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Abstract

Responses of leaf area, biomass, photosynthetic gas exchange and ion contents to four NaCl treatments, 0, 17, 51, and 85 mM NaCl, we
examined for three wild soybean speci@dycine soja, Glycine tomentella andGlycine tabacina). In G. soja, NaCl treatment for 2 months
reduced the photosaturated photosynthetic ratg ], leaf area and biomass of NaCl treated plants relative to control treatments. Reductions
were larger at higher NaCl concentrations. Similar changes were fou6d ambacina, however, the reductions were less than those in
G. soja. In G. tomentella, significant reductions iy, and biomass were found in 51 and 85 mM NaCl treated plants, but not in 17 mM
concentrations. Results imply that the three species have differentiated in their sensitivity to salinity, wiinbeing the most sensitive,

G. tabacina intermediate, and;. tomentella the least sensitive. The three species also differed in leaf tissue concentrations of Na and K. A
negative correlation between Na accumulation in leaf tissue and salt tolerance was found that contrasted to a positive correlation between
concentration in leaf tissue and salt tolerance.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction breeding salt-tolerant crop3dster and Davenport, 2003
Recent studies have found differences among tiee gt al.,

In glycophytes, plant growth and development are gen- 2003, barley Gorham et al., 1994; Flowers and Hajibagheri,
erally limited by salinity. Most of the world’s crop species 2001), maize Fortmeier and Schubert, 199and wheat
are glycophytes, hence they do not grow under high soil (Nagy and Galiba, 1995cultivars in their response to
salinity. However, with increasing amounts of arable land salinity.
undergoing salinizatior§zabolcs, 1994nd increasing food There are three wild soybean species in Taiwakycine
demand from the growing human population, the need to soja Sieb & Zucc.,Glycine tomentella Hayata andGlycine
develop salt-tolerant crop varieties is unavoidable. To develop rabacina (Labill.) Benth. Morphological and physiologi-
salt-tolerant crops, it is necessary to identify the degree cal differences in response to water availability have been
of salinity tolerance within crops and their wild-type rela- reported previously for these three species, corresponding to
tives. Investigations of genetically based differences betweendifferences in the water availability of their native habitats
closely related plants are particularly important because thesg(Kao and Tsai, 1998Plant responses to salt and water stress
studies provide necessary information to select traits for have much in commorMunns, 2002, however, they are not

necessarily linkedNagy and Galiba, 1995G. tomentella
- is the only one of the species that has been found growing
Abbreviations: Amax, photosaturated photosynthetic rafg, ambient in seaside habitat¢iiang and Ohashi, 1993n this study,

CO;, concentration(;, intercellular CQ concentrationgs, stomatal con- we test the hypothesis that in addition to their differences in
ductance; HS, 85 MM NaCl; LS, 17 mM NaCl; MS, 51 mM NaCl; 0S, 0 mM

NaCl response to droughK@o and Tsai, 1993the three wild soy-
* Corresponding author. Tel.: +886 2 33662511; fax: +886 2 23673374. beans have also differentiated in their sensitivity to salinity.
E-mail address: wykao@ntu.edu.tw (W.-Y. Kao). If so, the wild soybean species might provide information
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relevant to the selection of traits leading to more salt-tolerant 2.2. Measurements
soybean cultivars.

In addition to show reductions in growth, a typical Photosynthetic gas exchange of the most recently
response of glycophytic plants subjected to saline conditionsexpanded terminal trifoliate leaflet was measured between
is a reduction in photosynthetic rateBongi and Loreto, 8a.m. and 5 p.m. using a steady-state open gas exchange sys-
1989; Brugnoli and Lauteri, 1991; Seemann and Critchley, tem (Kao and Tsai, 1998The system consisted of aninfrared
1985; Walker et al., 19891 Decreased photosynthetic rates carbon dioxide analyzer (LI-6262, Licor, Lincoln, NE) and a
may result from the closure of stoma, induced by osmotic leaf chamber (Pacsys 9900, DDG, La Jolla, CA) with integral
stress, or from salt-induced damage to the photosynthetictemperature and humidity sensor. The rates of photosaturated
apparatus (reduced efficiency of the electron transport chainphotosynthetic carbon assimilatiofy,(ax) and stomatal con-
and damage to the light harvesting complex). Accordingly, ductance gs) were determined by enclosing the leaf in a
we conducted measurements of photosynthetic gas exchangeuvette under a photon flux of 12Q@nol m—2 s~1, with light
to examine the comparative effects of salinity on net,CO provided from a fibre illuminator (FL-440, Walz, Germany).
assimilation and stomatal conductance among the three studyMeasurement conditions within the cuvette were: leaf tem-
species. perature 30C, leaf-to-air water vapor pressure difference

