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SUMMARY
Soybean {GIvcine max L. cv. Buchanan) growing in top-covered chambers was exposed to a factorial combination
of three concentrations of SO., (2, 99 and 189 nil"') and three concentrations of soil salinity with electrical
conductivities of 0'7, 4 9 and 7-0 dS m"'. Each combination waK tested in duplicate chambers. SO^ exposure was
for 4 h d"^ for 106 d from planting to final harvest.
SOg increased leaf sulphur concentrations, w'hile high salinity had the opposite efTect. Stress interactions were
observed late in the season, with leaf sulphur concentrations significantly decreased by simultaneous SO^ and
salinity stress when compared with exposure to SO.^ alone. SO^ or salinity stress both reduced leaf chlorophyll
concentration, leaf area, plant dry weight atid seed yields. Although SO^-salinity interactions on the growth
variables were not statistically significant, there were stress interactions on seed yield by affecting the number of
pods produced. As SO.,-induced leaf injury developed it became more severe in the nonsaiine plants than in the
saline plants, indicating a protective function for salinity against SO^ injury. However, salinity-induced leaf injury
occurred earlier and was more severe in the high SO^, and saline-treated plants than in the low SO, and nonfumigated saline-treated plants.
Key words: Soybean, SO^, salinity, stress interaction.

INTRODUCTION

Plants growing under field conditions usually encounter several environmental stresses simultaneously. The sensitivity of plants to gaseous pollutants
is conditioned by a number of environmental factors
including both atmospheric and edaphic stresses
(Black, 1982; Law & Mansfield, 1982; Tingey &
Taylor, 1982). There have been many studies on the
interactive effects of two gaseous pollutants on plant
growth and yield (Ormrod, 1982), but less work has
been done on the joint actions of gaseous pollutants
and edaphic factors such as soil salinity under Held
conditions (Olszyk, Maas & Kats, 1988).
Studies on the interactive efTects of gaseous
pollutants and soil salinity have shown that salinity
can reduce the toxic effects of ozone on alfalfa
(Medicago sativa L.), pinto bean (Phaseolus vulgaris
L.) and garden beet (Beta vulgaris L.) grown under
laboratory conditions (Hoffmann, Maas & Rawlins,
1973, 1975; Maas, Hoffman & Rawlins, 1973; Ogata
& Maas, 1973; Bytnerowicz & Taylor, 1983).
However, one field study showed no overall
interaction between ozone and salinity for alfalfa
growth and yield (Olszyk et al., 1988). The differences between the laboratory and the field studies are

likely to be caused hy different environmental
conditions, that can modify stomatal aperture and
thus pollutant uptake (Black, 1982; Darrall, 1989).
Soil salinity is a common problem in semi-arid
and arid regions of the world, therefore studies on
interactive effects of gaseous pollutants and soil
salinity under field conditions have an economic
importance in agriculture and horticulture. So far,
studies on pollutant-salinity interactions have concentrated on ozone as the air pollutant and have
usually been undertaken in a controlled environment. The objective of this study was to investigate
whether soil salinity modified SOj sensitivity over a
growing season in the field by measuring some
responses of biochemical processes, growth and yield
of pot-grown soybeans to simultaneous SO^ and
salinity stress.
M.-^TERIALS AND METHODS

Fumigation chambers
Six top-covered chambers were used for SOg
fumigation to exclude rainfall. The chambers have
been described previously (Qifu & Murray, 1991)
and are only briefly described here. Each chamber
was rectangularly shaped and consisted of a rigid
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Table 1. Effects of SO^ and salinity on leaf area and plant dry weight over the growing season. The data are
the means of six plants per treatment
Salinity (dS m-^)

46

7-0

4-9

0'7

Davs after
planting...

74

106

46

5361
3856
2795

8299
6341
3677

709
629

74

106

46

74

106

458
638
402

2143
928
1098

1099
2810
545

Treatment

2nll-^

SO,

9 9 nl 1-1
189 n i l '

SO..

2 nl I - '
99 n i l '
189 n i l - '

so^
so,
so.
so.

