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ABSTRACT

Sugar beet (Beta vulgaris 1..) plants grown in sand culture were gradually exposed to
different levels of salinity (0, 50, 150, 250, and 350 mM, NaCl + CaCl, in 5:1 molar ratio) and
photosynthetic rates of individual attached leaves were measured during salinisation period at
external CO, concentrations ranging from approximately 70 to 1500 pmol CO;, mol™ air.
Salinity dramatically decreased net photosynthesis (Aco2) and stomatal conductance (g;). Net
photosynthesis was plotted against computed leaf internal CO; concentration (Cy), and the initial
slope of this Acg,-Ci curve was used as a measure of photosynthetic ability. Leaves from plants
exposed to 50 mM salinity showed little change in photosynthesis, whereas those treated to high
levels of salinity had up to 91.5% inhibition, with increase in CO, compensation point. Leaves
appeared healthy and leaf chlorophyll content increased with increasing salinity. Although
partial stomatal closuer occurred with salinisation but reductions in photosynthesis were partly
non-stomatal at high levels of salt treatment. Photosynthetic ability was inversely related to the
concentration of either Na' and CI” in the leaf laminas sampled at the end of experimental
period.
Key words: Photosynthetic ability, Salt stress, Stomatal conductance, Sugar beet.
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INTRODUCTION

Most plants exposed to salinity show less CO; uptake by their leaves than the same
plants not exposed to salinity (17, 19). The photosynthetic capacity of plants grown under saline
conditions is depressed depending on type of salinity, duration of treatment, species and plant
age (1, 10, 19). Many studies have concluded that the reduction in photosynthesis in response to
salinity is to some extent the result of reduced stomatal conductance (2, 5, 11, 21, 27, 28) and
consequently restriction of the availability of CO, for carboxylation (8, 27). The reduction in
stomatal conductance (g;) under salt stress is estimated to substantial, with the intercellular CO,
concentration reduced by up to 30% (13). Although reduction of photosynthesis by salinity is
partly due to a reduced stomatal conductance, non-stomatal inhibition of photosynthesis, caused
by direct effect of NaCl on the photosynthetic apparatus have been reported for some species
(19, 26, 29). These non-stomatal factors consist of a reduced efficiency of ribulose 1,5-
bisphosphate carboxylase (RUBPcase), reduction of RUBP regeneration, the sensitivity of
photosystem II to NaCl and a reduction in chlorophyll pigments to absorb light (3, 4, 7, 25).

Carbon assimilation is central to plant growth and productivity, and a better
understanding of the factors that contribute to its inhibition by excess salinity may provide future
strategies for plant improvement. Although several studies have shown that photosynthetic rates
of some plants are reduced by salinity, information on associated physiological changes
occurring during salinisation is lacking. Therefore, the aims of present study were to assess
photosynthetic ability, chlorophyll content and ionic relations that occur in individual attached

leaves of sugar beet when plants are exposed to salt stress.

MATERIALS AND METHODS

Plant culture and salinisation
Seeds of sugar beet plants (Beta vuigaris cv Madison) were sown 5 mm deep in plastic

containers (40 x 20 x 10 cm) filled with vermiculite. After emergence, seedlings were
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transplanted to 15 cm diameter plastic pots containing washed sand and with a saucer under
them to prevent leaching after irrigation and transferred-to a controlled envitonment chamber in
the Agriculture Building of The University of Newcastle upon Tyne. The growth conditions
were 26+1 °C/ 16£1 °C (day/night), relative humidity was between 45-55%. Photon flux density
(PFD) was about 250 pmol m™ s at canopy height with 16-h photoperiod. Five levels of
salinity (0, 50, 150, 250, 350 mM NaCl‘ + CaCl, in 5:1 molar ratio) were imposed through
irrigation from the time most plants were at the 4-leaf stage and continued for 8 weeks. Salts
were added to the modified Hoagland nutrient solution (23). The pots were flushed out with
saline water contain nutrient every week to ensure homogeneity of salinity and nutrient supply in
the growth medium. To prevent shock to plants, irrigation started with 50 mM saline water and

was increased by 50 mM every other day until reaching each salinity level.

