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Abstract

Experiments on the physiological significance of accumulation of proline and
glycinebetaine {GB) in sustaining photosynthesis during salt stress i wheat irr vivo
showed that pre-treatment with GB, but not proling, alleviated NaCl-induced
stomatal and non-stomatal inhibition of photosynthesis completely. A permeating and
non-dissociating osmoticum, 3-orthomethyl-glucopyranose, also alleviated NaCli-
induced pertwbations of  photosynthesis, suggesting that GB may work by
maintaining chloroplast volume and not by specific effects on photosynthetic
processes.

Additional kev wordy. assmilation rate; COs; intercellular CO, partial pressure; 3-orthomethyl-
glucopyranose; stomatal conductance.

Introduction

Proline and glycinchetaine acenmilate in response to water stress and salt stress in
wheat, pea, and in halophytes (Stewart and Lee 1974, Coughlan and Wyn Jones
1980, Wyn Jones and Storey 1981, Rajasckaran 1988, Fedina and Popova 1996).
They act in asmerepulation (Stewart and Lee 1974, Storey and Wyn Jones 1977,
Jagels 1983, Jolivet er af. 1983, Grumet and Hanson 1986), in prolecting proteins
(Nash ¢ af. 1982, Paleg e/ af. 1984), and in protecting enzymes (Pollard and Wyn
Jones 19793, The studies of Rajasekaran (198R) indicate that proline and GB may
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have additional roles. A major proportion of the proline and GB is found in
chloroplasts (Noguchi er al. 1966, Stewart and Lee 1974, Hanson ef al. 1985,
Raohinson and Tones 1986), suggesting that these compounds may have specific
role(s) in this organelle. An in vivo rofe for proline and GB has yet to be established
for salt stressed glycophytes. The experiments in this study were planned to explore
the possible rale(s) of these compounds in sustaining photosynthesis in wheat during
NaCl stress in vive.

Materials and methods

Seedlings of wheat (Triticum aestivum L.) cv. Sun-9-E were sown on different dates,
grown 1n a glasshouse at 20 °C for 70 d, and supplied with full strength Hoagland
nutrient solution. CO;, gas exchange measurements were made on the flag leaf on the
715t d. The net photosynthetic ratc (Py) of an attached flag lcal’ of wheal was
measured with an open gas exchange system constructed as described by Caemmerer
and Farquhar (1981). Measurements began usually at 09:00 h, and continued until
17:00 h. NaCl (0, 100, 150 or 200 mM) was fed to the penultimate MNay leafl through
the cut end of the leaf tip, and the leaf was equilibrated in the gas exchange chamber
for 30 min before the gas exchange measurements started. Leaves to be measured
were enclosed with an aluminium and glass cuvcette kept al a conslant temperature of
20.540.2 °C. Flow rate through the cuvette was 15 em? s-1. Air passing over the leaf
was conditioned by removing CQO, with soda lime, and then humidified with a dew
point sct when the air passed through the glass condenser at 18 °C. Water vapour
content was determined by a Vaisala HM (Vaisala, OY, Helsinki, Finland) capacitive
sensor. The CO, concentration was established by injecting 10 % CO, in air into the
air strean (hrough 2 mass flow controller. The CO, depletion caused by the leaf was
measured with an infra red gas analyzer (ADC Mark 117). Air was circulated inside
the cuvette by a small fan. The irradiation source was a tungsten halogen lamp. The
£'x, ranspiration rate (), leaf conductance (g,), and intercellular CQ, concentration
(¢;) were calculated on a computer (2PC /1]) attached system, Calculation of results
followed those set out by Caemmerer and Farquhar (1981).

