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Abstract 
Certain soybean [Glycine max (L.) Merr.] cultivars that are grown in saline nutrient cultures are killed 

when the inorganic phosphate (Pi) concentration in the substrate exceeds 0.10 mM. To determine the role 
of  Na and C1 on this adverse salinity x Pi interaction, four cultivars, Clark, Clark 63, Lee, and Lee 74 were 
grown in the greenhouse in nutrient solutions salinized with 1) C1 and N O  3 salts to produce treatments with 
variable amounts of  CI or 2) with NaCI or KC1 and CaC12 to obtain treatments with and without Na. 

At an osmotic potential of  - 0 . 3 4  MPa, all salts enhanced Pi uptake and accumulation in the tissue of 
plants grown in > 0.12 mM substrate Pi. Leaf CI concentration was linearly related (r 2 > 0.9) to the mole 
fraction (mf) of  C1 in the substrate, therefore excess substrate N O  3 did not greatly influence leaf CI 
accumulation. Foliar injury was only observed on plants grown in saline solutions at high Pi ( >  0.12 m M )  
and was not alleviated when KCI replaced NaCI in the substrate. This indicates that Na did not play a direct 
role in the salinity x Pi interaction. However, as the mf of  CI increased, severity of  injury increased. The 
severity of  injury, and its symptoms, were dependent upon leaf P and C1 concentration. Plants died when 
CI and P in their leaves exceeded 800 and 600 mmol kg-  t dry wt, respectively (e.g., Clark 63 grown at mf  of  
C1 = 1). The necrotic leaves were beige in color. Leaves that contained P in excess of  600 mmol kg-~ dry wt 
and C1 between 150- -200  mmol kg ~ dry wt, were severely injured and reddish-brown in color (e.g., Clark 
63 at mf  of  C1 = 1/4 and Lee 74 Pi grown at mf  of C1 = 1). When leaf CI was below 150 mmol kg l dry 
wt, development of  reddish-brown coloration in the leaves was sporadic. The adverse salinity x Pi interac- 
tion observed on these soybean varieties, therefore, was caused by a synergistic interaction between P and 
CI in the leaves. 

Introduction 

Soybean [Glycine max (L.) Merr.] cultivars differ 
in their sensitivity to inorganic phosphate (Pi). P- 
sensitivity in soybean has been observed for about 
70 years (Shive, 1918). Some cultivars have been 
classified as P-sensitive because growth was re- 
duced and primary leaves developed a reddish- 
brown coloration when plants were grown in 
1 .6mMPi (Howell and Bernard, 1961). In saline 
media, plants were found to be much more sensitive 
to P (Grattan and Maas, 1984; 1985 and 1988). 
Certain soybean cultivars, Clark, Clark 63, Lee 74, 
and Kanrich, were killed by > 0 . 1 2 m M P i  when 
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grown in saline cultures while others (e.g., Lee) 
were unaffected. In a preceding study (Grattan and 
Maas, 1988), an increase in CaCI2/NaC1 ratios in 
isotonic saline media produced increasingly severe 
injury in Clark and Clark 63 cultivars and de- 
creased plant growth. The suspected cause of foliar 
injury in these cultivars was excessive accumulation 
of  P and CI in their leaves. Lee 74, a leaf Cl ex- 
cluder ~ also showed foliar injury from combined 

t 'Exclude' is used as a relative term to refer to a cultivar's 
ability to maintain low concentrations of  a given element in the 
leaves and contrasts with cultivars that accumulate excessive 
amounts of the element. Cultivars representing these types are 
referred to here as 'excluders' and 'accumulators'. 
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salinity and > 0.12 mMPi  but injury was less severe 
and the symptoms were characteristically different. 
It was suspected that foliar injury in this cultivar 
was caused predominantly by excess P in the leaves. 
In view of  these cultivar differences, the possibility 
of  Cl toxicity in plants containing high levels of  leaf 
P needed to be assessed. To obtain isotonic saline 
treatments containing variable amounts of  C1, C1 
was replaced with N O 3 ,  a non-toxic anion. Al- 
though interactions in root absorption of these ions 
have been reported in the literature (Kafkafi et al., 
1982; McCaw, 1972; Weigel et al., 1973), the effect 
of excessive substrate-NO3 on C1 uptake and trans- 
location appears to be crop specific. Increased sub- 
strate N O  3 decreased leaf C1 in tomato plants 
grown in salinized solution cultures (Kafkaki et al., 
1982). 

