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Abstract

Boron is known to play important role in the structure of cell wall, mem-
branes, and membrane-associated functions in plants. In soil, the hot water
B extraction method has been extensively used, however, difficulties with this
procedure result in low accuracy and precision of extraction of available boron
(B) in soil. The objective of this study was to evaluate the Yield, foliar con-
centration, and efficiency of B extracting solutions and the effect of B fertil-
ization on B uptake in banana leaves and fruits, subgroup Cavendish (AAA),
cultivated in a Xanthic Ferralsol (dystrophic Yellow Latosol), in the Amazonas
State, Brazil. The experimental design was a completely randomized split plot,
comprising four boron rates (0, 4, 8, and 12 kg ha-1), and two harvest cycles
(sub-treatments), with four replicates. Available boron was determined with
seven extractant solutions: Mehlich 1, Mehlich 3, hot water, HCl 0.05 mol L-1,
HCl 0.1 mol L-1, HCl 5.0 mol L-1 and KCl 1.0 mol L-1. The application of B
fertilizer increased the yield and concentration of B in leaves and fruits. Hot
water and KCl 1.0 mol L-1 were the most efficient extracting solutions for the
determination of available B in soil. The application of 3.4 kg B ha-1 in first cy-
cle and 1.3 kg B ha-1 in second cycle guarantees an adequate nutritional status
in banana plants.



Introduction 
 
Banana plantations are an important subsistence agricultural activity in Amazonas State, 
Brazil (Moreira and Fageria 2009). The cultivation was initially carried out in the floodplain 
sedimentary fertile soils. After the high incidence of black sigatoka (Mycosphaerella fijiensis 
Morelet), crops moved progressively to the upland, where soils are very poor in most essential 
nutrients (Moreira and Fageria 2008). This caused, along with the mentioned diseases, low 
banana crop productivity. 

Boron plays very important role in plant growth and development. It is reported to be 
located in the cell wall and associated with pectin (Loué 1993; Moraes et al. 2002). Boron 
deficiency was also reported to increase membrane permeability to K+. However, its primary 
function in plants has not been clarified yet (Iikura et al. 1997). Boron deficiency causes 
severe growth inhibition of the banana plant, with negative effect on the pulp consistency of 
the fruits (Moreira and Almeida 2005). 

Most acid soils have low B concentration, which hampers efficiency of B extraction. 
The testing of a suitable B extraction method for Brazilian acid soils is important to improve 
evaluation of the nutritional status of crop plants in these soils (Ferreira et al. 2001). For 
determination of available B in soil, the method currently considered as standard is the hot 
water method proposed by Berger and Truog (1939), or modified versions in which BaCl2 
0.01 mol L-1 or CaCl2 0.01 mol L-1 solutions replace hot water as extractant (Abreu et al. 
1994; Ferreira et al. 2001); extraction is carried out in plastic bags and samples are heated in 
microwave oven or under reflux.  

Despite these modifications, some drawbacks still persist. The microwave method 
demands specific equipment, whereas the difficulty of the reflux methods lies on the need of a 
precise temperature control, in the procedures of heating and cooling of the soil extractant 
solutions. Furthermore, the time consumption associated with cleaning glassware and the 
need of glassware free of borosilicates increase difficulties. In both procedures, the number of 
samples per batch is restricted, which increases cost significantly; in addition, only a single 
element is extracted (Sims and Johnson 1991). 

Other extractant methods of costing less and easy to handle have been frequently 
proposed and compared to the hot water under reflux procedure (Bataglia and Raij 1990) or to 
the heating with microwaves (Ferreira et al. 2002), such as Mehlich 1, Mehlich 3, HCl 0.05 
mol L-1, HCl 0.1 mol L-1, CaCl2 0.01 mol L-1 and CaCl2 0.05 mol L-1 solutions. Despite some 
advantages, the acids extractants can to cause high Fe extraction affecting the determination 
of the B available. 

 The objective of this study was to evaluate the effects of increasing rates of B 
fertilization on its uptake by banana plants and the efficiency of seven B extractants solutions 
for determination of available B in a Xanthic Ferralsol (40.9% of Brazilian Amazon with 
2,097,160 km2 – Moreira and Fageria 2008). 

 
Materials and Methods 

 
The study was carried in a Xanthic Ferralsol (dystrophic Yellow Latosol) (FAO 1990), with 
719 g ha-1 clayey texture, bulk density of 0.88 Mg m-3, and the following chemical 
characteristics: pH (water) = 4.27; organic matter (OM) = 46.9 g kg-1; phosphorus (P) 
(Mehlich 1) = 2.9 mg kg-1; P (resin) = 9.8 mg kg-1; P (Mehlich 3) = 1.8 mg kg-1; potassium 
(K) = 47.7 mg kg-1; calcium (Ca) = 2.0 mmolc kg-1; magnesium (Mg) = 1.2 mmolc kg-1; 
aluminum (Al) = 14.5 mmolc kg-1; acidity (H + Al) = 84.0 mmolc kg-1; B (hot water) = 0.31 
mg kg-1; copper (Cu) = 0.29 mg kg-1 (Mehlich 1); iron (Fe) = 333.0 mg kg-1 (Mehlich 1); 
manganese (Mn) = 5.15 mg kg-1 (Mehlich 1) and zinc (Zn) = 0.68 mg kg-1 (Mehlich 1). The 
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experimental site is located at the Embrapa (Empresa Brasileira de Pesquisa Agropecuária) in 
coordinates 3o8’ S and 59o52’ W, municipality of Manaus, Amazonas State, Brazil.  

Natural vegetation in the region is a tropical rainforest. The predominant climate is 
humid tropical, classified as Afi by the Köppen system, with relatively abundant rainfall 
throughout the year (mean 2250 mm). The amount of rainfall in the driest months (July to 
September) is always above 60 mm, and the wettest months are February to April. Average 
temperature is about 26ºC (Vieira and Santos 1987).  

The study site was first cleared from primary forest in 1978, using heavy machinery for 
clearing and the removal of tree stumps and establishment of rubber, which abandoned. The 
developing secondary forest was cleared again in January 2002 with heavy machinery. 

The experimental design was a completely randomized split plot with four replicates 
each containing five plants. Treatments consisted of 0, 4, 8 and 12 kg ha-1 of B (boric acid, 
18% of B) per cycle, and two harvest cycles (sub-treatments). Equal B rates of each treatment 
were applied in the planting hole (1st cycle) and broadcasted in a semicircle, for the second 
cycle, after the harvest of the first bunch around the daughter plant. Each plot contained five 
measurable plant clumps separated by two guard clumps in the row. 

Holes (40 cm × 40 cm × 60 cm) were prepared thirty days before planting and refilled 
with the topsoil layer plus five liters of chicken manure and 400 g of dolomitic limestone 
(effective calcium carbonate = 78%). At planting, 60 g of P2O5 (simple superphosphate – 20% 
of P2O5), 10 g of manganese sulfate (26% of Mn), 20 g of iron sulfate (19% of Fe), 5 g of 
copper sulfate (13% of Cu), and 30 g of zinc sulfate (20% of Zn) were applied. Spacing 
adopted was 3 m between rows and 2 m between plants in the rows (1667 plants per hectare). 
Clones from tissue culture of the cultivar “Nanicão 2001” (triploid AAA of the Cavendish 
subgroup) were used for the experiment. Plants were managed so that only mothers, daughters 
and granddaughters were left in the clusters. 

Topdressing fertilizations consisted of urea (44% of N) and potassium chloride (58% of 
K2O), distributed in four applications: in the second, the fourth, the seventh and the tenth 
month after planting (Pereira et al. 2002). The first three plots were demarcated around the 
plant and the others in a semicircle beside the daughter plant. 

In the fourth month after planting, 100 g of magnesium sulfate (9% of Mg), 20 g of 
copper sulfate (13% of Cu), 20 g of iron sulfate (19% of Fe), 10 g of manganese sulfate (26% 
of Mn) and 30 g of zinc sulfate (20% of Zn) were supplied in broadcast application (Pereira et 
al., 2002). 

At the early flowering stage and at harvesting, a sample of the medial third of the leaf 
below the apex (leaf blade only) was collected from each treatment; two bananas of the 
second hand were also collected. Boron concentration in leaves and in fruits (pulp plus rind) 
was determined according to Malavolta et al. (1997). 

Soil samples were collected together with leaf and fruit sampling, at 0 to 20 cm soil 
depth. Soil samples were collected in two spots (in and between plant rows – ten samples per 
plot), at a 30 cm distance from plants, and were afterwards homogenized. Analysis of 
available B in soil was performed using the following extractants: hot water (Abreu et al. 
1994), Mehlich 1 (Mehlich 1978), Mehlich 3 (Mehlich 1984), hydrochloric acid (HCl) 0.05 
mol L-1 (Ponnamperuma et al. 1981), HCl 0.1 mol L-1 (Ponnamperuma et al. 1981), HCl 5.0 
mol L-1 and KCl 1.0 mol L-1 (Moreira and Castro 2006). All extracting solutions were filtered 
through a double layer of low speed filter paper. Determination of B was performed using a 
spectrophotometer, with the addition of 1.0 mL of buffer solution and 1.0 mL of azomethine-
H solution to 4.0 mL of the extractant solution (Abreu et al. 2001), at 420 nm wavelength. 

Results were compared by analysis of variance (ANOVA - F test at p ≤ 0.05) and 
submitted to regression analysis at 5% significance and Pearson’s relationship, according to 
procedures described by Pimentel Gomes and Garcia (2002). 
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Results and Discussion 

 
Boron application increased bunch weight. The yield response in the two harvest cycles was 
significantly different:  1st cycle, ŷ = 25.76 + 0.30x – 0.052 x2 and 2nd cycle, ŷ = 30.83 + 0.32x 
– 0.019x2; p ≤ 0.10). The maximum yields in the two cycles corresponded to 26.2 Mg  ha-1 

and 32.2 Mg  ha-1. As evident from the two equations the yield response to B fertilization 
were relatively small which may be due to medium levels of B in the soil (0.31 mg kg-1) of 
experimental area before planting (Alvarez Venegas et al. 1999). Boron levels usually found 
in Oxisols, Espodosols and Neosols, as determined with the hot water extraction method, are 
mainly within the range considered as high (B > 0.5 mg kg-1) (Malavolta 1987). 

Yield of control plots was higher in the second cycle and this was probably due to the 
natural yield increase of around 30% from the first to the second cycle and to increased 
amount of plant-available B in the soil, derived from increased by mineralization of organic 
matter and by nutrient cycling as a result of decomposition of pseudostems, clusters of 
terminal bracts and leaves. 

Boron application rates caused significantly and linearly increased B foliar 
concentrations (Figure 1). A decline of 57% in leaf B concentration from the first to the 
second cycle was observed in control plants. Comparison of B concentrations found in leaves 
with those considered adequate for the genus Musa shows that in the first cycle only the two 
lower B rates produced foliar B concentrations within the adequate range of 10 to 25 mg kg-1 
(Malavolta et al. 1997). In the other treatments, except the control in the second cycle, foliar 
boron concentrations were higher. With 12 kg ha-1, leaf B concentration was about 139% 
(first cycle) and 1254% (second cycle) higher than in the control (Figure 1). The results 
showed that the application of 3.4 kg B ha-1 in first cycle and 1.3 kg B ha-1 in second cycle, 
respectively, guarantee an adequate nutritional status in banana plants (25 mg B kg-1 in medial 
third of the leaf below the apex; Malavolta et al., 1997). 

Despite of B application, the significant increase of the leaf concentration (Figure 1) was 
also due to cycling of B contained in crop residues. With the well distributed rainfall, these 
residues were rapidly broken down and mineralized. The lower B concentration found in 
control and in fruits in the second harvest cycle can be due to a dilution effect (Marschner 
1995) and/or decreased soil B level. 

Absence of visual symptoms of B phytotoxicity, even at the rate of 12 kg ha-1, and the 
limited yield response to B application indicate there is no narrow limit in bananas between B 
deficiency and toxicity. Reuter and Robinson (1988) described that the limit of B toxicity in 
banana plants is 300 mg kg-1. Salvador et al. (2003), in guava seedlings, and Chapman et al. 
(1997), in green-house grown rice, lentil and pea, also found no deleterious effects on dry 
matter production of increasing boron application rates. Another factor is that the B level 
considered adequate for most crops is highly variable and the demand for this nutrient is 
ascribed to differences in chemical composition of cell walls of different species and 
genotypes (Marschner 1995). 

Boron concentration in fruits increased significantly with B application rate. The 
estimated B accumulation was 486 g ha-1 and 547 g ha-1 in the first and in the second cycle, 
respectively, with application of 12 kg B ha-1 cycle-1(Figure 1). Results showed that export of 
B was low, a higher proportion being retained in other plant organs or in soil. In the present 
study, weights of fruits, leaves, terminal bracts and pseudostems, as an average of the two 
cycles, corresponded to respectively 27.6%, 9.9%, 2.2% and 60.3% of the total weight of the 
fresh matter of the banana plant. 

The relationship between soil content of available B, obtained with the seven 
extractants, and foliar B concentration shows that hot water and KCl 1.0 mol L-1 extractant 
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solutions gave significant linear coefficients (Figure 2). The adjusted second degree equations 
of the Mehlich 1, Mehlich 3, HCl 0.05 mol L-1 and HCl 0.1 mol L-1 extractant solutions were 
also significant, with coefficients of 0.85, 0.91, 0.77 and 0.73, respectively. The HCl 5.0 mol 
L-1 extractant solution did not show significant correlation with foliar B (Figure 2), probably, 
due to high Fe level in soil (333 mg Fe dm-3 ) interfering the B determination with 
azomethine-H.   

Results obtained with the acid solutions, except HCl 5.0 mol L-1, were correlated with 
the available B extracted with hot water or with KCl 1.0 mol L-1 (Table 1). In spite of these 
correlations, at high boron rates the acid extractants had sensitivity for determination of 
available B. These results partially corroborates the arguments of Raij and Bataglia (1991) 
about the real efficiency of extractants in predicting available B in soil, when performing 
experiments with rates of a given element. 

The extractants KCl 1.0 mol L-1, Mehlich 1, Mehlich 3, HCl 0.05 mol L-1, HCl 0.1 mol 
L-1 and HCl 5.0 mol L-1 showed a higher recovery capacity than hot water (Figure 2). These 
results confirm findings of Paula (1995) and Ferreira et al. (2001), who compared the 
extractive capacity of the extractants Mehlich 1, CaCl2 0.05 mol L-1 and hot water. Presence 
of the chloride ion in these extractants may have resulted in a higher capacity for recovering 
of the borate anion adsorbed by the positive changes of the soil colloids (Jin et al. 1987). 

One of the advantages using KCl 1.0 mol L-1 extractant solution over hot water for 
predicting available B is that it can be introduced in routine procedures of many laboratories, 
without the need of an additional extractant. Furthermore it can also be used for determination 
of exchangeable calcium, magnesium and aluminum, while the hot water extractant can be 
used only for B determination. Additionally, this method has a wide extraction range. For 
instance, while the highest record of extracted B with hot water was 1.48 mg kg-1, this value 
was 3.37 mg kg-1 with KCl 1.0 mol L-1. This improves the availability ranges and the 
interpretation of the results classified as low, medium or high (Figure 2), but more studies are 
necessary with others type of soils with different chemical and physical characteristics. 

 
Conclusions 

 
Banana plantations are an important subsistence agricultural activity in Amazonian, including 
the Amazonas State, Brazil. The results showed yields increased with B fertilization and that 
the application of 3.4 kg B ha-1 in first cycle and 1.3 kg B ha-1 in second cycle, respectively, in 
Xanthic Ferralsol (2,097,160 km2 – 40.9% of Brazilian Amazon soil), guarantees an adequate 
boron status in banana plants (25 mg kg-1). The application of 12 kg B ha-1 cycle-1 increased B 
concentration in leaves and in fruits of banana plants. In the edaphoclimatic conditions 
studied, KCl 1.0 mol L-1 and hot water the extractants solutions were the most efficient for 
determination of available B in soil than Mehlich 1, Mehlich 3, HCl 0.05 mol L-1 and HCl 0.1 
mol L-1 extractant solutions. 
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Figure 1. Regression between boron application rates and boron concentration in leaves 

and in fruits of two yield cycles. Significant at 5% level of probability. 

1st cycle 2nd cycle 
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Figure 2. Relationship between B leaf concentration and of B extracted with hot water, 

Mehlich 1, Mehlich 3, HCl 0.05 mol L-1, HCl 0.1 mol L-1, HCl 5.0 mol L-1 and KCl 1.0 

mol L-1, recorded in the two yield cycles. *Significant at 5% level of probability. NSNon-

significant.  
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Table 1. Coefficients of simple linear regression between extraction methods of B from 
soil(1). 

 Hot water Mehlich 1 Mehlich 3 KCl 1.0 mol L-1 HCl 0.05 mol L-1 HCl 0.1 mol L-1 

Hot water -      

Mehlich 1 0.81* -     

Mehlich 3 0.89* 0.88* -    

KCl 1.0 mol L-1 0.83* 0.61* 0.67* -   

HCl 0.05 mol L-1 0.65* 0.52NS 0.60* 0.78* -  

HCl 0.1 mol L-1 0.83* 0.82* 0.77* 0.69* 0.64* - 

HCl 5.0 mol L-1 0.26NS 0.39NS 0.38NS 0.33NS 0.37NS 0.27NS 

* Significant at 5% level of probability; NSnon-significant. 
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Genotypic Variation and Physiological

Response of 10 Soybean Genotypes to

Low-Zn Stress in Hydroponics

Abstract

Soybean [Glycine max (L.) Merr.] is one of the most important vegetable
and oilseed crops with an annual value of over 36 billion dollars in the U.S.
Soil Zn deficiency can reduce soybean yield and quality; therefore identifying
Zn efficient genotypes can offer a sustainable solution to this problem. Further-
more, a reliable method for screening soybean lines would be useful for breeders.
The main objective of this study was to detect genotypic variation in soybean
under low Zn stress. This was accomplished by using physiological variables
including biomass, leaf area, chlorophyll content, stomatal conductance, and
shoot nutrient concentration. Ten soybean genotypes were subjected to low Zn
availability (1 pM) with chelate buffers in hydroponics. Visual symptoms of Zn
deficiency were evident at 21 to 28 d after treatment. Compared to sufficient
Zn, low Zn conditions significantly affected four of ten genotypes. Additionally,
low Zn reduced leaf area, chlorophyll, shoot Zn, and Fe concentration. The
genotypes that proved more Zn efficient were “Williams” and “Pella86”. These
genotypes had higher leaf area, chlorophyll, and leaf nutrient content such as
Zn and N. This research demonstrated considerable genotypic variation among
soybean genotypes that may be selected for Zn efficiency based on a hydroponics
screening. More Zn efficient genotypes identified in this study may be used to
prevent field yield losses where soil low Zn availability is a problem.



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  
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Fig. 5  

Fig. 6  
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An evaluation of nutritional constraints

on irrigated rice yield

Abstract

Nutritional constraints often restrict yields of field crops in farmers’ fields.
The present study aimed to determine minimum rice yield target of high-yielding
subpopulation in farmers’ fields and nutritional difference between high and
low yielding subpopulation. Popular high yielding rice (variety BRRI dhan28)
was grown in 42 farmers’ participatory nutrient management trials with two
treatments – farmers’ nutrient management plan (FP) and improved nutrient
management plan (INM). Nutrient composition was determined from Y-leaf
after 45 – 50 days of transplanting. Yield cutoff value between low and high yield
subpopulation was determined from compositional nutrient diagnosis (CND)
generic model. The CND generic model gave 6.90 Mg ha – 1 as minimum cutoff
yield of the high-yield subpopulation. Potassium was identified as the main
yield limiting nutrient for rice in piedmont soils. Irrigated rice in farmers’ fields
of Asia may require higher K fertilizer dose for better yield.



Introduction 

Asian rice farmers try to afford good management for irrigated rice for a good harvest, but 

hidden hunger of certain nutrients, other than nitrogen, often limit rice yields. By keeping P and 

K fertilizers away from the fertilizer inputs for intensive cropping systems, such as rice-wheat 

(RW) (Timsina and Connor, 2001), and with the inclusion of modern cultivars of wheat and rice, 

many soils of the IGP, including Bangladesh, have become P and K deficient (Ali et al., 1997). 

Recent soil tests show that many soils of the IGP, with available K concentration below 0.1 

meq/100 g soil, are becoming deficient in K despite originally high contents. Mean annual 

balance of P was found – 1 to – 9 kg ha
 – 1

 (Saleque et al, 2006) and that of K was as high as – 25 

to – 212 kg ha
 – 1

 (Panaullah et al, 2006) across different soils of Bangladesh. Application of P 

and K definitely increase rice yields in soils that became deficient in these elements. However, 

less conspicuous deficiency symptoms of P and K in rice compared to the symptoms of N and S 

restrain farmers from applying these fertilizers.  

Plant tissue analysis is a good tool to identify nutrients deficiency in crop. There are several 

approaches to interpret plant nutrient composition – critical value (CVA) (Munson and Nelson 

1990), diagnosis and recommendation integrated system (DRIS) (Walworth and Sumner 1987) 

and compositional nutrient diagnosis (CND) (Parent and Dafir 1992). Yoshida (1981) presented 

critical leaf nutrient content for rice. Bell and Kover (2000) developed DRIS norms for rice 

plant. The CND improved the yield – tissue N relationships as polynomial or linear–plateau 

curves compared with CVA in conifer seedlings, onion and potato (Parent et al. 1995). The CND 

approach is applicable to small-size crop nutrient database for solving nutrient imbalance 

problems in specific agroecosystems (Khiari et al. 2001a). The present investigation aimed (i) to 

select a minimum yield target for the high-yielding subpopulation from a small rice yield 

database and (ii) to determine the differences in nutrient composition of high and low–yielding 

subpopulation of rice grown in farmers’ fields. 

 

Materials and Methods 

Boro, dry season irrigated rice, was grown on 42 farmers’ fields in piedmont soils, Bangladesh. 

Two nutrient-management plans were tested in three farmers’ management zone (FMZs) of 

Bangladesh (Saleque et al. 2008). One of the plans was farmers’ practice (FP), which was 

farmers’ traditional nutrient-management program; another one was improved nutrient-

management plan (INM), nutrient required for rice based on soil-test results for the specific 

management zone. The nutrient doses in FP varied from place to place and between FMZs within 

a site. For FP, doses of N, P and K varied from 32 – 135, 4 – 25 and 0 – 19 kg ha 
– 1

, 

respectively. In case of INM, the doses of N, P and K varied from 70 – 170, 15 – 19 and 46 – 62 

kg ha 
– 1

, respectively.  

At 45 - 50 days after transplanting (DAT), the most recent expanded leaf (third leaf from the 

top) was sampled from each plot to determine nutrient concentration. The leaf sample was oven 

dried at 69 
°
C for 72 h and ground by Wiley Mill. The ground sample was digested with 

concentrated H2SO4 and total N concentration was determined by micro Kjeldahl distillation 

(Yoshida et al., 1976). The concentration of P, K, Ca, Mg, Zn, Fe, and Mn was analyzed by 

digesting a 0.2 g leaf sample with 5 mL of 5:2 HNO3:HClO4 (Yoshida et al. 1976).  

