
Root Control of Leaf Phosphorus and Chlorine Accumulation 
in Soybean under Salinity Stress1 

S. R. Grattan and E. V. Maas2 

ABSTRACT 
Some soybean cultivars [GZyeine mar (L.) Merr.] grown in saline 

(-0.34 MPa osmotic potential) solution cultures with inorganic 
phosphate I 0.25 mM, accumulate excessive P and C1 in their leaves. 
Greenhouse experiments were conducted with reciprocally grafted 
soybean to evaluate the role of the scion and rootstock on leaf P and 
CI accumulation and foliar injury. Four distinctly different genotypes 
were studied. ‘Lee’ and ‘Lee 74’ are described as leaf-C1 excluders, 
whereas ‘Clark 63’ and ‘Jackson’ are leaf-C1 accumulators. Clark 
63 and Lee 74 accumulate excessive amounts of P in their leaves, 
whereas Lee and Jackson do not. Root-scion grafts of all combi- 
nations of the four cultivars, including self-grafts were made and 
tested. Visual foliar injury, its onset, severity, and symptoms, was 
controlled predominantly by the genotype of the rootstock and was 
correlated with leaf P and C1 concentration. Thus, scions of all four 
genotypes when grafted on rootstocks that translocate P and CI to 
the shoots, were sensitive to P and CI. Scions on Clark 63 rootstocks 
were killed and necrotic leaves were beige in color. Since leaf P and 
CI exceeded 550 and 600 mmol kg-I dry wt (1.7% P and 2.1% Cl) 
we attributed this injury to combined P and CI toxicity. Leaves of 
scions on Lee 74 rootstocks were severely injured and exhibited a 
distinctive reddish-brown coloration indicative of P toxicity. Scions 
on Jackson rootstocks exhibited only moderate foliar injury. Injured 
leaves were chlorotic and necrotic along the margins characteristic 
of CI toxicity. Scions on Lee rootstocks remained healthy during the 
entire experiment and leaf P and C1 were maintained below 405 and 
275 mmol kg-’ dry wt, respectively. Although leaf P and CI accu- 
mulation were controlled predominantly by the genotype of the root- 
stock, an additional mechanism, as yet unidentified, was found in 
the scion of Lee and Lee 74 that reduced leaf P and C1 concentration. 
The contribution of the mechanism was not sufficient to delay the 
onset of foliar injury. 

Aaiiitional index wordr: Glycine mar (L.) Merr., Grafting, Foliar 
injury, leaf scorch, P toxicity, CI toxicity, Translocation, Uptake, 
Rootstock, Scion. 

REVIOUS experiments at this laboratory have in- P dicated that certain soybean [Glycine max (L.) 
Merr.] genotypes are highly sensitive to an adverse 
interaction between salinity and inorganic phosphate 
(PI) in the substrate (Grattan and Maas, 1984). Inor- 
ganic phosphate concentrations commonly used in 
nonsaline solution cultures (0.2 mM) were lethal to 
‘Clark‘ and ‘Kanrich’ cultivars in saline media as these 
cultivars accumulated excessive amounts of P in their 
leaves (400 to 800 mmol kgg’ dry wt). ‘Lee’, on the 
other hand, remained uninjured and maintained leaf 
P c 300 mmol kg-I dry wt. In a later study, injury 
in Clark and ‘Clark 63’ soybeans grown at high solu- 
tion P, (2 0.12 mM) was found to increase with in- 
creased CaCl,/NaCl ratios (S.R. Grattan and E.V. 
Maas, 1984, unpublished data). Furthermore, Na did 
not have a direct or indirect role in the adverse in- 
teraction between salinity and phosphate. On the other 
hand, injury became more severe with increased sub- 
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strate C1 in isotonic solutions containing 0.25 mil4 P,, 
indicating that foliar injury was caused by the com- 
bined accumulation of P and C1. Susceptibility to C1 
toxicity also varies considerably among soybean cul- 
tivars (Parker et al., 1983). 