839
657
565
5-38
4-49
4-29

38-95
29-98
23-80

Leaf area (cm")
3743
3168
2082
4823
1247
689

506

Plant dry weight (g)
4-73
30'86
49-23

77-85
48-72
37-08

4,•16
3'44

1713

3-54
3-9!
3'08

42-83

11-68

19'35

18-47
H-59
11-70

27-43
36'] 5
15'45

Statistical summary
Days after planting
Leaf area

Plant dr\' weight
106

46

* *

j-\

#**

#

*

**#
*«#
#**

* * *

#

n.s.

n.s.

#*

***

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.

n.s.
*#*
n.s.
n.s.
n.s.
n.s.
*

n.s.
*#
n.s.
n.s.
n.s.
n.s.
n.s.

Treatment

46

74

SO, (A)
1st parameter
2nd parameter
Salinity (B)
1st parameter
2nd parameter
AxB
1st parameter
2nd parameter
3rd parameter
4th parameter

#

#*#

n.s.

*

c

74
VW
* *
*#*

n.s.
**#
n.s.
n.s.
n.s.
n.s.
n.s.

106
*#*
n.s.
***
*#*

n.s.
***
n.s.
n.s.
n.s.
n.s.
n.s.

n.s., not significant; *P=OOS; **P = 0-0\ : ***P = 0-001.
For main efTects of SO, and salinity, the first parameter represents control SO, and control salinity contrasted against
low SO, and low salinity respectively, and the second parameter represents control SO, and control salinity contrasted
against high SO^ and high salinity respectively. For interactive effects the first and second parameters represent the
differences between control SO, and low SO^ under control salinity contrasted against that under low- salinity and high
salinity, respectively. The third and fourth parameters represent the differences between control SO^ and high SO,
under control salinity contrasted against that under low salinit\- and high salinity, respectively.

aluminium frame covered by u.v.-stabilized PVC
plastic. The front frame was covered with a single
layer of PVC plastic. The side panels were covered
with a double layer of PVC to form an envelope with
the inner layer perforated by holes of 25 mm in
diameter. The rear frame was also covered by a
double layer of PVC, without holes in the inner
layer, and was connected to a fan via a duct. Dustfiltered air was fan-forced into the chamber through
the holes and then out through the space between the
roof and the chamber body. The output of the fan
was 1 m^ s-\ enabling an air exchange rate of about
3-4 air changes per minute.
Dry air was mixed with bottled, anhydrous SOj
from a temperature-controlled cylinder and passed
through a regulator and series of needle valves into
the inlets of the fumigated chambers. The SOj
concentration was measured m the centre of each

chamber for 12 min every 72 min using a timercontrolled electrical sequencer in conjunction with
solenoid valves. The SO^ concentration was monitored using a Thermo Electron, Series 43 pulsed
fiuorescent ambient SO, anatyser, calibrated with a
Thermo Electron, Model 145 calibrator, with NBS
traceable certi6ed permeation tubes. The SO, distribution in the chambers was relatively uniform.
Tbe SO^ concentrations from every position in the
chambers were in the range of 98-111 % of that at
tbe central position.
Plants were fumigated using three SO^ concentrations for 4 h d - ^ (12.00-16.00 h), 7 d wk"^ from
planting to final harvest. The three mean (+ standard
deviation) SOg concentrations during the fumigation
period were 189 (±70-6), 99 (±41-8) and ambient
2(±5-l)n]r^
Temperature and relative humidity were con-

Soil salinity and SO^ sensitivity in soybean
tinuously recorded during the fumigation period
using thermohygrographs in Stevenson screens. The
mean daily maximum and minimum temperatures
outside the chambers were 28-5 and 15-6 °C respectively, and the mean daily relative humidities
were 52"o. Air temperature was 2 "C higher inside
the chambers than outside and relative humidity was
5-10% higher inside the chambers compared with
outside at midday on sunny days. Light intensity
inside the chamber approximated 86 "o of that
outside.

Drip irrigation
Six 2001 drums were positioned 3 m above the
ground for storage of nutrient and salt solutions.
Every two drums were joined together, and connected to dripping rings in the pots through plastic
tubing. Flow rates of the solutions were controlled
using solenoid valves in conjuncrion with an electrical timer. Irrigation was applied twice every day at
09.00 and 21.00 h, giving 500-700 ml leachates per
pot per day. Within each chamber 30 pots were used,
and evenly allocated for high, low and control
salinities.
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growing season. The mean conductivities were
7-0 (±1-9), 4-9 (±0-9) and 0-7 ( ± 0 1 ) dS m"^ for the
high, low and control salinities respectively.