Leaf nutrients concentration and nutrient ratios were calculated. Compositional nutrient 

diagnosis (CND) row-centered log ratios for d + 1 nutrient proportions including d nutrients and 

a filling were determined according to Khiari et al. (2001a). 

Row-centered log ratios were computed as follows: 
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where VX is the CND row-centered log ratio expression for nutrient X and G is the geometric 

mean of the nutrients composition including the filling value. By definition, the sum of tissue 

components is 100%, and the sum of their row-centered log ratios including the filling value 

must be zero. 
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where n1 – 1 is partition number and n is total number of observations (n1 + n2). The denominator 

is the sum of variance ratios across all iterations, and thus is a constant for component X.  

The cumulative function )( X

C

i VF was regressed to yield (Y) in cubic model as follows: 
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The inflection point, yield cutoff value for high and low yield subpopulation, can be obtained 

when 

6aY + 2b = 0 

or, Y = 
a

b

3
−  

The highest yield cutoff value across nutrient expressions (N, P, K and S) were selected to 

ascertain that the minimum yield target for a high-yield subpopulation. 

Descriptive statistics were determined for leaf nutrient concentration and nutrient ratio 

expression data. Statistical parameters were evaluated using Excel software and included, means, 

variances, CV’s and skewness values, where a skewness value of zero indicates perfect 

symmetry, and values greater than 1.0 indicate marked asymmetry. All computations were made 

using Excel software (Microsoft, 1997). 

 

Results  

The cutoff yield between the low– and high–yielding subpopulations obtained from cumulative 

variance ratio functions of nitrogen, phosphorus, potassium and sulfur ranged from 3.26 to 6.90 

Mg ha
–1

 (Table 1). These nutrients are usually deficient in the study area and fertilizer 

application for these nutrients is recommended. The yields (Mg ha
–1

) at inflection points of the 

cubic functions, computed by setting the second derivative of )( X

C

i VF  to zero were 4.33 Mg ha
–1

 

for ),( N

C

i VF  3.26 Mg ha
–1

 for ),( P

C

i VF  6.90 Mg ha
–1

 for ),( K

C

i VF  and 3.98 Mg ha
–1 

 for 

),( S

C

i VF  respectively. The highest cutoff yield was obtained with ).( K

C

i VF  At )( K

C

i VF yield 

cutoff, 5 of the 84 observations had yield of 6.90 Mg ha
–1

 or more. 

Summary statistics for high and low-yielding subpopulations of rice yield and leaf nutrient 

concentration are given in Table 2. The mean concentration of N, P, K, S, Ca, Mg, Mn and Fe 



was slightly higher in high-yielding subpopulation than low-yielding subpopulations, however, 

the difference was greater in case of K. Mean K concentration in  high-yielding subpopulation 

was 14.22 g kg
– 1

 compared to 12.19 g kg
– 1

 in low-yielding subpopulation. Sufficient range of K 

in rice at mid-tillering and panicle initiation stage was 1.50 – 2.70 g kg
– 1

 (Bell and Kovar 2000). 

Rice crop in the study area suffered from K deficiency; however, the high-yielding 

subpopulation had K concentration closer to the lower limit of sufficient range. Observed N, P, 

S, Ca, Mg, Zn and Mn concentration in the rice plant both in high and low-yielding 

subpopulations was sufficient, but Fe concentration was above the sufficient range (Bell and 

Kovar 2000). Although rice plants in the study area contained high concentration of Fe, no 

toxicity symptom was observed in the field.  The nutrient concentration in both high and low-

yielding subpopulation showed good symmetry.  

Dual ratio of nutrient (Table 3) shows that the N/P, N/K, N/Ca. P/K, and Fe/Mn ratios were 

greater and N/S, N/Mg, P/S, P/Mg, K/S and K/Mg ratios were lower than the DRIS norms 

proposed by Bell and Kovar (2000). P/Ca ratio was very close to the DRIS norm. Observed N/K 

ratio was 105% higher in high-yielding but 174% higher in low-yielding subpopulation than the 

DRIS norm, which signifies greater imbalance of N and K nutrition in the observed rice plant 

tissues. Higher N/K ratio in low-yielding subpopulation than the high-yielding subpopulation 

further confirmed the role of imbalanced N/K ratio in lowering rice yield. Due to low K 

concentration and optimum P concentration in rice plant tissue, P/K ratio appeared 50% in high-

yielding and 66.7% higher in low-yielding subpopulation than the DRIS norm. The P/S ratio was 

67.8% lower in high-yielding and 66.7% lower in low-yielding subpopulation than the DRIS 

norm of 1.8. Higher S concentration in the plant tissue caused this imbalance of P/S ratio. In the 

both high and low-yielding subpopulation, P/Ca ratio was similar to the DRIS norm of 0.72. The 

P/Mg ratio showed 37.7% lower in high yielding and 49.5% lower in low-yielding subpopulation 

than the DRIS norm of 2.12. The K/S ratio was another important nutrient imbalance in rice 

plant. Compared to the DRIS norm of 16.06, the K/S ratio was 3.48 in high yielding and 3.43 in 

low yielding subpopulation. Lower K concentration decreased K/Mg ratio by 58.6% in high 

yielding and 44.7% in low yielding subpopulation compared to DRIS norm of 20.06. Fe/Mn ratio 

showed the greatest nutritional imbalance in the rice plant. Compared to the DRIS ratio of 0.15, 

the observed Fe/Mn ratio in high yielding subpopulation was 3.52 and in low yielding 

subpopulation it was 1.85. However, the higher Fe/Mn ratio in high yielding subpopulation than 

the low yielding subpopulation signifies that the imbalance due to Fe and Mn did not contribute 

much to the rice yield.  

 

Discussion 

The cutoff yield of 6.90 obtained for )( K

C

i VF commensurate to a reasonable good yield for BRRI 

dhan28, one of the most popular rice varieties, in dry season. The acute K deficiency was 

indicated both by the highly negative average DRIS K indices and the low average leaf K 

concentrations. The results of DRIS analyses suggest that inadequacy in K was largely 

responsible for the underperformance of rice in Piedmont soil. Nutrient concentration and DRIS 

dual ratio involving K also agreed well that K was the main limiting plant nutrient for rice yield. 

Soils of the study area had low (0.06 – 0.11 cmol kg
–1

) soil exchangeable K (Saleque et al. 

2008). Continual cultivation of rice and removal of rice straw for either fuel or fodder purpose 

and application lesser K fertilizer than crop removal are the primary factors of K deficiency in 

the piedmont soils. Soil test based fertilizer application of 47 – 63 kg ha
–1

 K was under dose for 

piedmont soils.  



Potassium play a key role in N uptake and translocation of (Minotti et al. 1968; Cushnahan et 
al. 1995), and therefore both N and K need to be present in quite specific proportions if N 
accumulation and subsequent assimilation into protein is to take place at optimal rates 

(Ramakrishna et al. 2009). Khiari et al. (2001b) compared nutrient concentration, DRIS and 

CND indexes in sweet corn and found that nutrient concentration values were little to closely 

related to CND indexes, but the DRIS and CND indexes were highly related to each other.  

However, DRIS was less effective than CND at separating the high- from low-yield 

subpopulation of potato (Khiari et al. 2001c). However, critical CND index for rice is not 

available as of now.  

 

Conclusion 

Generic approach to select a minimum yield target for the high yield subpopulation was found 

effective for a small database of rice. Potassium inadequacy was the most limiting nutrient factor 

for rice yield. Potassium fertilizer dose for rice should be increased to improve rice yield in Asia.   
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Table 1. Grain yield of rice at inflection points of the cumulative variance functions for row-

centered log ratios in the survey population (n = 84) 

 

Component 

 

dcYbYaYVF x

c

i +++= 23)(  

 

R
2
 value 

Yield at inflection 

point = 
a

b

3

−
 

N 1.22Y
3
 - 15.89Y

2
 + 39.31Y + 85.82 0.99 4.33 

P -0.61Y
3
 + 11.77Y

2
 - 78.27Y + 181.55 0.73 3.26 

K -1.08Y
3
 + 22.44Y

2
 - 159.08Y + 390.23 0.98 6.90 

S 0.83Y
3
 - 9.88Y

2
 + 11.14Y + 122.01 1.00 3.98 



Table 2. Summary statistics for rice grain yield and leaf nutrient concentration data for high-

yielding (n = 33) and low-yielding (n = 51) subpopulations 

Crop parameter High-yielding subpopulation  

( n = 5) 

Low-yielding subpopulation 

 (n = 79) 

 Mean Min Max Skew Mean Min Max Skew 

Yield (t ha
 –1

) 7.26 6.90 7.98 0.73 4.47 1.55 6.48 -0.01 

N (g kg 
– 1

)  32.66 24.10 40.50 -0.14 32.41 19.6

0 

44.40 0.01 

P (g kg 
– 1

) 2.48 2.10 3.10 0.55 2.15 0.70 3.40 0.00 

K (g kg 
– 1

) 14.22 11.10 16.30 -0.5 12.19 2.00 18.00 0.01 

S (g kg 
– 1

) 4.60 3.10 6.50 0.14 3.75 1.50 7.50 -0.01 

Ca (g kg 
– 1

) 3.54 3.00 4.10 0.16 3.11 1.00 4.90 0.01 

Mg (g kg 
– 1

) 2.42 1.00 4.90 0.6 2.30 0.80 4.20 0.05 

Zn (mg kg 
– 1

) 55 51 60 0.29 53 51 63 0.07 

Mn (mg kg 
– 1

) 638 90 1328 0.25 562 115 1410 -0.01 

Fe (mg kg 
– 1

) 836 435 1066 -0.48 769 36 2000 -0.07 

 

Table 3. Mean values of nutrient ratios for high and low-yielding subpopulations together with 

their respective coefficients of variance (CV’s), standard deviation and skewness 

Nutrient 

ratio 

High-yield subpopulation ( n = 5) Low-yielding subpopulation ( n = 

79) 

 Mean SD CV 

(%) 

Skewn

ess 

Mean SD CV (%) Skewn

ess 

N/P 13.30 2.39 17.94 -0.54 16.43 6.46 39.31 0.01 

N/K 2.30 0.29 12.83 0.73 3.07 1.91 62.37 0.00 

N/S 7.85 2.82 35.98 -0.41 9.26 3.09 33.33 0.02 

N/Ca 9.36 1.91 20.40 -1.18 11.38 4.82 42.33 0.02 

N/Mg 18.60 10.8 58.07 0.20 16.54 8.02 48.52 -0.01 

P/K 0.18 0.04 23.59 -0.08 0.20 0.14 68.50 0.02 

P/S 0.58 0.16 28.31 0.27 0.60 0.19 31.49 -0.03 

P/Ca 0.70 0.06 8.19 -0.18 0.73 0.29 39.87 0.03 

P/Mg 1.32 0.62 46.82 0.15 1.07 0.50 47.21 0.04 

K/S 3.48 1.44 41.37 -0.02 3.43 1.15 33.59 0.00 

K/Ca 4.12 1.02 24.73 -0.04 4.26 1.99 46.87 -0.02 

K/Mg 8.31 5.24 63.06 0.24 6.20 3.20 51.61 -0.04 

S/Ca 1.27 0.29 22.56 0.00 1.29 0.62 48.01 -0.01 

S/Mg 2.31 1.17 50.59 1.04 1.82 0.70 38.49 -0.01 

Ca/Mg 1.88 0.93 49.38 0.48 1.48 0.49 33.35 0.03 

Fe/Mn 3.52 4.43 125.96 1.09 1.85 1.96 106.14 0.03 
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Nitrogen Assimilation Ability of Three

Cauliflower Cultivars in Relation to

Reduced Post-Transplanting Nitrogen

Supply

Abstract

It is not known how cauliflower (Brassica oleracea var. botrytis), a cool-
weather, high nutritional-value vegetable, achieves its high nutritional levels,
the hearty structure and fresh appearance. A study of cauliflower plant and
nitrogen nutrition relations was conducted in a commercial production field in
Annapolis Valley, Nova Scotia. The objectives were to determine the effects of
nitrogen nutrition on cauliflower plant development and to quantify cauliflower
plant N uptake ability among different varieties. The treatments consisted of
three cauliflower varieties (‘Minuteman’, ‘Sevilla’ and ‘Whistler’) and three post-
transplanting rates of N (0, 45 and 90 kg ha-1), arranged in a split-block design
in the field. Results showed that the N uptake ability of cauliflower plants varied
between 6.2 and 9.0 g plant-1, depending on varieties. The cauliflower varieties
‘Sevilla’ and ‘Minuteman’ had a significantly higher ability of N uptake than
the cultivar ‘Whistler’ (P < 0.05). All three varieties responded significantly to
the reduced post-transplanting input (45 kg N ha-1). There was a significant
correlation between cauliflower head yield and whole plant N uptake (R2 = 0.64,
P < 0.05). It was suggested that increasing N assimilation in whole plant could
stimulate cauliflower head development, which could also lead to a reduction of
50% post-transplanting inputs. Future studies will be focused on quantification
and regulation of N temporal reserves in leaves that could enhance N transfer
to sinks (heads) and that could promote cauliflower plant head development.



Introduction 
 

Cauliflower (Brassica oleracea L. botrytis), a cool-weather vegetable, contains exceptionally 
high levels of vitamins and beneficial photochemicals (indole-3-carbinol and sulforaphane) and 
nitrogen (N) is the main component of these compounds. It is reported that cauliflower plants 
need an adequate level of N nutrition to produce high quality cauliflower heads (Alt et al., 2000; 
Rather et al., 2000; Kage et al., 2003; Li et al., 2007). 

Nitrogen is the most required nutrient for plant growth and N nutrition determines crop yield 
and quality (Gastal and Lemaire, 2002; Li et al., 2003; Lea and Azevedo, 2006; Davis, 2009). It 
is reported that more than 50% of leaf-N is in components associated with plant photosynthesis 
(Alt et al., 2000). Nitrogen nutrient levels, cultivars, solar radiation and soil water holding 
capacity can be factors related to N use by cauliflower plants (Rather et al., 2000; Kage et al., 
2003; Li et al., 2007). Cauliflower production often calls for large applications of fertilizer N to 
maximize yields (Rather et al., 2000), and the problem from the grower’s point of view is that 
reducing N inputs is likely to give lower yields. 

There have been equally extensive concerns about high levels of nitrate in crops and also un-
used of nitrate left at harvest (Lea and Azevedo, 2006). Inadequate N inputs can also lead 
declining vegetable nutrient composition or nitrate accumulation in the vegetable that may raise 
human health concerns (Davis, 2009). Knowledge of crop N demand is essential in developing 
profitable recommendations to meet crop needs (Li et al., 2003). Such recommendations are 
critical for agronomic, economic and environmental reasons. In northern Atlantic areas, cool 
climate is suitable for producing cauliflower from early spring through early fall. There is a need 
for information about Brassica plant and N nutrition relations. 

Selecting cultivars efficient in use of N could be an option for producing high quality of 
cauliflower crops. The objectives of this study were to (i) understand the roles of N nutrition in 
cauliflower development, (ii) assess the ability of whole plant N uptake, fertilizer N recovery, 
yields and quality cauliflower related to different cultivars and N input rates, and (iii) examine 
the movement of N nutrients from sources (leaves and stems) to sinks (heads) for producing high 
quality cauliflower vegetables. 
 
Methods and Materials 
 
Experimental treatments and design 

A cauliflower field study was conducted at a flat fallow site (45º7'59" N, 64º38'8" W) in 
Annapolis Valley, Nova Scotia in 2007. The crop management was a 3-year rotation regime 
(fallow-cauliflower-wheat). The soil was classified as a moderately well-drained Pelton sandy 
loam. To maintain soil organic matter level and input beneficial microorganisms, the soil was 
amended using chicken compost, applied at the rate of 2.2 tons ha-1 before plant transplanting. 
The chicken compost contained 92% of organic matter, 0.7% N, 1.6% P, 2.2% K, 12.8% Ca, 
0.5% Mg, 0.03% B, 0.4% Na, 0.9% Fe, 0.9% Mn, 0.5% Zn and 0.1% Zn on a dry weight basis. 

The experimental treatments consisted of three cultivars of cauliflower F1-hybrids and three 
rates of N fertilizers. The three cauliflower varieties were ‘Minuteman’, ‘Sevilla’ and ‘Whistler’, 
all commercial varieties grown in the areas. These varieties were early, hardy, resistant to low 
temperatures. The three rates of fertilizer N were 0 (control), 45 and 90 kg ha-1 using ammonium 
nitrate calcium (NH4NO3-Ca, 27.5-0-0). The design was a split-block design. 

  



The three cauliflower varieties were seeded using peat-based promix in the greenhouse. The 
4-week old seedlings were transplanted on 30 May 2007. The three varieties were transplanted in 
strip and the N treatments were arranged with four replicates in each variety. The plot size was 6 
x 8 m. The planting spacing was 0.91 m between rows and 0.25 m between plants on the row. 

In nutrient management, there was a pre-planting application by broadcast using ammonium 
phosphate ((NH4)3PO4, 35-7-0), followed by a side-dress application using potassium nitrate 
(KNO3, 14-0-10) two weeks after transplanting. At shoot-tip straightened stage (shoot-tip 0.6 
cm), the N treatments were then applied by side-dress. This stage was corresponding to 6-7 leaf 
unfolded vegetative stage, which was three weeks after the first post-transplanting application 
(Fig. 1A). By counting the N credit values in the chicken compost, the total inputs were 90+0, 
90+45 and 90+90 kg ha-1 for N and 23 and 16 kg ha-1 for P and K, respectively. The highest total 
N rate was still 20% less than the regional nutrient recommendation for cauliflower (225 kg ha-1). 

A weather station (Spectrum Tech., Springfield, IL), installed in a nearby field (1 km away), 
was used for monitoring air/soil temperature, rainfall and soil moisture. Irrigation was done on a 
rainfall compensate basis using a Rainstar irrigation system. The cauliflower heading stage, it 
occurred in early August with lack of rainfall but high temperatures of 30ºC. Other crop cares 
including fungicides were done based on the regional recommendations. 
 
Plant and soil measurements 

The field measurements included cauliflower plant multispectral reflectance detected using a 
CropScan MSRSYS5 radiometer (Rochester, MN), soil water content measured using a 
Spectrum TDR-300 probe (Spectrum Technologies, Plainfield, IL), and leaf/soil temperatures 
measured using an Extech infrared thermometer (Spectrum Technologies, Plainfield, IL). 

Whole plants including roots, stems and leaves were sampled in each plot for determination 
of plant total N uptake ability. Plant sampling was done five times at five different dates during 
the growing season. The sampling dates were corresponding to the growth stages as: shoot-tip 
straightened stage; cauliflower curd initiation; early heading stage: 1-2 cm (or 5% expected size) 
head diameter reached; late heading stage: 4-8 cm (or 40-60% expected size) head diameter 
reached; and at maturity stage: head tightly closed and typical size reached. 
 

A B

C D E

A B

C D E  
 

Fig. 1. Cauliflower plant shoot-tip straightened stage when the N treatments were 
applied (A); cauliflower plant multispectral reflectance measurements (B); 
cauliflower curd initiation (C); Cauliflower heading in the second week after curd 
initiation (D); and mature cauliflower in the plot at the rate of 45 kg ha-1 (E). 

  



 
Cauliflower plant cover was measured using a camera each time when whole plants were 

sampled. Biomass of leaves, stems and whole plants, root lengths, and weights, sizes and colors 
of cauliflower heads were measured. Plant samples were dried at 70ºC in the oven. Dry matter 
was measured then samples were ground into 0.5-mm sizes. Cauliflower plant N concentrations 
were determined using LECO FP-528 Analyzer. Soil samples were taken for analysis of 
gravimetric water content, pH and 2N-KCl-extracted NH4 and NO3 concentrations using 
Kjeldahl stream method (Li et al., 2003). Soil data were not shown in this paper. 

The cauliflower yields were hand harvested on 5 August 2007. Three whole plants were hand 
harvested in each plot. Whole plant biomass and head fresh weights, head color and head 
diameter size were measured immediately after harvest. 
 
Calculations and data statistics 

Whole plant total N uptake was calculated based on plant total N concentration (N%) and 
whole plant dry matter. Total N in sinks were determined using head N concentration and head 
dry weights. Total N in sources were estimated by leaf-stem N concentration and its dry weights. 
Cauliflower N sink-source data at heading stage were not shown in the current paper. 

Analysis of variance, descriptive statistics, correlation and regression analysis of plant and 
soil data were done using PROC GLM, PROC UNIVARIATE and PROC CORR (SAS Institute, 
1990). Homogeneity of datasets was verified using the Bartlett test, normality and residual 
distribution of data sets were confirmed using PROC UNIVARIATE. Means of the treatments 
was compared using Honestly Significant Difference (HSD) test (SAS Institute, 1990). 
 
Results and discussion 
 
Comparison of cauliflower plant N uptake and heading ability among the varieties 

The cauliflower plant development and quality parameters were variable among the three 
varieties (‘Minuteman’, ‘Sevilla’ and ‘Whistler’) (Table 1). The plant N uptake ability was a 
function of whole plant biomass at different plant growth stages and maximum whole plant total 
N uptake occurred at cauliflower curd initiation stage for the three varieties (data not shown). 
 
Table 1. Descriptive statistics of cauliflower whole plant biomass, dry matter, head yield, leaf-

stem N concentrations and total N uptake of three varieties (n = 36). 

 
Whole plant 
biomass 

Whole plant 
dry matter 

Head 
yield 

Head dry 
matter 

Head dry 
matter % 

Head size 
Leaf-stem 

N% 
Total N 
uptake 

Mean 2313 219 710 68 9.8 15.8 4.1 8.6 

Standard 
deviation 

587 41 277 25 1.2 2.7 0.4 1.3 

Kurtosis -0.6 -0.6 0.1 0.0 -0.6 -0.6 0.0 1.5 

Skewness 0.2 0.3 0.5 0.6 0.3 -0.1 -0.6 0.8 

Min 1250 142 296 33 8.0 11 3.3 6.6 

Max 3520 300 1400 132 13 21 4.7 12.5 

† Data units are g plant-1. Head size is in cm. 

  



The N concentration in cauliflower plant leaf-stems varied between 4.1±0.4% at head 
maturity, and the whole plant total N uptake varied between 8.6±1.3 g plant-1 for the three 
varieties (Table 1). The range was 1.4% for the leaf-stem N concentration and 5.9 g plant-1 for 
the whole plant total N uptake. The datasets were not skewed (kurosis < 3) (Table 1). 

Cauliflower heading started at the picks of total N uptake for the three varieties and its 
heading ability reached the maximum within a week of time. Nitrogen movement from sources 
(leaf-stems) to the sinks (heads) was as a function of head size (data not shown). The cauliflower 
head yield varied between 709±277 g plant-1 among the three varieties (Table 1). 

The ability of N uptake and head development of cauliflower plants were significantly 
different among the three cauliflower varieties (Fig. 2). Total N uptake was similar between 
‘Minuteman’ and ‘Sevilla’ but total N uptake was significantly lower in ‘Whistler’ compared to 
the other two varieties. Cauliflower head yield showed the similar trends for the three varieties 
(Fig. 2B). This result suggested that the difference in plant N uptake could be the factor causing 
differences in cauliflower head yield. 
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Fig. 2. Comparison of cauliflower plant ability of total N uptake (A) and cauliflower head yield 
(B) among three varieties ‘Minuteman’, ‘Sevilla’ and ‘Whistler’. 