The relative role of the shoots and roots among 
genotypes in regulating leaf P and C1 accumulation 
under saline conditions is not well known. Reciprocal 
grafting has been a valuable practice in nonsaline cul- 
tures for the determination of the role of the scion and 
rootstock in nutrient uptake and accumulation by var- 
ious soybean genotypes (Foote and Howell, 1964; 
Kleese, 1967, 1968; Polson and Smith, 1972; Heenan 
and Carter, 1976; White et al., 1979). Foote and How- 
ell ( 1964) concluded that PI uptake and transport to 
shoots were controlled by the genotype of the roots- 
tock. Data from later grafting experiments with soy- 
bean indicate that the scion controls P accumulalion 
in seeds (Polson and Smith, 1972). McCaw (1972) con- 
clucled that the controlling mechanism of leaf C1 ac- 
cumulation resides within the roots. Grafting experi- 
ments can help determine if an additional mechanism 
that controls leaf P and C1 accumulation exists in the 
shoot. 

Grafting soybean has also been a valuable practice 
in determining the role of the root and scion in con- 
trolling foliar injury (Foote and Howell, 1964; Heenan 
and Carter, 1976; White et al. 1979). Heenan and Carter 
(1976) found that the controlling mechanism of leaf 
Mn toxicity resides exclusively within the scion. White 
et al. ( I  979) concluded that soybean scions controlled 
foliar injury while the roots controlled Zn uptake and 
translocation to the leaves. Thus, Mn and Zn toxicity 
in soybean was independent of the leaf concentration. 
Phosphorus and C1 tolerance in soybean, therefore, 
may not exclusively be dependent on the ability of the 
plant to absorb these elements and translocate them 
to their leaves. 

The objectives of this study were (i) to examine the 
relative contribution of scion and rootstock to control 
leaf P and C1 accumulation under salinity stress, (ii) 
to correlate leaf elemental composition with foliar in- 
jury (both severity and symptoms), and (iii) to dei.er- 
mini: if toxic effects in Lee scions (a cultivar that shows 
no adverse salinity-PI interactive effect) can be avoided 
or delayed by an additional process in the leaves that 
tolerates excessive concentrations of P and/or C1. To 
satisfy these objectives, four distinctly different soy- 
bean genotypes were selected according to their 130- 
tential to exclude or accumulate leaf P and C1 from 
saline solutions with L 0.25 mM P,. ‘Lee’ excludes 
both P (Grattan and Maas, 1984) and C1 (Abel and 
MacKenzie, 1964; Abel, 1969); ‘Lee 74‘ accumulates 
P and excludes C1 (S.R. Grattan and E.V. Maas, 1984, 
unpublished); ‘Jackson’ excludes P (Grattan and Maas, 
1984) and accumulates C1 (Abel, 1969); and Clark 63 
accumulates both P and C1 (S.R. Grattan and EV. 
Maas, unpublished). 

Exclude is used as a relative term to refer to a cul- 
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tivar’s ability to  maintain low concentrations of a given 
element in the leaves and contrasts with cultivars that 
accumulate excessive amounts of the element. Culti- 
vars representing these types are referred to here as 
excluders and accumulators. 

MATERIALS AND METHODS 
Germination 

Soybean (Clark 63, Jackson, Lee, and Lee 74) seeds were 
coated with Thiram3 seed protectant (50% tetramethyl- 
thiuram) and germinated in the greenhouse in 0.18-L sty- 
rofoam cups filled with sand. Seedlings were imgated twice 
daily with complete nutrient solution consisting of 2.5 mM 
Ca(N03)2r 3 mM KN03, 1.5 mM MgSO,, 0.02 mM KH2P04, 
50 pMFe (as sodium femc diethylenetriamine pentaacetate), 
23 pM H3B03,5 pM MnSO,, 0.4 pM ZnSO,, 0.2 pM CuS04, 
and 0.1 pM H2Mo04. 