On the day of measurement, the plants werc taken from the glasshouse to the 2as
exchange unit. The penultimate leaf was laid across the cuvette. The top of the
cuvette was then laid over the leat, and tightened with clamp screws until the inside
vuvete was completely seated from outside arwr. After 15-30 min equilibration, the
partial pressure of CO, within the cuvette {¢,) was increased from 35-90 Pa, and
riplicate gas exchange measurements were made al an ambicnt CO, concentration of
35 Pa. The ¢, was then reduced down to 5 Pa, and measurements were made at low
¢ 0f 5-35 Pa to obtain a curvilinear relationship.

The intact wheat flag leaf was used for examination of the responses of gas
exchange parameters 1o otganic solutes as the leaf was long enough to extend beyond
the gas exchange chamber. Gas exchange at various ¢, was measurced. The leaf tip
was then cut under water, and solutions fed through the cut tip. # was expected to be
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high in the leaf chamber due to high irradiance, so solutions fed through the cut end
would have reached the site of gas exchange rapidly.

In experiments to investigate the effects of solutes on photosynthesis, solutes such
as proline (20 mM), GB (5, 10 mM), or 3-O-methyl glucopyranose (3-OMG) (Sigma,
Australia) (5 mM) were pre-fed to the penultimate flag leaf through the cut end of the
leaf tip which were then equilibrated in the pas exchange chamber for 30 min. After
this period, the solutions were replaced with 200 mM NaCl, and the leaf tips were
equilibrated for further 30 min before pas exchange measurements began. The distal
end of the leaf tip remained in salt solution until the measurement was completed.
The Py, E, leaf temperature, g, and ¢; were measured simultaneously over a range of
¢.. These measurements were made on a single lcat for each treatment.

Results

The effect of a range of NaCl concentrations on photosynthesis: Increase in the NaCl
concentration in the solution bathing the cut end of the leaf tip resulted in a decline in
&s (expressed as ,0 conductance), compared to the control (Fig. 14, Table 1).
However, ¢; at ambient CO, concentration did not show any decline with g, except at
200 mM NaCl. In the leaf fed with 200 mM NaCl the value of ¢ /c; declined from
0.77 to 0.69 at ambient CO, concentration, indicating that stomatal limitation of
photosynthesis increased due to NaCl treatment to 9.9 %. Parallel to this response, i7
dechned, accompanied by an increase in 7] (Table 1).

‘Table 1. The effects of range of NaCl concentrations on not photosynthetic rate (Py) [pmol m™? ¢!,
stomatal conductance (g,) [mmol m? s, ratio of cxternal and intercellular CO; concentrations
(e /ey, tramspiration vate (F) [mol m<2 <1 and leaf temperature () [°C] at ambient CO, partial
pressure (35 Pa) (values obtained from Fig. 14.8).

NaCl [mM]| Py 2y s i K

0 23.0 737 0.77 231 6.18
100 23.0 705 0.78 232 6.05
150 14.8 463 0.78 239 4.50
200 9.2 178 0.69 256 2.68

Further on, the effect of NaCl on 7’y was measured at varying ¢; (Fig. 1B). The
initial slope of the response of ¢; at 5 Pa is being used as a measure of the RuBP-
carhoxylase-limited CQO; fixation capacity of the leaves (Caemmerer and Farquhar
1981, Seemann and Berry 1982). Determination of the initial slope permits an
assessment of photosynthetic capacity, independent on stomatal aperture, since
caleulation of ¢ includes differences in g, An increase in NaCl concentration above
100 mM resulted in a decline in #y at an ambient CO, partial pressure of 35 Pa
(Table t): the reduction was 33.7 (at 150 mM NaCl) and 60 (at 200 mM NaCl) %,
Furthermore, Na(l inhihited the ('0,-limited (initial slope of Py:¢; curve) rate of
photosynthesis. Test of significance ot slopes of the regressions of Py¢; at the linear
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region of the curve (Fig. 24) showed a significant difference in the slopes between
control and NaCl (150, 200 mM) treated leaves, indicating that NaCl influenced
RuBP cartboxylase (RuBPC}) activity significantly. NaCl also influenced the CO,-
saturated Py (upper portion of the Py curve - Fig. 18) at 150 and 200 mM
concentrations,
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Fig. 1. Eftects of NaCl (4, B) and pre-treatments with proline (€. D), glveinebetaine (GR) (£, /). and
J-ortho-methylglucopyranose (3-OMG) (G, /) on stomatal conductance (4, € k. ) or net
photosvnthetic rate (774) (8. £ £ H) at various intcreullular CO; concontrarions (). 7 - contral. A,
A NaCl [mM] 100 (@), 150 (M), or 200 (A). ], /): water > 200 mM NaCl W, 20 mM proling —
200 mM NaCl A&, £ [7 water — 200 mM NaCl B, 3 mM GB - 200 mM NaCl A G, H: water —
200 mM NaCl Bl 5 mM 3-OMG — 200 mM NaCl &