 
Trends of cauliflower plant responses to post-transplanting N treatments 

The comparison of cauliflower leaf-stem N concentrations and cauliflower head yield related 
to the post-transplanting N input rates showed that the leaf-stem N concentrated peaked at the 
post-transplanting N rate of 45 kg ha-1 for all the three varieties (Fig. 3A).  
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Fig. 3. Leaf-stem N concentrations in cauliflower plants (A) and cauliflower head yield (B) in 

relation to the post-transplanting N inputs among three varieties. 

  



The cultivar ‘Sevilla’ had the highest N concentration in leaves and stems among these three 
varieties. The difference in leaf-stem N concentrations was significant between ‘Sevilla’ and 
‘Whistler’ only (Fig. 3A). The responses of cauliflower plants to the post-transplanting N inputs 
showed also that changes in head yield appeared the similar trends as in leaf-stem N 
concentrations. The head yields increased linearly up to the rate of 45 kg ha-1 then decreased at 
the higher N rate (90 kg ha-1) for all three varieties (Fig. 3B). This result suggests that post-
transplanting input rate higher than 45 kg ha-1 might not be necessary but more studies should be 
done to test if moderate inputs (between 45 and 90 kg ha-1 could differ significantly head yield. 
Nitrogen stored in leaves and stems should be in part mineralized to benefit the crop in rotation 
with cauliflower plants the following growing season. 
 
Correlation of cauliflower development and whole plant total N uptake 

Cauliflower plant physiological development status expressed using plant canopy reflectance 
in the near infrared band (NIR, center wavelength 830 nm), showed a strong coherence with 
whole plant biomass [eq. 1]. High plant reflectance in the near infrared band would mean strong 
plant growth vigor. The cauliflower whole plant biomass was exponentially decreased with the 
canopy reflectance in the water band (mid infrared MIR, center wavelength 1650 nm) [eq. 2]. 
The plants reflecting highly mid infrared reflectance were more water stressed, resulting in small 
canopy and small cauliflower head size (data not shown). The cauliflower plant growth vigor can 
be described using the relationships between whole plant biomass (CBio), plant near infrared 
reflectance (NIR) and mid infrared reflectance (MIR) as follows: 
 

CBIO = 180.38e0.0419NIR   R2 = 0.72**,  n = 36   [1] 
CBIO = 6327.5e-0.0588MIR   R2 = 0.51*,  n = 36   [2] 

 
There was also a significant correlation between cauliflower head yield (Yc) and plant source 

N concentrations (PNleaf-stem) for the three varieties (Fig. 4A). The correlation relationship 
between cauliflower head yield (Yc) and whole plant total N uptake (PNuptake) was also 
significantly linear (Fig. 4B), described by the regression equation as follows: 
 

Yc = 524.6 PNleaf-stem - 1469   R2 = 0.40**   [3] 
Yc = 176.2 PNuptake - 804.3   R2 = 0.64**   [4] 
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Fig. 4. Regression analysis of cauliflower head yield vs. leaf-stem N concentrations (A), and 

cauliflower head yield vs. whole plant total N uptake (B) among three varieties 
‘Minuteman’, ‘Sevilla’ and ‘Whistler’, with n = 12 each variety. 

  



  

The linear regression relationship described in Eq. [3] showed that increasing N storage in 
sources (leaves and stems) can increase cauliflower head size. 
 
Conclusions 
 

Nitrogen nutrition had a significant, positive effect on cauliflower head development. 
Cauliflower whole plant total N uptake was within 8.6±1.3 g plant-1 and increase of plant N 
uptake could increase linearly cauliflower head yield. The cauliflower plant N uptake ability 
could be significantly different among varieties, which could be the reason causing difference in 
heading ability among the varieties. There was a need of higher N supply before curd initiation 
stage because of the need of N movement from sources (leaf-stems) to sinks (heads) within the 
plants. However, post-transplanting input rates higher than 45 kg ha-1 could prolong shoot-tip 
straightened stage and delay cauliflower heading. Selecting cultivars efficient in use of N can be 
an option for producing high quality cauliflower crops. 
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Regulation of NRT2.1 nitrate transporter

by auxin response factor in Arabidopsis

Abstract

Root-expressed nitrate transporters work for the uptake of nitrogen when
nitrate is present as the main nitrogen source in the soil. In Arabidopsis roots,
high-affinity nitrate transporter, NRT2.1, is transcriptionally activated by ni-
trate, suggesting significance of its presence as a major facilitator for the ac-
quisition of nitrate; however information on upstream regulatory factors that
may control the expression of NRT2.1 is still limited. In this study, we focused
on transcription factors that can modulate the transcript levels of NRT2.1. A
transposon-tagged collection of transcription factors of Arabidopsis was screened
by RT-PCR to monitor the NRT2.1 transcript levels, allowing us to identify a
loss-of-function mutant of AUXIN RESPONCE FACTOR7 (ARF7 ). The iso-
lated arf7 mutant showed reduced number of lateral roots and increased levels
of NRT2.1 mRNA compared to the wild type. We propose a model that ARF7
is an upstream factor that negatively controls NRT2.1 having inhibitory effects
on lateral root initiation under low nitrate conditions.



INTRODUCTION 

 

Uptake of nutrients from the soil environment requires active ion transport systems in roots. 

Numbers of transporters facilitating acquisition of major nutrients have been identified from 

Arabidopsis. Nitrogen is one of the macro-nutrients required for plant growth. Nitrate and 

ammonium are the two major forms of nitrogen utilized by various plant species. When supply of 

nitrogen fertilizers become limited, high-affinity-type transporters facilitating the uptake of nitrate 

and ammonium are expressed in roots to increase the efficiency of nitrogen acquisition (Orsel et al., 

2002; Loqué et al., 2006). Regarding the uptake of nitrate, high-affinity nitrate transporter, NRT2.1, 

plays a central role in roots where its transcripts are induced and accumulated under low-nitrate 

conditions (Orsel et al., 2002). Besides the fundamental function of NRT2.1 in nitrate uptake, 

recent studies on root system architecture added intriguing feature to this transporter having 

inhibitory function in initiating lateral roots under a high-carbon low-nitrogen condition (Little et 

al., 2005).  

In this study, we focused on transcriptional regulation of NRT2.1 in Arabidopsis, 

aiming to identify transcription factors from a mutant collection. A transposon-tagged collection of 

transcription factors was screened by RT-PCR of the NRT2.1 transcripts. Through this method, one 

can directly identify transcription factors that regulate the expression of the target gene. The 

method is also useful when mutants show subtle visible phenotypes. In the present study, we 

isolated arf7 mutant that showed reduced number of lateral roots and increased levels of NRT2.1 

mRNA. The results suggested interesting connection of auxin signaling and nitrate response, 

represented by a regulatory scheme consisted of two essential components in lateral root initiation.  

 

RESULTS AND DISCUSSION 

 

In Arabidopsis, approximately 2000 genes are predicted to encode transcription factors.  To 

identify transcription factors that may control the expression of NRT2.1 in Arabidopsis, we first 

collected all available transposon insertion lines containing insertions of Ds elements within the 

coding region or 100 bases upstream of the 5’-untranslational region of known and predicted 

transcription factors from the RIKEN collection (302 lines in total; Kuromori et al., 2004).  Total 

RNA was prepared from plants grown in liquid culture. For each line, 15 seeds were cultured for 7 

days using 12-well plastic plates, and total RNA was extracted from the whole plant tissue. 

Quantitative real-time RT-PCR of NRT2.1 was performed using reverse transcribed cDNA and 

gene specific primers. Values of NRT2.1 transcripts were normalized with those of ubiquitin 

(UBQ2) as internal control. After statistical tests (log-normal distribution, p<0.01), 12 lines were 

selected as candidates showing significantly increased or decreased levels of NRT2.1 mRNA from 

the median of all lines tested. From the secondary screening of 12 initial candidates, one line 

containing Ds element in ARF7 was shown to express higher level of NRT2.1 mRNA compared 

with the wild-type. 

The arf7 mutant isolated in this study contained a Ds transposon in the coding region 

of the ARF7 gene. ARF proteins have specific DNA binding domains and act as transcription 

factors in auxin response (Ulmasov et al., 1999).  In spite of their functional redundancies, several 

papers have reported the molecular function of ARF7. ARF7 was originally identified as a causal 

gene of the nph4 mutant which had defects in organ bending in response to auxin (Harper et al., 

2000).  Additionally, ARF7 is reported to be essential for lateral root development. According to 

trascriptome data, NRT2.1 shows slight increase in arf7 mutants compared to the wild-type plants 

(Okushima et al., 2005), which was consistent with our results obtained from the Ds insertion 



mutant. 

 Recently, several papers reported that the NRT2.1 may have a sensory function in 

controlling root system architecture. The evidence was provided by the identification of lin1 

mutant and its causal gene, NRT2.1 (Little et al., 2005). The lin1 mutants can overcome the 

repression of lateral root initiation caused by the combination of high sucrose and low nitrate 

(Little et al., 2005). On the other hand, lateral root elongation can be promoted by localized supply 

of nitrate. MADS box transcription factor ANR1 is suggested as a key regulator (Zhang and Forde, 

1998), and root-expressed nitrate transporter NRT1.1 likely mediates nitrate signaling in the 

elongation process (Remans et al., 2006). Both of ARF7 and NRT2.1 control lateral root initiation, 

but their functions are suggested to be opposite. Although, there is still no direct genetic evidence 

whether these two components work in parallel or tandem in the same pathway, our results 

suggested that ARF7 is an upstream regulator of NRT2.1.   
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Potassium influenced phenylalanine

ammonia-lyase, peroxidases and

polyphenol oxidases in Fusarium

graminearum infected maize (Zea mays

L.)

Abstract

Potassium (K) fertilizer is important for the reduction of many plant dis-
eases, e.g., stalk rot of maize (Zea mays L.). However, the mechanism by
which potassium promotes resistance to pathogens is not completely under-
stood. Fusarium graminearum, which is the main pathogen causing stalk rot in
maize, was selected to study the effect of potassium on phenylalanine ammonia-
lyase (PAL; EC 4.3.1.5), peroxidase (POD; EC 1.11.1.7) and polyphenol oxidase
(PPO; EC 1.14.18.1), at both the physiological and molecular level. Gene ex-
pression was quantified by real-time reverse transcription PCR (Q-RT-PCR)
technology. The incidence of maize stalk rot was significantly reduced by K
application. After inoculation with F. graminearum, the potassium concentra-
tion increased in susceptible organs. Potassium induced the expression of and
sustained elevated activities of PAL, POD, and PPO when maize was inocu-
lated with the pathogen. The expression of the corresponding genes was also
stimulated by potassium. This study demonstrated that potassium addition
enhanced maize resistance to stalk rot by activating the expression and activity
of defense-related enzymes involved in phenol metabolism.



Introduction 

 

Stalk/root rot caused by several species of pathogens, such as Fusarium graminearum and 

Diplodia (Stack 1999) is a serious and widespread disease in maize (Zea mays L.) reducing both 

yield and quality (Sobek and Munkvold 1999). The disease is commonly found to be more 

destructive to the crop when grown on potassium deficient soil (Ahmad et al. 1996). Potassium 

(K) is an essential plant nutrient influencing crop metabolism, growth, development, and yield. 

Potassium has been shown to promote plant disease reduction and potassium stress can increase 

the degree of crop damage by bacterial and fungal diseases (Kettlewell et al. 2000, Holzmueller 

et al. 2007, Grewal and Williams 2002). However, the mechanism by which potassium 

stimulates resistance towards pathogens is not completely understood (Amtmann et al. 2008). 

Increases in the activities of enzymes involved in the metabolism of phenolic compounds have 

been correlated with resistance of cereals to biotic stresses (Mohammad and Kazemi 2002). 

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5), Peroxidase (POD; EC 1.11.1.7), Polyphenol 

oxidase (PPO; EC 1.10.3.2 or EC 1.14.18.1) induction has been linked to defence responses that 

are involved in resistance towards numerous diseases (Tovar et al. 2002; Quiroga et al. 2000; 

Mayer 2006). K can enhance the resistance of maize to stalk rot, and the activities of 

defense-related enzymes (PAL, POD, PPO) are good indicators for resistance to biotic stress (Lo 

et al. 1999). 

The objective of this study was to investigate potential mechanisms by which potassium 

regulates stalk rot resistance. We focused on the activities of PAL, POD and PPO, and the 

expression of their corresponding genes, in potassium-treated and non-treated maize roots, which 

were inoculated with Fusarium graminearum. 

 

Materials and Methods 
 

Cultivation of plants 

Maize (Zea mays L.) seeds of the variety Ji Dan 180 were surface sterilized with H2O2 (10%) 

for 20 min, rinsed thoroughly with distilled water, and germinated on moist filter paper in an 

incubator at 25 °C. Three days later, uniformly germinated seeds were selected and sown in 

plastic pots (three seeds to a pot) filled with 450 g quartz sand. The plants were grown in a 

glasshouse and watered with 1/3 strength Hoagland nutrient solution. When the third leaf 

emerged, one seedling was maintained in each pot.  

The experiment included four treatments: Fusarium graminearum inoculation with (+K+F) or 

without (–K+F) potassium amendments, and two controls without Fusarium graminearum 

inoculation (+K–F, and –K–F). Plants in the latter two treatments were isolated in a separate 

greenhouse compartment. Potassium was added with the form of KNO3 (5 mmol l
-1

). In the -K 

treatment, NH4NO3 was used to balance the nitrogen concentration. 

Inoculation 

Roots were inoculated by irrigating the spore suspension (concentration of 5-10×10
4 

spores 

ml
-1

) into quartz sand at the sixth leaf stage (10 ml plant
-1

, 35 days after germination). The 

infected roots were harvested at 0, 12, 24, 48 and 96 h post-inoculation and stored at -80°C for 

subsequent analysis. 

Assays of enzymes activities in roots 

Root segments (0.5 fresh weight) were extracted in 4 ml of extraction buffer containing 0.2 

mol l
-1

 

borate buffer (pH 8.8), 5.0 m mol l
-1

 

β-mercaptoethanol and 0.1 g PVP. The extract was 



centrifuged at 10,000 g for 25 min at 4 °C. PAL (EC 4.3.1.5) was assayed by measurement of the 

formation of trans-cinnamic acid from L-phenylalanine at 290 nm (Lisker et al. 1983). POD (EC 

1.11.1.7) and PPO (EC 1.14.18.1) activity was assayed following the method of Moerschbachert 

et al. (1988). 

Real-time quantitative reverse transcriptase PCR (Q-RT-PCR) 

Real-time PCR was performed on an ABI Prism 7000 Sequence Detection System (Applied 

Biosystems, Foster City, Calif.). The forward and reverse primers for Q-RT-PCR were designed 

from the differentially expressed clones using the Primer 5 software (Table 1). A set of maize 

actin RNA primers was also designed for use as an endogenous control. The PCR reaction was 

performed using SYBR Premix Ex Taq
TM

 

(Takara, Japan). Quantification of the target gene 

expression was carried out with comparative CT
 
method (Livak and Schmittgen 2001). 

 

Table 1. Nucleotide sequences of the primers used in Q-RT-PCR. 

Genes Forward primers(5’→3’) Reverse primers(5’→3’) 

act cctcaccgaccacctaat tgaacctttctgacccaat 

pod tccaagaacctcactatcg gtgttcgggaagaactgg 

pal aaggtgttcgtcggcatcag gaagaaagagcaacgccaca 

ppo aagcgttgcaggtaggcc ccgattcttgatggtggg 

 

Evaluation of disease severity 

Disease development were scored 15 d after inoculation. A unit score of 0 to 5 was assigned to 

each disease rate, with 0 indicating no rot, 1 = 25%, 2 = 25-50%, 3 = 50-75%, 4 = 75-100%, and 

5=100% of root area rotted (Ahmad et al. 1996, Moreno-Gonzalez et al. 2004). The disease 

index was calculated by the following equation (Fang 1998). 

100
(5) scorehighest examined plants of no. total

score)unit examined plants of (no.
index Disease ×

×

∑ ×
=  

 

Results 

 

Effect of K on disease incidence 

The disease index was significantly lower for plants in the +K+F treatment than that in –K+F 

treatment, indicating that potassium application helped increase the root resistance towards the 

pathogen. Moreover, the shoot length and the fresh weights of both shoots and roots were higher 

in potassium treated plants. After inoculation, the length and fresh weight of shoots and roots 

were lower in the inoculated treatment compared to non-inoculated treatment, but the differences 

were not significant (Table 2). 

 

Table. 2. K effect on disease index and growth of maize 

Length (cm) Fresh weight (g plant
-1

) 
Treatment Disease index 

Shoot Root Shoot Root 

+K+F 11.7 b 62.8 a 11.3 a 9.2 a 3.1 a 

+K–F － 63.8 a 11.9 a 9.9 a 3.6 a 

–K+F 45.8 a 42.7 b 10.8 a 2.8 b 1.2 b 

–K–F － 44.0 b 10.8 a 2.8 b 1.4 b 



Means followed with the same letter with the same row are not significantly different 

according to a LSD test at the 5% probability level.  

 

Potassium content of maize root and leaf 

Potassium treatment led to significantly higher potassium concentrations in both roots and 

leaves (Fig. 1). For the leaves of inoculated plants, the potassium concentration was not different 

from that in non-inoculated plants. However, the potassium concentration in inoculated roots was 

higher than that in the non-inoculated roots in either potassium addition or omission treatments. 

These results indicated that maize roots tended to take up more potassium when inoculated with 

F. graminearum and this might be related to the high resistance to stalk rot. 
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Fig. 1. Potassium content in roots and leaves of maize. Within different treatments, data 

following different letters were significantly different according to LSD test at 5% probability 

level. Error bar indicates ±SE of the mean, n=3. 

 

PAL activity and gene expression 

 

Treatment with potassium achieved higher PAL enzyme activities than that without potassium 

addition before inoculation (0 h). After inoculation, the PAL activity first decreased (24 h) and 

then increased. In the +K treatment, the peak of PAL activity was higher in inoculated (+F) than 

that in non-inoculated (–F) treatments. However, in the –K treatment, the enzyme activity 

showed almost no response to inoculation. This suggested that potassium addition could help 

increase the inherent PAL activity (Fig.2A & 2B). 

No significant differences on pal transcripts were observed between +K+F and –K+F 

treatments, but in the –F treatments, pal expressions were lower than in the +K treatments (Fig. 

2C & 2D). Pathogen induced higher pal expression compared with non-inoculated ones (-F), 

especially in the +K treatment. 
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Fig. 2. PAL (phenylalanine ammonia-lyase) activity in response to potassium in maize root. (A) 

infection with F. graminearum (+F), (B) non-infection (–F) and pal gene expression patterns in 

response to potassium by using Q-RT-PCR. (C) infection with F. graminearum (+F), (D) 

non-infection (–F). Error bar indicates ±SE of the mean, n=3. 

 

POD activity and gene expression 

Changes in POD activity in response to inoculation were completely reversed in +K and –K 

treatments (Fig. 3A & 3B). After inoculation, POD activity in the +K treatment was enhanced 

significantly and reached a peak at 24 h, and then began to drop. Conversely, in the -K treatment, 

POD activity dropped and reached a minimum at 48 h. Before inoculation, POD activities were 

lower in +K treatment than in the -K treatment, which could be caused by high ROS (reactive 

oxygen species) production due to potassium deficiency. 

In the +K treatment, pod expression showed an important increase during the first 12 h; the 

level of pod transcripts increased to approximately 14 times higher than that at 0 h, after which, 

expression slightly decreased until 96 h, when it exhibited a weak induced peak of nearly eight 

times higher than at 0 h. However, in –K treatment the expression peak appeared 96 h, which 

was about 10 fold over that at 0 h (control) (Fig. 3D). 
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Fig. 3. POD (peroxidases) activity in response to potassium in maize root. (A) infection with F. 

graminearum (+F), (B) non-infection (–F) and pod gene expression patterns in response to 

potassium by using Q-RT-PCR. (C) infection with F. graminearum (+F), (D) non-infection (–F). 

Error bar indicates ±SE of the mean, n=3. 

 

PPO activity and gene expression 

Before inoculation, no differences existed among all the four treatments for PPO activities. 

However, after inoculation, the activities of PPO in the +K treatment were significantly higher 

than the –K treatment at 12 h, 24 h, and 48 h, and then dropped back to the original 0 h level at 

96 h. In the -K treatment, PPO activity showed little change (Fig. 4A, B). 

In the +K treatment, the transcripts of ppo peaked at 12 h (4.5-fold increase over 0 h), and then 

decreased (Fig. 4C). In the –K treatment, the transcript levels of ppo were lower after inoculation 

(below 1 fold) as compared to those before inoculation (1 fold) (Fig. 4C & 4D). These results 

demonstrated that potassium significantly increased ppo expression, especially when root was 

inoculated with the pathogen (Fig. 4C & 4D).  
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Fig. 4. PPO (polyphenol oxidases) activity in response to potassium in maize root. (A) infection 

with F. graminearum (+F), (B) non-infection (–F) and ppo gene expression patterns in response 

to potassium by using Q-RT-PCR. (C) infection with F. graminearum (+F), (D) non-infection 

(–F). Error bar indicates ±SE of the mean, n=3. 

 

Discussion 

 

The ability of potassium to enhance the resistance of maize against stalk or root rot has been 

described previously (Thayer and Williams 1960; Bullock 1990). The results obtained from the 

current study clearly revealed that potassium could decrease the disease incidence (Table 2). 

Besides, we discovered that the potassium content in infected roots was higher than in 

non-infected roots (Fig. 1). This provides evidence that K may participate in the response to 

disease resistance. 

The biochemical mechanisms of plant disease resistance are complex. In several 

host-pathogen systems, PAL activity has been shown to increase in incompatible interactions 

(Ramamoorthy et al. 2002, Goâmez-vâsquez et al. 2004). In this study, we showed that higher 

PAL activity was achieved with potassium application than that without potassium application, 

which was in accordance with the previous reports. 

In regard to pal gene expression, Sharan et al. (1998) pointed out that marked increases in 

PAL synthesis and corresponding mRNA levels occur in response to microbial or endogenous 

elicitors in many plant-pathogen systems. No significant differences on pal transcripts occurred 

whether potassium was added or not to inoculated roots, but pal transcripts were lower in 

uninoculated roots with potassium compared to those without potassium (Fig. 2). By comparison, 



pal transcripts increased by pathogen was higher in +K than in –K. Thus, the current study 

implies that potassium could improve PAL activity in the inoculated root of maize and regulate 

the induced transcript of the pal gene.  

POD and PPO have been implicated in cellular protection and disease resistance. Mohammadi 

et al. (2002) observed a significant increase in POD specific activity in heads of wheat cultivars 

following the inoculation with F. graminearum conidia, and this increase was demonstrated in 

both resistant and susceptible cultivars. Wang et al. (2006) reported that POD activity was 

positively correlated with plant resistance. The present study showed completely different 

response patterns in the +K and –K treatments. After inoculation, in the +K treatment, POD 

activity was enhanced very rapidly within 24 h of inoculation with F. graminearum, while in the 

–K treatment, its activity decreased first and then increased slowly at 48 h. In addition, the 

induced POD activity was also higher with potassium addition as well. 