Seasonal harvests
Serial harvests were conducted during the growing
season on 8 February, 8 March and 9 April. Leaf
area was measured using an area meter (Delta T,
Cambridge, UK). Plant materiaJ was dried in a
forced-draft oven at 80 °C, and dry weights were
recorded. At final harvest yields and yield components of the different treatments were compared.

Biochemical measurements

At each harvest four of the 2nd fully expanded leaves
were collected from individual treatments and placed
in plastic bags in an ice box. Each leaf was finely
chopped, a subsample of 0-1 g taken, and infiltrated
with phosphate buffer (O'l M, pH 7-0). The chlorophyll was extracted with A',A'-dimethyl-formamide
(Moran & Porath, 1980). Chlorophyll was measured
by absorbance at wavelengths of 663 and 647 nm
using a Varian Superscan 3 spectrophotometer.
Leaf sulphur concentration of the plants was
measured at each harvest to examine sulphur
Plant culture
accumulation under different exposure conditions,
Soybean seeds {Glycine max cv. Buchanan) were using four replicates per treatment. The leaf sulphur
inoculated using Rhizobium japonicum strain USDA was brought into solution for analysis by nitric110 and planted in 6 1 pots filled with pure silicon perchloric acid digest>'(Johnson & Ulrich, 1959) and
sand on 24 December 1989. Ten days later a pair of assayed for total sulphur by inductively coupled
unifoliates were fully expanded, and application of plasma emission spectrophotometrj-.
nutrient solutions commenced. After the 2nd trifoliate expanded, the seedlings were thinned into
two plants per pot. Twenty-nine days after planting, Statistical analysis
NaCl was added to the nutrient solutions. This later
Response variables were subjected to a two-way
application of salinity stress aimed to decrease
analysis of variance (ANOVA) to identify significant
the effects of salinity on nodule initiation and
effects of SO.,, salinity and their interaction. Special
development.
contrasts were performed, using methodology outNutrient components and concentrations were as
lined by Finn (1974), with the MANOVA procedure
follows {fiM): KH^POj, 20; KgSO^, 600; MgSO^.in the SPSS-X version 2'0 package.
22H2O, 600; H3BO3, 5;
7H3O, 200
^
2
03 ;ZnSO4. 7H2O,0 75 ;MnSOj. 7HgO. 1 0 ; CoSO^.7H2O, 0 2 ; CuSO,. 5H.,0, 0 2 ;
RESULTS
FeNaEDTA, 20. NH4NO3 (40//M) was added until
the 2nd trifoliate expanded. High and low levels of Both low and high SOj concentrations reduced leaf
salinity were achieved by dissolving 540 or 320 g area and dry w'eight of the plants. In contrast,
NaCl respectively in each 200 1 of irrigation w'ater. salinity-induced reductions of the two variables
No extra NaCl was added to the irrigation water of occurred only at the high salinity level. No significant
stress interaction on these growth variables was
the control treatment.
Electrical conductivity of the drum solutions was observed over the growing season (Table 1).
Leaf chlorophyll concentrations were decreased
measured every week using a laboratory conductivity
meter (PW 9501/01, Philips). Seasonal mean ( ± S D ) by high SO,^ and high salinity, but there was no
conductivities were 6-2(±13), 4 0 ( ± 0 9 ) and stress interaction on this variable (Table 2). Leaf
0-6 ( ± 0 1 ) dS m^^ for the high, low and control sulphur concentrations were tripled by the low and
salinities respectively. Electrical conductivity of the high SOg treatments but were reduced by the high
pot leachates was also measured weekly over the salinity treatment. SO^-salinity interactions on leaf
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Table 2. Effects of SO^ and salinity on leaf chlorophyll and leaf sulphur concentrations over the growing season.
The data are the means of four plants per treatment
Salinity (dS m

4-9

0-7
Uavs atter
planting...