Grafting 
Soybean seedlings were grafted at the late cotyledon stage 

(6 to 10 days after planting). Although several methods for 
grafting soybean plants have been described in the literature, 
we adopted the straw-band technique developed by Bezdicek 
et al. (1972). Briefly, the hypocotyl was severed 2 to 3 cm 
below the cotyledons (for the scion) and > 2 cm above the 
sand (for the rootstock). The rootstock was then slit longi- 
tudinally (approximately 1 to 1.5 cm from the cut end down- 
ward) while the roots remained undisturbed in the sand. The 
scion hypocotyl was cut in a wedge and carefully fitted in 
the cut rootstock. Plastic drinking straws (5 mm in diam), 
cut 1 to 1.5 cm in length and slit lengthwise, were placed 
over the graft and secured with a rubber band. The newly 
grafted plants were placed in a room away from direct sun- 
light for 5 to 8 days. This length of time was sufficient for 
the grafted soybeans to resume normal growth. The tem- 
perature ranged between 20 to 23°C. Relative humidity was 
not controlled. 

Plant Culture 
Successfully grafted soybean plants, as well as ungrafted 

controls, were transplanted to 190-L drums filled with con- 
tinuously aerated nutrient solution 13 days after germina- 
tion. The nutrient solution composition was described above 
except that the KH2P04 concentration was varied. Inorganic 
phosphate concentrations in the solutions were determined 
weekly by the Bartlett (1 959) modification of the Fiske and 
Subbarow assay (1 925); KHZPO, was added to maintain the 
desired Pi concentrations above 0.01, 0.22, and 0.27 for the 
0.02, 0.25, and 0.30 mM Pi treatments, respectively. The 
purpose of large reservoirs was to minimize changes in so- 
lution composition, especially Pi, during the course of the 
experiment. The pH of the nutrient solution was maintained 
between 5.5 and 6.5 with KOH and HzS04. Salinization be- 
gan when seedlings were 17 and 15 days old for Experiment 
I and 11, respectively. Sodium chloride and CaC12 (4: 1 on a 
molar basis) were added to the nutrient solution at a rate of 
20.5 mmol L-I day-‘ for 3 days, which reduced the osmotic 
potential of the solution 0.3 MPa. Final concentrations were 
49.3 mM NaCl and 12.3 mM CaC12. 

Experimental Design 
Since previous studies have confirmed a significant sal- 

inity X Pi interaction on Clark 63 and Lee 74 soybeans (S.R. 
Grattan and E.V. Maas, 1984, unpublished), we found it 
unnecessary to design a factorial experiment. The objective 

Mencon of company products is for the benefit of the reader 
and does not imply endorsement, guarantee, or preferential treat- 
ment by the USDA or its agents. 

ofthis study, however, was to select a deterimental treatment 
(-0.34 MPa NaC1/CaClz at Pi I 0.25 mM) and statistically 
compare leaf P and C1 accumulation among cultivars. There- 
fore, two-way analysis of variance between scions and roots- 
tocks was conducted on leaf P and C1 concentration data 
within Pi and salinity treatments. Error mean square values 
were used for Duncan’s multiple range tests to compare val- 
ues among scions on common rootstocks. 

Experiment I 
Eight drums were divided into two treatments. All drums 

were salinated to -0.34 MPa; five of the drums contained 
0.25 mM Pi while the other three contained 0.02 mM Pi. 
Each drum held 20 plants; one ungrafted (UG) plant of each 
cultivar [Clark 63 (C63), Jackson (J), Lee (L), and Lee 74 
(L74)], and one grafted plant of every combination including 
self-grafted plants where the scion and rootstock are the same 
genotype. 

Experiment 11 
Twelve drums were divided into two salinity treatments; 

four were nonsalinized controls (two each at 0.02 and 0.30 
mM Pi) and eight were salinized to -0.34 MPa. Five of the 
eight salinized drums contained 0.30 mM Pi while the re- 
maining three contained 0.02 mM Pi. The cultivars and 
grafted combinations were the same as described in Exper- 
iment I. The purpose of conducting the second experiment 
was to verify results obtained from Experiment I and to 
reduce variability in foliar injury between replicate treat- 
ments by increasing the Pi concentration of the top Pi treat- 
ment. This adaptation in the procedure was successful in 
reducing the variability of foliar injury. 

Environmental Conditions 
Temperature and relative humidity fluctuated diurnally. 