Moreover, potassium increased the expression and activity of POD. Although the status of 

POD activity was also enhanced in potassium deficient root, the enhancement occurred too late 

to prevent disease development. Following elicitation, pod expression was triggered earlier and 

lasted for longer than that of pal in +K treatment, which was different with Goâmez-vâsquez et al. 

(2004) research. We deduced that the K effect on the phenol metabolism which POD participated 

was to promote the development of thicker outer walls in host cells, thus preventing disease 

attack (Dordas 2008), and that these affects were stronger than those on PAL.  

Interestingly, the activities of POD were naturally present in maize and seemed to be 

constitutive in nature. The rapid induction of pod was not specifically detected in the resistant 

cultivar, but was also shown in the susceptible plant (Kuroda et al. 2006). The pod gene in young 

roots might contribute to the basal resistance. The increase in POD activity was important in the 

defense mechanism but it was not a determinant of the defense mechanism (de Armas et al. 

2007). Rather, the mechanism, time and trend of its maximum induction suggested a significant 

role in governing plant resistance to disease (Gogoi et al. 2001). In our study, the background 

level of POD activity was higher in the –K than in the +K treatment, but the potassium abundant 

in the root had a higher and earlier induction.  

Due to its conspicuous reaction products and its wound and pathogen inducibilities, PPO has 

frequently been suggested to participate in plant defense against pests and pathogens 

(Thipyapong et al. 1995, Thipyapong and Steffens 1997). In this study, we observed a significant 

increase in PPO activity in +K+F roots of maize, which peaked at 48 h, and then decreased. In 

–K treatment, PPO activity was little changed (Fig. 4). Moreover, potassium enhanced the 

induced PPO activity whether maize was injured by the pathogen or not. Li and Steffens (2002) 

indicated that increasing constitutive levels of PPO in tomato leaves conferred the ability to 

oxidize the pool of pre-formed phenolics faster in response to the bacterial pathogen in the 

infection process. Our results showed that the transcript accumulation increased after pathogen 

inoculation in roots with added potassium, but not in roots with no added potassium. The 

accumulation of ppo mRNA quickly increased to more than 4-fold only at 12 h in +K+F 

treatment.  Based on the current study, we conclude that potassium might play a role in 

regulating the expression of ppo or ameliorating the activity of PPO. 

In this paper, physiological and molecular parameters have given preliminary information 

about the resistance mechanism of maize to stalk rot as related to phenol metabolism. The 

changes in PAL, POD and PPO enzyme levels/activities and the accumulation patterns of the pal, 

pod and ppo transcripts in maize roots, as related to the resistance mechanism of stalk rot 

induced by potassium deficiency, had not been described previously. The results presented in 



this study extend the current knowledge of such cross talk between plant nutrition and plant 

pathology. The research also opened entirely new avenues for the fine-tuning of potassium 

fertilizer application and disease control to improve crop health and quality, by reducing the 

input of chemicals into agriculture, thereby supporting efforts to achieve an economically and 

environmentally sustainable increase in food production. 
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The Critical Zinc Deficiency Levels in

Indian Soils and Cereal Crops

Abstract

A number of greenhouse experiments were conducted in which cereal crops
were grown in pots of a wide range of Indian soils to which Zn was added. Levels
of soil Zn extractable in DTPA were determined and related to the growth of
these crops. DTPA extractable Zn was found to be a reliable predictor of the
response of cereal crops to Zn added to the soils. Critical levels of Zn ranged
from 0.38 to 2.00 mg/kg soil. Even on the same soil the range of critical limit for
rice was the widest. The finding that a good reparation of Zn deficient and non-
deficient soils could be obtained by using DTPA extractable critical Zn values
has an important field application in that it provides a method of continuously
monitoring the Zn status of different soil types and for predicting response of
cereal crops to Zn fertilization. The critical Zn concentration in cereal crops
below which Zn deficiency is likely to occur varied from 12 to 24 mg/kg. The
leaf blade 3 from the top is the most sensitive in relating relative yields of maize
shoots to Zn concentration in the tissue. The critical Zn concentration in ten
weeks old wheat plants was found to be 17 mg/kg and 24 mg/kg for rice shoot
on a dry weight basis. The critical Zn deficiency levels as determined by DTPA
extraction varies from soil to soil and from crop to crop.



Cereals, more than any other group of crops, suffer from Zn deficiency, although responses to 

Zn application have been recorded for several crops in India (Prasad, 2006); cereals provide 

63.3% DES, 61.2% protein supply and 16.5% fat supply and play the most important role in 

meeting energy and protein needs of people in India (Tiwari, 2006).  On the contrary, in USA 

cereals supply only 22.1% DES, 21.7% protein and 2.2% fat needs of the people.  Maize, 

wheat and rice together accounted for 87% of all grain production worldwide and 43% of all 

food calories. The projected domestic demand for total cereals in India for the years 2011 and 

2021 is 187.8 and 242.8 million metric tonnes.  Zinc is truly among the most versatile and 

essential materials known to mankind.  Close to 50% of the world’s cereal soils are deficient 

in available Zn. The critical limits established in diverse soils and crops are very useful as 

diagnostic tools for Zn related disorders in plants. Proper plant nutrition including that of Zn 

has a key role to play in alleviating the hunger, nutrition disorders and malnutrition that exist 

in much of the developing world including India.  Zinc deficiency is widespread not only in 

soils and crops of India (Takkar, 1997) but also in many countries of the world (Cakmak, 

2008).  Zinc is one of the mineral nutrients that is significantly depleted under intensively 

cropping systems, particularly the rice – wheat sequence which is most common in India. On 

the basis of the analysis of about 65,000 soil samples, it has been found that about 51.2% of 

Indian soils are deficient in Zn.  Thus Indian soils are the most deficient in Zn in the world. 

Analysis of 190 globally important soils in selected countries showed that nearly 50% of the 

cultivated soils have Zn deficiency problem particularly in India, China, Pakistan, Iran, 

Turkey and Australia.  Although Zn deficiency is a global nutritional problem, it is a critical 

nutrient deficiency, especially in Indian soils and crops.  There is high consumption of cereal 

based foods in India, which are nearly 75% of the daily calorie intake. For better Zn nutrition 

of human beings, cereal grains should contain around 40 to 60 mg Zn/kg; however, the 

current situation is 10 to 30 mg Zn/kg (Cakmak, 2008).  There is limited Zn uptake in cereal 

grains due to high soil pH which favors enhanced Zn adsorption and precipitation.  The two 

important challenges for food security and nutrition in India are to improve the Zn nutritional 

status of cereal crop plants, and to increase yield and improve density of Zn in cereal grains.  

The critical levels of DTPA- Zn for cereal crops were found to vary among the soil types and 

crops. 

 

Critical limits of zinc in some cereals are given in Table 1. 

Rice and Maize had relatively higher DTPA extractable Zn values than wheat and differ for 

different soils groups and crops (Table 2). 



 

 

Table 1 : Critical levels of Zn in some cereals 

 

 

Critical Level in 

 

Crop 

Soil 

as 0.005 DTPA extr. Zn 

(mg/kg soil) 

 

Plant  

(mg/kg dry plant tissue) 

Rice 1.24 23.6 in 3
rd

 fully opened leaf from 

the top at 60 days after 

transplanting. 

 

Wheat 0.60 17 in ten weeks old shoot 

 

Maize 0.68 12 to 14.2 in leaf blade 3 from 

the top 

 

(Compiled from various sources) 

 

 

Table 2 : Critical limits of DTPA extractable Zn in  

different soils and crops in India 

 

Soil Crop Critical limits  

(mg/kg soil) 

Black Rice 

Wheat 

0.84-1.34 

              0.54 

Red and black Rice 

Wheat 

Maize 

0.45-2.00 

0.46-0.60 

1.00-1.20 

Red Rice 

Maize 

0.60-1.00 

0.65-0.80 

 

Alluvial Rice 

Wheat 

Maize 

0.38-0.90 

0.40-0.80 

0.54-1.00 

 

Tarai & river belt Rice 0.78-0.95 

Source : Takkar et al. (1997) 
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Non-invasive imaging of carbon

translocation and nitrogen fixation in

intact plants using the positron-emitting

tracer imaging system.

Abstract

We developed analytical methods for monitoring carbon translocation and
nitrogen fixation in intact plants using short-lived radioactive tracer gas and
the positron-emitting tracer imaging system (PETIS). In the analysis of carbon
translocation, we fed 11C (half life: 20.4 min)-labeled radioactive carbon dioxide
gas to leaf blades of rice plants, and serial images of 11C-photoassimilate were ob-
tained non-invasively using PETIS. In order to understand source-sink relations,
we manipulated source and sink strength by treating tested rice plants with p-
chlorobenzenesulfonic acid (PCMBS), an inhibitor of sucrose transporters. We
developed an analytical algorithm to estimate the velocity of 11C-photoassimilate
flow from the serial images. As a result, a decrease in the velocity after the ma-
nipulation was successfully detected. In the analysis of nitrogen fixation, we
newly developed a rapid method to produce and purify 13N (half life: 10.0
min)-labeled radioactive nitrogen gas and fed the gas to the underground part
of nodulated soybean plants. Serial images of distribution of 13N were obtained
and obvious signal of 13N was observed at the nodules. To our knowledge, this
is the first example of real-time imaging of nitrogen fixation in an intact plant.



Introduction 

Higher plants regulate nutrient flow from source to sink organ in response to developmental 

status and environmental changes. In order to understand the source-sink interrelations, it is 

necessary to develop an experimental system that can measure the change in assimilation and 

translocation of nutrients corresponding to various conditions. 

Recently, the positron-emitting tracer imaging system (PETIS), which can non-invasively 

capture serial images of distribution of a radioactive tracer, has been widely used for the study 

of nutrient behavior (reviewed in Fujimaki, 2007). In this study, we focus on micronutrient 

dynamics in an intact plant, and developed analytical methods for monitoring carbon 

translocation and nitrogen fixation using short-lived radioactive tracer gases and PETIS. 

 

The analysis of carbon translocation 
11C (half life: 20.4 min)-labeled radioactive carbon dioxide gas (11CO2) was produced by 

bombarding a nitrogen gas target with an energetic proton beam delivered from a cyclotron. 

We fed 11CO2 to leaf blades of 4-week-old rice plants (Oryza sativa L.), and serial images of 
11C, which represent translocation of photoassimilate, were obtained using PETIS. 

In order to understand source-sink interrelations, we manipulated source and sink 

strength by treating tested rice plants with p-chlorobenzenesulfonic acid (PCMBS), an 

inhibitor of sucrose transporters. 11CO2 was repetitively fed to the same plants before and after 

PCMBS treatments and the translocations of photoassimilate were monitored using PETIS. 

We developed an analytical algorithm to estimate the velocity of 11C-photoassimilate flow 

from the serial images, and applied to the experimental data. As a result, a decrease in the 

velocity after PCMBS treatments was successfully detected. 

 

The analysis of nitrogen fixation 
13N (half life: 10.0 min)-labeled radioactive nitrogen gas (13N2) was produced by bombarding 

a carbon dioxide gas target with an energetic proton beam. We newly developed a rapid 

method to purify 13N2 using gas chromatography apparatus. We fed the purified 13N2 to the 

underground part of 4-week-old nodulated soybean plants (Glycine max (L.) Merr.) with 

defined concentrations of O2 and N2. Serial images of distribution of 13N were obtained using 

PETIS, and obvious signal of 13N was observed at the nodules. We also succeeded in the 

quantitative estimation of the rates of nitrogen fixation non-invasively. To our knowledge, this 

is the first example of real-time imaging of nitrogen fixation in an intact plant with nodules. 
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USE OF VILLAGE LEVEL SOIL

FERTILITY MAPS AS A FERTILIZER

DECISION SUPPORT TOOL IN THE

RED AND LATERITIC SOIL ZONE

OF INDIA

Abstract

Soil test based fertilizer application is a widely accepted methodology for
improved nutrient management. However, its applicability is severely curtailed
in the developing countries due to lack of infrastructure and high cost of imple-
mentation. This is particularly true in the South and Southeast Asian countries
where the size of holdings is typically low. Under such situation, Geographic
Information System (GIS) based fertility maps could be used as a fertilizer deci-
sion support tool. The current study showed that nutrient contents of farmers’
fields predicted from the fertility maps closely match actual soil analysis. Fertil-
izer recommendations based on GIS maps and actual soil test did not produce
significant yield difference in a rice-potato-sesame cropping sequence, suggesting
its suitability as a decision support tool. A 250 m grid sampling was found to
be adequate to address variability in a red and lateritic soil and predictability
of soil parameters did not differ significantly between 50, 100 and 250 m grid-
based maps. This methodology provides a cost effective option of implementing
improved nutrient management in large tracts of small scale farming system in
Asia.



Introduction 

Soil test-based fertility management is an effective tool for increasing productivity of 

agricultural soils that have high degree of spatial variability resulting from the combined effects 

of physical, chemical or biological processes (Goovaerts, 1998). However, major constraints 

impede wide scale adoption of soil testing in most developing countries. In India, these include 

the prevalence of small holding systems of farming as well as lack of infrastructural facilities for 

extensive soil testing (Sen et al, 2008). Under this context, Geographic Information System 

(GIS)-based soil fertility mapping has appeared as a promising alternative. Use of such maps as a 

decision support tool for nutrient management will not only be helpful for adopting a rational 

approach compared to farmer’s practices or blanket use of state recommended fertilization but 

will also reduce the necessity for elaborate plot-by-plot soil testing activities. However, 

information pertaining to such use of GIS-based fertility maps are meager in India (Sen and 

Majumdar, 2006; Sen et al., 2008).   

The current study was initiated to assess the relative efficiency of GIS map-based soil 

fertility evaluation with regard to traditional soil testing in the red and lateritic soil zone of West 

Bengal.  

 

Materials and Methods 

Location                 

The study was carried out in two locations within West Bengal, India. The study 

locations fall under the semi-arid subtropical zone, 60 m above mean sea level, with average year 

round temperatures between 6-41°C and a relative humidity range between 45-96%. Average 

annual rainfall is about 87 mm, mainly concentrated between June to September. Soils from this 

area are generally Hyperthermic Typic Haplustalfs with sandy loam texture, moderate water 

holding capacity, acidic pH, and low fertility status. 

  

Developing fertility maps 

Geo-referenced soil samples were collected at a 50 m grid and were analyzed for 

common soil productivity attributes including pH, organic C, available N, P2O5 and K2O by 

standard methods (Jackson, 1973). The spatial variability for each attribute was assessed using 

spatial descriptive statistics (Iqbal et al., 2005). This data was then integrated into a GIS platform 

(ESRI, 2001). An inverse distance weighted method of interpolation created continuous surface 

maps for each parameter allowing estimation of soil properties for un-sampled points within the 

study area (Sen et al., 2008). Random soil sampling was carried out and comparisons were then 

made between actual soil test values and their corresponding GIS map-based predicted values.  

To assess the efficacy of GIS-based soil fertility mapping, nine on-farm trials were 

conducted in three locations during 2007-2008. Four treatments evaluated (T1) farmers’ practice, 

(T2) State recommended fertilization, (T3) soil test-based fertilization, and (T4) GIS-based 

fertilization within a monsoon rice-potato-sesame cropping system (Table 1). 

 

Table 1. Nutrient rates (kg N-P2O5-K2O/ha) used in each treatment and crop. 

Treatments Rice Potato Sesame 

T1: Farm practice 60:30:30 300:200:200 Residual 

T2: State rec. 80:40:40 200:150:150 80:40:40 

T3: Soil test-based Variable Variable  Variable  

T4: GIS-based Variable  Variable  Variable  



  Another study was simultaneously carried out to assess the effect of grid size on map 

development and the predictability of soil fertility status. Three separate GIS maps of the study 

area were prepared using samples collected at three grid sizes including 50 m, 100 m and 250 m. 

A farmer’s plot was selected from the study area and soil samples were analyzed for pH, organic 

C, available P2O5 and available K2O. Latitude/longitude values were used to predict the same 

using each grid size and its respective GIS maps. Predicted soil fertility levels were classified 

into low, medium or high categories according to existing norms (Ali, 2005). Trials on a rice-

potato-sesame cropping system were carried out using fertilizer recommendations based on 

parameters predicted from these different grids. 

 

Results and Discussion 

The comparative assessment of soil pH and nutrient content from farm fields, sampled 

and predicted from the GIS, found only minor variations in available N content and practically 

no variation in available P content under the two methods of evaluation (Table 2). However, 

larger difference was observed in the case of available K, which was attributed to less variation 

in available N and P in these red and lateritic soils. While available N and P status were 

generally low, soil K was well distributed between low, medium and high fertility groups, which 

were not well predicted through the GIS maps.  

 

Table 2.  Percent samples of the study area falling under low, medium and high categories 

for available nutrient content and soil acidity under the two systems of assessment. 

Low/Acidic Medium/Neutral High/Alkaline 
 

Parameters 
Soil test  GIS Soil test GIS Soil test GIS 

Available N 89 78 11 22 0 0 

Available P 100 100 0 0 0 0 

Available K 44 33 33 67 22 0 

pH 56 67 44 33 0 0 

 

Average yields for the initial rice crop were significantly higher under soil test and GIS-

based soil fertilizer application over farmers’ practice and State recommended fertilization – 

indicating better agronomic efficiency (Table 3). Yield levels under soil test-based and GIS 

map-based fertilization were statistically at par indicating feasibility for using GIS-based fertility 

maps for nutrient management. 

Potato was cultivated as the second crop, and across treatments, average yields and yield 

attributes were statistically on par (Table 4), which may be attributed to the general trend of 

using relatively high doses of fertilizers in potato.  

In sesame, yields were generally low due to a scarcity of irrigation water during the 

season. However, the yield attributes and yields of sesame did follow a similar trend to that 

observed in rice (Table 5). Thus, soil test-based and GIS map-based fertilization produced 

significantly higher yields than farmers’ practice while no significant differences in yield were 

noted between soil test-based and GIS map-based fertilizer application.  

 

Table 3. Yield and yield attributes of monsoon rice under different treatments. 

 

 

Plant height 

(cm) 

No. 

of 

Dry weight (g/hill) Yield (t/ha) 



 

Table 4. Yields and yield attributes of potato under different treatments. 

Dry weight (g/m
2
) 45 DAS  

 

Treatment 

Plant height (cm) 

45 DAS 

Tuber Leaf Stem 

 

Yield (t/ha) 

 

Farmers’ practice 45.7 10.5 13.8 3.4 28.7 

State rec. 41.3 8.8 12.3 3.1 22.5 

Soil test-based 44.6 9.5 13.5 3.5 28.3 

GIS-based 43.2 9.5 13.5 3.4 27.6 

CD at 5% 5.8 2.3 3.9 1.5 6.4 

 

Table 5. Yields and yield attributes of sesame under different treatments. 

Plant height (cm) Treatment 

45 

DAS 

At 

maturity 

Dry 

weight 

(g/m
2
) 

At 

maturity 

No. of 

capsule/ 

plant 

No. of 

seeds/ 

capsule 

Test 

weight 

Seed 

yield 

(t/ha) 

Stick 

yield 

(t/ha) 

Farmers’ 

practice 
41.9 76.3 75.8 18.7 40 2.8 0.8 3.0 

State rec. 48.8 85.2 110.3 27.3 48 3.1 1.2 3.9 

Soil test-

based 
52.1 87.9 112.8 30.3 52 3.2 1.4 4.2 

GIS-based 51.2 88.6 110.6 29.4 50 3.2 1.4 4.1 

CD at 5% 5.6 5.5 12.4 4.5 4.6 0.3 0.3 0.4 

 

The above studies concur that fertilizer recommendations generated from GIS maps were 

as effective as those generated from soil testing. It is likely that small variations in the absolute 

concentrations of nutrient availability under these two systems were minimized when the values 

were categorized and recommendations were generated. To substantiate this, a comparison was 

made between the mean fertilizer (NPK) doses under the soil test and GIS-based treatments for 

each crop. Results found the N and P application rates to be identical, but K rates varied slightly 

(data not shown), which again was attributed to comparatively higher variations in the 

availability of soil K. 

A substantial amount of research has tried to assess the appropriate sampling density 

needed to characterize the central tendency of soil properties with a specified degree of accuracy 

(McBratney and Webster, 1983; Webster and Oliver, 1990). A larger number of samples can 

produce more accurate maps (Mueller et al., 2001; Wollenhaupt et al., 1994). However, the cost 

45 DAT 90 DAT  

Treatment 

45 

DAT 

90 

DAT 

tillers

/hill Leaf Stem Leaf Stem Panicle 

Grain Straw 

Farmers’ 

practice 
70.1 101.8 23.2 7.2 11.3 8.0 25.3 20.6 4.2 4.6 

State rec. 72.1 103.6 23.3 7.7 11.9 8.0 25.6 21.0 4.4 5.0 

Soil test-

based 
77.6 108.4 24.1 9.2 13.7 11.4 33.8 28.3 4.7 6.0 

GIS-based 77.3 107.7 23.9 9.1 13.4 10.7 33.2 26.6 4.7 6.0 

CD at 5% 4.7 6.1 3.14 0.7 3.0 1.8 3.4 3.2 0.26 0.32 



of sample collection and analysis can be prohibitive to implementing site-specific management. 

Previous research suggests that soil sampling on 60 m grids (Hammond, 1992) or even 30 m 

grids (Franzen and Peck, 1993) might be needed, but most commercial soil sampling is done on a 

1 ha grid basis. To arrive at a cost effective grid size of sampling, we compared actual soil 

analysis values of pH, organic C and available P2O5 and K2O contents of random samples from 

the study area with the predicted values from maps using 50, 100 and 250 m grid sampling. 

Variation existed for soil parameters values under the three grid sizes, but the deviations from the 

actual soil test values were insignificant and made no difference when the values were classified 

into high, medium and low categories (data not shown). 

An additional study was carried out on a rice-potato-sesame sequence to further examine 

the predictions from GIS maps generated from the different grid sizes against soil test-based 

recommendations. Use of either GIS or soil test-based fertilization resulted in comparatively 

higher rice yields over farmers’ practice and the State recommendation (Table 6). The 

comparison between soil test and GIS-based fertilizer application showed only a marginal 

advantage for the former with regard to both grain and straw yields. No significant difference in 

rice yield was found among the three grid-based recommendations suggesting a 250 m grid to be 

adequate for this fertilizer recommendation process.  

 

Table 6. Yields and yield attributes of rice under different treatments. 

Plant height 

(cm) 
Dry weight (g/hill) Yield (t/ha) 

45 DAS 90 DAS 
Treatment 

45 

DAS 

90 

DAS Leaf Stem Leaf Stem Panicle 

No. 

of 

tillers

/hill
 Grain Straw 

Farmers’ 

practice 
72.2 99.6 7.1 11.1 8.4 26.4 20.6 22.6 4.0 4.2 

State rec. 74.3 104.5 7.6 11.7 9.1 27.8 21.8 23.6 4.3 4.8 

50 m grid 78.2 108.0 9.0 13.4 11.6 34.1 27.3 23.9 4.5 5.8 

100 m grid 77.7 106.9 9.1 13.2 11.1 33.9 27.3 23.5 4.4 5.6 

250 m grid 75.1 104.7 7.7 13.0 10.4 32.0 26.8 23.5 4.3 5.3 

Soil test-

based 
78.5 108.3 9.2 13.3 12.3 35.2 28.1 23.9 4.6 5.9 

CD at 5% 1.6 1.2 0.8 0.9 1.0 1.7 1.1 0.5 0.2 0.3 

 

For potato, farmers’ practice resulted in comparatively higher yield than all other 

treatments while State recommended fertilization provided the lowest yield (Table 7). The 50 

and 100 m grid-based maps showed comparatively better results than the 250 m map. 