The effect of pre-treatment with proline: The g, of control leaves was about 0.74
umol m2 571 Pre-treatment with proline alleviated the NaCl induced effect to a small
extent only (17 % at 35 Pa CO, - Fig. 10).

As with the previous experiment, feeding NaCl (200 mM) to the leaf substantially
reduced both CO,-limited and CO,-saturated Py compared to the control (Fig. 1D).
Although proline pre-treatment appeared to alleviate NaCl-inhibited Py in both
regions of the y:¢; curve to some extent, the test of significance of the slope of the

regressions for the CO,-limited region showed no significant alleviation of Na(l
inhibition (Figs. 1¢, 24).
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The effect of pre-treatment with GB: A substantial reduction in g, due to the exposure
to NaCl, similar as observed in the previous experiment, was found. Here, however,
pre-treatment with GB substantially alleviated this response, a 10 mM concentration
giving g, similar to control values (Fig. 11).

As in the previous experiments, NaCl substantially reduced the CO,-limited and
COy-saturated /. Pre-treatment with GB completely alleviated this inhibition in
both regions of the Pyic; curve irtespective of the concentration range tested (Fig,
1i7y. Test of significance of the slopes of the regressions of the hnearly related
regions of the Pyie; curve showed no gignificant difference between control and GB
pre-treated leaves (Fig. 2C), indicating that GB protected RuBPC activity from NaCl
mhibition.

The effect of pre-treatment with 3-OMG. This pre-treatment completely eliminated
the stomatal barrier consequent apon exposure to NaCl, as did GB (Fig. 10).

The responscs of the NaCl exposed leaf in photosynthesis were consistent with the
previous experiments. Pre-treatment with 3-OMG alleviated NaCl-induced inhibition
of both CO,-limited and CO,-saturated Py substantially as did GB (Fig. 14), and the
test of significance of slopes of the regressions (Fig. 2/2) for the lmear region of the
e curves showed that 3-OMG also produced complete recovery from NaCl-
inhibition,

Discussion

Salt effects on photosynthesis have been reported for many plant species (Gale ef af.
1967, Downton and Millhouse 1983, Seemann and Critchley 1985, Yeo ef ol 1985,
West e ol 1986). However, in all these studies the direct cffects of salt were
indistinguishable from alteration in photosynthesis indueced by perturbations in root
metabolism. NaCl influences root metabolism, particularly that of cytokinins and
abscisic acid (ABA) (Itai and Vaadia 1965, Walker and Dumbroof 1981). An
increase in ABA concentration and a reduction in ¢ytokinins influence both stomatal
and non-stomatal factors controlling photosynthesis (Jones and Mansfield 1972,
Raschke 1979, Davis ¢f of. 1986). Feeding saft through the leal Lip facililated
investigation of the cffects of salt on photosynthesis with less likelihood of
perturbations at root level. The response we observed indicated that solutes led
through the cut leaf reached the site of measurement.