In soybeans (cv S-100, a leaf C1 accumulator), 
however, increased substrate NO3 did not produce 
a consistent effect on leaf C1 concentration but 
varied inversely with root CI (Weigel et al., 1973). 
McCaw (1972) concluded that differences in leaf C1 
concentration between leaf Cl-excluders and C1- 
accumulators increased with decreased substrate 
NO3. The role of Na in the synergistic salinity • Pi 
interaction was not determined in earlier studies 
(Grattan and Maas, 1984; 1985 and 1988). How- 
ever we found that increased substrate Pi increased 
root Na only in cultivars susceptible to this interac- 
tion (Grattan and Maas, 1988). 

The objective of this study was to determine the 
role of Na and C1 in this salinity amplification of  
P-sensitivity in soybeans. Two soybean cultivars, 
similar in their sensitivity to Pi but different in their 
ability to accumulate leaf C1, were studied. The 
soybean cultivar, Clark 63, is a leaf C1 accumulator 
while cultivar Lee 74 is a leaf Cl-excluder (Grattan 
and Maas, 1985). In addition, Clark and Lee were 
studied in one experiment where KC1 was sub- 
stituted for NaC1. Clark is a P and C1 accumulator, 
whereas Lee is a P and CI excluder. 

Materials and methods 

Plant culture 

Soybean [Glycine max (L.) Merr. cvs. Clark, 
Clark 63, Lee, and Lee 74] seeds were rolled in seed 

Table 1. Composit ion ( m M )  of  isotonic treatment solutions 
(OP = - 0 . 3 4  MPa) at five mole fractions of  CI 

Salt Mole fraction of  CI [CI/(CI + NO3) ] 

0 1/16 1/8 1/4 1 
(S1) ($2) ($3) ($4) ($5) 

NaC1 0 4.6 9.3 18.5 49.3 
CaCI 2 0 0 0 0 12.4 
N a N O  3 49.3 44.7 40.0 30.8 0 
Ca(NO3) 2 12.4 12.4 12.4 12.4 0 

protectant (Thiram 2 50% tetramethyl-thiuram) 
and germinated in paper towels saturated with 
0.5mMCaSO4 in the laboratory. Five-day-old 
seedlings were transferred to the greenhouse and 
transplanted into 1901 plastic drums filled with 
aerated nutrient solution. The solution consisted of  
2.5 m M  Ca(NO3)2, 3 m M  KNO3, 1.5 m M  MgSO4, 
50 # M Fe (as DTPA, sodium ferric diethylenetria- 
mine pentaacetate), 23/~M H 3 B O 3 ,  5/~M MnSO4, 
0 .4#MZnSO4,  0.2/tMCuSO4, and O.11~MH2 
MOO4, and 0.02, 0.12, 0.15, 0.20, 0.25, or 
0.30mMKH2PO4. Inorganic phosphate con- 
centrations in each drum were determined weekly 
by the Bartlett (1958) modification of the Fiske and 
Subbarow (1925) assay and KH2PO4 was added to 
maintain the desired concentrations in the media. 
The pH of  the nutrient media was maintained bet- 
ween 5.5 and 6.5 with H2SO4 and KOH. Salination 
began when seedlings were 8 days old. Except for 
the nonsaline controls, all drums were salinized to 
an osmotic potential (OP) of  - 0 . 3 4 M P a  in 
- 0.1 MPa increments over 3 consecutive days. The 
various salts added and their respective concentra- 
tions in the final treatments are reported in Table 1. 

Experimental design 

Chloride-Role experiments. In a preliminary experi- 
ment, the solutions in three drums, which con- 
tained 0.15 mMPi,  were salinized to - 0 . 3 4 M P a  
with various quantities of  NaNO3, Ca(NO3)2, 
NaCI, and CaCI2 to produce three treatments with 
variable mole fractions 3 of C1 (0, 1/4, and 3/4). The 
Ca/Na ratio of the added salts was held constant at 

2 Mention of  company products is for benefit of  the reader and 
does not  imply endorsement,  guarantee, or preferential treat- 
ment  by the U S D A  or its agents. 
3 Mole fraction (mf) is defined here as the molar ratio of  CI to 
C1 + NO 3 in the saline solutions. 