Extreme temperature fluctuations were reduced by evapo- 
rative coolers and heaters while relative humidity in the 
greenhouse was uncontrolled. Air pollutants were removed 
by passing incoming air through activated charcoal filters. 
All drums were wrapped with aluminum foil-faced fiberglass 
insulation to minimize temperature fluctuations in the cul- 
ture media. Lighting was natural sunlight through glass. 

Harvest and Plant Tissue Analyses 
All plants were harvested 16 and 12 days after salinization 

began for Experiments I and 11, respectively. Roots were 
separated from shoots and washed three times, 30 s each 
wash, in 15 L of deionized water. The shoots and roots were 
placed in paper bags and dried in an oven at 65°C. After 
dry weights were obtained, leaves were separated from stems 
and petioles. Roots were composited from replicate treat- 
ments to produce sufficient material for elemental analysis. 
The leaves and roots were then ground in a blender and 
stored in glass vials for elemental analyses. Sodium, K, Ca, 
and Mg were determined on nitric-perchloric acid digests 
of the tissue powder by atomic absorption spectrophoto- 
metry. Phosphorus was determined on the tissue digests by 
the molybdate-vanadate colorimetric method (Kitson and 
Mellon, 1944). Chloride concentrations were determined on 
dilute nitric-acetic acid extracts of the dry-ground plant pow- 
der by the Cotlove (1963) coulometric-amperometric titra- 
tion procedure. 

RESULTS 
Foliar Injury 

In Experiment I, the onset and severity of visual 
foliar injury was highly variable among replications of 
the saline treatments with 0.25 mM Pi. However, the 
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Table 1. Effects of salinity and Pi on the shoot and root dry 
weights of grafted and ungrafted plants. Controls are the 
means of two replicates, whereas low (0.02 mM) and high (0.30 
mM) Pi treatments under saline conditions are the means of 
three and five replicates, respectively. 

Shoot Root 

Control Saline Control Saline 

Cultivart Low P High P Low P High P Low P High P Low P High P 
g plant-' 

L 1.35 2.85 1.17 1.07 0.23 0.34 0.30 0.29 
L74 1.50 1.59 1.27 0.46 0.33 0.37 0.36 0.09 
C63 2.12 1.63 1.61 0.58 0.55 0.44 0.54 0.20 
J 0.99 1.47 0.99 0.62 0.20 0.31 0.22 0.18 

m 0.37 0.63 0.44 0.48 0.03 0.11 0.11 0.11 
L74L 0.86 0.60 0.80 0.64 0.20 0.11 0.18 0.13 
C63L 1.22 0.63 0.67 0.80 0.28 0.13 0.18 0.21 
JL 0.93 0.83 0.55 0.52 0.24 0.18 0.12 0.13 

Ln74 0.71 0.62 0.60 0.30 0.16 0.13 0.16 0.06 
L74L74 0.81 0.94 0.78 0.48 0.21 0.21 0.13 0.10 
C63L74 0.83 1.01 0.73 0.38 0.23 0.30 0.26 0.07 
J L 7 4  0.64 0.61 0.67 0.26 0.09 0.14 0.19 0.07 

LE63 0.92 0.73 0.49 0.25 0.21 0.12 0.10 0.06 
L74/C63 1.00 0.79 0.63 0.31 0.22 0.16 0.18 0.06 
C63/C63 0.95 0.82 0.64 0.22 0.20 0.23 0.19 0.08 
JIC63 0.84 0.82 0.49 0.23 0.17 0.16 0.13 0.06 

