis, cell membrane constituents can be released, and acting
as clicitors they inducc alteration in gene expression (Thomas 1986).

The concentration of endogenous jasmonates increases in response to cxternal
stimuli, such as wounding (Creelman er ¢/ 1992), mechanical forces (Falkenstein et
al. 1991), and osmotic stress (Parthier ef o/ 1097). The stress-induced rise in
endogenous jasmonates suggests that they might be involved in the transduction
chain between external stress impulse and internal sircss response. The effects of
jasmonates show similarity 1o ABA action not only in the promotion of leaf
senescence, but also in the induction and accumulation of several abundant protein
classes in barley lcaf segments (Weidhase es al. 1987). which might be important in
acquired siress tolerance.

This study aimed at evaluating the role of exogenously applied JA-Me in counter-
acting the salt stress. The established protective effect was discussed with respeet to
involvement of JA-Me in osmorcgulation or osmoeproteetion based on increascd
proline accumulation and changes in concentrations of Na~ and Cl- in leaves.

Materials and methods

Plants: Sceds of Piston sarivum L. cv. Ran | perminated fur 3 d at 25 °C. Seedlings
were then transferred to pots containing distilled water. After 5 d, some of the plants
were placed in 105 M solution of JA-Me, pH 5.5. After 3 d, 30 mM NaCl was added
both to JA-Me treated and non-treated scedlings. Sumples for analysis were taken 4 d
after salinization. Control plants werc kept in distilled water. During the experimental
period. the seedlings grew in a growth chamber under white fluorescent lamps
(160 umol m=s71y with a 12 h photoperiod. Day/night temperatures were 25/20 “C,
and relative humidity was about 50 %4.
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Protoplasts were isolated by the method of Huber and Edwards (1975). The enzyme
medium contained 0.5 M sorbitol, 1 mM KILPO,, 1 mM MgCl,, 2 % cellulase
(Onozuka R-10), and 0.5 % peclinase (Macerozyme) dl pH 5.5, Leal segiments were
incubated with the enzyme medium at 30 °C [or 3 h.

Chloroplasts [rom green leaves of plants grown in different solutions were isolated
according to Jensen and Bassham (1966). The linal pellet was resuspended in a
medium containing 10 mM Tricie-NaOH (pH 8.0), 0.33 M sucrose, 10 mM NaCl,
and 5 mM MgCl,. Chlorophyll (Chl) concentration was determined by the method of
Fichtenthaler (1987).

Relative water content (RWC) was measured as described by Morgan (1986) except
that turgid mass was eblained aller soaking the leaves for 2 hin distilled waler.

14C 0, fixation {P) was measured in intact leaves or isolated chloroplasts. The leaves
in a closed chamber were kept for 20 min with 7.4 MBq '#C under an irradiation of
920 umol m?2 s!, and temperature of 25 “C. The plant material was killed with
boiling 80 % ethanol, and total radioactivity was measured. The reaction mixture for
14C0O, fixation in chloroplasts contained 0.5 M sorbitol, 2 mM MgCl,, 1 mM
KH,PO4, | mM MnCly,, | mM EDTA. 20 mM Tris-HCL pH 7.5, and 6 mM
NaH!14CO5. 19CO, fixation assays were performed in a total volume of 2 cm?’, at
30 °C for 20 min.

Enzyme assays: | g fresh mass of leaves was ground with 5 e¢m? of cold extraction
medium, containing 0.33 M sarbitol, 0.05 M Hepes-NaOH, 0.002 M KN, 0.002 M
FDTA, 0.001 M MnCl,, 0.001 M MgCl,y, 0.0005 M K,HPQO,, 0.02 M NaCl, and
0.2 M sodium isoascorbate (pH 7.6). The homogenate was centrifuged at 20 000x=g
for 15 min, and the supernatant was used directlv for enzyme assay.

The assay mixture for ribulose-1.5-bisphosphate carboxylase/oxygenase, RuBPC
(EC 4.1.1.39) contained 50 mM Hepes-NaOH (pH 8.0), 20 pmol MgCL,, 1 umol
DDT, 20 pmol NaHCO+ (containing 1.48 MBq of 14C, specific radioactivity 529
MBqg mol'"), and enzyme extract cquivalent to 0.3-0.4 mg ol protein. The reaction
volume was 1 cm?. Reaction at 25 °C was initiated by the addition of 2 pmol RuBP,
and stopped after 1 min with 6 M 11Cl The amount of 11CO, fixed into acid-stable
products was measured in a liquid scintillation counter.