46

•

46

106

74

7-0
74

106

46

74

106

Treatment
2nir'SO,
99nll-^SO..
189nll-^SO^

217
218
1'93

2'35
2'21
218

2nn-^SO.,

0-33

0-23

9 9 n i r ' SOg
189 nil"' SO^

0-44
0-68

0-46
0-54

Chlorophyll
2-37
2-40
1-88

concentration [mg (g fresh weight)"^]
1-64
2-04
2-21
2-06
1-85
1-96
1-87
1-73
1-63
1-96
1-87
2-26
1-36
1-55
1'82

Sulphur concentration (" 1, dr\- weight)
0'24
0-19
0-27
0-25
0-81
0-41
0-37
0-70
0-39
0'83
0-63
0'56
0-58
0-59
0-21

0'24
0'33
0-49

1-34
1 36
1 34
0-22
0-54
0-63

Statistical summary
Days iafter planting
Sulphur

Chlorophyll
Treatnient

46

74

106

SO, (A)

n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.

1st parameter
2nd parameter
Salinity (B)
1st parameter
2nd parameter
AxB
1st parameter
2nd parameter
3rd parameter
4th parameter

*
**#

n.s.
*«*

*

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.

n.B.

46

74

106

*

***

***

#*«

n.s.
#«
***
n.B.
***
n.s.
n.s.
n.s.
n.s.
n.s.

*
###
**
n.s.
**
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.

***
*#*
***
n.s.

***

n.s.
n.s.
*

***
#

n.s.
n.s.

n,s.

#

#

n.s.
n.s.

n.s.
*

n,s,, not significant ,*P= 0-05 ; ** P - O'Ol ; *** P = 0-001.
See Table 1 note for a description of the parameter terms.

sulphur accumulation were significant at the final
harvest, as leaf sulphur concentrations in the SO^treated plants were decreased by the high salinity
treatment (Table 2).
Production of pods per plant and seeds per pod
was suppressed by high SO2 and by high salinity,
whereas average seed weight was mainly reduced by
high salinity stress. Seed yields were reduced by
high SO2 and both low and high salinities. SO^ and
salinity stress interacted on seed yield by aflecting
the number of pods but not the seeds per pod or
average seed weight (Table 3).
Salinity caused foliar chlorosis and tip necrosis.
With continuation of the stress, the necrotic areas
expanded and the leaves became desiccated and
finally defoliation occurred. The salinity-induced
injury was observed earlier and was more severe in
the high SO^ chambers than in the low SO^ and
control chambers. Foliar symptoms of SO3 toxicity
including chlorosis and stipple necrotic spots occurred after 7 w'k of SO^ fumigation. The extent of

SO._, injury appeared to be reduced by the low
salinitv treatment.
DISCUSSION

The objective of this study was to examine if the
susceptibility of soybean plants to SO^ toxicity was
enhanced or reduced hy soil salinity. The results
showed that long term exposure of soybean to SO^ or
soil salinity reduced leaf chlorophyll concentration,
leaf area and plant dry weight, but with the exception
of affecting seed yield, number of pods produced and
leaf sulphur concentration, stress interactions were
usually not significant. This may indicate that soil
salinity does not modify the efFects of SOg on
soybean growth but can affect yield and foliar injury
under the conditions of the current experiment.
Salinity can induce a physiological condition with
similarities to drought (Levitt, 1980). Salinityinduced increases in stomatal resistance (Lewis,
Leidi & Lips, 1989) may be expected to reduce the

Soil salinity and 5 0 , sensitivity in soybean
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Table 3. Effects of SO.^ and salinity on seed yield and yield components.
The data are the means of six plants per treatment
Salinity (dSm -')
Treatment

0'7

2 n ! r ' SO^
99 n! r ' SO,
189 nl \-' S O j

228
147
103

4-9

7-0

Pod number

2nir'
99 n i l '
189 nil-'

so.
so„
so.

114
112
36

7'0

Seeds per pod
i-6
1-0
1-4
1-1
0-9
0-9

55
88
34

Average seed
(mg)
58-0
47'5
56-3
47-8
52 0
42-0

49

0-7

1-9
1-7
1-6

weight

Seed vield
(8)

29'5
34-0
42-5

25-17
14'72
9-93

8-32
8'15
1-42

1-70
3-62
1-50

Statistical summary
Treatment

Pod

number per pod seed weighit

Seed[
yielc1

SO, (A)
Salinity (B)

##*
***
*

«*#
##«
*«

AxB

Seeds
»«
»**

n.s.