Gas-exchange measurement

Gas exchange patterns in sugar beet leaves were studied in the presence of salinity
under controlled environmental condition. Net photosynthesis (Acoy) of the attached youngest
fully expanded leaf was measured by enclosing the middle part of leaf in the cuvette of a
Combined Infra Red Gas Analysis System (CIRAS-1 Portable photosynthesis system) at week
8" The area of cuvette that caught full illumination was 2.5 cm’. Measurements and results were
displayed on the analyzer display panel and also recorded on the data storage system. In order to
study photosynthetic ability, photosynthetic rates of individual attached leaves were measured at
different levels of external CO, concentrations ranging from approximately 70 to 1500 pu mol

CO, mol" air and saturated light intensity (1500 w mol photon m”s™).

Leaf Chlorophyll Content

Extraction of chlorophyll pigments from the finely ground leaf samples was carried out
using 80% acetone. The absorbance of optically clear filtrates were measured at 664 and 647 nm
using a Beckman spectrophotometer. The chlorophyll a4, b and total chlorophyll (pg/cm?) were

computed using the equations given by Porra et al. (24).

Leaf Chlorophyll Fluorecence
Leaf chlorophyll fluorescence measurements were done on youngest fully expanded
leaves at week 8™ by using the Plant Efficiency Analyser (PEA) (Hansatech, Norfolla England).

Measurement of maximum and minimum chlorophyll fluorescence (F,, and Fy, respectively) was
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used to assess photosynthetic tolerance to environmental constraints. The F, (variable
fluorescence) / Fy, ratio (F, = F,, —F;) gives an indication of the status of the photosynthetic
apparatus, since fluorescence emission is inversely proportional to the amount of light utilized
photosynthetically. Determination of F,/F,, ratio was made on dark- adapted leaves of all

treatments.

Leaf ion analysis

For Na' analysis, the leaves blade that were used for gas-exchange measurement were
removed from the plants and were ashed in furnace for 24h at 500 °C. The ashes were dissolved
in 50% Hydrochloric acid, diluted in distilled water and filtered through a sheet of Whatman
paper. Na~ contents were determined by flame photometer. Chloride (CI') determinations were
made on a distilled water extract of the dried sample, shaken for 24 h and then filtered through a
90 mm Whatman No.2 filter paper. The amount of CI" was measured by ion-exchange
chromatography using DIONEX Model DX 500, fitted with a CD20 conductivity Detector, IP
25 pump and AS 14 Ton Exchange Column.

Specific leaf area (SLA) is defined as the unit of leaf area per weight of leaf materials.
It could be calculated as follow:
SLA=La/Lw

Where Ly is the leaf area (cm?) and Ly is weight of leaf (g).

Data analysis

This experiment was carried out base on randomized complete-block design. The data
for all characters were analysed using the analysis of variance procedure of Statistical Analysis
System (SAS) software, version 6.12, Means were compared by Duncan’s multiple range tests at

the 0.05 probability level for all comparisons.

RESULTS AND DISCUSSION
Leaf photosynthesis (Aco;) significantly (P< 0.0001) decreased with increasing salt
concentration. Leaf photosynthesis of plants grown at low (50 mM) and'high (350 mM) levels of
salinity declined 19.3% and 91.6% respectively compared with controls (Table 1). The adverse
effect of salinity on Acq, was associated with a significant decrease in stomatal conductance.

Stomatal conductance of plants irrigated with low level of salinity (50 mM) was decreased 24%
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compared with controls. At high level of salinity stomatal conductance was very low (89.5%
decrease) (Table 1).

Although, stomatal conductance (g;) and levels of saliﬁity were highly correlated
(r = 0. 94) (Fig. 1), g, might not be the only reason for photosynthesis reduction at high levels
of salt concentrations. The ratio of intercellular CO; (C;) to ambient CO; (C,) concenuafion
decreased up to 150 mM salinity compared to control (Fig. 2). In spite of decreasing Aco and g;
with increasing levels of salinity, C/C, ratio not only showed no significant reduction at 250
mM compared to control plants but on the contrary increased at 350 mM salt concentration (Fig.
2). In other words, Ci concentration increased at high levels of salinity. This showed that non-
stomatal factors could be involved in reduction of photosynthesis at high levels of salinity.

Leaf chlorophyll a, chlorophyll b and total chlorophyll content generally increased with
increasing salinity (Fig. 3). The amount of leaf total chlorophyll and photosynthesis showed a
negative correlation in the presence of salinity (Fig. 4). This could be due to the negative effect
of salinity on photosynthesis, and its positive effect on chlorophyll contents.