0.5 on a molar basis. Each drum contained six 
Clark 63 and six Lee 74 plants and all were harves- 
ted 18 days after salination began. 

In the main experiment, thirty-six drums were 
divided into three replicated and completely rando- 
mized blocks. Each block consisted of  six salinity 
treatments including a nonsaline control 
( - 0 . 0 4 M P a )  and five - 0 . 3 4 M P a  saline treat- 
ments with variable m f o f C l  (0, 1/16, 1/8, 1/4, and 
1) denoted as S1, $2, $3, $4, and $5, respectively. In 
this experiment the Ca/Na ratio of  the salinizing 
salts in all treatments was 0.25 on a molar basis. 
Each salinity treatment contained either 0.02 or 
0.25 mM Pi. Each drum contained 10 plants (five of  
Clark 63 and five of  Lee 74) that were harvested 17 
days after salination began. 

Sodium-Role experiments. In the first experiment, 
KCI was substituted for NaC1 ( - 0 . 3 4 M P a O . P .  
with CaC12/KC1 = 0.50 on a molar basis). Four  
drums contained different Pi concentrations (0.02, 
0.12, 0.20, or 0 .30mM).  Each drum contained six 
plants (three of  Clark and three of Lee) and they 
were harvested 17 days after salination began. Al- 
though Clark responds similarly to Clark 63 in 
regard to the salinity x Pi interactions, Lee res- 
ponds differently from Lee 74 (Grattan and Maas, 
1988). Consequently, a second experiment was con- 
ducted with Lee 74 and Clark 63. Three drums were 
salinized to - 0.34 MPa by KCI and CaCl2 (0.25 on 
a molar basis). The Pi concentrations in the three 
different drums were 0.02, 0.15, and 0.30 raM. All 
plants were harvested 17 days after salination 
began. 

Environmental conditions 

The relative humidity in the greenhouse was un- 
controlled but extreme temperature fluctuations 
were reduced by heaters and evaporative coolers. 
Air pollutants were removed by passing incoming 
air through activated charcoal filters. All drums 
were wrapped with aluminium foil-faced fiberglass 
insulation to minimize temperature fluctuations in 
the culture media. Lighting was natural sunlight 
through glass. 

Harvest and plant tissue analysis 

Shoots were separated from roots at harvest. 
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Roots were washed three times, 30s each, in 15 
liters of deionized water. The shoots and roots were 
oven-dried at 65~ and weighed. Leaves and roots 
were ground in a blender and stored in glass vials 
for analysis. Phosphorus was determined on nitric- 
perchloric acid digests of  the tissue by the molyb- 
date-vanadate colorimetric method (Kitson and 
Mellon, 1944). Chloride concentrations were deter- 
mined on dilute nitric-acetic acid extracts of the 
tissue powder by the Cotlove (1963) coulometric- 
amperometric titration procedure. 

Results 

Visual foliar injury 

Chloride-Role study. Clark 63 was more susceptible 
to foliar injury than Lee 74 and injury symptoms 
were characteristically different. Injured Lee 74 
leaves were reddish-brown in color while necrotic 
Clark 63 leaves were light beige (see Grat tan and 
Maas, 1988). This distinction was most prominent 
in the treatment that contained the most Pi and CI 
in the substrate. The severity of  foliar injury in- 
creased with increased substrate C1, Pi, and time 
under treatment. No injury was observed on either 
cultivar when substrate C1 was completely replaced 
by NO3 (S1) or when substrate Pi was maintained 
at 0.02 mM. At low C1 concentrations (C1 mf  = i/ 
4), injury on Clark 63 was moderate and symptoms 
were similar to those on Lee 74 at high CI (CI 
mf = 1). This observation was unexpected and 
indicated that 1) leaf bronzing was not unique to 
Lee 74 and, 2) substrate CI not only plays a role in 
the degree of  injury, but the type of  injury as well. 
At high C1 concentrations (C1 mf  = 1), many 
Clark 63 plants died. Initially, necrosis developed 
on primary leaves. As the time under treatment 
continued, injury progressed towards younger 
leaves. At the time of  harvest, many Clark 63 and 
Lee 74 leaves had abscised on plants grown at high 
C1 ($5) and high Pi (0.25mM). 