The ELISA determination of RuBPCO was a modification of the method of
Demirevska-Kepova et al. (1990). Wells of PS microtiter plates (Labor-Technik,
Greiner, Germany) were covered with standard or unknown RuBPCO solution. Plates
were incubated at 4 °C for 18 h, and the wells were washed tree times with P3S that
contained 0,05 % Triton X-100, blocked with PBS, containing 1 % ovalbumin for 1 h
at 30 °C. An IgG-enriched rabbit anti-RuBPCO-immunoscrum (1 : 2500} in PBS
containing 0.5 % ovalbumin was added to the wells. Plales were incubated at 30 °C
for 90 min and washed as above. To cach well, 100 mm?3 of peroxidase conjugated
goat anti-rabbit 1gG diluted 1 : 1000 in PBS was added. The plates were washed after
30 min incubation at 30 “C. Finally, the colour was developed by adding 100 mm3
freshly prepared solution that contained 2 g m-3? o-phenylenediamine dihydrochloride
and 0.015 % H,0, in phosphate-citrate buffer, pH 5.0 (for peroxidase reaction).
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After § min incubation at room temperature, the reaction was stopped with 50 mm?
2 M H,80),. and absorbance was measured at 492 nm. Parallel controls were perfor-
med without peroxidase conjugalcd immunoserum, without autigene, and with pre-
immunoserum. The absorbance of each well was measured using an ELISA reader.

Chl fluorescence induction of leaf disks was measured using a modulation Chl
fluorometer PAM {0/ (H. Walz, Ellclrich, Germany). The measuring beam was set at
1.6 kiiz. The leaf disks was dark adapted [or at least 5 min before measuring.

Low tempcerature (77 K) fluorescence spectra of isolated thylakoids were registered
using a Jobin Yvor JY3 spectrofluorometer equipped with a liquid nitrogen device
and a red sensitive photomultiplier (/{umamatsy, Japan). The data were digitized,
collected by an built-in A/D converter, and transfernied w an on-ling /BM-compaiible
computer for [urther retrieval and analysis. Chl concentration was [0 mg m-3.

Other analyses: For mingral analysis, plant material was dried at 80 °C and powdered
in a mortar. CI” content was measured by silver ion titration using the method of
Cotlove (1963). Na- was determined by (lame photometry. Proline was determined
bv the method of Bates er a/. (1973). Protein was determined by the method of
Bradford (1976).

Results

The pea plants were very sensitive to salinity, and eoncentrations higher than 30 mM
NaCl had harmful effect on them. The used concentration reduced seedling growth
and the rate of 4CQ;, fixation (P). Pretreatment with JA-Me alleviated the inhibitory
effect af NaCl, and P of these seedlings wag higher in comparisen with that of salt

treated plants (Table 1).

Table 1. The pholosynthetic rate () of leaves [np(C0;) m=2 517, protein content [g kg l(fim.)],
proline content {mmol kg!'(fm.)], relative water content (RWC) [%)]. activity [mmol(}4C0,)
ke '(protein) 571 and quantity (%] of RuBPCO in leaves. contents of Na* and CI [g kgl(d.m.], and
P of protoplasts [mmol("CO7) kg '(Chb s in proteplasts of pea seedlings treated for 3 d with 107
M JA-Me belore treatment with 30 mM NaCl. Values are means = S.E. of 3 separate experiments.

Treatment P(leaves)Protein Proline RWC P{protopl). RuBPCO Nat Cl-
activity  content

Control 720460 15.8+1.6 840432 934  g7143p 94+00 100.0 1.8+0.2 1.7+0.3
JA-Me 570140 13.010.8 1020241 931 soxto% ¥.3+0.3 973 L.ex0.1 1.8+0.2
NaCl 280420  R.610.3 1480=47 B3 356+42 61103 1.2 28.8+1.439.1+34

JA-Me 44030 94404 1210423 918 s01+47 77+05 814 1944235263127
FNaCl

The decline of photosynthesis in response to increased salinity is to some extent
the result of decrcased stomatal conductance. I[lowever, in scveral instances
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decreased mesophyll conductance has also been observed which suggests inhibition
of photosynthesis at the biochemical level. To eliminate the action of stomata we
used isolated protoplasts to study the clleet of NaCl on the photosynthetic process
and involvement of JA-Me in photosynthetic responses to salinity.