The presence of salts (NaCl and CaCl,) in the root medium induced an important
increase in Na* and CI' concentrations in leaves (Fig. 5). Leaf sodium concentration increased up
to 7 times control value at the highest salt treatment while CI" content in leaves increased up to

21 times control value at the same salini!y.

Table 1. Photosynthesis (Aco2) and stomatal conductance (g,) (means+S.E) of sugar beet plants
at ambient CO, concentration (370 pmol CO, mol™ air) and 1500 pmol photon m™ s light
intensity. Each number is the mean of four measurements. The numbers in pranthesis are percent
of reduction compared to control.

Salinity 0 50mM 150mM 250mM 350mM
Control
Acoz 16.33+0.53 13.18+0.37 9.90+0.52 3.53+0.35 1.380.19
(0) (19.30) (39.36) (78.3) (91.58)
& 317.5+13.77 241.3+8.28 126.3+8.60 60.0£5.40 33.3+3.50
0) (24.02) (60.24) (81.10) (89.53)
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Fig. 1. Stomatal conductance (g,) of sugar beet plants at five levels of salinity. Values
represent the mean rate of gas exchange for measurements made on youngest
expanded leaf (youngest leaf over 50% full size). Each point is the average of four

measurements.
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Fig. 2. Ratio of intercellular to ambient CO, concentration (C/C,) of youngest fully
expanded leaves of sugar beet at different levels of salinity. Each point is the average of
four measurements. Vertical lines are standard error of the means and different letters
indicate significant differences within salt concentrations according to the Duncan test
(P <0.05).
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Fig 3. Amount of chl a, chl b, and total hlorophyll of youngest sugar beet leaves of
different levels of salinity. Each histogram is the mean of four measurements.
Vertical lines are standard error of the means and different letters indicate significant
differences within salt concentrations according to the Duncan test (P <0.05).
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Fig. 4. Relationship between photosynthesis (Aco;) and -total leaf chlorophyll content at
different levels of salinity. Each point is the mean of four measurements,
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Fig. 5. Leaf sodium (Na") and Chloride (CI') concentration after long term exposure to
different salt concentrations. Each bar is the average of four replications. Vertical lines
are standard error of the mean and different letters indicate significant differences
within salt concentrations according to the Duncan test (P<0.05).

Photosynthesis and stomatal parameters

This study indicate substantially lower net photosynthesis rate with increasing salinity.
Similar results were obtained with other plants by Everard ef al. (14), Flanagan and Jefferies
(15) and Guanghni et al. (17). In the present study, increased salinity treatments often had
significantly smaller stomatal conductance. This has been found in most other studies on
halophyte species (9, 31). Everard et al. (14) reported that photosynthesis at intermediate salinity
(100 mM) in celery (Apium graveolens L.) is limited by a decrease in stomatal conductance, and
at the highest level (300 mM), carboxylation capacity (by measuring Ci) and electron transport
(fluorescence) were the apparent prevailing limitations to photosynthesis. Lower rates of net
photosynthesis at higher levels of salt concentrations were associated with decreased stomatal
conductance (Fig. 1). Decreased stomatal conductance however had relatively little effect on
intercellular CO; (C;) concentration, which responded in a complex fashion. If stomatal closuer
was the main reason for decreased rates of net photosynthesis at high levels of salinity (250 mM
and 350 mM), it would be expected that there would be lower intercellular CO; (C;)
concentrations. The absence of such an observation of salinities above 150 mM suggests that a

non-stomatal effect limited photosynthesis at higher salinities.
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Photosynthesis and non-stomatal parameters

. Reduction in photosynthesis (Acg;) which may be a consequence of non-stomatal
inhibition of Acg, by salt has been also observed in some species (12). These alterations in
“capacity must be the result of either a change in the leaf content of photosynthetic machinery
and / or alteration in the efficiency with which this machinery operates.