Sodium-Role study. The usual adverse responses of  
Clark, Clark 63, and Lee 74 to salinity and high Pi 
were manifested when KCI was substituted for 
NaC1. The intensity of  injury appeared to be 
greater with KC1 but symptoms were similar to 
those treated with NaCI. No foliar injury was ob- 
served on plants grown at low Pi (0 .02mM) but 
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injury developed and became more severe as sub- 
strate Pi increased. Evidently, Na did not play an 
important role in cultivars sensitive to the sali- 
nity x Pi interaction. Lee was insensitive to the 
salinity x Pi interactions and did not develop in- 
jury under any treatment. 

Shoot and root dry weight 

Osmotic, as well as specific-ion effects, were res- 
ponsible for reduced plant growth. In the absence 
of  salinity, shoot dry weights of  Clark 63 and Lee 
74 were 2.4 and 2.8 g at low Pi and 2.0 and 2.4 at 
high Pi, respectively (Table 2). These differences 
between Pi treatments, however, were not statistic- 
ally significant. Salinity, regardless of  the salts used 
to reduce the osmotic potential of  the nutrient 
solution, decreased dry weights. This occurred 
whether or not injury was evident on treated plants. 
Shoot growth of  Clark 63 and Lee 74 was signifi- 
cantly (ct < 0.005) reduced by increased substrate 
Pi at all saline C1 levels (Table 2). The greatest 
reduction in growth corresponded to the most 
severe foliar injury which occurred with high Pi at 
a Cl mf  of  1. 

In experiments where KCI replaced NaCI in the 
saline media, shoot dry weights of  Clark, Clark 63 
and Lee 74 decreased with increased substrate Pi 
(data not shown). This also was related to visual 
foliar injury. In the case of  Lee under KCI/CaC12 
salinity, increased substrate Pi did not reduce shoot 
growth. 

Table 2. Shoot dry weights (g plant ~ ) of  Clark 63 and Lee 74 
as influenced by salinity (0P = - 0 . 3 4  MPa) with different C1 
and Pi concentrations. Each value is the mean  of  three replica- 
lions 

Mole fraction Clark 63 Lee 74 
of  CI 
(C1/C1 + NO3) Pi concentration, m M  

0.02 0.25 0.02 0.25 

Nonsaline 
0 2.38 2.02 2.79 2.35 

Saline 
0 1.61 1.30 1.76 1.20 
1/16 1.53 1.28 1.88 1.33 
1/8 1.67 1.47 1.96 1.56 
1/4 1.62 1.17 1.84 1.21 
1 1.49 0.60 1.66 0.75 

Root dry weights (data not shown) were ap- 
proximately 20% of  those of  their respective 
shoots. However, the effects of  salinity, CI, Pi, and 
their interactions on root weights were the same as 
on the shoots. 

Potassium chloride produced the same adverse 
effects on Clark 63 and Lee 74 as did NaC1. Shoot 
and root dry weights decreased linearly with in- 
creased substrate Pi. Similar effects were observed 
in the first experiment where dry weights of  Clark 
shoots decreased steadily from 1.46g at low Pi 
(0.02 m M )  to 0.56g at high Pi (0.30mM). No dif- 
ferences in dry weights as a result of  different Pi 
concentrations were obtained on Lee. This was not 
surprising since Lee, a cultivar that excludes P and 
CI from its leaves, was not found to express the 
adverse salinity x Pi interaction in other studies 
with NaCI and CaCI2 salts (Grattan and Maas, 
1984; 1985; 1988). 