Average
n.s.
**«
n.s.

n.s., not significant; * P = 0-05 ; **P=0-01; ***P-0'001.
The significant effects of SO^ or salinity are all due to the high SOo or high
salinity treatments; and the mteractive effects on pod number and seed yield are
due to the combination of high SO^ and high salinity (tested in the same way as
shown in Tables 1 and 2).
uptake of SOj by a plant and result in less leaf injury
caused by SOg. Evidence in support of this hypothesis is provided by this study. Significant stress
interactions on leaf sulphur accumulation were found
at the final harvest, showing that salinity treatments
reduced leaf sulphur concentration in the SO2treated plants. Concomitantly, SO^-induced leaf
injury was decreased under the saline conditions late
in the growing season. Similarly, other studies have
demonstrated that the extent of leaf injury, caused
by ozone, decreased with increasing levels of salinit\'
(Ogata & Maas, 1973 ; Maas et al., 1973 ; Hoffman et
al., 1975; Bytnerowicz & Taylor, 1983).
Both SO^ and salinity individually suppressed
seed yield by reducing pod number, seeds per pod
and average seed weight. The stress interactions also
suppressed seed yield by reducing the number of
pods produced. SO2 is known to have direct effects
on the processes of flowering and fruiting (Bonte,
1982), such as pollen germination and pollen tube
length (Houston & Dochinger, 1977). Salinity can
delay flower emergence and reduce the total number
of flowers per plant (Levitt, 1980). The combination
of SO.2 and salinity in the current experiment might
amplify the detrimental effects on flowering and
consequently result in an apparent reduction of pod
number. By comparison, seed development, which
follows pod initiation, appeared to be less sensitive to
the interactive effects of SO, and salinity stresses.
The current study also showed that high SO.
induced an earlier and more severe leaf injury caused

by salinity. This may be due to the effects of SO^ on
assimilate allocation in favour of shoots at the
expense of roots (McLaughlin & McConathy, 1983;
Whitmore & Mansfield, 1983; Murray, 1985) and
the inhibitory effects of SO.^ on physiological and
metabolic processes (Hallgren, 1984; Heath, 1984;
Darrall, 1989). Elsheikh & Wood (1990) found that
roots appeared to be more sensitive to salinity than
shoots e\en at very low salinity levels of l'O dS m"'.
As a consequence, a combination of salinity and SO^
could be very datnaging to the roots causing the
plants to be more vulnerable to the salinity stress.
However, plant tolerance to the salt-induced osmotic
stress is related to the synthesis of organic solutes for
the maintenance of cell turgor - osmoregulation
(Levitt, 1980). Since SO, can inhibit physiological
and biochemical processes the SO^-treated plants
may have developed a reduced efficiency in ostnoregulation, becommg more susceptible to salinity
injury. A number of studies have shown that
exposure of a plant to SO^ increases its vulnerability
to water stress, such as photosynthetic capacity
(Comic, 1987), enzymes and total soluble proteins
(Pierre & Queiroz, 1988) and even plant survival
(Macrez & Hubac, 1988). These reports as well as
the results described here indicate that plants,
weakened by air pollutants, may succumb to natural
stresses like drought or salinity.
Several studies have demonstrated that salinity
reduces ozone effects on crop growth and yield under
laboratory conditions (Hoffman et al., 1973, 1975;
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Ogata & Maas, 1973). Maas et al. (1973) found that
salinity not only extended the tolerance threshold to
ozone exposure, but also lessened the deleterious
effects of increasing duration of exposures. However,
Olszyk et al. (1988) did not find overall interactions
between ozone and salinity for field-grown alfalfa.
Similarly, SOa-salinity interactions on soybean
growth were not significant throughout the growing
season here. The differences between these findings
may result from the difTerent crops and pollutants
used and the different environmenta] conditions of
the studies. There is considerable evidence that
many environmental factors, such as light, humidity,
temperature and wind speed, can influence plant
responses to gaseous pollutants (Black, 1982; Law &
Mansfield, 1982; Weinstein & Alscher-Herman,
1982). These environmental factors also affect the
degree of salt injury (Levitt, 1980).
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