Total chlorophyll pigments under saline conditions increased. A negative relationship
(r= 0,91-) was, however, ot'aserved between Aco; and total chlorophyll in sugar beet plants and
levels of salinity (Fig. 4). An explanation for this negative correlation is because of contrasting
effects of salinity on photosynthesis (Aco; was decreased with increasing salt concentration). In
contrast, chlorophyll content was increased with increasing salinity. This increasing in
chlorophyll can be due to negative effect of salinity on specific leaf area (SLA) (Fig. 6). As SLA
is considered as a measure of leaf density or thickness (10}, leaves of stressed plants become
thicker than leaves of non-stressed plants, and thicker leaves contain more cells per leaf area
unit. Therefore, as both Acg; and chlorophyll concentration are expressed per leaf area,
chlorophyll content could not be a limiting factor on photosynthesis in the presence of salinity.
The ratio of variable to maximum fluorescence (F./F,) was significantly reduced amongst
salinity levels but not between control and 50 mM (Fig. 7). Maximum level of fluorescence (Fr)
was lower in salt treated plants than in control, which suggests that there might have been some
damage to photosystem II reaction centers, or in transfer of excitation energy from the antenna
to the reaction centers due to salinity. Some researchers have found that salt stress is
accompanied by oxidation damage in plants (16, 18). Lower F,/Fy, in salt stressed compared to
the control plants indicates that RuBP regeneration, which needs adequate electron translocation
from PSII to electron acceptors, might be disturbed by salinity. However, in this study although
there were significant differences in F/F,, in different salt treatments, values of F./F,, were
relatively high for both control and salt stress treatments (0.91 - 0.76) (Fig. 7). Similar values of
F./Fn, were found by Belkodja ef al. (6) and Kafi (20) for barley and wheat respectively, grown
in the presence of salinity.

Net photosynthesis was plotted against computed leaf internal CO, concentration, and
the initial slope of Acos-C; curves were calculated (Fig. 8). The initial slope of the Aco2/C; curve
is a convenient measure of efficiency often defined as the carboxylation efficiency (CE), and
greater decreases in CE were observed with increase salinity level (Fig. 9). Changes in
carboxylation efficiency with salinisation have been reported previously (7, 13) and may

indicate a lower activity of RuBisCO because the initial slope of Acy/C; curve is thought to be
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controlled mainly by ability of the enzyme to fix CO, (30). Plants treated to 50 mM salinity had
little or no decline in photosynthetic ability after 8 weeks of salinisation, indicating that sugar
beet plants are able to-tolerant moderate levels of salinity for long period of time. For those
plants salinized to higher levels (150, 250 and 350 mM), photosynthetic ability was reduced.
Surprisingly, leaves of plants at higher salinity remained healthy looking and continued to
photosynthetize, although at the reduced rate, when as much as 18.5% of their dry weight was
composed of harmful ions (Na” and CI'). This attests to either the plants ability to
compartmentalize these ions, or to the durability of photosynthetic process. Although partial
stomatal closure also occurred (Fig. 1) but it does not seem to be the main factor of reductions in
photosynthesis at high levels of salt treatment. The reasons are similar to those discussed by Lu
and Zhang (22) for wheat leaves exposed to salt stress. As can be seen in Fig 2. Cy/C, ratio
decreased up to 150 mM salinity, however, at 250 and 350 mM despite reduction in Acg, and g,
the Ci/C, ratio actually increased. It is likely that the increased intercellular CO, concentration
(Ci) was mainly associated with the decreased CO, fixation of mesophyll cells due to the
decreased CO» assimilation capacity (22). Correlation between leaf elemental composition
and photosynthetic ability revealed that levels of both Na™ and CI' in the leaf tissue are
proportional to the degree of photosynthetic reduction. No threshold concentration for damage is
seen for cither of these two ions. A similar result for Na' in rice (32) and Na' and CI in
Capsicum annuum (7) has been found. It can be said that either or both effects of Na” and CI’
concentration inhibited photosynthesis. However, sodium has been implicated as being more
harmful than CI" because in our experiment it showed a closer correlation (r=-0.98) with

inhibition of photosynthesis rather than CI' (r=-0.95) (but not significantly).
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Fig. 6. Effect of different levels of salinity on specific leaf area (SLA) of sugar beet
plants after 16 weeks of salinisation. Each bar is the average of four
replications. Vertical lines indicate standard error of the means and different
letters indicate significant differences within salt concentrations according to
the Duncan test (P <0.05).
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Fig. 7. Chlorophyll fluorescence: F./F,, ratio of youngest expanded leaves of sugar beet plants
at different levels of salinity. Each histogram is the mean of four measurements. Vertical
bars are standard error of the mean and different letters indicate significant differences
within salt concentrations according to the Duncan test (P <0.05).
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Fig. 8. Relation between net assimilation rate and substomatal CO, concentration for
individual attached leaves of sugar beet under different salt concéntrations. Each point
is the mean of four replications.
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Fig. 9. Correlation between the initial slope of the ACO,/C; curve and different levels of salt
treatments. Each point is the mean of four measurements.