Leaf element concentration 

Salinity, regardless of  the mole fraction of  CI in 
the substrate, enhanced P accumulation in the 
leaves of  both Clark 63 and Lee 74 at high Pi (Fig. 
1). Leaf P concentrations in plants grown in non- 
saline media containing 0.02 and 0.25 m MP i  were 
191 and 362 mmol kg -~ dry wt for Clark 63 and 141 
and 283 mmol kg-  ~ dry wt for Lee 74, respectively. 
In isotonic saline solutions at high Pi, leaf P ranged 
between 700 and 900 for Clark 63 and between 500 
and 750 mmol kg-l  dry wt for Lee 74 and did not 
significantly (r 2 _< 0.08) increase with increased mf  
of  C1 (Fig. 1). At low Pi, no differences in leaf P 
were found between treatments or cultivars and 
concentrations ranged between 140 and 
200 mmol kg-  ~ dry wt, 

Salinity also enhanced P accumulation in Clark, 
Clark 63, and Lee 74 soybeans in cultures salinized 
with KCI at Pi concentrations >_ 0 .12mM (Table 
3). P concentration in Clark 63 leaves increased 
from 145 to 824mmolkg -~ dry wt as substrate Pi 
increased from 0.02 to 0.30 mM. Results were sim- 
ilar for Clark in the first experiment. P concentra- 
tion in Lee 74 leaves increased from 118 to 
938mmolkg- !  dry wt as substrate Pi increased 
from 0.02 to 0.30mM. L e a f P  in Lee, on the other 
hand, only increased from 147 to 292mmolkg -l 
dry wt as substrate Pi increased. 
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Fig. 1. Leaf P concentrations in Clark 63 and Lee 74 as influenced by salinity (0P = - 0.34 MPa) with different CI and Pi concentra- 
tions. Each value is the mean of three replications. Respective r 2 values for Clark 63 and Lee 74 are 0.08 and 0.00. Pt and P2 denote 
0.02 and 0.25 mMPi  treatments, respectively. 

L e a f  CI concentration increased linearly 
(r: > 0.89) with the increased mf  of  CI (Fig. 2). 
Therefore, substrate NO3 did not greatly influence 
leaf CI accumulation. Concentrations in Clark 63 
were approximately four times those in Lee 74 at a 
given CI concentration. No significant differences 
in concentration were found between Pi levels. 

More CI accumulated in leaves of both Clark 63, 

Table 3. Leaf P and C1 concentrations (mmol kg-~ dry wt) in 
Clark, Lee, Clark 63, and Lee 74 grown in nonsaline media and 
media salinized (0P = - 0 . 3 4  MPa) with KCI and CaCI 2 

Pi (mM) Clark Lee 

P CI P Cl 

Experiment 1 
Nonsaline 
0.02 186 < 1 140 < 1 
0.12 296 < 1 210 < 1 

Saline 
0.02 208 1098 147 376 
0. ! 2 411 1680 208 509 
0.20 554 1420 255 530 
0.30 682 1633 292 607 

Experiment H Clark 63 Lee 74 
Nonsaline 
0.02 191 < 1 141 < 1 
0.25 362 < i 283 < 1 

Saline 
0.02 145 1880 118 313 
0.15 736 1850 548 445 
0.30 824 2430 938 616 

a leaf-Cl-accumulator, and Lee 74, a leaf-Cl- 
excluder, when solutions contained KC1 (Table 3) 
instead of  NaC1 (Fig. 2). Concentrations of C1 in 
Clark 63 grown in KCI solutions were twice those 
grown in NaC1 solutions (1850 to 2430 vs 800 to 
930 mmol kg- ~ dry wt, respectively). Similar results 
were found for Clark. Interestingly, leaf Cl in both 
KCl-treated Lee 74 from this experiment and Lee 
from the preliminary experiment, increased as sub- 
strate Pi increased. Cl concentrations in Lee 74 
were 313, 445, and 616mmolkg ~ dry wt at 0.02, 
0.15, and 0.30mMPi whereas those in Lee were 
376, 509, 530 and 607mmolkg ~ dry wt at 0.02, 
0.12, 0.20, and 0.30mMPi,  respectively. No dif- 
ferences in leaf Cl between Pi levels were found 
when plants were salinized with NaCl. Evidently, Pi 
influenced Cl transport in the presence of excessive 
K, yet the mechanism was independent of the 
plants' inherent sensitivity to Pi under saline 
conditions. 