‘The P of protoplasts isolated from plants subjected to salinity for 3 d was inhibited
by about 60 % {Table 1). The observed inhibition was due to the direct effect of NaCl
on photosynthesis because stomatal control was removed. P of protoplasts isolated
from plants pretreated with JA-Me before salt treatment was ca. 66 % higher than
that of protoplasts isolated rom plants treated with NaCl only. Feeding whole plants
through the roots with JA-Mc for 3 d slightly reduced P of protoplasts isolated from
these plants. JA-Me added cxogencusly (in vitro) to the protoplasts isolated from
centrol plants did not affect P (values not shown). We never found an effect on P
after addition of JA-Me 1o isolated mesophyll protoplasts, nevertheless, the
phytohormone was added 10 the suspension just hefore cxposure to NaH!4CO; or the
protoplasts were pretreated for 13, 30, and 60 min.

The RuBPCO activity was almost unaficered when the plants were treated with
10-5 M JA-Mc (Table 1}. Exposure of plants to salinity lead to some decrease af
enzyme activity,
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Fig. 1. 77 K fluorescence emission spectra of chloroplasts isolated from control (1), JA-Me (2),
NaCl (2), and JA-Me+NaCl (7) treated pea plants. The resuspending medium contained 10 mM
Tricine-NaOH (pH 8.0), 330 mM saccharose, 10 mM NaCl, and 5 mM MgCly. Chlorophyll
concentration was 10 g m=3. Excitation wavelength was 436 nm.

The low temperature fluorescence spectra upon excitation with 4 — 436 nm for
control, JA-Mc-, NaCl, and JA-Me+NaCl-treated chloroplasts (Fig. 1) showed that
JA-Me pretreatment lead to a decrcase of the fluorcscence maximnm in the region
685-695 nm attributed to pigments associated with PS2-LHC2 complex. ‘The
maximum at 735 nm, which is currently believed to belong to PSl-associated
pigmenta, was not altered. The NaCl-treated chloroplasts showed a reduced
fluorescence in both regions, but the decrcase of intensity al 735 nm was morc
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pronounced. Pretreatment of plants with JA-Me before exposure to salt stress
restored the luorescence yield in the region 685-695 nm to the level obtained for JA-
Me treated plants. The [luorescence mtensity at /35 nm was also enhanced but it did
not reach the level for control and JA-Me treated chloroplasts.

lable 2. 'T'he ratios F/35/F685, F/45/16Y95, and F68SY/F6YS obtained trom 77 K tluorescence
emission spectra (IFig. 1) of chloroplasts isclated from control, JA-Me-, NaCl-, and JA-Me+NaCl-
treated pea plants upon excitation at 436 and 472 nm. Mean values £ S.E. were calculated from 3
independent experiments.

‘I'reatment Excitaticn 436 nm Excitaticn 472 nm
F733/F685 F735/F695 F685/F6DS  F735/F685 F735/T695 T685/1'695

Control 1.3440.03 1444003 1.0820.02  1.1920.03  1.3320.02  1.1240.02
JA-Me 1.36x0.01  1.404+0.01 1.00+0.02 1.15£0.07 1.27+0.08 1.10+0.01
NaCl 1.2540.04 1382£0.04 1.10£0.01 1.1140.02  1.2540.05 1.1240.03

JA-MetNaCl  13140.04  1.4040.07  1.07+0.04 1102005 [.2540.06 1.18+£0.04

‘The ratio F735/F685 is usually used as a measure lor energy distribution between
both photosystems. The JA-Me treatment did not alter the F735/F685, but after NaCl
treatment, F733/F685 decreased: it was restored near to the level 1n the control when
plants were pretreated with JA-Me before salinization (Table 2), Hence NaCl may
affect the energy transfer between both photosvstems decreasing the extent of
spillover. After the JA-Me pretreatment the ratios F735/F685 reached the control
values thus indicating a similar energy distribution after salinization of JA-Me treated
plants.

Table 3. Room temperature chlorophyll (Chl) e fluorescence induction in leaf disk from control, JA-
Me-, NaCl-, and JA-Me+NaCl-treated plants. Parameters Fy and F./F,, represent immediate
nonvarialdle flumescence and e 1ato of vatiable (luerescence (0 maximal  {Tuorescence,
respectively.