LITERATURE CITED
1. Al-Khateeb, S.A. 1997. Effect of NaCl and NaSQ, on growth, ion relations, water relations

and gas exchange of two Atriplex species. Ph.D. Thesis, Reading, University of Reading,

47



Dadihah & Griffiths

UK.

. Ashraf, M. 2001. Relationship between growth and gas exchange characteristics in some salt-

tolerant amphidiploid Brassica species in relation to their diploid parents. Environ. Exp.
Bot. 45: 155-163.

. Ball, M. C. and G. D. Farquhar 1984. Photosynthetic and stomatal responses of two mangrove

species Ageceras corniculatum and Avicennia marina, to long-term salinity and humidity

conditions. Plant Physiol. 74: 1-6.

. Ball, M. C. and J, M. Anderson 1986. Sensitivity of photosystem II to NaCl in relation to

salinity tolerance of the salt tolerant Mangrove, Avicennia martina, and the salt sensitive

pea, Pisum sativum. Aust. J. Plant Physiol. 13: 689-699.

. Beadle, C.L., S.P. Long., S.K. Lambamba., D.O. Hall and R.J. Olembo. 1985. Photosynthesis

in relation to plant production in terrestrial environments. Oxford, Tycooly Publishing for
UNEP.

. Belkhodja, R., F. Morales., A. Abadia., J. Gomez-Aparisi and J. Abadia. 1994. Chlorophyll

fluorescence as a possible tool for salinity tolerance screening in barley (Hordeum vulgare
L.). Plant Physiol. 104: 667-673.

. Bethke, P.C. and M.C, Drew. 1992, Stomatal and non-stomatal components to inhibition of

photosynthesis in leaves of Capsicum annuum during progressive exposure to NaCl salinity.
Plant Physiol. 99: 219-226.

. Brugnoli, N. and M. Lauteri. 1991. Effect of salinity on stomatal conductance, photosynthesis

capacity and carbon isotope discrimination of salt tolerant (Gossypium hirsutum L.) and salt

sensitive (Phaseolus vulgaris L.) C; nonhalophytes. Plant Physiol. 95: 628-635.

. Chartzoulakis, K.S., LN. Therios., N.D. Misopolinos and B.I. Noitsakis. 1995. Growth, ion

content and photosynthetic performance of salt-stressed kivi fruit plants. Irrig. Sci. 16: 23-
28.

10. Cramer, G.R., G.J. Albrico and C. Schmidt. 1994. Salt tolerance is not associated with the

1.

sodium accumulation of two maize hybrids. Aust. J. Plant Physiol. 21: 675-692.
De-Herralde, F., C. Biel., R. Save, M.A. Morales, A. Torrecillas and J.J. Alarcon. 1998.
Effect of water and salt stresses on the growth, gas exchange and water relations in

Argyranthemum coronopiflium plants. Crop Sci. 139: 9-17.

12. Delfine, S., A. Alvino, M. Zacchinig and F. Loveto. 1998. Consequence of salt stress on

conductance to CO; diffusion, Rubisco characteristics and anatomy of Spinach leaves. Aust.

J. Plant Physiol. 25: 395-402.

48



19.

20.

25,

26.

19

Stamatal and nonstomatal components to inhibition...

. Downton., W.J.S., W.J.R. Grant and S.P. Robinson. 1985. Photosynthetic and stomatal

responses of spinach leaves to salt stress. Plant Physiol. 78: 85-88.

. Everard, 1.D., R. Gueci., $.C. Kamn., J.A. Flore and W.H. Leoscher. 1994. Gas exchange

and carbon partitioning in the leaves of celery (dpium graviolens L.) at various levels of

root zone salinity. Plant Physiol. 106: 281-292.

