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Introduction 
Soybean is an important biotech food, vegetable, and field crop that provides oil (40% of its 
seed), protein (20% of its seed), and carbohydrate (35% of its seed) to millions of people 
worldwide.  Furthermore, soybean is a promising sustainable source of biofuels in North 
America, South America, and Europe (Boerma and Specht, 2004).   

Zinc (Zn) deficiency has been recognized globally as a major micronutrient stress that lowers 
crop yield and productivity around the world (Marschner, 1995).  Zn deficient soils occur in 
nearly 30% of the world’s arable lands.  Selection and breeding of plant genotypes for Zn 
efficiency (ZE), defined as the ability of plants to maintain reasonable yield under Zn deficiency, 
is considered a sustainable approach to increase plant production on low Zn soils (Hacisalihoglu 
and Kochian, 2003).   

Considerable differences in response to low Zn stress are known to exist among genotypes of 
bread wheat (Rengel and Graham, 1995), rye, triticale (Cakmak et al., 1997), rice, tomato 
(Bowen, 1987), and common bean (Hacisalihoglu et al., 2004).  Variations in shoot or leaf based 
parameters together with higher internal Zn utilization can be the principal factors in differential 
ZE in crop plants (Hacisalihoglu and Kochian, 2003).  Preliminary studies in common bean 
indicated that leaf physiological parameters such as leaf area are a useful criteria for ZE 
screening (Hacisalihoglu, unpublished). Currently, there is little information regarding response 
of stomatal conductance to low Zn stress.   

Many earlier studies of low Zn stress focused on economically important cereal species.  Few 
studies have been conducted in soybean, and fewer have tested hydroponics as a growing media.  
It has been shown that critical Zn deficiency level for soybean leaves was 15 µg g-1 (Ohki, 1978).  
In a field study in Central Turkey, Zn deficient calcareous soils were shown to reduce yield and 
cause the development of visual symptoms on young leaves of soybean plants (Ozkutlu et al., 
2006).   

Many soybean genotypes are being developed in the U.S. but little is known about their 
reaction to low Zn stress.  Therefore, the objectives of this study were to: (1) develop a suitable 
hydroponics-based method for ZE screening of soybean plants to identify more Zn efficient 
(MZE) and less Zn efficient (LZE) genotypes; and (2) detect genotypic ZE variation in soybean 
using physiological parameters such as leaf area, chlorophyll contents, stomatal conductance, 
nutrient concentration, and plant biomass.   
 
Materials and methods 
Plant material   
Ten soybean genotypes were obtained from USDA-ARS National Soybean Germplasm Center 
(Urbana, IL) and evaluated in hydroponics experiments (Table 1).  Plants were grown under 
hydroponic conditions as described elsewhere (Hacisalihoglu et al., 2004).  Briefly, 4-L plastic 
pots were filled with the solution culture contained the following: 1 mM KNO3, 1mM Ca(NO3) 2, 
0.05 mM NH4H2PO4, 0.25 mM MgSO4, 0.1 mM NH4NO3, 50 µM KCl, 12.5 µM H3BO3, 0.1 µM 
H2MoO4, 0.1 µM NiSO4, 0.4 µM MnSO4, 1.6 µM CuSO4, 96µM Fe(NO3) 3 118 µM H3HEDTA, 
1 pM ZnSO4 and 2 mM MES at pH 6.0.  Plants were maintained in a growth chamber (EGC, 
Chagrin Falls, OH) at 26ºC and 12 h light / 12 h dark photoperiod.  Most parameters were 
measured at 11 d after imposing Zn deficiency, to find early diagnosis signatures before 
symptoms appear.   
 
 



Leaf area measurements   
Leaf area was measured using a CI-202 portable area meter (CID, Inc., Camas, WA).  Reported 
values are the mean of total leaf area of three individual plants from low-Zn grown plants.   
 
Chlorophyll measurements   
Leaf chlorophyll content was assessed using a Minolta SPAD-502 meter (Spectrum Tech., 
Plainfield, IL).  Reported SPAD readings are the mean of 10 leaves from low-Zn grown plants.   
 
Stomatal conductance 
Leaf stomatal conductance was measured using a SC-1 leaf porometer (Decagon, Pullman, WA).  
The measurements were taken from youngest fully expanded leaves between 1100 h and 1200 h 
(EST).   
 