LIJ 0.63 0.83 0.40 0.44 0.07 0.15 0.08 0.08 
L74N 1.15 0.80 0.59 0.51 0.25 0.15 0.09 0.10 
C63N 1.17 0.90 0.55 0.46 0.25 0.15 0.13 0.11 
JIJ 1.08 1.04 0.51 0.35 0.19 0.23 0.14 0.09 

~~~ 

t L, L74, C63, and J refer to cultivars Lee, Lee 74, Clark 63, and Jackson. 
Scions are designated by the numerator, rootstocks by the denominator. 

relative differences in sensitivity among cultivars or 
grafted combinations in a particular drum were con- 
sistent with the other replications. Since differences in 
visual injury were small among replicate treatments 
in Experiment 11, where PI concentrations were ele- 
vated to 0.30 mM, the results of this experiment are 
discussed in detail. 

Injury developed only on plants grown in saline so- 
lutions with 0.25 mM Pi and became progressively 
more severe with duration of treatment. Scions on 
Clark 63 rootstocks, regardless of their genotype, began 
to develop chlorosis on their primary leaves only 3 to 
4 days after salinization began. Scions on Jackson 
rootstocks, as well as those on Lee 74, began to develop 
visual injury one day later. On the day of harvest, most 
scions on Clark 63 rootstocks were dead. Thus, scions 
on Clark 63 rootstocks were the most severely injured, 
followed in order of decreasing severity by scions on 
Lee 74, then by scions on Jackson. Scions on Lee, on 
the other hand, remained healthy during the entire 
experiment. Although injury symptoms were similar 
on different scions with common rootstocks, they were 
characteristically different among rootstocks. Necrotic 
leaves from scions on Clark 63 rootstock were beige 
in color, whereas injured leaves from scions on Lee 
74 rootstocks were reddish-brown in color. Leaves from 
scions on Jackson rootstocks were chlorotic and nec- 
rotic, but injury was most intense along the margins 
of older leaves. 

These results clearly demonstrate that the onset, se- 
verity, and symptoms of foliar injury of plants grown 
in saline solutions with 0.30 mM P,, are determined 
solely by the rootstock. 

Table 2. Shoot and root dry weights of grafted and ungr.afted 
plants grown in saline solutions with 0.30 mM P;. 

Shoot Root 

Ungrafted 
- 

Cultivart Cultivar 
L 1.07a* L 0 .29~ 
J 0.62cd C63 0.20b 
C63 0.58cd J 0.18bi 
L74 0.46cdef L74 0.09d,e 

-- 

Lee Rootstock 

C63L 0.80b C63L 0.21tl 
L74L 0.64bc JL 0.13cd 
JIL 0.52cde L74L 0.13cd 
L L  0.48cdef m 0.llcle 

Jackson Rootstock 
L74lJ 0.5lcde C63IJ O.llde 
C63lJ 0.46cdef L741J 0.lOcle 
L/J 0.44defg JIJ 0.09Cle 
J/J 0.35fgh UJ 0.08cle 

L741274 0.48cdef L74L74 0.lOdle 
C631L74 0.38efgh J L 7 4  0.07e 
LL'i'4 0.3Ofgh C63L74 0.07e 
J L 7 4  0.26gh m 7 4  0.06e 

L74iC63 0.3lfgh C63/C63 0.08e 
L/CB3 0.25gh JIC63 0.06e 
J/C63 0.23h L741C63 0.06e 
C631C63 0.22h UC63 0.06e 

Lee 74 Rootstock 

Clark 63 Rootstock 

* Moans within a column followed by the same letter are not signifiixntly 
different a t  P = 0.05 according to the Duncan's multiple range test. 

t C63, J. L. and L74 refer to cultivars Clark 63. Jackson, Lee, and Lee 74, 
respectively. Scions are designated by the numerator, rootstocks by the 
denominator. 

Shoot and Root Dry Weight 
The shoot and root dry weight data from Experi- 

ment I1 are presented in Table 1. Since variability in 
plant size before salinization began was large, it was 
understandable that variability in the dry weight data 
was also large. Nevertheless, scions on Clark 63 roots- 
tocks grown in saline high-P solutions weighed less 
than scions on other rootstocks, although differences 
were not significant from scions on Lee 74 (Table 2). 
Shoot dry weights were inversely related to visual fol- 
iar injury. No differences in weights were found among 
scions on common rootstocks. In general, grafted plants 
were smaller than ungrafted plants. Relative differ- 
ences in root dry weights were analogous to the shoots. 

Leaf Element Concentration 