. Flanagan, F.B. and R.L. Jefferies. 1988. Stomatal limitation of photosynthesis and reduced

;1r0v~_1h of halophyte, Plantago marting L. at high salinity. Plant Cell Environ., 11, 239-240.

. Gosset, D.R.. E.P. Millhollan and M.C. Lucas. 1994. Antioxidant response to NaCl stress in

salt-tolerant and salt-sensitive cotton cultivars. Crop Sci. 34: 706-714.

. Guanghui, L., D.S. Leonel and L. Stenberg. 1993. Effects of salinity fluctuation on

photosynthetic gas exchange and plant growth of the red mangrove (Rhizophora mangle L.).

1. Exp. Bot. 44: 9-16

. Hernandez, .A., F.J. Corpas., M. Gomez., L.A. Del Rio and F. Sevilla. 1993. Salt-induces

oxidative stress mediated by activated oxygen species in pea mitochondria. Physiol. Plant.
89: 103-110.

Hester, M.W . I.A. Mendelssohn and K.L. Mckee. 2001. Species and population variation to
salinity stress in Panicum hemitomon, Spartina patens, and Spartina alterniflora.
morphological and physiological constraints. Environ. Exp. Bot. 46: 277-297.

Kafi. M 1996, Effect of salinity on aspect of the physiology of wheat (Triticum aestivum
). Ph.D. Thesis. University of Newcastle Upon Tyne, U.K.

Kemp, P.R. and G.L. Cunningham [1981. Light, temperature and salinity effects on growth,

leal anatomy and chotesvnihesis of Distichlis spicata L. Am. J. Bot. 68: 507-514.

CLu. C.and § 7hang. 1998 Change 1n photosynthesis II function during senescence of wheat

{eaves. Phvsiol Plant 104: 239-247.

Maas. E.V. and J.A. Poss. 1989. Salt sensitivity of wheat at various growth stages. Irrig. Sci.
10: 29-40

Porra, R.J . W A, Thompson and P.E. Kriedeman. 1984. Determination of a curate extinction
coefficients and simultaneous equations for assaying chlorophylls a and b extracted with
four different solutions: verification of the concentration of chlorophyll standards by atomic
absorption speciroscopy. Biochem. Biophys. Act. 975: 384-394.

Seemann, J.R. and T.D. Sharky. 1986. Salinity and nitrogen effects on photosynthesis, and
Ribulose-1, 5-bisphosphate carboxylase and metabolite pool size in Phaseolus vulgaris.
Plant Physiol. 82: 555-560.

Steduto, P., R. Albrizio, P. Giorio and G. Sorrentino. 2000. Gas-exchange response and



27

28.

29.

30.

31,

Dadkhah & Griffiths

stomatal and non-stomatal limitations to carbon assimilation of sunflower under salinity.
Environ. Exp. Bot. 44: 243-255.

Sultana, N., T. lkeda and R. Itoh. 1999. Effect of NaCl sa]inify on photosynthesis and dry
matter accumulation in developing rice grains. Environ. Exp. Bot. 42: 211-220.

Sultana, N., T. Ikeda and M.A. Kashem. 2001, Effect of foliar spray of nutrient solutions on
photosynthesis, dry matter accumulation and yield in seawater-stressed rice. Environ. Exp.
Bot. 46: 129-140,

Tezara, W. and D.W. Lawlor. 1995. Effects of water stress on the biochemistry and
physiology of photosynthesis in sunflower. Photosynthesis: From light to biosphere, P.
Mathis, Kluwer Academic, The Hague. IV: p. 625-628.

Von Caemmerer, S. and G.D. Farquhar. 1986. Relation between steady-state gas exchange,
in vivo ribulose biophosphate carboxylase activity, and some carbon reduction cycle
intermediates in Raphanus sativus. Aust. J. Plant Physiol. 13: 669-688.

Walker, R.R., D.H. Blackmore and S. Qing. 1993. Carbon dioxide assimilation and foliar ion
concentrations in leaves of lemon (Citrus limon L.) tree irrigated with NaCl and Na,SO,.
Aust. J. Plant Physiol. 20: 173-185.

- Yeo, AR., 8.J.M. Caporn and T.J. Flowers. 1985. The effect of salinity upon photosynthesis

in rice (Orysa sativa L.) varieties differing in salinity resistance. J. Exp. Bot. 36: 1240-1248.

50