Fertilization based on smaller grid-based maps exhibited yield levels of potato that were 

comparable to soil test-based fertilization. 

 

Table 7.   Yields and yield attributes of potato under different treatments  

Dry weight (g/m
2
) 

45 DAS 

 

Treatments 

Plant height 

(cm) 

45 DAS Tuber Leaf Stem 

Yield 

(t/ha) 

 

Farmers’ practice 44.3 10.1 13.1 3.2 27.7 

State rec. 40.5 8.6 12.1 3.1 21.9 



50 m grid 43.0 9.5 13.3 3.4 27.2 

100 m grid 43.0 9.5 13.4 3.4 27.1 

250 m grid 42.2 9.3 13.0 3.3 25.5 

Soil test-based 43.8 9.6 13.3 3.5 27.3 

CD at 5% 1.1 0.6 0.7 0.2 0.6 

 

In sesame, farmers’ practice resulted in the lowest yield among all the treatments (Table 

8). Farmers hardly use any nutrient inputs for sesame cultivation and rely on residual fertility 

after potato. Use of State recommended fertilization increased the seed and stick yields of 

sesame over the farmers’ practice. However, considerably higher yields were obtained under the 

soil test-based and the various grid-based recommendations. No significant differences in yield 

were observed between soil test and GIS-based fertilization as well as between the three grid 

sizes, which further corroborates the suitability of the 250 m grid size.  

 

Table 8. Yields and yield attributes of sesame under different treatment. 

Plant height (cm) 

Treatment 45 

DAS 

At 

maturity 

 

Dry weight 

(g/m
2
) 

At maturity 

No. of 

capsule/ 

plant 

No. of 

seeds/ 

capsule 

Test 

weight 

Seed 

yield 

(t/ha) 

Stick 

yield 

(t/ha) 

Farmers’ 

practice 
40.7 75.8 74.6 18.5 40 2.8 0.8 2.7 

State rec. 46.3 84.3 110.4 26.7 45 3.1 1.2 3.9 

50 m grid  53.9 88.3 112.4 30.3 52 3.3 1.4 4.1 

100 m grid 53.2 87.9 112.5 30.5 51 3.2 1.4 4.1 

250 m grid 45.9 84.1 109.7 28.7 47 3.1 1.4 3.9 

Soil test-

based 
53.8 88.6 112.8 30.8 52 3.3 1.4 4.2 

CD of 5% 0.9 0.8 1.7 1.8 3.1 0.2 0.1 0.3 

 

Conclusion 

In contrast to developing countries, where precision nutrient management addresses in-

field nutrient variability in large-scale individual operations, this study’s approach addresses 

spatial variability of soil parameters between fields at the village scale. Geo-statistical analysis 

and GIS-based mapping provided an opportunity to assess variability in the distribution of native 

nutrients and other yield limiting/building soil parameters across a large area. This has helped in 

strategizing appropriate management of nutrients in a rice-potato-sesame cropping sequence 

leading to better yield. This method can help to do away with the expensive plot-to-plot soil 

testing leading to better ease and economics of implementing SSNM with associated increase in 

production and productivity.  
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Effect of a short period of phosphate

deprivation on anti-oxidative enzymatic

activities in bean plants.

Abstract

We subjected bean plants (Phaseolus vulgaris L. ‘Bianco di Bagnasco’) to
phosphate deprivation stress and studied the enzymatic activity of some major
anti-oxidative enzymes in both leaves and roots extracts. P deprivation pro-
voked a significant decrease of catalase activity in leaves of 14-day-old plants,
but no differences were measured after prolonged P deprivation. The enzyme ac-
tivity in roots was not affected by the withdrawal of P from the culture medium.
The deprivation of P from the growing medium provoked an increase in ascor-
bate peroxidase activity in leaves after 4 days of growth. No differences were
detected in roots of +P and –P plants. Glutathione reductase activity decreased
in leaves of 14 day-old P-deprived plants in comparison to +P plants. However,
after 18 days of growth, the enzymatic activity was similar in both –P and +P
plants. The deprivation of P provoked a significant decrease of glutathione re-
ductase activity in roots of both 14 day-old and 18 day-old plants. The activity
of dehydroascorbate reductase was increased in both leaves and roots, either
after 4 and 8 days, by P withdrawal. The reduced availability of Pi in the plant
tissues affected the activity of anti-oxidative enzymes mainly after the first days
of deprivation, particularly in leaves. It could be suggested that during this
period the plant is adjusting its metabolism to cope with the nutritional stress
and that P-deprivation is acting as a mild oxidative stress.



Introduction 
Excess or deficiency of nutritional elements are among the abiotic conditions inducing an 
increase of active oxygen species (AOS) formation and oxidative stress in plant tissues (Cakmak 
1994).  Phosphate deficiency in the growth medium and severe decline in inorganic phosphate 
concentration in bean plant tissues results in an increased AOS production (Malusa’ et al. 2002). 
Increase of AOS production under phosphate deficiency conditions induces a rise in the activity 
of some scavenging enzymes (Juszczuk et al. 2001). The aim of the study was to evaluate the 
effect of a transient phosphate deprivation on some of the principal anti-oxidative enzymatic 
activities in roots and leaves of bean plants. 
 
Materials and Methods 
Plant material 
Seeds of Phaseolus vulgaris L. (cv Bianco di Bagnasco) were germinated in the dark for four 
days and than the seedlings were transferred to 4 l continuously aerated containers (20 plants in 
each container) filled with a phosphate-sufficient (+ P) Knop nutrient solution containing 3 mM 
Ca(NO3)2, 1.5 mM KNO3, 1.25 mM MgSO4, 1 mM KH2PO4 and 0.04 mM Fe-EDTA. After 6 
days, (when plants were 10 day-old), part of the plants were transferred to a phosphate-deficient 
(-P) Knop medium, in which KCl replaced KH2PO4. Plants were grown in controlled conditions 
under 16/8 h (day/night) photoperiod, with a photon flux density of 400 μmol m-2 s-1, 25/20 °C 
(day/night) temperatures and 75-85% relative humidity. Roots and shoots from both treatments 
were harvested and immediately used for analyses at 10, 14 and 18 days of growth. 
 
Inorganic phosphate (Pi) determination 
Plant tissues were extracted with 10% (v/v) trichloroacetic acid at 4°C and inorganic P content 
was measured according to Fiske e Subbarow (1925). 
 
Enzyme activities determinations 
Catalase (CAT) extraction was performed with a potassium phosphate buffer 50 mM (pH 7,8), 
containing Na2EDTA 0,1 mM, PMSF 1 mM, and 1% polyvinylpolypyrrolidone (PVPP) (p/v). 
Catalase activity was measured according to the method of Chance and Maehly (1955). 
Ascorbate peroxidase (APX) was extracted using a potassium phosphate buffer 50 mM (pH 7,0) 
containing 1 mM ascorbic acid to avoid the inactivation of the enzyme during the extraction and 
the activity was measured according to Wang et al. (2004). 
Glutathione reductase (GR) was extracted with a potassium phosphate buffer 1 mM (pH 7,5), 
containing Na2EDTA 0,4 mM and isoascorbic acid 9,94 mM. The activity was determined 
according to Gillham and Dodge (1986). 
Dehydroascorbate reductase (DHAR) extraction was performed using a buffer solution made 
with Tris-HCl 50 mM (pH 7,4), NaCl 100 mM, EDTA 2 mM, MgCl2 1 mM and the enzyme 
activity was determined according to Chen and Gallie (2006). 
 
Statistics 
The results were statistically evaluated by t-test analysis separately for each sampling date.  
 
Results 
Plant growth and inorganic phosphate content 



Initial symptoms of phosphate deficiency appeared in plants after 8 days of culture on the 
phosphate-deficient medium. The removal of phosphate from the growth medium caused a 
decrease of inorganic phosphate (Pi) concentration in both leaf and root tissues. Pi concentration 
in +P plants was on average, for the experimental period, 17.5 and 30.3 mg g-1 FW in shoots and 
roots, respectively.  Plants deprived of P for 8 days contained 6.3 and 8.0 mg g-1 FW in leaves 
and roots, respectively; the content of 18-days-old bean plants was thus about ¼ that of the 
control. 
 
Enzymatic activities   
Catalase activity in leaves decreased during the growing period in both P-sufficient and P-
deprived plants, while it increased in root tissues (Tab. 1). P deprivation provoked a significant 
decrease of CAT activity in leaves of 14-day-old plants, but no differences were measured after 
prolonged P deprivation. The enzyme activity in roots was not affected by the withdrawal of P 
from the culture medium (Tab. 1). 
 

Tab.1: Specific activity of catalase (U*mg prot-1)  in leaves and roots of bean plants 
(Phaseolus vulgaris L.) grown with complete nutrient medium (+P) and in a medium 
deprived of phosphorus (-P). Data represent the mean of three independent experiments. 
Asterisk shows significance for p≤0,05. 

Leaves Roots  
 +P -P +P -P 

10-days 0.549±0.06 0.549±0.06 0.046±0.01 0.046±0.01 
14-days 0.318±0.03 0.172±0.01* 0.174±0.02 0.221±0.02 
18-days 0.293±0.01 0.301±0.01 0.158±0.02 0.185±0.02 

 
The activity of ascorbate peroxidase in roots was generally higher (two to four-fold) than in 
leaves (Tab. 2). The deprivation of P from the growing medium provoked an increase in APX 
activity in leaves after 4 days of growth. No differences were detected in roots of +P and –P 
plants (Tab. 2).  
 

Tab.2: Specific activity of ascorbate peroxidase (U*mg prot-1)  in leaves and roots of 
bean plants (Phaseolus vulgaris L.) grown with complete nutrient medium (+P) and in a 
medium deprived of phosphorus (-P). Data represent the mean of three independent 
experiments. Asterisk shows significance for p≤0,05. 

Leaves Roots  
 

+P -P +P -P 
10-days 0.72±0.03 0.72±0.03 3.09±0.19 3.09±0.19 
14-days 0.57±0.01 0.85±0.05* 2.14±0.12 1.95±0.15 
18-days 0.48±0.02 0.54±0.04 2.84±0.21 3.35±0.08 

 
 
Glutathione reductase activity decreased in leaves of 14 day-old P-deprived plants significantly 
in comparison to +P plants (Tab. 3). However, after 18 days of growth, the enzymatic activity 



was similar in both –P and +P plants. The deprivation of P provoked a significant decrease of 
GR activity in roots of both 14 day-old and 18 day-old plants.  
 

Tab.3: Specific activity of glutathione reductase (U*mg prot-1)  in leaves and roots of 
bean plants (Phaseolus vulgaris L.) grown with complete nutrient medium (+P) and in a 
medium deprived of phosphorus (-P). Data represent the mean of three independent 
experiments. Asterisk shows significance for p≤0,05. 

Leaves Roots  
 

+P -P +P -P 
10-days 0.207±0.001 0.207±0.001 0.208±0.02 0.208±0.02 
14-days 0.463±0.12 0.090±0.01* 0.301±0.06 0.111±0.02* 
18-days 0.111±0.01 0.108±0.01 0.308±0.02 0.185±0.01* 

 
The deprivation of phosphate from the growing medium induced an increase in the activity of 
dehydroascorbate reductase in both leaves and roots, either after 4 and 8 days of P withdrawal 
(Tab. 4). 
 

Tab.4: Specific activity of dehydroascorbate reductase (U*mg prot-1)  in leaves and roots 
of bean plants (Phaseolus vulgaris L.) grown with complete nutrient medium (+P) and in 
a medium deprived of phosphorus (-P). Data represent the mean of three independent 
experiments. Asterisk shows significance for p≤0,05. 

Leaves Roots  
 

+P -P +P -P 
10-days 0.175±0.01 0.175±0.01 0.153±0.01 0.153±0.01 
14-days 0.030±0.002 0.038±0.003* 0.088±0.001 0.102±0.01* 
18-days 0.032±0.002 0.049±0.003* 0.054±0.004 0.069±0.001* 

 
Discussion and Conclusions 
The withdrawal of P from the growing medium induced a slow decrease of Pi from the plant 
tissues, but only to an amount of about 25% that of P-sufficient plants. The appearance of 
dramatic P-deficiency visual symptoms in beans was observed when the Pi content was about 10 
times lower than in control (Malusa’ et al. 2002). Therefore, even though the plants after 
deprivation were demonstrating a reduced growth it is possible that the transient lack of P was 
not sufficient to cause a severe P deficiency. 
The reduced availability of Pi in the plant tissues affected the activity of anti-oxidative enzymes 
mainly after the first days of deprivation, particularly in leaves. It could be suggested that during 
this period the plant is adjusting its metabolism to cope with the nutritional stress. This is in 
accordance with the evidence that the activities in root tissues of some scavenging enzymes, such 
as superoxide dismutase, ascorbate peroxidase, glutathione reductase and catalases, were found 
to be only slightly affected by phosphate deficiency (Juszczuk et al. 2001). Our results could thus 
indicate that phosphate deprivation for a short period of time does not impose a strong oxidative 
stress to both photosynthetic and non-photosynthetic tissues. 
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Studies on the dynamics of potassium

and magnesium in okra (Abelmoschus

esculentus Moench.)

Abstract

A pot culture experiment was conducted at the College of Horticulture, Ker-
ala Agricultural University, India, to study the effect of potassium- magnesium
interaction in plants using okra (Abelmoschus esculentus Moench) as the test
crop. The experiment was conducted on an alluvial soil, sandy clay in texture,
acidic (pH- 4.9), high in organic carbon, and medium in available phosphorus
(P) and potassium (K). The treatments included factorial combinations of four
levels of potassium from K0 to K3 (0, 15, 30 and 45 kg K2O ha-1 as muriate
of potash) and four levels of magnesium (Mg) from Mg0 to Mg3 (0, 10, 20 and
30 kg MgO ha-1). At all K levels, combined with Mg application at 10 kgha-1,
an increase was observed in dry matter production but at higher levels of Mg
a decrease occured. Increasing the level of K from K0 to K3 in the presence
of low levels of Mg caused a progressive increase in the yield while at higher
Mg levels increasing K reduced the yield. Increased addition of K without Mg
significantly increased the crude protein contents. Application of Mg generally
decreased the crude protein content of harvested fruits. Increasing the rate of K
application also progressively and significantly decreased the crude fibre. The
magnitude of decrease was increased in the presence of Mg. At all levels of Mg,
as the K application rates increased, the ascorbic acid content also showed a
significant increase.

Addition of Mg caused a significant increase in the nitrogen (N) uptake at
each level of K though the magnitude of increase diminished as levels of Mg
increased. The application of high rates of Mg decreases the favorable effect of
K on P uptake and hence Mg is seen to have an antagonistic effect on P uptake.
A positive interaction existed between K and Mg on the uptake of K. At higher
levels of K, a significant increase in K uptake was noticed as Mg levels were in-
creased. Calcium (Ca) uptake was significantly reduced with increasing K levels
especially in the absence of Mg. Though K application up to K2 caused a non
significant increase in Mg uptake, further increase to K3 reduced the uptake. In
the presence of a particular level of Mg, increasing the K levels did not bring
about a significant variation in the sulphur uptake by the plant.



 
Introduction 
 
 Apart from the availability of adequate quantities of nutrients in the soil, it is also 
important to have a proper balance between the nutrient constituents present both in the soil and 
the plant. All the essential and other beneficial elements are involved in mutual interactions 
among themselves. Interaction between nutrient elements can be synergistic or antagonistic and 
the type of interaction is characteristic of the plant species (Emmert, 1961). Increasing the 
content of one cation in a plant usually decreases the content of other cations and the total cation 
equivalents are not greatly changed.  
 Application of potassium (K) to an inherently potassium deficient soil increases 
magnesium (Mg) deficiency due to the antagonism between these nutrients in plant and soil. 
Uptake of nutrients, particularly cations, is seriously influenced by potassium fertilization.  Thus 
K has been shown to affect the absorption, translocation and distribution of other cations 
(Epstein, 1972). K and Mg also influences many of the processes that are important for the 
formation of yield in plants such as water economy, synthesis of carbohydrates and the transport 
of assimilates (Mengel and Kirkby, 1982).  
 The importance of vegetables in human nutrition is well known as it is a rich and 
comparatively cheap source of vitamins and minerals. Among vegetables, okra (Abelmoschus 
esculentus Moench.) occupies an important place on account of its tender green fruits. Hence a 
study was conducted to determine the interactions between K and Mg in plants using okra as the 
test crop.  
 
Materials and Methods 
 
 A pot culture experiment was conducted at the College of Horticulture, Kerala 
Agricultural University, to study the effect of potassium - magnesium interaction in plants using 
okra (Abelmoschus esculentus Moench) as the test crop. The experiment was conducted on an 
alluvial soil, sandy clay in texture, acidic (pH 4.9), high in organic carbon, and medium in 
available P and K contents. The soil contained 2.92 c mol (+) kg-1 exchangeable Mg and 44 kg 
ha-1 available S.  
 The treatments included factorial combinations of four levels of potassium from K0 to K3 
(0, 15, 30 and 45 kg K2O ha-1 as muriate of potash) and four levels of magnesium from Mg0 to 
Mg3 (0, 10, 20 and 30 kg MgO ha-1). These treatments were imposed on the crop along with the 
normal recommendation of nitrogen (N) and phosphorus (P) applied uniformly to all the 
treatments at the rate of 50 kg N and 25 kg K2O ha-1 as per the Package of Practices 
Recommendations for Crops of the Kerala Agricultural University (KAU 1993). After the 
application of the treatments plant samples were taken to determine the effect of interactions 
between K and Mg on the yield and quality parameters of fruit and the nutrient uptake of the 
plant.  
 
 
Results and Conclusions 
 
 The effects of potassium - magnesium interaction on the dry matter production, yield and 
quality attributes of the fruit are given in Table 1. 



 
Dry matter production  
 
 Application of magnesium (Mg) at the rate of 10  kg ha-1 as MgSO4 caused an increase in 
the dry matter production but a further increase in Mg caused a decrease in dry matter. The 
increase in the dry matter production by the addition of Mg at the lowest level may be due to an 
increase in photosynthetic activity induced by the application of Mg (Terry and Ulrich, 1974). 
But further increasing the Mg levels caused a decrease in the dry matter production. At all K 
levels combined with Mg application at 10 kg ha-1, an increase was observed in dry matter 
production, while at higher levels of Mg a decrease was noticed. 
 Increasing K levels up to K2 (30 kg K2O ha-1) significantly increased dry matter 
production but further increase caused a reduction probably because of the dilution effect due to 
the increase in fresh weight of the plant caused by an increase in water storage induced by high 
K levels but the dry matter production remaining low (Loue’, 1985). The application of increased 
levels of K in the presence of low levels of Mg increased the dry matter production significantly 
but higher levels of Mg decreased the dry matter yield. The initial increase in dry matter 
production by Mg addition also implies that S assists increased dry matter production since Mg 
was applied as MgSO4. Higher Mg application decreased dry matter production because above a 
certain level, growth of the plant is impaired since an excess of sulphur (S) contained in the plant 
is not metabolized to proteinaceous sulphur  (Dhillon and Dev, 1980). 
 Though high rates of Mg addition markedly decreased the dry matter production, K 
uptake was not hindered (Table 2). Hence, reduction in growth was directly caused by excessive 
levels of Mg and not due to a K deficiency induced by excess Mg. Excess Mg may also interfere 
with the uptake of other nutrients like zinc (Zn) or manganese (Mn) thereby restricting plant 
growth (Fageria, 1983). 
 
Fruit yield 
 
 Addition of Mg at moderate levels (10 kg ha-1) along with K significantly increased the 
yield of okra fruits when compared to the treatments receiving K alone. Similar to the effect on 
dry matter production, Mg application only up to 10 kg ha-1 significantly increased yield. This 
effect was more pronounced when K was not added. The decrease in yield at K0 was overcome 
by the addition of Mg up to Mg2 (20 kg ha-1) but further increasing the Mg level reduced the 
yield significantly. Thus Mg addition at moderate levels increased crop yield in the absence of K, 
whereas in the presence of each level of K, there was a decreasing trend in yield at higher levels 
of Mg.  
 
 
Table 1. Dry matter production, fruit yield and quality attributes of  okra as influenced by 

levels of potassium and magnesium 
 

Treatment Dry matter 
production 
(kg ha-1) 

Fruit yield 
(kg ha-1) 

Crude 
protein (%) 

Crude fibre 
(%) 

Ascorbic 
acid 

(mg 100 g-1) 
NPK0Mg0 1048 6282 16.6 14.2 18.5 
NPK1Mg0 1022 7070 19.1 13.9 19.0 



NPK2Mg0 1073 7210 24.7 13.7 19.0 
NPK3Mg0 1155 7490 26.5 13.23 19.3 
NPK0Mg1 873 6720 14.6 13.6 19.1 
NPK1Mg1 1129 7507 13.0 13.4 19.5 
NPK2Mg1 1237 7560 16.1 13.4 20.0 
NPK3Mg1 1244 7682 14.4 13.2 19.5 
NPK0Mg2 950 6807 20.1 13.2 19.0 
NPK1Mg2 975 7053 23.0 13.2 19.0 
NPK2Mg2 987 7210 16.3 13.2 19.2 
NPK3Mg2 945 6758 18.0 13.0 19.2 
NPK0Mg3 999 6475 20.1 13.8 19.2 
NPK1Mg3 1058 7070 12.3 13.7 19.2 
NPK2Mg3 1122 7210 15.3 13.6 19.1 
NPK3Mg3 1038 6475 18.3 13.4 19.3 
CD**- K x 
Mg (0.05) 

53 423 4.5 0.4 0.7 

Levels of K      
K0 9678 6571 17.9 13.7 19.0 
K1 1046 7175 16.8 13.5 19.2 
K2 1105 7297 18.1 13.5 19.2 
K3 1096 7101 19.3 13.2 19.3 
CD-(0.05) 28 212 2.3 0.2 0.35 
Levels of 
Mg 

     

Mg0 1074 7013 21.7 13.8 19.0 
Mg1 1121 7367 14.5 13.4 19.5 
Mg2 964 6957 19.3 13.1 19.1 
Mg3 1054 6807 16.5 13.6 19.1 
CD-(0.05) 27 212 2.3 0.2 0.35 

 CD** - Critical Difference 
 
 Increasing the level of K from K0 to K3 in the presence of low levels of Mg caused a 
progressive increase in the yield while at higher Mg levels increasing K reduced yield.  
 
Crude Protein 
 
 Increased addition of K without Mg significantly increased the crude protein contents. 
This increasing trend was not observed when different levels of Mg were applied along with 
muriate of potash. Application of Mg generally decreased the crude protein content of harvested 
fruits. 
 
Crude Fibre 
 



 Addition of Mg as MgSO4 also caused a decrease in the crude fibre content. Increasing 
the rate of K application also progressively and significantly decreased the crude fibre. The 
magnitude of decrease was increased in the presence of Mg. 
 