Elemental analysis   
Quantitative determination of macro- and micronutrients was performed as described in 
Hacisalihoglu et al. (2004).  Briefly, leaf tissue was dried at 70ºC for 4 d, weighed, and analyzed 
by an inductively coupled plasma emission spectroscopy (ICP-OES) by Waters Labs (Camilla, 
GA).    
 
Experimental design and data analysis 
Each experiment was repeated a minimum of two different times in growth chamber.  
Experiments had a complete randomized design with five replications.  Plants were analyzed up 
to 28 d after treatment.  Differences between genotypes were determined by analysis of variance 
(ANOVA) using SPSS (SPSS, Chicago, IL).  Multiple comparisons were conducted using least 
significant difference (LSD) at P < 0.05.   
 
Results 
Zn deficiency incidence 
Zn deficiency symptoms such as chlorosis and stunting of plants appeared after 21 to 28 d after 
treatment.  After 28 d, there were marked differences among soybean genotypes for ZE trait.  
Symptoms were particularly severe in “Hampton”, “BARC4”, and “Thomas”.  The rest of the 
seven genotypes (Table 1) as well as all sufficient-Zn grown plants were symptom-free and 
healthy (not shown).   
 
Shoot and root biomass 
Soybean genotypes examined varied 3-fold for both final shoot and root biomass (Table 1).  
There was a large variability among genotypes.   
 
Leaf area 
The data for average total leaf area is listed in Fig. 1.  Soybean genotypes tested varied 7.4-fold 
(4.00 to 29.4 cm2) with a mean of 17.9 cm2 for total leaf area per plant.  MZE genotypes such as 
Williams and Pella showed relatively higher leaf area than the mean.   
 
SPAD chlorophyll readings 
The average SPAD chlorophyll data is given in Fig. 2.  Soybean genotypes tested varied 13% 
(19.1 to 26.0) with a mean value of 22.1 for SPAD chlorophyll content.  LZE genotypes such as 



BARC4 showed relatively lower SPAD readings than the mean.   
 
Stomatal conductance 
The average leaf stomatal conductance data is given in Fig. 3.  Soybean genotypes tested varied 
6.4-fold (35.0 to 224 mmol m-2s-1) with a mean value of 96.1 mmol m-2s-1 for leaf stomatal 
conductance.  Overall, differences in stomatal conductance values were not significantly 
different for most genotypes except “Williams” which had the highest conductance.   
 
Elemental concentrations 
The average leaf Zn, Fe, and N concentration data is given in Fig. 4-6.  Soybean genotypes tested 
varied 2-fold for Zn concentration (mean = 25.2 µg g-1), 5-fold for Fe concentration (mean = 399 
µg g-1), and 13% for N concentration (mean = 5.69%).  MZE genotypes showed relatively higher 
shoot Zn concentration than the mean for LZE genotypes (Fig. 4).  Shoot Fe concentration 
resulted in a mixed pattern of high and low values in both MZE and LZE genotypes (Fig. 5).  
Furthermore, leaf N concentration presented an overall nonsignificant effect for most genotypes 
except “Thomas”, “Dassel”, “Stonewall”, and “T309” (Fig. 6).   
 
Discussion 
Available Zn concentrations around 1 to 2 pM has already been shown to induce Zn deficiency 
in bread wheat (Hacisalihoglu et al., 2001) and common beans (Hacisalihoglu et al., 2003).  
Accordingly, our experiments successfully induced Zn deficiency at this concentration level in 
hydroponics.  Based on our results, it appears that hydroponics with chelate buffers is feasible 
for screening soybean ZE trait.   

The soybean genotypes tested in this study had considerable variability and physiological 
responses to low Zn stress in hydroponics.  Total leaf area, chlorophyll content, and leaf Zn 
concentration levels were all high in MZE genotypes.  At the same time LZE soybean genotypes 
had various visible symptoms which indicated unfavorable Zn levels.  This is consistent with 
previous findings that soybean plants showed chlorosis and brown leaf patches in calcareous 
soils (Ozkutlu et al., 2006).  In terms of overall assessment genotypes “Williams” and 
“Hampton” were the most Zn efficient and inefficient, respectively (table 1).   