Leaf P concentrations in plants grown in nonsaline 

solutions at low (0.02 mM) and high (0.30 mhr) P, 
ranged between 100 to 174 and 268 to 465 mmol kg-' 
dry wt, respectively (data not shown). Concentrations 
in plants grown in saline solutions at low PI were be- 
tween 147 and 2 19 mmol kg-' dry wt (data not shown) 
and both scions and rootstocks were found to have a 
significant effect on leaf P (Table 3). Distinct differ- 
ences in leaf P concentration among cultivars were 
found when plants were grown in saline solutions with 
0.2 5 mM P, (Table 4). Concentrations in leaves on P- 
sensitive rootstocks (Clark 63 and Lee 74) ranged be- 
tween 532 and 693 mmol kg-' dry wt, whereas con- 
centrations in leaves on P-tolerant cultivars (Lee and 



GRATTAN & MARS: SOYBEAN UNDER SALINITY STRESS 893 

Table 3. F ratios from two-way analysis of variance between 
scions and rootstocks of the leaf P and C1 concentration data 
of saline grown plants. The 0.02 and 0.25 mM Pi treatments in- 
cluded three and five replicates, respectively. 

Table 5. Leaf C1 concentrations in grafted and ungrafted plants 
grown in saline solutions with 0.02 mM and 0.25 mM Pi. Values 
are the mean of three and five replicate samples for low and 
high Pi treatments, respectively. 

F ratio 
source of 
variation df Leaf c1 Leaf P 

a) 0.02 mM Pi 
Rootstock 3 142.1*** 2.4 
Scion 3 6.7*** 3.6* 
R x S  9 1.3 1.1 

b) 0.26 mMPi 

Rootstock 3 178.0*** 74.2*** 
Scion 3 8.0*** 6.9*** 
R x S  9 1.6 0.6 

*,*** Statistical significance at  the 5 and 0.6% confidence level, respec- 
tively. 

Table 4. Leaf P concentrations in grafted and ungrafted plants 
grown in saline solutions with 0.25 mM Pi. Values are the 
means of five replicate samples. 

Leaf P concentration (mmol k g '  dry wt) 
Scion 

Rootstock UGt Lee Lee74 Clark63 Jackson 

Lee 309a* 316a 334a 404a 351a 
Lee 74 669ab 632a 641b 693b 666b 
Clark 63 6271, 669a 572a 686b 680ab 
Jackson 339a 246a 328a 358a 326a 
-~ 

* Means within a row followed by the same letter are not significantly dif- 
ferent (P = 0.06) according to the Duncan's multiple range test. Com- 
parisons within columns indicate Lee and Jackson were significantly dif- 
ferent than Lee 74 and Clark 63 rootstocks for every scion. LSD,.,. = 
108. 

t UG = ungrafted. 

Jackson) were significantly lower (246 to 404 mmol 
kg-' dry wt). Although leaf P concentrations were con- 
trolled predominantly by the rootstock, the scion had 
a significant influence on leaf P concentration (Tables 
3 and 4).The contribution of the scion, however, was 
small. 

Neither substrate Pi concentrations nor self-grafting 
substantially influenced leaf C1 concentration (Table 
5). However, scions on leaf-Cl accumulator rootstocks 
(Clark 63 and Jackson) contained excessive concen- 
trations of C1 within their leaves (552 to 830 mmol 
kg-' dry wt). On the other hand, scions on leaf-CI 
excluder rootstocks (Lee and Lee 74) maintained leaf 
C1 concentrations below 275 mmol kg-' dry wt. These 
data indicate that the rootstock controlled leaf C1 ac- 
cumulation as it did leaf P accumulation. The scion 
modified this element's concentration in the leaves as 
well. Similar conclusions were drawn from the leaf P 
and C1 concentration data from Experiment I1 (data 
not shown). 

Although leaf Na, K, Ca, and Mg concentrations 
were also controlled by the genotype of the rootstock, 
differences in concentrations among rootstocks grown 
in saline solutions were not as large as those for P and 
C1 (data not presented). Soybeans exclude Na from 
their leaves and all plants grown under saline condi- 
tions contained on the average 12 mmol Na kg-' dry 
wt. No differences were found among cultivars or be- 
tween substrate Pi treatments. Scions on Clark 63 and 
Jackson rootstocks contained higher Ca concentra- 

Leaf C1 concentration ( m o l  k g '  dry wt) 
Scion 