 
Ascorbic acid 
 Treatments receiving no fertilizers or only N and P without K significantly decreased the 
ascorbic acid content. A general increase in ascorbic acid content was observed as K levels 
increased. At all levels of Mg, as the K application rates increased, the ascorbic acid content also 
showed a significant increase. It was also noticed that sulphur uptake was positively and 
significantly correlated with the ascorbic acid content of fruits.  
 
Nutrient uptake  
 
 The influence of levels of K and Mg  on the uptake of nutrients is given in Table 2. 
Application of K at K1 markedly increased the N uptake while a further increase did not show a 
significant increase. The interaction between K and Mg was found to be significant with the 
addition of Mg causing a significant increase in the N uptake at each level of K though the 
magnitude of increase diminished as levels of Mg increased. As the level of Mg application 
increased without K addition the N uptake was found to decrease. 
 Addition of increased levels of K increased the uptake of phosphorus. The application of 
high rates of Mg decreases the favorable effect of K on P uptake and hence Mg is seen to have an 
antagonistic effect on P uptake. This reduction of P uptake in spite of increased P availability 
might be due to the interference of sulphate ions on the absorption of P by the plant.  
 Increasing the rate of K application significantly increased the K uptake. As the level of 
Mg application increased the K uptake also showed a general increase, contrary to the reports 
that K and Mg are antagonistic. Thus Mg might have diminished only the solution concentration 
of K in soil and not the uptake. At higher levels of K, a significant increase in K uptake was 
noticed as Mg levels were increased.  
 Thus a positive interaction existed between K and Mg on the uptake of K. This increase 
in K in the tissue with increasing Mg might be because of the decreased dry matter production 
associated with high Mg. 
 
 

Table 2. Nutrient uptake by okra as influenced by levels of potassium and magnesium 
 

 
Treatment N 

(kg ha-1) 
P 

(kg ha-1) 
K 

(kg ha-1) 
Ca 

(kg ha-1) 
Mg 

(kg ha-1) 
S 

(kg ha-1) 
NPK0Mg0 25.5 2.3 11.1 26.8 11.7 1.9 
NPK1Mg0 20.8 2.6 12.5 21.0 12.3 2.2 
NPK2Mg0 15.9 3.5 12.2 21.5 14.7 1.8 
NPK3Mg0 26.2 3.2 13.3 21.5 13.3 2.5 
NPK0Mg1 18.2 1.9 9.2 23.0 19.7 2.1 
NPK1Mg1 25.5 2.1 11.7 21.8 22.0 2.5 
NPK2Mg1 23.7 2.5 12.3 21.2 22.0 2.6 



NPK3Mg1 19.2 2.5 13.4 20.2 20.4 2.5 
NPK0Mg2 19.7 2.0 10.1 19.9 21.1 2.1 
NPK1Mg2 23.3 2.5 13.0 22.7 19.6 2.3 
NPK2Mg2 22.5 2.3 14.5 18.5 20.5 2.4 
NPK3Mg2 19.4 2.4 15.7 18.1 20.5 2.3 
NPK0Mg3 19.4 2.4 9.6 21.3 21.8 2.2 
NPK1Mg3 21.3 2.7 14.1 20.3 23.0 2.4 
NPK2Mg3 27.8 2.6 14.9 18.9 21.1 2.4 
NPK3Mg3 22.9 2.5 15.6 17.1 22.4 2.4 
CD**- K x 
Mg  
(0.05) 

3.4 0.3 1.5 3.4 2.4 0.3 

Levels of K       
K0 21.0 2.2 10.0 22.7 18.6 2.1 
K1 22.7 2.4 12.8 21.4 19.2 2.4 
K2 22.5 2.8 13.5 20.0 19.8 2.3 
K3 22.0 2.6 14.2 19.2 19.2 2.4 
CD-(0.05) 1.7 0.15 0.8 1.7 1.2 0.2 
Levels of Mg       
Mg0 22.1 2.8 12.3 22.7 13.0 2.1 
Mg1 21.7 2.3 11.4 21.5 21.0 2.4 
Mg2 21.5 2.3 13.3 19.8 20.4 2.3 
Mg3 22.9 2.6 13.6 19.4 22.3 2.3 
CD-(0.05) 1.7 0.15 0.8 1.7 1.2 0.2 
CD** - Critical Difference 
 Calcium (Ca) uptake was significantly reduced with increasing K levels especially in the 
absence of Mg. Similar results were reported by Fageria (1983) who found an antagonistic effect 
of K application on Ca uptake. When applied with high levels of Mg, though higher levels of K 
caused a reduction in the Ca uptake, no significant decrease was generally obtained. Addition of 
increasing levels of Mg remarkably decreased the Ca uptake. The high Mg levels must have 
hindered the absorption of Ca by the plant due to the action of the Ca- Mg antagonistic effect. 
Such antagonism of Mg on the uptake of Ca was also reported by Kumar et al. (1981). It is also 
seen that the antagonistic effect of increased levels of Mg occurred only in the absence of K. The 
decrease in tissue concentration and uptake of Ca with increasing concentration of Mg is 
presumably due to the replacement of Ca by Mg for the neutralization of negative charges within 
the vacuole and on the  exchange  sites  in  the  apoplast of  the plant cell (Ananthanarayana and 
Rao 1979).  
 Though Mg uptake increases with its level of application, the presence of K especially at 
higher levels was found to decrease uptake by the crop. This may be because of an induced 
reduction in availability of Mg to the crop by the excess application of K, leading to less 
absorption of Mg by the plants. Thus, at higher Mg levels, by supplying additional excess levels 
of K, the antagonism of additional K is great enough to repress Mg absorption regardless of the 
Mg level. Thus at low soil K and sufficient exchangeable Mg levels, uptake of Mg is not 
hindered. 
 



 Increased addition of K and Mg generally increased the uptake of S. In the presence of a 
particular level of Mg, increasing the K levels did not bring about a significant variation in the S 
uptake.   
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Nitrogen Fertilization in maize using the

Portable Chlorophyll Meter

Abstract

The cultivation of maize is one of the most important crops for the the
Brazilian Agribusiness, representing 6.4% of world production. It should be
noted that world production is almost 800 million tons and the United States is
responsible for 42% of total production. Nitrogen fertilization is a very impor-
tant step for the production system of maize, both in the aspect of quantification
of doses, and in defining the time of application. The use of portable chlorophyll
meter has been widely used, especially in tests of calibration and evaluation of
deficiency, on the other hand, there is no literature on using the chlorophyll
meter to indicate the amount of N to be applied. The experimental design
was the randomized completely blocks with four replications and 6 treatments
with nitrogen fertilization by coverage (0, 60,100, 120, 140 and 160 kg N ha-1)
using urea. There is verified positive relationship between N rates and nitro-
gen content and it was affected by increasing doses of this nutrient, until 120
kg N ha-1. The curve of nitrogen fertilization using the Chorophyll meter was
possible by the excellent correlations between doses and readings, doses and N
content, and doses and grain yield. It was concluded that there was a good
correlation between levels of nitrogen applied in coverage, with ICF readings,
nitrogen content and and grain yield. Is possible to establish a curve for the
nitrogen fertilization by the ICF readings at the time of covering.



Introduction 
The cultivation of maize is one of the most important crops for the Brazilian Agribusiness.  In 
the growing season of 2007/2008 the production was above 50 million tons, representing 6.4% of 
world production (Bozzo, 2007). In recent years, many techniques for identification of nitrogen 
deficiency have been proposed, such as portable chlorophyll meter (PCM), analysis of leaf tissue 
and evaluating the content of nitrate in the soil.  Among these techniques, the use of portable 
chlorophyll meter has been widely used, especially in tests of calibration and evaluation of 
deficiency. According to Rambo (2004), papers using the chlorophyll meter to indicate amount 
of N to be applied do not exist in the literature.  

Some authors suggest that among the advantages of the PCM are the preservation of plant 
tissues, and accuracy in evaluation and indirect diagnosis (PELTONEN et al, 1995). Recently, 
Reis et al (2006) developed a study with the main objective of generating a curve of nitrogen 
fertilization using the chlorophyll readings. In the U.S., the most used technique is the 
sufficiency index, by the comparison with the reference plots (PELTONEN et al, 1995) and 
monitoring the N fertilization. This method is interesting, however, it does not respect the basic 
principle of the curve of response and can indicate nitrogen values higher than those that should 
be used. Most studies have used the PCM Minolta SPAD 502, which is produced in Japan and 
other countries. This study aimed to evaluate the PCM Falker Chlorophyll meter, in respect to its 
calibration with doses, leaf content, yield, and develop an appropriate curve of nitrogen 
fertilization for maize.  

This work was carried out at the Experimental Station of the Sao Paulo State University-
UNESP, located in Selvíria, State of Mato Grosso do Sul, Brazil. The experimental design was 
the randomized completely blocks with four replications and 6 treatments with nitrogen 
fertilization by coverage (0, 60,100, 120, 140 and 160 kg N ha-1) using urea. The row spacing 
was 0.9 m, with the plant population of 55000 plants ha-1.  The sowing was realized on the first 
of December, 2007 with 90 kg P2O5 ha-1, 50 kg K2O ha-1 and 20 kg ha-1 of nitrogen, according to 
the recommendations of Raij et al (1997). The nitrogen in coverage was applied 18 days after 
plant emergence. The emergence of maize occurred on December 9, 2007. Each plot was 
composed by 6 lines with a length of 6 m, with a total amount of 24 plots.  

Five evaluations of the Chlorophyll readings were realized (ICF index) from 25 to 53 days 
after emergence of maize plants. The evaluations were conducted in the C leaf (first with the 
visible collar) and C-1 leaf (prior to the first with the visible collar), and assessed four plants per 
plot and five readings per leaf in the middle third.  

The collection of the leaves was realized according to the recommendations of Malavolta et 
al (1997), and performed the chemical analysis of plant tissue to determine the leaf nitrogen 
content, by the methodology proposed by Bataglia et al (1983). The recommendation of nitrogen 
fertilization based on readings ICF was done using an adapted methodology from REIS et al., 
(2006). 

The first part of this study was to evaluate the calibration of equipment to increased levels of 
nitrogen. Thus, there were evaluations of ICF readings during the development of the maize 
plant, from 25 to 53 days after crop emergence. It was found in all samples, significant effects of 
doses on the readings, with the linear effect in all evaluations and quadratic effects in three, and 
the determination index with better adjustment observed for second degree regression at 46 and 
53 days after germination.  

The evaluation from the point of maximum showed that the plant increases the ICF readings 
until the dose of 140 kg N ha-1 at 53 days after emergence. The early evaluation is important 



because the potential yield is defined at the emission of the 4th leaf, and can be extended to the 
6th leaf (Fancelli, 1997). 

This also verified the relationship between N rates and nitrogen content and it was affected 
by increasing doses of this nutrient, until the dose of 120 kg N ha-1.  However, the yield was 
affected until the dose of 160 kg N ha-1. 

The recommendations of nitrogen fertilization, according to the values of ICF readings, are 
contained in Figure 1.  It was verified that, for example, if the reading was 60, the nitrogen 
fertilization should be 140 kg ha-1. The value of reading at the time of nitrogen covering 
fertilization will be used to verify the amount of N to be applied.  This system is more efficient 
than the sufficiency index, which does not use a curve of response and possibly overestimate the 
needs of N, and may even underestimate them, as described by Sawyer (2007).  Who obtained 
values of fertilization at the maximum of 112 kg N ha-1 in the United States. 

The curve of nitrogen fertilization using the PCM Falker Clorofilog was possible by the 
excellent correlation between doses and readings, doses and N content (Figure 3) and doses and 
grain yield (Figure 2). The recommendation is valid under the conditions which the work was 
developed.  With the use of other hybrids, or different production systems is necessary to 
develop equivalence factors (EF) proposed by Santos (2006). 

 
 

 
Figure 1. Nitrogen levels to be used for fertilization using the ICF readings 
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Figure 2. Maize Yield under nitrogen levels (kg ha-1) 

 

 

 

Figure 3. Nitrogen content as a function of nitrogen levels 
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It was concluded that there was a good correlation between levels of nitrogen applied in 
coverage, with ICF readings ICF, nitrogen content and grain yield.  It is possible to establish a 
curve for the nitrogen fertilization by the ICF readings at the time of covering. 
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Evaluating red edge vegetation indices

for estimating winter wheat N status

under high canopy coverage condition

Abstract

Traditional vegetation indices like normalized difference vegetation index
(NDVI) tend to saturate under high canopy coverage conditions and do not
perform very well for diagnosing nitrogen status of high yielding crops. Red
edge indices have been shown to be more sensitive to nitrogen status and are
promising alternatives. The objective of this study is to evaluate different red
edge indices for estimating winter wheat (Triticum aestivum L.) nitrogen status
under high canopy coverage conditions in farmers’ fields. Six 200 × 200 m
fields in four villages from Shandong Province, China were selected for this
research from 2005 to 2007. Hyperspectral reflectance was determined at Feekes
growth stage 7-9 when wheat canopy was fully covered. Subsequently, linear
relationships between red edge indices and plant N uptake and concentration
were established. Results indicated that red edge position indices REP and
REIP performed better in estimating plant N status than normalized and simple
ratio red edge indices. Plant N uptake, as a better indicator of crop N status,
was easier to estimate using red edge indices than plant N concentration.



Introduction  

 

Dynamic monitoring of plant N status using remote sensing under high canopy coverage 

conditions is critical for high yield crop management and environmental protection. Selection 

of bands plays an important role in deriving plant N information of crop canopy using remote 

sensing technology (Hansen and Schjoerring, 2003). The red light reflectance does not change 

much with chlorophyll pigment content when it is higher than 150 mg m
-2

 (Gitelson et al., 

2003; Steele et al., 2008a) and red absorption in plant pigments saturates (Hatfield et al., 

2008). N plays an important role in forming photosynthetic pigment-proteins complexes 

including chlorophyll a and b (Blackburn, 2007). Sufficiency and deficiency of N 

significantly affect plant chlorophyll content and crop growth. As a result, red band-based 

indices would rapidly saturate, even with low N content (Flowers et al., 2003), leaf area index 

(LAI) and biomass (Serrano et al., 2000; Thenkabail et al., 2000). 

 

Red edge, as the inflection point of the strong red absorption to near infrared reflectance, 

includes the information of both crop N and growth status. The reflectance around red edge is 

sensitive to wide range of crop chlorophyll content, N content, LAI and biomass (Hatfield et 

al., 2008; Mutanga and Skidmore, 2007; Steele et al., 2008b). Recently, Cho and Skidmore 

(2006) developed a new technique for extracting red edge position. The method was validated 

by deriving leaf N concentration of different plants. Subsequently, they tested the method 

under different conditions (Cho et al., 2008). Also, some published results have indicated that 

normalized and simple ratio indices composed of red edge bands were able to extract N 

information of canopy and leaf across plants and environmental conditions (Sims and Gamon, 

2002; Zarco-Tejada et al., 2001). However, most of the measurements were conducted in 

laboratories or under controlled conditions. Some results were validated by using radiative 

transfer model (Wu et al., 2008) at both leaf and canopy levels. However, limited studies were 

conducted to evaluate these indices for estimating plant N uptake and concentration of winter 

wheat under high canopy coverage directly under on-farm conditions. Therefore, the objective 

of this study was to identify the best performing red edge parameters under high canopy 

density in farmers’ fields. 

 

Materials and methods 

 

The experiments were conducted in Shandong Province, the North China plain (NCP) and the 

climate is warm-temperate subhumid continental monsoon, with cold winters and hot 

summers. The precipitation from October to May was 131 and 108 mm for wheat growing 

seasons of 2005/06 and 2006/07, respectively. The annually average temperature in 2006 and 

2007 was 13.7 and 14.1 °C, respectively. 

 

Six 200 × 200 m fields in four villages were selected with cooperative farmers. Each field 

was managed by different farmers according to their common practices. Canopy spectral 

reflectance was measured using the ASD Hand-held Fieldspec optical sensor (Analytical 

Spectral Devices, Inc., Boulder, CO, USA) from Feekes growth stages 7 to 10.5. We selected 

the data set from Feekes growth stage 7 to 9, when the wheat canopy fully covered fields. 



Following each spectral measurement, the corresponding 100 by 30 cm above-ground 

vegetation was destructively cut for biomass and N concentration measurement. In all, 83 

plant samples involving 29, 24, 30 samples at three fields in 2006 and 115 plant samples 

involving 28, 41, 46 samples at three fields in 2007 were collected from Feekes growth stages 

7 to 9, respectively. All plant samples were oven dried at 70 
o
C to constant weight and then 

weighed, ground, and their Kjeldahl-N determined. 

 

In this study, we selected 6 red edge indices related to plant N or chlorophyll estimation 

(Table 1). Four indices (ZTM, ND705, R-M and TCARI/OSAVI(705, 750)) are based on 

benchmark of normalized and simple ratio. An important difference from traditionally indices 

is that the selected bands in these indices are all locate around red edge. Two indices (REIP 

and REP) were selected to calculate the position of red edge. The red edge position for REIP 

is based on linear four-point interpolation technique and it uses four wavebands (670, 700, 

740 and 780 nm) (Guyot and Baret, 1988). The calculation of REP is based on linear 

extrapolate technique developed by Cho and Skidmore (2006). Before calculation, we used a 

wavelet filter to smooth the first derivative spectra. Then, sensitivity analysis was conducted 

to obtain optimum bands combination (Cho and Skidmore, 2006). 

 

Table 1 Spectral vegetation indices tested in this study.  

Index  Definition  Reference  

Zarco-Tejada&Miller(ZTM) 

ND705 

R-M 

TCARI/OSAVI(705, 750) 

REIP 

REP 

R750/R710 

(R750-R705)/(R750+R705) 

(R750/R720)-1 

TCARI/OSAVI(705, 750) 

700+40*{[(R670+R780)/2]-R700}/(R740-R700) 

-(c1-c2)/(m1-m2) 

Zarco-Tejada et al. (2001) 

Sims and Gamon (2002) 

Gitelson et al. (2005) 

Wu et al. (2008) 

Guyot et al. (1988) 

Cho and Skidmore (2006) 

m1/c1 and m2/c2 represent the slope and intercept of straight line through two point on the far red 

(680-700 nm) and two point on near infrared (720-760 nm) of the first derivative reflectance spectrum. 

 

Results and discussion 

 

Different from other selected indices in this paper, the calculation of the red edge index REP 

requires sensitivity analysis to find optimal band combinations. Gathered all data from two 

years, we plotted the contour maps of coefficients of determination (R
2
) between plant N 

uptake and concentration and red edge position calculated by linear extrapolate method (Fig. 

1). The results indicated that the far red bands in 683-687 nm range combined with near 

infrared bands in 725-730 nm range yielded the highest correlation with plant N uptake across 

years and stages (Fig. 1, left). For plant N concentration, the best performing bands focused 

on far red in 713-716 and near infrared bands in 727-740 (Fig. 1, right). The highest R
2
 

correlated to plant N uptake and concentration was 0.357 (p<0.01) and 0.434 (p<0.01), 

respectively. This is acceptable under on-farm conditions. Based on the results, the most 

sensitive far-red and near-infrared band was 685 and 727 nm for plant N uptake, and 714 and 

738 nm for plant N concentration.  



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Contour maps indicating the sensitivity of red edge positions calculated by linear 

extrapolate method using fixed bands from 680 to 760 nm. The maps showed the coefficients 

of determination (R
2
) between red edge position and plant N uptake (left) and plant N 

concentration (right). 

 

Plant N uptake and concentration are important indicators of winter wheat plant nitrogen 

status. Due to the difference of winter wheat varieties used, growing stages and management 

levels for different farmers, plant N concentration varied from 15.9 to 44.8 g kg
-1

, and plant N 

uptake from 58 to 247 kg N ha
-1

 (Table 2). 

 

Table 2 Descriptive statistics of the data used in this study. 

Plant N concentration (g kg
-1

)  Plant N uptake (kg N ha
-1

) 
year n 

range median CV, %  range median CV, % 

2006 83 15.9-37.9 24.7 16.6   58-226 145 26.9  

2007 115 24.0-44.8 32.4 13.0   91-247 174 23.6  

All  198 15.9-44.8 29.3 19.1   58-247 159 26.6  

 

In order to find promising red edge indices, the linear relationships between plant N uptake, 

plant N concentration and red edge indices used were established across developing stages 

and years. Table 3 shows the coefficients of determination (R
2
) of these linear models. Results 

indicated that the R
2
 between plant N uptake and red edge indices was higher than that 

between plant N concentration and red edge indices in 2006 and 2007. However, it was 

different for data combined across two years. This is probably due to variations of climate 

conditions in the two years, which affected the N concentration in plants. The high coefficient 

of variation (CV) in combined data against single year resulted in higher R
2
 between red edge 

indices and plant N concentration for all data of two years. For red edge indices, the red edge 

position based REIP and REP indices performed better in estimating plant N uptake and 

concentration than normalized and simple ratio based indices. Especially for REP, the 

selection of optimum bands in estimating plant N status was obtained by using sensitivity 

analysis. The prediction potential will be improved with data collected under wider range of 

on-farm conditions. 

 



Table 3 Coefficients of determination (R
2
) for relationships between red edge indices and 

plant N uptake and concentration at high canopy coverage. 

2006  2007  All combined 

Indices  Plant N 

uptake 

Plant N 

concentration 
 

Plant N 

uptake 

Plant N 

concentration 
 

Plant N 

uptake 

Plant N 

concentration 

(ZTM) 0.195
**

 0.130
**

   0.418
**

 0.010   0.329
**

 0.381
**

  

ND705 0.179
**

 0.141
**

   0.390
**

 0.010   0.285
**

 0.385
**

  

R-M 0.173
**

 0.160
**

   0.441
**

 0.005   0.331
**

 0.394
**

  

TCARI/OSAVI(705, 750) 0.183
**

 0.112
**

   0.370
**

 0.028   0.336
**

 0.322
**

  

REIP 0.285
**

 0.142
**

   0.464
**

 0.001   0.380
**

 0.405
**

  

REP 0.411
**

 0.233
**

   0.272
**

 0.009   0.357
**

 0.440
**

  

TCARI/OSAVI(705, 750) = 3*[(R750-R705)-0.2*(R750-R550)(R750/R705)]/[(1+0.16)(R750-R705)/(R750+R705+0.16)] 

 

Conclusion  

 

This study evaluated different red edge vegetation indices for estimating winter wheat 

nitrogen status under high canopy coverage conditions in farmers’ fields at Huimin County, 

Shandong Province, China, across 2006 and 2007. Compared with plant N concentration, 

plant N uptake was easier to estimate across years and growing stage for winter wheat. REP 

was a promising red edge index for estimating plant N uptake and concentration. More studies 

are needed to further validate these indices at different growth stages and more diverse 

on-farm conditions. 
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The content of ß-sitosterol in maize

plants growing under different nitrogen

nutrition

Abstract

The effect of nitrogen nutrition on phytosterol content in aboveground biomass
of maize (Zea mays L.) was investigated in a pot experiment. For cultivation
of maize plants nitrogen dose (2 or 4 g N per pot) was applied in the form
of ammonium nitrate (AN) for control treatments or urea ammonium nitrate
solution (UAN). UAN solution was applied according to the CULTAN method
(Controlled Uptake Long Term Ammonium Nutrition). The lower nitrogen con-
tent in soil of UAN treatments in the first period of experiment and in following
nitrogen application (30 days after maize sowing) affected yield and also total
nitrogen content of aboveground biomass. The results of free ß-sitosterol anal-
yses by HPLC showed the changes of its concentration after UAN application
in contrast to AN treatments. The significant decrease of ß-sitosterol concen-
tration (by 48 % in contrast to 1st period) was determined on UAN2 treatment
in the 2nd period (8 days after nitrogen application). Our results confirmed
that sterol interconversions are controlled by environmental conditions and they
are involved in the regulation of membrane properties in response to changing
growth conditions.