Salt cffccts on photosynthetic processes fall into two major categories: (J)
response of stomata to salinization, and (2) effects of salt on the capacity of the plant
for CO, fixation, independent of altered diffusion limitations. Stomatal ¢losure is
generally associated with salimization of plycophytes (Gale er @l 1967, Downton
1977, Walker ¢ @l 1983). Our results showed that g was reduced by NaCl;
however, the extent to which stomaral closure affects photosynthetic capacity is
indicated by the magnitude of reduction m ¢; (Berry and Downton 1982, Farquhar
and Sharkey 1982). Our rcsults showed no decline m ¢; (at an ambient CO,
concentration of 33 Pa) upto 150 mM NaCl, and a reducticn of only 9.9 % ar 200
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mM NaCl (Tabte 1). Thus the decline 1n y was not solely due to limitation in CO,
diffusion.

The extent of non-stomatal limitations on Py can be assessed in vivo by analyzing
the response of Py to varying c; since the mitial slope at CO, limiting region 1s
dependent on the kinetics and concentration of RuBPC, and the response at high CO,
concentration in  CO,-gaturating region is a function of the capacity for the
regeneration of RuBP (Caemmerer and Farquhar 1981, Seemann and Berry 1982,
Badger et al. 1984). Using such an approach, Ball and Farquhar (1984) found that
salinity brought about a reduction in both the initial slope and the CO,-saturated
portion of the Pn.¢; curve. The response of Py in wheat, in the present study (Fig.
107,13, was simular to that found in a number of sait sensitive glycophytes (Gale ef of.
1967, Downton 1977, Walker e/ ««f. 1983). The biochemical basis for such allerations
in photosynthetic capacity as a result of stress is yet to be understood. Changes in Py
of the leaf that are not a consequence of increased diffusional limitations, may be the
result of either reduction 1n capacity or efficiency of RuBPC, or of reduction in
regeneration capacity. This conclusion, however, rests on uniformity of responses in
stomatal aperture. Terashima ef of. (1988) with Vicia faba found that the apparent
non-stomatal inhibition of Py by ABA, deduced from the depression of g
rctationship, is an artifact which they have attributed to the non-uniform distribution
of I and P over the leaves. However, no such variation in wheat has been reported
so far.

Py [pmolm-2 1]

Py [umol M2 g7)

g [Pa]

Fig. 2. Relationship between intercellular C(), partial pressure (c;) and net photosynthetic rate ()
affceted by MNaCl (1) or pre-treatments with proline (B}, glveinebetaine (GB} (C), or 3-orthomethyl
glucopyranose (3-OMG) (D). Values obtained from lincar portion of Py/e; curves of Fig. 18,0 F.G.
Standard deviations (SD), standard crrors of mean differences of slopes (SES), Teast square deviations

at ty s (LSD), and significance (" = 0.01 %) of slopes R of the regression between ¢; and Py was as
follows:

362
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Symbol  Trcatment Regression equatton R
A A control Y  0.1018 + 0.0818X 097"
L 100 mM NaCl Y=-09927 +0,0842X 099"
| 150 mM NaCl Y=-1.3441 + 0.0576X 0.99**
A 200 mM NaCl Y= -3.3321+0.0539X  L.o0™
SD 0.0158
SES 0.079
[.SD 00161
B 4 control Y 01018 +0.0818X 097"
u water  » 200 mM NaCl Y=-3.3321 i 0.0539X 1.00**
A 20 mM proling — 206 mM NaCl  Y=-2.0963 + 0.0645X 098
SD 00141
SES 0.0081
LSD 00219
¢ control Y = -2.4040 - 0.0801X .00
u water —» 200 mM NaCl Y —-3.3321 - 0.0539X  L.0o0™”
A 5 mM GB -» 200 mM NaCl Y =-1.9732 + 0.0696X 0997
L f0mM GB - 200 mM NaCl Y —-1. 7037 + 0.0710X 0.99**
SD 0.0109
SES 0.0055
LSD 00113
noA control Y =-04175+0.0791X 098"
u water > 200 mM NaCl Y - -3.3321 +0.0339X 1,007
A 5 mM 3-OMG — 200 mM NaCl Y — L1.5668 + 0.0788X 0.00%**