Rootstock UGt Lee Lee74 Clark63 Jackson 

Lee 
Lee 74 
Clark 63 
Jackson 

Lee 
Lee 74 
Clark 63 
Jackson 

~ 

167a* 
96a 

794bc 
830b 

129a 
120a 
687ab 
792b 

0.02 mMPi 

202a 163a 
179a 191a 
632a 666ab 
693a 691a 

0.25 mMPi 

139a 166a 
130a 133a 
607a 612a 
572a 662a 

194a 
137a 
819c 
734ab 

192a 
191a 
743b 
703b 

275a 
229a 
816c 
791b 

167a 
147a 
806b 
814b 

* Means within a row followed by the same letter are not significantly dif- 
ferent (P = 0.06) according to Duncan's multiple range test. Compan- 
sons within columns indicate Lee and Lee 74 were significantly different 
than Clark 63 and Jackson rootstocks for every scion. LSD,.,, = 139 and 
127 for 0.02 and 0.25 mM treatments, respectively. 

TUG = ungrafted. 

Table 6. Root P concentrations in grafted and ungrafted plants 
grown in saline solutions with.0.02 mM and 0.25 mM Pi. Plant 
material from reolicate treatments was ComDosited. 

____ ~ 

Root P concentration ( m o l  k g '  dry wt) 
Scion 

Rootstock UGt Lee Lee74 Clark63 Jackson 

0.02 mM Pi 

Lee 220 225 240 273 265 
Lee 74 348 363 307 403 378 
Clark 63 432 376 442 475 402 
Jackson 328 270 268 237 298 

0.26 mMPi 

Lee 562 507 495 702 663 
Lee 14 802 766 863 933 827 
Clark 63 982 897 968 882 988 
Jackson 703 667 688 707 663 

t UG = ungrafted. 

tions in their leaves (735 mmol kg-' dry wt) than Lee 
or Lee 74 (650 mmol kg-' dry wt). Differences in leaf 
Mg concentrations were analogous to those for leaf 
Ca. Concentrations in Clark 63 and Jackson were 187 
and 206 mmol kg-' dry wt at low and high substrate 
Pi, respectively, whereas concentrations in Lee and Lee 
74 were 167 mmol kg-' dry wt at low Pi and 182 mmol 
kg-' dry wt at high Pi. Leaf K concentrations were 
highest in scions on Clark 63 rootstocks and lowest in 
scions on Lee and Lee 74 rootstocks. Increased sub- 
strate Pi increased leaf K of scions on Clark 63 root- 
stocks. Respective K concentrations at low and high 
Pi were 853 and 1026 mmol kg-' dry wt. 

Root P and C1 Concentration 
Phosphorus-sensitive cultivars, Clark 63 and Lee 74, 

accumulated more P in their roots in saline solutions 
than P-tolerant cultivars, Lee and Jackson (Table 6). 
Root P concentrations approximately doubled as sub- 
strate Pi increased more than an order of magnitude, 
regardless of the genotype of the rootstock. The scion 
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Table 7. Root Cl concentrations in grafted and ungrafted plants
grown in saline solutions with 0.02 mM and 0.25 mM Pj. Plant
material from replicate treatments was composited.

Root Cl concentration (mmol kg"1 dry wt)
Scion

Rootstock

Lee
Lee 74
Clark 63
Jackson

Lee
Lee 74
Clark 63
Jackson

UGT

1563
1293
709
989

1116
993
527
631

Lee Lee 74

0.02 mAfP;

1487 1484
1527 1540
720 862
1033 1147

0.25 mMPj

1231 1131
998 1131
567 511
738 784

Clark 63

1667
1392
729
900

1320
1089
533
742

Jackson

1427
1280
689
947

1142
1042
418
633

t UG = ungrafted.

did not appreciably influence root Pj. Leaf-Cl exclu-
ders, Lee and Lee 74, contained more Cl in their roots
than leaf-Cl accumulators, Clark 63 and Jackson (Ta-
ble 7). Although root Cl concentration was generally
lower at the higher Pj concentration, the difference
could not be tested statistically because replicate sam-
ples were composited. The genotype of the scion, how-
ever, did not appear to influence root Cl.

DISCUSSION
Visual foliar injury, its severity and symptoms, was

directly dependent on the leaf P and Cl concentration.
Characteristic Cl injury, chlorosis and necrosis along
leaf margins (Abel and MacKenzie, 1964) was appar-
ent on all scions on Jackson rootstocks. Phosphorus
toxicity symptoms characterized by reddish-brown co-
loration development on older leaves (Shive, 1918)
was apparent on all scions on Lee 74 rootstocks. Injury
from excessive concentrations of both P and Cl was