One mechanism associated with greater tolerance of mod-1-1.2 kPa, and ambient GOoncentration 368 5 cmPm—3.
erately saline environments is the ability of plants to exclude After steady-state rateséf,axhad beenrecorded (about 1 h),
Na from the shoot, and concurrently maintain high levels of leaves were removed from the cuvette and excised leaf area
shoot K Schachtman and Munns, 1992; Gorham et al., 1994; was measured using a leaf area meter (LI-3100, Licor, Lin-
Flowers and Hajibagheri, 20D1Salinity has been shown to  coln, NE). The leaf was then dried at 80 for at least 48 h
interfere with K and Ca nutritiorRengel, 199Pand this can and ground to powder for ion content analysis.
cause nutrient deficiencies. In this study, we measured the K, lons were extracted from leaves at a temperature 6€30
Na and Caion contents of leaves from the three wild soybeanfrom a HCI (6 M) solution Lambert, 1975 Potassium and
species subjected to NaCl to investigate possible mechanismd&Na contents were subsequently analyzed with a flame pho-
for differential salt sensitivity among the species. tometer (Model 410, Corning, England), and Ca analyzed by

The main objective of this study was to determine whether atomic absorption (Model 2380, Perkin-Elmer).
there was variation among the three wild soybean species in  Plant shoots and roots were harvested after 2 months of
their response to salinity. salinity treatment, dried at 6@ for 7 days and then weighed

for determination of dry biomass.
All statistical tests were performed using the computer

2. Materials and methods software SYSTAT (Statistical Solution Limited, Ireland).
Means were compared using the least significant difference
2.1. Plant materials test. Significant levels are reportedfas 0.05.

G. soja Sieb & Zucc. seeds were collected from Shih-
men (2502N, 120°30E) in northern Taiwang. tomentella 3. Results
Hayata from Hengchun (220N, 120°44'E) in southern Tai-
wan, andG. tabacina (Labill.) Benth from Penghu island 3.7, Leaf size
(23°34N, 11933E) (Kao and Tsai, 1998 Seeds were ger-
minated in Petri dishes, followed by transplanting of the [ eaf size differed among species and with NaCl treatment
seedlings to 2L plastic pots. One seedling was planted in (Table J). Increasing NaCl concentration resulted in reduced
each pot, which was filled with a mixture of 1:1 vermi- |eaf size forG. soja, as a consequence, plants received no
culite:soil by volume. Plants were grown in a glasshouse NaCl had the largest and those with 85 mM the smallest leaf
in natural daylight, watered every day, and fertilized using area Table 1. In G. tomentella, no significant difference

inorganic fertilizer (20 N:20 P:20 K) once every 2 weeks. was found in leaf size among 0, 17 and 51 mM treated plants,
The air temperature and relative humidity in the glasshouse

was maintained between 30 and"8and 70%, respectively.

The salinity treatments began when plants were 4 weeks old.Talble 1

The pots were immersed in a modified Hoagland,s solution Leaf area (meaft S.E.,n=4, cn?) of the most recent, fully expanded tri-
(Haines and Dunn, 19F6containing 0, 17, 51, and 85mM  foliate leaf of wild soybeans after 2 months of different NaCl treatments
of NaCl, for 2h every day, with four replicates per species gjqcies NaCl (mM)

for each salinity treatment. Final NaCl treatment concentra-
tions were reached gradually by increments of 17 mM every
2 days. Then, plants were subjected to the final treatmentG- soja 11.8£06  66+10  3.0+£03 21+04

. : G. tomentella 10.2+ 0.9 11.6+ 0.7 10.0+ 0.9 6.7+ 1.9
Sv(;r:getg'lt(rsrt:on for 2 months before following measurements G 1abacina 45402 14402 40403 42404

0 17 51 85
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Fig. 1. Accumulated shoot (A) and root (B) biomass of three soybean spéciegqa (open bar)G. rabacina (closed bar)andG. tomentella (hatched bar),
exposed to four NaCl treatments over 2 months. Vertical bars represent 1 S.E. of treatmént (

however, 85 mM NaCl had significantly smaller leaf sizes

Table 2

compared to other treatments. No significant difference was The ratio ofCi/Ca (meant S.E.,n =4) of the most recent, fully expanded

found in leaf size among plants 6 rabacina in the four
different regimes of NaClTable ).