Although chlorosis is the most prominent symptom of low Zn stress, there is limited info on 
the effect of Zn deficiency on chlorophyll content levels.  Leaf chlorophyll content (SPAD) was 
greater for MZE genotypes such as “Williams” and “Pella86” compared with LZE genotypes.  
Our results suggest that increased chlorosis was the cause of reduced SPAD levels.  This is in 
agreement with the previous findings on wheat and common beans (Hacisalihoglu and Kochian, 
2003).   

The variability in both stomatal conductance and shoot Fe concentration was considerably 
large (Fig. 3 and 5).  It is interesting to note that Fe concentrations were considerably high for 
some genotypes such as “Thomas” (Fig. 5).  The lack of correlation with ZE trait across the 
genotypes tested may indicate that stomatal conductance could not be used for early detection of 
Zn stress in soybean.   

Significant differences between soybean genotypes in shoot Zn and N concentration were 
observed in low-Zn grown plants in hydroponics.  Although there was no significant correlation 
between shoot nutrient concentration and ZE trait, LZE genotypes were characterized by slightly 
lower concentration of Zn, Fe, and N (Fig. 4-6).  This data are in agreement with previous 
findings showing that Zn efficient wheat varieties transported more Zn from roots to shoots than 



Zn inefficient varieties under Zn deficiency in the early field growth stages in bread wheat 
(Cakmak et al., 1997).   
 
Conclusions 
The current results showed that hydroponics with chelate buffers could be a suitable system to 
screen ZE of soybean.  There was considerable variability among soybean genotypes and 
therefore this has a potential to benefit both breeders and growers in soybean selection to prevent 
field yield losses under soil Zn deficiency stress.  Further research is needed to identify the 
specific mechanisms used by MZE genotypes to regulate the ZE trait.   
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Table 1 Zn deficiency symptoms, potential ZE trait, final fresh shoot biomass, and final fresh 
root biomass of 10 soybean genotypes at 28 d after low-Zn treatment.  Means followed by 
different letters in the same column were significantly different at P < 0.05.   
Genotypes Zn deficiency 

symptoms 
Potential  

ZE 
Final shoot 

fresh weight (g) 
Final root 

fresh weight (g) 
Williams none MZE 8.91a 1.38b 
Dassell none - 6.41b 1.38b 
GR8836 none - 5.01b 1.07c 
Pella86 none MZE 3.21c 1.47b 
Stonewall none - 10.0a 3.18a 
D76 none - 7.11b 0.92c 
T309 none - 5.61b 1.12b 
Thomas present - 3.71bc 1.04c 
BARC4 present LZE 6.51b 1.79b 
Hampton present LZE 9.51a 2.23b 
 
Mean (s.e.) 

 
 

  
6.61 (0.74) 

 
1.56 (0.22) 

MZE: more Zn-efficient; LZE: less Zn-efficient; ZE: Zn efficiency 
 
 
Figure Captions 
Fig. 1 - Effect of Zn deficiency on total leaf area of individual soybean genotypes at 11 d after 
treatment.  Bars (standard error of mean) with different letter were significantly different at P < 
0.05. 
 
Fig. 2 - Effect of Zn deficiency on average leaf chlorophyll content (SPAD) of individual 
soybean genotypes at 11 d after treatment.  Bars (standard error of mean) with different letter 
were significantly different at P < 0.05. 
 
Fig. 3 - Effect of Zn deficiency on leaf stomatal conductance of individual soybean genotypes at 
11 d after treatment.  Bars (standard error of mean) with different letter were significantly 
different at P < 0.05. 
 
Fig. 4 - Effect of Zn deficiency on leaf Zn concentration of individual soybean genotypes at 11 d 
after treatment.  Bars (standard error of mean) with different letter were significantly different at 
P < 0.05. Dash line shows critical Zn deficiency level for soybean.    
 
Fig. 5 - Effect of Zn deficiency on leaf Fe concentration of individual soybean genotypes at 11 d 
after treatment.  Bars (standard error of mean) with different letter were significantly different at 
P < 0.05. 
 
Fig. 6 - Effect of Zn deficiency on leaf N concentration of individual soybean genotypes at 11 d 
after treatment.  Bars (standard error of mean) with different letter were significantly different at 
P < 0.05. 
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Fig. 3  

Fig. 4  

Soybean genotypes
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Fig. 5  

Fig. 6  

Soybean genotypes
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