Discussion 

This series of experiments have shown that salin- 
ity, regardless of the salts tested, greatly enhanced 
Pi uptake in P-sensitive cultivars (Clark, Clark 63 
and Lee 74). Neither Na nor Cl per se directly 
caused excessive Pi uptake and subsequent trans- 
location to the leaves. Phosphorus accumulation 
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Fig. 2. Leaf C1 concentrations in Clark 63 and Lee 74 as influen- 
ced by salinity (0P = -0.34MPa) with different C1 and Pi 
concentrations. P~ and P2 denote 0.02 and 0.25mMPi treat- 
ments, respectively. 

was equally excessive in leaves whether isotonic 
saline solutions contained K substituted for Na or 
when N O  3 replaced C1 as the pr imary salinizing 
cation and anion, respectively. Whether Pi uptake 
and transport  was influenced directly or indirectly 
by the ionic strength of the solution surrounding 
membranes of  root cells or simply by the low os- 
motic potential of  water, remains unresolved. 
These cultivars would be valuable in future experi- 
ments to study the mechanism of  salinity induced P 
accumulation at the cellular level. 

Substrate NO 3 did not suppress leaf CI con- 
centration as described by others for tomatoes 
(Kafkafi et  al.,  1982). Thus, CI concentration in 
leaves was linearly related to that in the substrate. 
I f  NO3 suppressed tissue C1 concentration, the rela- 
tionship between substrate C1 and tissue CI con- 
centration would have been curvilinear (concave). 
This effect was observed on roots of  Clark 63 plants 
grown at low Pi. Similar effects o f  C1 suppression in 
soybean roots by NO3 have been described earlier 
(Weigel et  al., 1973). 

In previous studies (Grat tan and Maas,  1984; 
1985), P-tolerant cultivars Lee and Jackson were 
tested because they excluded and accumulated leaf 
CI, respectively. Lee 74 and Clark 63 also exclude 
and accumulate CI, respectively, but differ in terms 
of  P transport.  It  is likely, therefore, that the mech- 
anisms of  CI and H2 PO4 transport  in these cultivars 
is, for the most  part,  independent of  one another. 
However, it appeared that  Pi influenced CI trans- 
port  in Lee and Lee 74 in solutions salinized with 
KCI. 

The observations and data reported herein, 
along with those from our earlier studies (Grat tan 
and Maas, 1984; 1985 and 1988) indicate that the 
symptoms and severity of  foliar injury were a func- 
tion of leaf P and C1 concentration. The intensity 
of  foliar injury on Lee 74, a leaf-Cl excluder, was 
less than that on Clark and Clark 63, and its injury 
symptoms were characteristically different. Foliar 
injury on Lee 74 was reddish-brown in color, typi- 
cal o f  P-toxicity (Shive, 1918; Howell and Bernard, 
1961). The injury, however, was aggravated by 
leaf-Cl accumulation. When NO3 was substituted 
for substrate CI, no injury was observed on sen- 
sitive cultivars despite the excessive accumulation 
of leaf-P ( >  690mmolkg  -m dry wt or 2.1%). This 
reddish-brown injury symptom was artificially in- 
duced on Clark 63 when the m f  of  CI was reduced 
to 1/4 and on Jackson, Lee, and Clark 63 scions 
when grafted upon a Lee 74 rootstock (Grat tan and 
Maas,  t985). In these instances, leaf CI was 100 to 
200 mmol  kg-  ~ dry wt. When leaf CI in these sen- 
sitive cultivars exceeded 6 0 0 m m o l k g  -~ dry wt 
(provided leaf P exceeded 500 mmol  kg- l  dry wt), 
necrotic leaves were light beige in color and plants 
usually died (see Grat tan  and Maas, 1985). This 
was characteristic of  Clark, Clark 63, and Kanrich 
(Grat tan and Maas, 1984; 1985 and 1988). When 
leaf CI exceeded 600 mmol  kg-~ dry wt, but P was 
less than 350mmolkg  -l  dry wt, plants developed 
the classical chlorosis/necrosis on the margins of  
primary and first trifoliolate leaves. This charac- 
teristic symptom of  CI toxicity was typical of  Jack- 
son (Grat tan and Maas, 1984; 1985). The adverse 
salinity x Pi interaction which is lethal for P- 
sensitive cultivars is caused by a synergistic interac- 
tion between C1 and P in their leaves. 
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