3.2. Biomass

Adding NaCl to culture medium significantly reduced
both root and shoot biomass 6f soja, and the reduction
increased with increasing salinitlfify. 1A). NaCl treatments
had no significant effect on root biomassftabacina and
G. tomentella (Fig. 1B). However, shoot biomass in 17, 51
and 85 mM NacCl treate@. rabacina were significantly lower
than that of 0 mM plantsHig. 1A). In G. romentella, 17 mM
treatment did not differ from controls for shoot biomass, how-
ever, 51 and 85 mM treatments resulted in significantly lower
shoot biomass than controls and 17 mM treatmefits (A).

3.3. Photosynthetic gas exchange

trifoliate leaf of wild soybeans after receiving different regimes of NaCl
treatment

Species NaCl (mM)
0 17 51 85
G. soja 0.67+0.02 0.72+0.01 NA NA
G. tomentella 0.63+ 0.01 057+ 0.01 0.58:0.01 0.58:0.01
G. tabacina 0.60+ 0.02 0.58+0.02 0.540.04 0.540.02

NA: not available.

(Fig. 2B). Amax and gs of the three species responded dif-
ferently to the NaCl treatments. Leaves@fsoja in the 51

and 85 mM treatments were too small to conduct photosyn-
thetic measurements, while those in the 17 mM treatment had
significantly lowerAmax andgs than those of 0 mM treated
plants. The reduction iAmax Was relatively greater than that

in gs; as a consequence, the ratio of intercellular to ambi-
ent CQ concentration i/Cy) of 17 mM treatedG. soja
increasedTable 2. In contrast, 0, 17 and 51 mM NaCl treated

Photosaturated photosynthetic rates were similar amongG. tomentella and G. tabacina had similarAmax andgs, with

the three species in the 0mM treatmehtg( 2A). How-

only 85 mM treated plants showing significantly lowgfax

ever, stomatal conductance in this treatment was significantlyandgs (Fig. 2). No significant differences were found in the

higher inG. soja andG. tomentella than that inG. tabacina

ratio of Ci/Ca amongG. tabacina plants from the four treat-
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Fig. 2. Effect of four NaCl treatments on photosaturated photosyntheticAatg) (A) and stomatal conductance (B) of three wild soybean speGiesyja
(open bar)G. tabacina (closed bar), an@. romentella (hatched bar). Vertical bars represent mean4)+ S.E.
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Fig. 3. The correlation between leaf Na (A), K (B) and Ca (C) contents and NaCl treatment dojz (square)G. rabacina (triangle), andG. tomentella

(circle). Solid lines are significant regressions fit to the pooled data from all

ments Table 2. In G. romentella, all NaCl treatments above
0mM resulted in significant reductions @/C,, although

NaCl treatments.

No significant difference was found in leaf Ca con-
tents among the three species on the 0 mM NacCl treatment

there was no further decrease with increased NaCl concen{Fig. 3C). Increasing NaCl concentration in the treatments

tration (Table 2.
3.4. Leaf Na, K and Ca contents

No significant difference was found in leaf Na con-

increased leaf Ca contents @ soja, however, no correla-
tions were found irG. tabacina andG. tomentella.

No significant difference was found in the ratio of Na/K
in leaves for the three species in the 0 mM NacCl treatment
(Fig. 4. The ratio of Na/K in leaves of all three species

tents among the three species in the 0 mM NacCl treatmentincreased significantly with increasing treatment NaCl con-
(Fig. 3A). The Na concentration in leaves of the three species centration, with the greatest incrementinsoja, the least in

increased with increasing NaCl, resulting in positive cor-

relations between leaf Na content and NaCl concentration

in all three speciesG. soja accumulated more Na tha@
tomentella andG. tabacina.

No significant difference in leaf K contents was measured
among the three species in 0 mM NaCl treatméiig.(3B).