Trealment Fy Fo'Fo
Control 0.088 0.728
JA-Me 0.087 0.732
NaCi 0.106 0.674

JA-MeiNaCl  0.082 0.714

The JA-Me freatment did not cause any remarkable changes of Fjy and F/F,
(Table 3). Salinity stress resuited in an about 10 % increase of I, Pretreatment with
JA-Me decreased the Fyy level to that of control chloroplasts. These results agree with
those on the preventing eftect of JA-Me pretreatment against salt-induced changes of
the low temperature fluorescence in the region of 685-695 nm. Exposure to high
concentration of NaCl decrcases I'y/I',. JA-Mc pretreatment restores the F/T, value
thus indicating that JA-Me protects the photosynthetic apparatus against salt stress.
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For better understanding of the established protective clfect of JA-Me we
investigated the proline content and Na* and CI” accumulation in plant tissues.
Proline accumulation as a response to salt stress is known in many plant specics
(Antolin and Sanchez-Diaz 1992). Proline content in JA-Me treated scedlings
increased in parallel to the proline content in seedlings subjecied 1o salt stress (Table
1}, but no synergistic effect was found when NaCi was supplicd to JA-Me pretreated
plants. The high content of free proline in NaCl treated plants might be due 1o an
appearance of mild osmotic stress (additionally to ionic stress). because RWC
decreased to 88.3 % (Table 1). This effect of NaCl was smaller in JA-Me pretreated
plants. JA-Me itself did not affect the leaf water status.

Concentrations of Na* and CI” (Table 1) of salt treated seedlings increased about
25 times as compared with control. As a result of pretrcatment with JA-Me, the
accumulation of Na' and Cl” decreased by 34 % in comparison with sall stressed
plants.

Digensginn

Exposure of pea seedlings to 30 mM NaCl results in inhibition of P, RuBPCO
activity, and electron transport rate in intact leaves. 14CO, fixation by protoplasts
isolated from the plants subjected to salinity for 3 d was reduced by more than 50 %.
This confirms non-stomatat limitation of photosynthesis by NaCl.

The measurements of variable flucrescence in whole Ieaves supported the notion
that the photosynthetic apparatus of the leaves was impaired by salt treatment. The
obtained mereasc of Fy may reflect some damage in efficicnt energy interaction
between antenna Chl o molecules and reaction centres. JA-Me  pretreatment
prevented the salt-induced decrease of F/F,, thus indicating the protective role of
JTA-Me for P32 efficiency.

Possible reason for the observed inhibition of’ 7 and RuBPCO activity could be the
inhibiting effect of salinity stress on synthesis of proteins, including the synthesis of
RuBPCO (Table 1). The observed change in the activity of RuBPCQO was probably in
sole extent due o different rates of protein synthesis, including the synthesis of
RuBPC, which decreased by about 30 %. Herrmann ef ¢l (1989) also show that in
excised barley leaves JA-Me induces inhibition of synthesis of photosynthesis-related
proteins such as the small and large subunits ol RuBPCO and proteins o the light-
harvesting complex. Lal ef al. (1996) established also in barley that with the decrease
in RuBPCO activity during stress there was a large corrcsponding decrease in
RuBPCO content, while there was no significant change in the RuBPCQ activation,

The hormonal control of stomatal movement is one of the impressive adaptations
of plants to osmotic stress. According to Satler and Thimann (1981) the exogenous
treatment of barley leaves with JA-Me causes closure of the stomata. JA-Me
treatment decreased both stomatal conductance and transpiration rate of pea leaves
(results not shown). The pretreatment with JA-Mc before salt treatment decreased
also Na' and Cl” accumulation in leaves which could be one of the reasons for the
observed protective action of JA-Me. Unavoidable uptake of specific ions by plants
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and accumulation of these ions in lcaves may result in an inhibition of photosynthesis
(Robinson ef a/. 1983, Seemann and Critchley 1985). This change in the endogenous
level of monovalient ions probably inhibits electron (ransport.

JA-Me enhances prolinc accumulation which may regulate osmotic balance of the
cell (Stewart and Lee 1974). JA-Me may act as stress modulator by changing the
stress tesponses of plants in 4 complex mannct. In our case the phylohormone
decreased accumulation of Na™ and CI™ ions in the lcaves and increascd the level of
endogenous free proline. JA-Me also inhibits stomatal opening (Raghavendra and
Reddy 1987, Satler and Thimann 1981) which results in lowering of transpiration.
The decrcased transpiration may probably lead to a limited transport of Na® and CI”
from root to shoot. We suggest that low concentralions of Na™ and CI” in the shoot
ar¢ important but not sufficient to cnsure plant survival at high salinity.
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