Introduction 

Plant sterols have been reported to include over 250 different sterols in various plants (Moreau et 

al. 2002). They have been extensively studied in the past years with a major focus on 

biosynthetic and biochemical aspects (Schaller 2003, 2004, Benveniste 2004). Phytosterol 

origins are 28- to 32-carbon compounds containing a 24-alkyl group in the side chain derived by 

transmethylation from S-adenosyl-L-methionine (Nes 2003). The most common representatives 

are sitosterol, stigmasterol and campesterol. Phytosterols are primary components of cellular 

membranes where they regulate fluidity and water permeability. Plant cell membranes 

incorporate a complicated mixture of sterols. According to Schaller (2004) plant tissues contain 

an average quantity of 1 – 3 mg of sterols per gram dry weight. ß-Sitosterol is the principle 

sterol, accounting for 50 % to 80 % of the total sterol content of many plants. For plant species 

the composition of the sterol mixture is genetically determined; particularly, the ratio of 24-

methyl sterols (campesterol) to 24-ethyl sterols (ß-sitosterol) is important (Shaller 2003). 

Individual plant sterols differ in their effect on membrane stability. Sterols also play a role in 

cellular differentiation and proliferation. Changes in sterol composition during plant senescence 

are associated with loss of membrane function (Moreau et al. 2002). Sterol conjugation, the 

conversion of free sterols to steryl esters, steryl glycosides (sitoindosides) or acetyl steryl 

glycosides is another potentially important aspect of membrane lipid metabolism (Dyas and 

Goad 1993).  

Compared with other cell membrane systems, the plasma membrane contains the greatest 

sterol content. A modification in the plasma membrane sterol content affects the properties or 

modulates the functions of membrane bound proteins such as enzymes, channels, receptors or 

components of signal transduction pathways, as for instance ATPases. Free sterols are tightly 

bound to the plasma membrane H
+
-ATPase and may be essential for activity of this enzyme. 

Hormone signaling is affected by variation of the sterol profile mostly because the membrane 

environment of receptors, channels, etc. had been modified (Lindsey et al. 2003). Sterol 

interconversions are controlled by phytohormone levels and environmental conditions (light, 

temperature, water, response to ozone stress, ions etc.), it has been postulated that they are 

involved in the regulation of membrane properties in response to changing growth conditions 

(Moreau et al. 2002).  

This paper is focused on the effect of plant nitrogen nutrition on free plant sterol content in 

maize and the changes of its content in relation to sampling period. According to our hypothesis 

free sterol content in maize can be also affected by period and system of nitrogen application.  

 

Material and Methods 

Plant material and cultivation conditions 

The effect of nitrogen nutrition for free sterol content in plant was investigated in pot 

experiment. For experiment, maize seeds (10 seeds of hybrid Rivaldo) were sown into plastic 

pods containing soil mixture as specified below. The plants (10 plants per pot) were cultivated 

under natural light and temperature conditions at the experimental hall of the Czech University 

of Life Sciences Prague, Czech Republic. The water regime was controlled and the soil moisture 

was kept at 60% MWHC.  

For cultivation of maize plants (Zea mays L.), 10 kg of Chernozem soil (pHKCl = 7.2, Cox = 

1.83 %, CEC = 258 mval kg
-1

) was thoroughly mixed with N dose applied in the form of 

ammonium nitrate (AN) for control treatments or was left without nitrogen nutrition for 

treatments with injected nitrogen application. Nitrogen in the liquid form of urea ammonium 



nitrate solution (UAN) was applied into top soil (100 mm depth) on two points of pot 30 days 

after maize sowing (application by CULTAN system). Each treatment was performed in five 

replications (Table 1).  

 

Table 1 Design of experiment 

Treatment N rate (g per pot) Application time 

ammonium nitrate 1 (AN1) 2 before sowing 

urea ammonium nitrate 

solution 1 (UAN1) 

2 30 days after maize sowing 

ammonium nitrate 2 (AN2) 4 before sowing 

urea ammonium nitrate 

solution 2 (UAN2) 

4 30 days after maize sowing 

 

The aboveground biomass of maize was sampled after 3, 8 and 13 days after nitrogen 

application (1, 2 and 3 sampling period). 

 

Analysis of β-sitosterol 

Analyses of β-sitosterol from petroleum ether extracts were performed on a HPLC instrument 

(Waters: Delta 600E multisolvent delivery system, Waters 3996 PDA detector, and Empower 1 

PDA software) under the following chromatographic conditions: HPLC column packed with the 

Ascentis C8 reverse phase (Supelco, 250 mm x 4.6 mm 5µm particle size), using a mixture of the 

mobile phase A (water) and the mobile phase B (MeOH) at a flow rate of 0.6 mL.min
-1

. UV 

detection was monitored at 210, 205, 215, 245 and 220 nm. A gradient program (initial 

conditions of 20% A and 80% B, linearly increasing to 100% B over 15min, holding for 55 min, 

returning to the initial conditions of 20% A and 80% B over 2 min, and holding for 18 min) was 

employed.   

 

Results and Discussion 

The lower nitrogen content in soil of UAN treatments in the first period of experiment and in 

following nitrogen application (30 days after maize sowing) affected yield and also total nitrogen 

content of aboveground biomass (Figures 1 and 2). After application of urea ammonium nitrate 

(UAN) solution urea is converted into N-NH4
+
 by urease in the soil. The higher concentration of 

NH4
+
 ion in plant after UAN application (20 % increase of N-NH4

+
 concentration in UAN plants 

compared to AN plants) could affect plant metabolism as a stress factor. NH4
+
 ion affects 

membrane activities, strongly decreases membrane potential. Cruz et al. (1993) showed that 

ammonium inhibited the growth of 55 % of a wide range of species in relation to nitrate. 

 



 

Figure 1 The yield of dry biomass (g per pot) Figure 2 The nitrogen content in maize above 

ground biomass (mg.kg
-1
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ß-Sitosterol has been shown to a membrane reinforcer, which regulates acyl chain ordering 

and water permeability of the phospholipidic bilayers (Ness 2003, Schaller 2004, Banaś et al. 

2005). A detailed study of sterol biosynthesis in Zea mays has demonstrated that composition of 

steroids varies as a function of both plant organs and period of development. The changes of ß-

sitosterol concentration in maize plants growing in pot experiment were affected by changing 

growth conditions after UAN fertilizer application. The significant decrease of ß-sitosterol 

concentration (by 48 % in contrast to 1
st
 period) was determined on UAN2 treatment in the 2

nd
 

period (8 days after nitrogen application). Lindsey et al. (2003) confirmed that sterol 

interconversions are controlled by phytohormone levels and environmental conditions (light, 

temperature, water, response to ozone stress, ions etc.) and they are involved in the regulation of 

membrane properties in response to changing growth conditions.  

 

 

Table 2 ß-Sitosterol concentration in maize plants (µg.g
-1

 DM) 

 ß-sitosterol concentration in maize plants (µg.g
-1

 DM) 

 Sampling period 

Treatment 1 2 3 

AN1 395.69±68.30 401.61±32.58 434.20±14.11 

UAN1 413.22±54.10 410.57±69.87 582.41±58.36 

AN2 421.90±75.32 409.00±47.12 379.98±32.47 

UAN2 421.07±71.54 201.77±18.21 378.77±41.25 
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Effects of Fe-chlorosis on the stomatal

behaviour and water relations of

field-grown peach leaves

Abstract

We investigated the effects of Fe nutrition on the stomatal behaviour and
water relations of peach leaves (Prunus persica (L.) Batsch, cv. Miraflores),
under field conditions. Transpiration rates, net photosynthesis and water use
efficiency were significantly lower in chlorotic leaves than in healthy green leaves.
In the course of the day, the water potentials in healthy leaves strongly declined
to –2.0 MPa, whereas in chlorotic leaves the minimum water potential was only
-1.0 MPa. The hydraulic conductivity of the supplying xylem system was found
to be significantly lower in chlorotic leaves than in green leaves. Chlorotic leaves
were found to experience a significant transient opening of stomata after leaf
abscission (Iwanoff effect), which was ascribed to the morphological changes
found in epidermal and guard cells. In contrast, after leaf abscission stomata
from green leaves gradually closed and were found not to be Iwanoff-reponsible.
In healthy leaves, exposure of previously darkened leaves to high irradiation or
withdrawal of CO2 induced a rapid increase of stomatal conductance, whereas
stomata of chlorotic leaves did hardly react. These results show that in peach
leaves Fe deficiency causes a broad range of physiological effects, which include,
in addition to the well-documented reduction in photosynthetic performance,
disturbances of plant water relations and the functionality of stomata.



Introduction 

Iron (Fe) deficiency chlorosis is a common abiotic stress affecting plants in many areas of the 

world. This physiological disorder is mainly found in crops grown in calcareous and/or alkaline 

soils and occurs as a result of several causes acting simultaneously (Rombolà and Tagliavini 

2006). Fe deficiency chlorosis has been shown to markedly reduce the photosynthetic rate of 

several plant species and cause decreases in stomatal opening, transpiration rates and water use 

efficiency (Larbi et al. 2006).   

Recently, Fe chlorosis has been shown to affect the structure of peach leaves grown under 

field conditions (Fernández et al., 2008). Iron-sufficient leaves have been found to have more 

epicuticular waxes as compared to Fe-chlorotic leaves. Iron chlorosis also decreased the length of 

stomatal pores as compared to that of Fe-sufficient leaves (Fernández et al., 2008). The main 

focus of the present investigation was to assess the effect of Fe-chlorosis on leaf water relations 

and the functionality of stomata. 

 

Materials and Methods 

The study was conducted in August and September 2008 with green and chlorotic leaves of 15 

year-old peach (Prunus persica (L.) Batsch, cv. Miraflores) trees grown in a commercial orchard 

located in the Jalón River Valley, in the Zaragoza province, Spain. Iron-chlorotic trees did not 

receive any exogenous Fe input for 3 years and developed Fe deficiency symptoms in springtime. 

Green trees were treated with Fe(III)-EDDHA (40 g per tree applied in May) and remained fully 

green throughout the experimental period.  

Gas exchange of green and chlorotic leaves of recently flood-irrigated trees was measured 

with a portable steady-state porometer (CIRAS-2 Portable Photosynthesis System). 

Measurements were performed with leaves attached to the trees (i) under normal ambient 

conditions, (ii) after withdrawal of external CO2 or exposure of previously darkened leaves to 

high light intensities, and (iii) with leaves detached from the trees during the measurements. 

Water potentials in leaves were measured with a portable Scholander-type pressure chamber. 

Hydraulic conductivity of the xylem system supplying the leaves was estimated by wrapping 

heavily transpiring intact leaves tightly in aluminium foil and measuring the time course of 

recovery of leaf water potentials.  

 

Results and Discussion 

Iron deficiency affected plant water relations and stomatal behaviour. Net photosynthesis, 

transpiration rates and water use efficiency were significantly lower in chlorotic leaves than in 

green leaves (Table 1). In green leaves the water potential decreased to values of about –2.0 MPa 

during the course of the day, while in chlorotic leaves minimum water potentials were about –1.0 

MPa (Fig. 1a). The hydraulic conductivity of the xylem system was 74 ± 3 µmol s
-1

 MPa
-1 

in 

green leaves but only 32 ± 8 µmol s
-1

 MPa
-1 

in chlorotic leaves. 

Withdrawal of external CO2 or exposure of previously darkened leaves to high light 

intensities induced a rapid opening of stomata in green leaves, while stomata of chlorotic leaves 

did hardly respond (Fig. 1b). A different response of stomata was also observed between green 

and chlorotic leaves immediately after detaching the leaves from the tree. Once detached, 

transpiration rates of Fe-sufficient leaves decreased over time, regardless of prevailing irradiation 

conditions. In contrast, the transpiration rate of detached chlorotic leaves decreased slightly 

shortly after but increased thereafter to reach values similar to the ones measured prior to leaf 

detachment.  



These results show that Fe deficiency not only causes a reduction in photosynthetic 

performance but also a fundamental disturbance of leaf functionality, also regarding the action of 

stomata, and of leaf water relations. While it has been frequently reported that soil or leaf 

application of Fe can recover the photosynthetic performance of leaves, it remains to be studied if 

re-supply with Fe can also restore the barrier properties of leaves and the functionality of stomata 

and of the xylem. 
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Table 1: Net photosynthesis (A), transpiration rate (E), stomatal conductance (gS), internal CO2 

concentrations (Ci) and water use efficiency (WUE) of green and chlorotic peach leaves. Means ± 

standard error are shown (***: p<0.001, t-test n = 5)  

 

 

 

 

 

 

 

 

Fig. 1: (a) Diurnal course of leaf water potentials (***: p < 0.001, t-test, n = 5). (b) Relative 

stomatal conductance after exposure of previously darkened leaves to high irradiation 

(photosynthetic active radiation: 2000 µmol m
-2

 s
-1

, n = 2).  
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WUE 

(µmol  mmol
-1

) 

green 15.9 ± 1.4 6.2 ± 0.5  529 ± 124 335 ± 3 2.6 ± 0.1  

chlorotic 4.0 ± 0.7 *** 4.4 ± 0.3 *** 243 ± 26 *** 365 ± 5 *** 0.9 ± 0.1 *** 
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Metal distribution in rice seeds during

the germination

Abstract

To investigate the flow of the nutrients iron (Fe), zinc (Zn), manganese (Mn),
and copper (Cu) during rice seed germination, we performed microarray analysis
to examine the expression of genes involved in metal transport. Many kinds
of metal transporter genes were strongly expressed and their expression levels
changed during rice seed germination. Furthermore, imaging of the distribution
of elements (Fe, Mn, Zn, and Cu) was carried out using Synchrotron-based X-
ray microfluorescence at the Super Photon ring-8 GeV (SPring-8) facility. The
change in the distribution of each element in the seeds following germination
was observed by in vivo monitoring. Iron, Mn, Zn, and Cu accumulated in
the endosperm and embryos of rice seeds, and their distribution changed during
rice seed germination. The change in the patterns of mineral localization during
germination was different among the elements observed.



Metal nutrients, such as iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu), are 
essential for normal plant growth. During rice seed germination, the nutrients stored in 
the seed are used for germination. The rice seed is composed mainly of embryo and 
endosperm and the metal nutrients are stored in both structures. An adequate flow of 
metal elements during seed germination is important for normal growth, but our 
understanding about the flow dynamics of these metal nutrients during rice seed 
germination is very limited. Free Fe ion is extremely toxic to plants, as it injures cells by 
catalyzing the generation of cellular free radicals. Therefore, small-molecule chelators 
have been speculated to be required for the utilization of the Fe. Mugineic acid family 
phytosiderophores (MAs) are natural Fe chelators that graminaceous plants secrete from 
their roots to solubilize Fe in the soil. As MAs have been identified in the xylem and 
phloem of rice and barley, MAs may play an important role in the long-distance transport 
of Fe in graminaceous plants as well. Nicotianamine (NA), an intermediate in the MA 
biosynthetic pathway, is also thought to be involved in the long-distance transport of 
metal cations in the plant body. Moreover, NA has been suggested to play an essential 
role in metal translocation and accumulation in developing seeds, based on analysis of 
NA-deficient transgenic tobacco (Nicotiana tabacum) plants. Rice produces and secretes 
deoxymugineic acid (DMA), the initial compound synthesized in the MA biosynthetic 
pathway.  

 
We recently suggested that DMA and NA are involved in Fe transport during rice seed 

germination based on results from promoter-GUS and microarray analysis. Synchrotron-
based X-ray microfluorescenece (μ-XRE) is a technique well suited to the localization of 
essential elements in cells and tissues. Most inorganic element biochemistry studies rely 
to some extent on bulk analysis of the elements of interest. Direct chemical element 
imaging is often more reliable than bulk analysis because it is not affected by sample 
preparation, which may alter metal distribution. In addition, chemical element imaging 
enables us to correlate tissue distribution with biochemical functions, or alteration of 
these functions. Trace element analysis requires the use of a technique that has detection 
limits as low as a few micrograms per gram. Direct chemical element imaging has 
unprecedented detection limits compared to more conventional chemical imaging using 
electron microscopy (>100 μg/g). In addition, direct chemical element imaging can detect 
all elements, which is not possible using radioisotopes. To examine metal flow during 
rice seed germination, we performed microarray analysis using mRNA extracted from 
germinating rice seeds, and found that many kinds of transporter genes involved in metal 
transport were strongly expressed and that their expression levels changed during seed 
germination. Furthermore, we examined the localization of the endogenous elements (Fe, 
Zn, Mn, and Cu) in rice seeds during germination using synchrotron-based X-ray 
microfluorescence (μ -XRF) at the Super Photon ring-8 GeV (SPring-8) facility.   

 
Rice seeds were removed from agar plates without nutrients and sliced 12, 24, and 36 h 

after sowing. The samples were freeze-dried and used for X-ray imaging. Twelve hours 
after sowing, Fe accumulated in the dorsal vascular bundle, aleurone layer, and the 
endosperm. In the embryo, Fe accumulated in the scutellum facing the endosperm near 
the ventral vascular bundle and the vascular bundle of the scutellum 12 h after sowing. 
Twenty-four hours after sowing, Fe was still detectable in the dorsal vascular bundle. In 



the embryo, Fe distribution was dispersed in the scutellum, and had accumulated in the 
coleoptile. Fe accumulation in the epithelium and endosperm near the scutellum was also 
observed. Thirty-six hours after sowing, Fe was detected in the root tips. In the embryo, 
Fe was observed not only in epithelium, scutellum, and coleoptile, but also in the leaf 
primordium and radicle.  

 
Zn was most abundant in the embryo. Zn was also distributed in the endosperm and 

was most abundant in the aleurone layer. After sowing, Zn in the endosperm decreased 
compared to Zn in the embryo. In the embryo, high levels of Zn accumulated in the 
radicle and leaf primordium. Twenty-four hours after sowing, Zn accumulation increased 
in the scutellum and the vascular bundle of the scutellum. In the scutellum, Zn 
accumulated in the endosperm similarly to Fe. After 36 h, Zn was distributed in the leaf 
primordium and the root tip. Zn was also detected in a specific area that was assumed to 
be the junction between the embryo and the dorsal vascular bundle.  

 
Mn was accumulated in the endosperm and embryo. In the embryo, Mn accumulation 

in the scutellum decreased after sowing, whereas accumulation in the coleoptile 
increased. Thirty-six hours after sowing, Mn was also observed in the root tip. 

 
Cu is also an important element for plants, but its concentration in the plant body is 

extremely low. Using the SPring-8 facilities, we succeeded in detecting Cu in the rice 
seed. Cu was detected not only in the embryo but also in the endosperm. After sowing, 
Cu in the scutellum decreased and accumulation in the coleoptile and root were observed. 
Using μ -XRE analysis at the SPring-8 facility, we have for the first time succeeded in 
documenting the changes in distribution of Fe, Mn, Zn, and Cu during rice seed 
germination. Changes in distribution showed distinct patterns between the elements. 
Several regulatory mechanisms were suggested to exist for metal homeostasis during rice 
seed germination. 
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Effect of N, P, K and Plant Density on

Grain Yield of Rice Cultivars with

Semi-erect Panicles

Abstract

In order to increase grain yield of rice, a series of field experiments were
conducted using cultivars, Shendao 3 and Shendao 9, with semi-erect panicles
treated with seeding rate, transplanting density and application levels of nitro-
gen (N), phosphorus (P), and potassium (K). The results indicated that grain
yield of Shendao 3, or Shendao 9, was affected by the treatment factors. For
the two cultivars, high yield could be achieved when N, P and K were applied
and plant densities were performed with the amounts corresponding to the level
codes 1, 0, -2, 0 and 0. Conversely, deficiency or over application of N, P and K,
or plant density, could decrease the grain yield. Increasing application level of
the fertilizers from very low (code -2) to very high (code 2), agronomic efficiency
(AE) of N, or P, decreased substantially.



Introduction 
In Liaoning province of China, many rice cultivars with semi-erect panicles, are planted 

annually on large-scale area. The experimental and productive results show that grain yield of 
varieties with semi-erect panicles exceed those of cultivars with curved panicles because rice 
plants with semi-erect panicles are resistant to lodging and tolerant to deficiency of soil 
nutrients (Wang et al., 1999b). The nutrition status in the plants is affected by cultural 
measures. Many studies on rice nutrition and fertilization have been conducted (Yoshida, 
1981; Vance, 2001) and the results indicate that nitrogen, phosphorus and potassium are 
essential nutrient elements for the growth and development of rice plants. However, nutrient 
status in rice plants with semi-erect panicles has not yet been examined. The objective of this 
study is to identify the nutrient status of N, P and K in rice plants with semi-erect panicles and 
provide strategies for optimizing plant fertilization.  
Materials and Methods 

In the paddy experiments, semi-erect panicle rice variety of Shendao 3 was used in 
2003-2007, and Shendao 9 in 2006-2007. The experiments were conducted in the 
Agricultural Experimental Station of Shenyang Agricultural University. The design for 
canonical analysis was used in the experiment (Montgomery, 1976). Five treatment factors 
tested in the experiments were seeding rate, hill spacing, and amounts of applied N, P, and K 
fertilizers. And five treatment levels were coded with –2, -1, 0, 1 and 2, respectively. The 
seeding rates in the nursery bed (x1) were 240, 360, 480, 600, and 720 g m-2; hill spacings (x2) 
were 5, 10, 15, 20 and 25 cm (row spacing was 30 cm); the amounts of N (x3) were 90, 120, 
150, 180 and 210 kg ha-1; the amounts of P (x4) were 13.1, 26.2, 39.3, 52.4 and 65.5 kg ha-1; 
and the amounts of K (x5) were 49.8, 99.6, 149.4, 199.2 and 249.0 kg ha-1, respectively. In 
addition, 15 t ha-1 of farmyard manure was applied uniformly in the entire experimental field. 
The experiments comprised total 38 treatment combinations, including two controls (only 
manure applied, and without any chemical fertilizers and manure applied), manure and blank.  
    The relationship between the grain yield and treatment factors was analyzed with the 
method of response surface methodology.  
    The AE of chemical N, or P and K, is estimated with the difference between -2 and 0, or 
-2 and 2, level of the nutrient amount. 
Results  
Grain yields of rice plants under the treatments 

In the experiments, grain yields of different plant populations of Shendao 3 were 
6666.7-11814.8 kg ha-1. The statistical results showed that the grain yield was affected by 
treatment factors. Based on the result of response surface methodology, the parabola effect of 
nitrogen fertilizer on the yield of Shendao 3 was very significant. The yield increased along 
with the raising of N fertilizer and reached the highest level when N fertilizer was treated at 
the code 2. The quadratic effect of P fertilizer on grain yield was significantly negative. And 
that of K was negative too but not remarkable. High yield could be obtained when P and K 
were treated at code 0 and –2, respectively. Insufficient or over application of N, P and K 
could decrease the grain yield of rice plants. Meanwhile, the positive interact between hill 
spacing and N fertilizer was significant. It meant the transplanting density should be 
decreased when N fertilizer increased. 