G. tomentella.

4. Discussion

Results from this study showed that 85 mM NaCl treat-

|aneaSing NaCl concentration in the treatments decreaseqfnent caused reductions in growth of all three wild Soybean

leaf K contents irG. soja andG. tabacina, with the degree of
reduction higher irG. soja than inG. tabacina. As a result,
leaf K contents were highest 6. romentella, intermediate
in G. tabacina, and lowest inG. soja.
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Fig. 4. The correlation between the ratio of Na/K in leaves and NaCl concen-
trationin four different treatments f6f. soja (square)G. tabacina (triangle),
andG. romentella (circle). Solid lines are significant regressions fit to the
pooled data from all NaCl treatments.

species Table 1 Fig. 1). This is consistent with previous
reports that soybeans are glycophyteduychli and Wieneke,
1979. However, our results also showed that the suscep-
tibility to salt stress differed among the three specigs.
soja appeared to be the most salt sensitive, with reduced
leaf expansionTable 1), photosynthetic rated={g. 2), and
biomass Fig. 1) in response to exposure to NaCl. These
reductions increased with increasing NaCl concentration.
The response df. romentella andG. tabacina to NaCl treat-
ment differed from that of;. soja. Though their growth was
also reduced at the highest NaCl concentrations used (51
and 85 mM), a slight or no decrease in biomass was found
between 17 and O mM treated plants. This result supports the
hypothesis that the three wild soybeans in Taiwan have differ-
entiated in their sensitivity to salinity, witf. soja the most,
G. tabacina intermediate, ands. tomentella the least sensi-
tive. This corresponds to field observations tatomentella
is the only species found growing in seaside habitats.

The reductions in growth due to NaCl treatmeTalfle 1
Fig. 1) were consistent with differences in the sensitivity of
Amax among the specied-ig. 2). However, the inhibition
of Amax may be due to different mechanisms in different
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species. Analysis of gas exchange measurements revealedesult implies that the differential accumulation of leaf Na
that decreased photosynthesisirntomentella might not be and K might be responsible for the different sensitivity of the
caused by ion toxicity but by salinity-induced reductiongdn  three wild soybeans to NaCl treatment. Similafregorio

(a greater relative reduction g3 than inAmax and concomi- and Senadhira (1993pund that in rice varieties the higher
tantly a lower ratio of’j/Cy) (Fig. 2, Table 3. Similar results the level of salinity tolerance the lower the Na content and
were found in the salt-sensitive specikgseolus vulgaris L. the higher the K content in the shoot.

(Seemann and Critchley, 1985; Brugnoli and Lauteri, 2991 Salinity impairs the uptake of Ca by plantramer et al.,
and spinach leaveBpwnton etal., 198fnresponsetosalin-  1987. Suhayda et al. (1992ndHuang and Redmann (1995)
ity. In contrast, the greater relative reductiong jax than in suggested that salinity-induced symptoms in cultivated barley
gs and consequently higher ratio 6f/C, (Table 9 measured may be the result of a Ca deficiency. In this study, we found no
in G. soja suggests that non-stomatal inhibition of photosyn- significant effect of salinity on Ca contentséGh romentella
thesis, caused by direct effects of NaCl on the photosyntheticandG. tabacina (Fig. 3C). In contrast, there were increases
apparatus independent of stomatal closure, might be responin Ca content in the most salt-sensitive speci&ssoja, in
sible for the reduction in photosynthetic rate of NaCl treated response to salinity treatmerfti§. 3C). Sweet clover, which
G. soja. Non-stomatal inhibition of photosynthesis by salin- showed no effect of salt on Ca uptake, actually increased Ca
ity has also been reported for several plant spe@esihann uptake during the reproductive pha&s(mero and Maranon,
and Critchley, 1985; Ball and Anderson, 198&his inhi- 19949). Accordingly, salinity-induced deficiency of Ca was
bition of photosynthetic capacity may result from a reduced not evident in the wild soybeans measured.
efficiency of ribulose-1,5-bisphosphate (RuBP) carboxylase, In conclusion, growth and photosynthesis of three wild
or areduction of RUBP regeneration capacity, or to the sensi-soybean species differin their response to NaCl treatm@nts.
tivity of PSII to NaCl Ball and Anderson, 19§6The Ci/Ca soja was the most sensitive speci€sabacina intermediate,
ratio declined slightly in NaCl treate@. tabacina compared andG. tomentella the least to NaCl treatment. Differences
to 0 mM treatments, however, no significant difference was among species in leaf accumulation of Na and K might be
detected in this ratio as NaCl increased from 17 to 85 mM responsible for the differential sensitivity to NaCl treatments.
(Table 2. This implies that the reduction a@fnax by salinity
treatment in this species was caused by both stomatal and
non-stomatal factors. Acknowledgements
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