5D 0.0145
SES 0.0084
L.SD 00174

Reduction in C(Q, saturated non-lingar region of Py suggests that NaCl influences
gither (he capacity to regencrate RulB3P (Tarquhar and Cacmmerer 1982} or to utilize
triose phosphate (Badger ef al. 1984). Reduction in regeneration capacity indicates
that limitations in rate of photosynthetic electron transport processes are not as
sensitive as enzyme reactions. In another glycophyle, (omato, subjected to NaCl there
was no reduction in electron transport (Rajasekaran 1988 and unpublished). In
halophytes, the electron transport is considerably enhanced in viiro during salt stress
(Critchley 1982), while the enzymes in halophytes are 4s sall sensitive as glycophylte
enzymcs in virro (Flowers ef af. 1977). It 1s easier to envisage how triose phosphate
wtilization (TPUY could limit photosynthesis of NaCl-siressed teaves. TPU involves
the conversion of triose phosphates, products of phosphorylation of 3-
phosphoglycerate, mto starch and sucrose, with a resultant release of inorganic
phosphate. If TPU proceeds at a rate lesser than #y, the morganic phosphates
released will be insufficient to maintain phosphorylation, and Py would decline.

Pre-treatment with proline in the present study showed some effect in alleviating
NaCl-induced photosynthesis (Fig. 1, 1), but a complete recovery was not observed.
incharoensakdi ¢f /. (1986) have also observed ineffectiveness of proline in
alleviating KCl-induced inhibition of RuBPC. However, this may be due to the
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proline being rapidly metabolized. Exogenous labelled proline is oxidized in turgid
leaves (Oaks er al. 1970, Stewart 1972), resulting in carbon being fed into Krebs
oyele and respired.

Pre-treatment with GB virtually abolished the NaCl-induced decline in 7y in both
the CO, hmited and saturated regions (Fig. 1777, suggesting that GB acts as a
compatible osmoticum in protecting “photofunction” during sali stess.  Such
protective roles of GB have been established in vitro (Paleg ef al. 1981, 1984,
Incharoensakdi ez /. 1986). Pre-treatment with GB also ameliorated NaCl effects on
&g The alleviation of NaCl-inhibitcd photosynthesis was not solely dug to the
alleviated stomatal response because ¢; was not greatly limited by g, suggesting that
protection of the activity of RuBPC and capacity to regenerate RuBP were involved.
A similar cffcet of GB in protecting RuBPC activity against inhibition by KCJ has
been demonstrated in the cyanobacterium Aphanothece halophytica (Incharoensakdi
el al. 1980).

These amcliorative cffects of GB way be due simply to the maintenance of the
osmotic volume of the chloroplast as 3-OMG, a permeating, non-dissociating
osmoticum {Greenway e/ al. 1982) also alleviated NaCl-inhibited Py (Fig. 1G,H). In
spinach, a major proportion (30-40 %) of GB accumulates in chloroplasts, in
response to NaCl stress, contributing 64 % of the decrease in osmotic potential of the
chloroplast. There was no decline in Py (Robinson and Joncs 1986). Alternatively,
Incharoensakdi ef o/, (1980) claim that the alleviating nature of GB comes from the
methyl group of this compound. They have shown many methylated compounds such
as glycerol, sucrose and sarcosine protect RuBPC activity as effectively as GB, and
suggest that these methylated compounds protect the enzyme-protein activity by
acting at the protein-water interface, decreasing the effects of concentrated salts on
the cnzyme proteins and other macromolecules. However, as similar protective
elfects are observed (Incharoensakdi ef al. 1986) with 300 mM KCl on heat and cold
inactivated RuBP-carboxylasc activity, the possibility that a specific effect of the
methyl group of the GB molecule is involved seems to be ruled out,
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