more severe than a simple additive effect and plants
were usually killed. Thus, injury observed on soybean
cultivars 'Kanrich' by Nieman et al. (1973, 1974) and
on 'Prize', 'Clark', and 'Clark 63' (Grattan and Maas,
1982) was most likely caused by excessive P and Cl
in their leaves.

Plant growth was adversely affected by the combi-
nation of salinity and high substrate P; but the reasons
differed among cultivars. Shoot and root growth of
plants on Lee rootstocks were reduced by the classical
osmotic or nonspecific salt effect (Maas and Nieman,
1978). Growth suppression in plants with Clark 63,
Jackson, or Lee 74 rootstocks was caused by toxic ef-
fects of P and Cl superimposed on this osmotic effect.
Thus, shoot growth was suppressed most in plants on
Clark 63 rootstocks, which accumulate the most leaf
P and Cl and least in plants with Lee rootstocks which
exclude these elements from their leaves.

Although the controlling mechanism of leaf Mn and
Zn toxicity in soybean resides exclusively within the
scion (Heenan and Carter, 1976; White et al., 1979),
leaf toxicity from P and Cl is controlled by the root-
stock. This conclusion is consistent with those of others
who studied the controlling mechanism of leaf P (Foote
and Howell, 1964) and leaf Cl (Latichli and Wieneke,
1979) toxicities in soybean. No mechanism was evi-
dent that allowed Lee scions on Clark 63, Lee 74, or

Jackson rootstocks to tolerate high concentrations of
P and Cl in its leaves since foliar injury occurred at
about the same time as it did in Clark 63 scions. Thus,
all the scions tested were sensitive to P and Cl.

Although leaf-P and Cl accumulation were con-
trolled predominantly by the rootstock, the ion trans-
port mechanism in the roots that controlled translo-
cation to the leaves differed between elements. Leaf P
was apparently controlled by both root uptake and
translocation of P. Thus, leaf-P accumulators con-
tained more P in both their leaves and roots than leaf-
P excluders. Leaf Cl, on the other hand, did not appear
to be controlled by Cl uptake by the roots as much as
by restricted translocation of Cl from the roots to the
leaves. Thus, leaf-Cl excluders contained more Cl in
their roots than leaf-Cl accumulators. This effect has
been observed by workers from earlier studies (Laiichli
and Wieneke, 1979; Roeb et al., 1983).

The scions did not appear to restrict translocation
of P and Cl to the leaves under the described set of
conditions yet there were trends that should be em-
phasized. Generally, P-tolerant scions contained lower
leaf P concentrations than P-sensitive scions grown on
common rootstocks. This effect was significant where
common rootstocks were P-sensitive (Clark 63 and
Lee 74). Scions from Cl-excluder cultivars maintained
lower leaf Cl concentrations than Cl accumulator scions
on common rootstocks. This effect was significant
where common rootstocks were leaf-Cl accumulators.
McCaw (1972) also concluded that the scion modified
leaf Cl concentration. Nevertheless, scion control was
minimal in that visual differences were not apparent
between scions on common rootstocks. It would be
desirable, however, to quantitatively evaluate the con-
tribution of scion control of leaf Cl accumulation in
soybean plants grown in cultures containing lower sub-
strate Cl.

Adverse salinity-Pi interactions have been reported
earlier for other plant species (Bernstein et al., 1974;
Nieman and Clark, 1976;Cerdaetal., 1977). However,
certain soybean genotypes appear much more sensi-
tive to this phenomenon. Although no data are avail-
able for verification, we suspect that the mechanism
controlling P accumulation in other sensitive species
also resides within the roots. The next logical step
would be to identify the mechanism of salinity-en-
hanced Pi uptake and translocation by roots at the
cellular level.
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