For Shendao 9, grain yields of different plant populations were 7078.2-11666.7 kg ha-1. 
The first order effect of N fertilizer was significantly positive, the second negative but not 
remarkable. The independent effect of P, or K, fertilizer was not significant. Under the 



experimental condition, the response of Shendao 9 to N and P fertilizers in grain yield were 
lower than that of Shendao 3. But the positive interact between seedling rate and the amount 
of K applied on grain yield of Shendao 9 was significant. It indicated that the response of 
Shendao 9 to K fertilizer in grain yield was more sensitive than that of Shendao 3. When N, P 
and K were treated at code 1, 0 and –2 for Shendao 9, high yield could be obtained. 
 
 
 
 
 
 
 
 

Fig.1The grain yield in response to N         Fig.2 The grain yield in response to P 
For two cultivars, the second order effect of hill spacing on grain yield was significantly 

negative. For Shendao 9, the negatively quadratic effect of seeding rate on grain yield was 
significant, and for Shendao 3, the effect was close to significant level. These indicated that 
there were suitable transplanting density and seeding rate. 
Agronomic efficiency of N, P and K 

The AE of chemical N, P and K fertilizers calculated by the difference between -2 and 0, 
or -2 and 2, level of the nutrient amount is presented in Table 1. From –2 to 0 level of 
treatment, the AEN (i.e., AE of N), AEP, and AEK for Shendao 3 were 18.33 kg grain kg-1 N, 
20.61 kg grain kg-1 P, and 1.31 kg grain kg-1 K, and those for Shendao 9 were 9.50 kg grain 
kg-1 N, 0.76 kg grain kg-1 P, and -2.91 kg grain kg-1 K, respectively. Increasing the application 
level of the fertilizers from very low (code -2) to very high (code 2), the AE of N, or P, 
decreased substantially but that of K changed little. 

Table 1 AE of the chemical N, P and K applied           (kg grain kg-1 nutrient) 
 Shendao 3   Shendao 9  Treatment level 

N P K N  P K 
From -2 to 0 18.83 20.61  1.31 9.50  0.76   2.91 
From -2 to 2 15.25  3.63  0.15 6.33  -4.96  3.26 
Discussion 

Rice is a main crop in China and Asia. To increase grain yield of the plant and to remain 
N, P and K balance in the soil, fertilizers, especially chemical fertilizer, are sufficiently 
applied. But mean agronomic efficiency in rice production was low (Peng et al, 2005). These 
results indicate that interacts among plant density and nutrients could influence the grain yield. 
The effective way to increase grain yield of rice and agronomic efficiency of fertilizer, 
including N, P and K, is to combine with plant density. When the seeding rate was 360-480 g 
m-2, the plants were transplanted at 15-17 cm of hill spacing, and 150-180 kg of N, 30-40 kg 
of P and 40-50 kg of K per ha were applied, high yield and good economic benefit could be 
obtained. 

Applying the nutrient fertilizers in a balanced manner is one of cultural measures. In 
which the important factor is N fertilizer management (Kenneth et al, 1997; Herbert, 2005). 



The results of this experiment indicate that over-application of N, P and K could decrease 
grain yield of rice and the agronomic efficiency of fertilizer. It may be associated with 
nutrient equilibrium in rice plant (Sumner and Beaufils, 1977; Wang et al, 1999a). The 
mechanism needs to be studied further.  
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Iron interference in Mo determination in

Mehlich-1 and Mehlich-3 soil extracts

Abstract

Among the essential plant nutrients, molybdenum (Mo) has the lowest con-
centration in soils. A routine method for the determination of soil Mo avail-
ability is not yet established. Soil analysis methods have been tested but not
one has been set to be used in a routine basis in Brazilian laboratories. Trop-
ical soils are characterized by high Fe contents that may interfere in the soil
Mo availability determination. This work aimed to evaluate the interference of
Fe in the Mo determination in Mo standard solutions and in Mehlich-1 (M1)
and Mehlich-3 (M3) soil extracts. The KI + H2O2 reaction method was used
for Mo determination. Addition of Fe causes interference in Mo determination
in Mo standard solutions using the KI + H2O2 reaction for dosage. Soil Mo
determined by the KI + H2O2 method in M1 extracts were overestimated as
compared to Mo determined in M3 extracts. The presence of NH4F in the
Mehlich-3 solution seemed to be the reason for the difference.



 

Introduction 

 

Molybdenum has the lowest concentration in soils and plants. A routine procedure for 

the determination of its soil availability is not yet established. Many soil extractors and 

dosage procedures have been tested but no method has been used in a routine basis for soil 

analysis in Brazilian laboratories. The dosage of Mo in soil extracts by using the KI + 

reaction was proposed by Yatsimirskii (1964), modified by Fuge (1970) and Eivazi et al. 

(1982) and used by Fontes et al. (2000). This method suffers from interference of Fe 

(Eivazi and Sims, 1997) which may be removed by NH4F (Quin and Woods, 1979). In 

tropical soils, the high Fe contents may render the determination of Mo availability 

difficult. 

The extractor Mehlich-1 (M1) has been used for determination of P, K, Fe, Mn, Cu 

and Zn availability in Brazilian soils. It is used for micronutrients, primarily, based on the 

operational convenience of having the same extractor for various elements. Mehlich-3 

(M3) is reported as a promising multi-element extractor since it allows simultaneous 

extraction of P, K, Ca, Mg, Mn, Cu, Zn, Mo and B (Jones Jr, 1990). 

This work aimed to evaluate the interference of Fe on the determination of Mo in M1 

and M3 soil extracts and in Mo standard solutions. 

 

Material and methods 

 

To evaluate Fe interference, 0.00; 0.01; 0.03; 0.05; 0.07; 0.10; 0.12 and 0.15 mg L
-1

 

Mo (in HCl 0.125 mol L
-1

) solutions were placed in glass tubes. Each tube received FeCl3 

solution to get 0.000; 0.001; 0.010; 0.100 and 1.000 mg L
-1

 Fe. All tubes received 1.0 mL 

H2O2 0,65 mL L
-1

 and 1.0 mL KI 2.5 g L
-1

. After 10 minutes, the absorbances in the 

extracts were read (in 1.0 cm length quartz cube, at 350 nm wavelength). The 

determinations were replicated three times. 

Soil samples (5.0 cm
3
) from four Brazilian soils (0-20 cm surface layer) were 

extracted with 50 mL of M1 and M3 solutions plus 0.5 g activated charcoal. After 5 

minutes shaking, 16 hours standing, and filtration, Mo was dosed in the extracts. Each 

extract (3 mL) was mixed with 1.0 mL of 0.65 mL L
-1

 H2O2 and 1.0 mL 2.5 g L
-1

 KI in 

glass tubes. To each tube, Fe solution was added to get 0.000, 0.001, 0.100, 0.100 and 

1.000 mg L
-1

 Fe concentrations. After 10 minutes, the absorbance was read as described 

for the Mo standard solutions. 

Regression equations were adjusted for absorbance readings as a function of Mo 

concentrations in the standard solutions at the different Fe levels; and for soil extract Mo 

adjusted as a function of the Fe levels in the M1 and M3 extracts. Determination 

coefficients were calculated. 

 

Results and discussion  

 

The absorbance readings in the standard solutions increased as the Fe concentration in 

the solutions increased (Table 1). The slope of the absorbance versus Mo concentration 

equation increased from 11.403 to 11.777, from 11.77 to 12.051, then decreased from 

12.051 to 11.989, and increased again from 11.989 to 12.626, as the Fe level increased, 

sequentially, from 0.000 to 1.000 mg L
-1

 (Table 1). It seems there is a pattern of variation 

with increase in the slope as the Fe level in the solution was raised. The increase in 

absorbance seemed to be related to the Fe level and not to the Mo concentration in 

solution. It was reported that the reaction KI + H2O2 is catalyzed by compounds of Fe (III) 

(Quin and Woods, 1979) which may interfere in the Mo determination. The solutions 



 

originally did not contain other relevant interfering agents, therefore, the increasing Fe 

levels were responsible for the increase in absorbance in the solutions. In soils with high 

Fe contents, the use of the KI + H2O2 method may result in overestimation of the soil Mo. 

In this case, in most Brazilian soils, the Mo determination may be subjected to Fe 

interference. 

 

Table 1: Absorbance readings as a function of Mo concentrations in standard 

solutions at increasing Fe concentrations and regression equations for the 

absorbance readings as a function of Mo concentrations at increasing Fe 

concentrations. 

 
Fe 

(mg L
-1

) 

Mo (mg L
-1

) 

0.00 0.01 0.03 0.05 0.07 0.10 0.12 0.15 

 ---------------------------------------------Absorbance------------------------------------------------ 

0.000 

 

0.00 0.154 0.442 0.717 0.956 1.227 1.474 1.721 

0.001 

 

0.00 0.163 0.403 0.724 0.972 1.268 1.491 1.748 

0.010 

 

0.00 0.187 0.441 0.763 1.070 1.346 1.563 1.776 

0.100 

 

0.00 0.199 0.431 0.765 1.031 1.327 1.539 1.789 

1.000 

 

0.00 0.213 0.492 0.776 1.058 1.392 1.623 1.897 

Fe concentration (mg L
-1

) 
Regression Equations [absorbance ( Y ) and Mo (X)] 

R
2
 

0.000 Y  = 0.089 + 11.403X 
0.9896* 

0.001 Y  = 0.065 + 11.777X 
0.9913* 

0.010 Y  = 0.095 + 12.051X 
0.9831* 

0.100 Y  = 0.091 + 11.989*X 
0.9879* 

1.000 Y  = 0.089 + 12.626X 
0.9918* 

 Significant at the 5 % probability level.  

 

 

The mean of the soil Mo was 3.4 mg L
-1

 in M1 extracts and 0.9 mg L
-1

 in M3 extracts. 

Additionally, the equation slopes for the M1 extracts were about 2 to 5 times greater than 

those for the M3 extracts (Table 2). It has to be noted that the M3 solution is supposed to 

be more efficient (due to the presence of NH4F and EDTA) than M1 for the extraction of 

soil Mo. The NH4F present in the M3 solution removing the Fe interference seems to be 

the explanation for this.  

 

Table 2: Concentrations of Mo in M1 and M3 soil extracts at different Fe 

concentrations (NH4F was to added only to 0.0 mg L
-1

 Fe extracts) and regression 

equations for the Mo conc. as a function of Fe conc. in the extracts without NH4F. 

 
 Mo concentration 

Fe Mehlich-1  Mehlich-3 

 CX

bd 

PVAe LVd LVAdh CXbd PVAe LVd LVAdh 

mg L
-1

 ---------------------------------- mg dm
-3 

---------------------------------------- 

0.000 2.50 2.73 3.12 3.52 0.45 1.10 0.79 1.31 

0.001 2.56 2.90 3.14 3.92 0.46 1.18 0.83 1.32 

0.010 2.78 3.00 3.17 4.37 0.59 1.21 0.85 1.22 

0.100 2.95 3.29 4.46 3.52 0.61 1.19 0.85 1.31 

1.000 3.22 4.06 4.43 4.89 0.69 1.25 0.75 1.37 

   Soil
a
 Mehlich-1 Soil

a 
 Mehlich-3 

 
Equations: Mo ( Y ) Fe  (X) 

R
2
  

Equations: Mo ( Y ) Fe  (X) 
R

2
 

CXbd Y  = 0.5665 + 2.6761X 
0.7060* CXbd Y  = 0.1771 + 0.5206X 

0.5648* 

PVAe Y  = 1.1414 + 2.9424X 
0.9051* PVAe Y  = 0.0847 + 1.1672X 

0.4516* 

LVd Y  = 1.1008 + 3.4194X 
0.4545* LVd Y  = 0.0786 + 0.8315X 

0.6277* 

LVAdh Y  = 1.0439 + 3.812X 
0.5999* LVAdh Y  = 0.0833 + 1.2875X 

0.4515* 



 

*Significant at the 5 % probability level; 
a
CXbd = Cambissol; PVAe = Eutrophic Red-Yellow Argissol; LVd = Dystrophic 

Red Latossol; LVAdh = Humic Dystrophic Red-Yellow Latossol. 

 

Conclusions 

 

The dosage of soil Mo by using the KI + H2O2 reaction overestimates the soil Mo 

concentrations in Mehlich-1 extracts as compared to M3 extracts. This difference is due to 

the presence of NH4F in the Mehlich-3 solution.  
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Effects of boron application on yield,

foliar B concentration, and efficiency of

soil B extracting solutions with boron

application in a Xanthic Ferralsol

cultivated with banana in Central

Amazon

Abstract

Boron is known to play an important role for the structure of cell wall,
membranes and the integrity and functions of membranes in plants. In soil,
the hot water B extraction method has been extensively used for evaluation
of soil B status. However, difficulties with this method result in low accuracy
and precision of extraction of available boron (B) in soil. The objective of
this study was to evaluate the yield, foliar concentration, and efficiency of B
extracting solutions and the effect of B fertilization on B uptake in banana
leaves and fruits, subgroup Cavendish (AAA), cultivated in a Xanthic Ferralsol
(dystrophic Yellow Latosol), in the Amazonas State, Brazil. The experimental
design was a completely randomized split plot, comprising four boron rates
(0, 4, 8, and 12 kg ha-1), and two harvest cycles (sub-treatments), with four
replicates. Available boron was determined with seven extractant solutions:
Mehlich 1, Mehlich 3, hot water, HCl 0.05 mol L-1, HCl 0.1 mol L-1, HCl 5.0
mol L-1 and KCl 1.0 mol L-1. The application of B fertilizer increased the yield
and B concentration in leaves and fruits. Hot water and KCl 1.0 mol L-1 were
the most efficient extracting solutions for the determination of available B in
soil. The application of 3.4 kg B ha-1 in first cycle and 1.3 kg B ha-1 in second
cycle guarantees an adequate nutritional status in banana plants



Introduction 

 

 Banana plantations are an important subsistence agricultural activity in Amazonas 

State, Brazil (Moreira and Fageria 2009). The cultivation was initially carried out in the 

floodplain sedimentary fertile soils. After the high incidence of black sigatoka 

(Mycosphaerella fijiensis Morelet), crops moved progressively to the upland, where soils are 

very poor in most essential nutrients (Moreira and Fageria 2008). This caused, along with the 

mentioned diseases, low banana crop productivity. 

Boron plays very important role in plant growth and development. It is reported to be 

located in the cell wall and associated with pectin (Loué 1993; Moraes et al. 2002). Boron 

deficiency was also reported to increase membrane permeability to K
+
. However, its primary 

function in plants has not been clarified yet (Iikura et al. 1997). Boron deficiency causes 

severe growth inhibition of the banana plant, with negative effect on the pulp consistency of 

the fruits (Moreira and Almeida 2005). 

Most acid soils have low B concentration, which hampers efficiency of B extraction. 

The testing of a suitable B extraction method for Brazilian acid soils is important to improve 

evaluation of the nutritional status of crop plants in these soils (Ferreira et al. 2001). For 

determination of available B in soil, the method currently considered as standard is the hot 

water method proposed by Berger and Truog (1939), or modified versions in which BaCl2 

0.01 mol L
-1

 or CaCl2 0.01 mol L
-1

 solutions replace hot water as extractant (Abreu et al. 

1994; Ferreira et al. 2001); extraction is carried out in plastic bags and samples are heated in 

microwave oven or under reflux.  

Despite these modifications, some drawbacks still persist. The microwave method 

demands specific equipment, whereas the difficulty of the reflux methods lies on the need of a 

precise temperature control, in the procedures of heating and cooling of the soil extractant 

solutions. Furthermore, the time consumption associated with cleaning glassware and the 

need of glassware free of borosilicates increase difficulties. In both procedures, the number of 

samples per batch is restricted, which increases cost significantly; in addition, only a single 

element is extracted (Sims and Johnson 1991). 

Other extractant methods of costing less and easy to handle have been frequently 

proposed and compared to the hot water under reflux procedure (Bataglia and Raij 1990) or to 

the heating with microwaves (Ferreira et al. 2002), such as Mehlich 1, Mehlich 3, HCl 0.05 

mol L
-1

, HCl 0.1 mol L
-1

, CaCl2 0.01 mol L
-1

 and CaCl2 0.05 mol L
-1 

solutions. Despite some 

advantages, the acids extractants can to cause high Fe extraction affecting the determination 

of the B available. 

 The objective of this study was to evaluate the effects of increasing rates of B 

fertilization on its uptake by banana plants and the efficiency of seven B extractants solutions 

for determination of available B in a Xanthic Ferralsol (40.9% of Brazilian Amazon with 

2,097,160 km
2
 – Moreira and Fageria 2008). 

 

 

Materials and Methods 

 

 The study was carried in a Xanthic Ferralsol (dystrophic Yellow Latosol) (FAO 1990), 

with 719 g ha
-1

 clayey texture, bulk density of 0.88 Mg m
-3

, and the following chemical 

characteristics: pH (water) = 4.27; organic matter (OM) = 46.9 g kg
-1

; phosphorus (P) 

(Mehlich 1) = 2.9 mg kg
-1

; P (resin) = 9.8 mg kg
-1

; P (Mehlich 3) = 1.8 mg kg
-1

; potassium 

(K) = 47.7 mg kg
-1

; calcium (Ca) = 2.0 mmolc kg
-1

; magnesium (Mg) = 1.2 mmolc kg
-1

; 

aluminum (Al) = 14.5 mmolc kg
-1

; acidity (H + Al) = 84.0 mmolc kg
-1

; B (hot water) = 0.31 

mg kg
-1

; copper (Cu) = 0.29 mg kg
-1 

(Mehlich 1); iron (Fe) = 333.0 mg kg
-1 

(Mehlich 1); 
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manganese (Mn) = 5.15 mg kg
-1

 (Mehlich 1) and zinc (Zn) = 0.68 mg kg
-1 

(Mehlich 1). The 

experimental site is located at the Embrapa (Empresa Brasileira de Pesquisa Agropecuária) in 

coordinates 3
o
8’ S and 59

o
52’ W, municipality of Manaus, Amazonas State, Brazil.  

Natural vegetation in the region is a tropical rainforest. The predominant climate is 

humid tropical, classified as Afi by the Köppen system, with relatively abundant rainfall 

throughout the year (mean 2250 mm). The amount of rainfall in the driest months (July to 

September) is always above 60 mm, and the wettest months are February to April. Average 

temperature is about 26ºC (Vieira and Santos 1987).  

The study site was first cleared from primary forest in 1978, using heavy machinery for 

clearing and the removal of tree stumps and establishment of rubber, which abandoned. The 

developing secondary forest was cleared again in January 2002 with heavy machinery. 

The experimental design was a completely randomized split plot with four replicates 

each containing five plants. Treatments consisted of 0, 4, 8 and 12 kg ha
-1

 of B (boric acid, 

18% of B) per cycle, and two harvest cycles (sub-treatments). Equal B rates of each treatment 

were applied in the planting hole (1
st
 cycle) and broadcasted in a semicircle, for the second 

cycle, after the harvest of the first bunch around the daughter plant. Each plot contained five 

measurable plant clumps separated by two guard clumps in the row. 

Holes (40 cm ×40 cm × 60 cm) were prepared thirty days before planting and refilled 

with the topsoil layer plus five liters of chicken manure and 400 g of dolomitic limestone 

(effective calcium carbonate = 78%). At planting, 60 g of P2O5 (simple superphosphate – 20% 

of P2O5), 10 g of manganese sulfate (26% of Mn), 20 g of iron sulfate (19% of Fe), 5 g of 

copper sulfate (13% of Cu), and 30 g of zinc sulfate (20% of Zn) were applied. Spacing 

adopted was 3 m between rows and 2 m between plants in the rows (1667 plants per hectare). 

Clones from tissue culture of the cultivar “Nanicão 2001” (triploid AAA of the Cavendish 

subgroup) were used for the experiment. Plants were managed so that only mothers, daughters 

and granddaughters were left in the clusters. 

Topdressing fertilizations consisted of urea (44% of N) and potassium chloride (58% of 

K2O), distributed in four applications: in the second, the fourth, the seventh and the tenth 

month after planting (Pereira et al. 2002). The first three plots were demarcated around the 

plant and the others in a semicircle beside the daughter plant. 

In the fourth month after planting, 100 g of magnesium sulfate (9% of Mg), 20 g of 

copper sulfate (13% of Cu), 20 g of iron sulfate (19% of Fe), 10 g of manganese sulfate (26% 

of Mn) and 30 g of zinc sulfate (20% of Zn) were supplied in broadcast application (Pereira et 

al., 2002). 

At the early flowering stage and at harvesting, a sample of the medial third of the leaf 

below the apex (leaf blade only) was collected from each treatment; two bananas of the 

second hand were also collected. Boron concentration in leaves and in fruits (pulp plus rind) 

was determined according to Malavolta et al. (1997). 

Soil samples were collected together with leaf and fruit sampling, at 0 to 20 cm soil 

depth. Soil samples were collected in two spots (in and between plant rows – ten samples per 

plot), at a 30 cm distance from plants, and were afterwards homogenized. Analysis of 

available B in soil was performed using the following extractants: hot water (Abreu et al. 

1994), Mehlich 1 (Mehlich 1978), Mehlich 3 (Mehlich 1984), hydrochloric acid (HCl) 0.05 

mol L
-1

 (Ponnamperuma et al. 1981), HCl 0.1 mol L
-1 

(Ponnamperuma et al. 1981), HCl 5.0 

mol L
-1

 and KCl 1.0 mol L
-1

 (Moreira and Castro 2006). All extracting solutions were filtered 

through a double layer of low speed filter paper. Determination of B was performed using a 

spectrophotometer, with the addition of 1.0 mL of buffer solution and 1.0 mL of azomethine-

H solution to 4.0 mL of the extractant solution (Abreu et al. 2001), at 420 nm wavelength. 
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Results were compared by analysis of variance (ANOVA - F test at p  0.05) and 

submitted to regression analysis at 5% and 10% significance and Pearson’s relationship, 

according to procedures described by Pimentel Gomes and Garcia (2002). 

 

 

Results and Discussion 

 

 Boron application increased bunch weight. The yield response in the two harvest 

cycles was significantly different:  1
st 

cycle, ŷ = 25.76 + 0.30x – 0.052 x
2 

and 2
nd 

cycle, ŷ = 

30.83 + 0.32x – 0.019x
2
; p  0.10). The maximum yields in the two cycles corresponded to 

26.2 Mg  ha
-1 

and 32.2 Mg  ha
-1

. As evident from the two equations the yield response to B 

fertilization was relatively small which may be due to medium levels of B in the soil (0.31 mg 

kg
-1

) of experimental area before planting (Alvarez Venegas et al. 1999). Boron levels usually 

found in Oxisols, Espodosols and Neosols, as determined with the hot water extraction 

method, are mainly within the range considered as high (B > 0.5 mg kg
-1

) (Malavolta 1987). 

Yield of control plots was higher in the second cycle and this was probably due to the 

natural yield increase of around 30% from the first to the second cycle and to increased 

amount of plant-available B in the soil, derived from increased by mineralization of organic 

matter and by nutrient cycling as a result of decomposition of pseudostems, clusters of 

terminal bracts and leaves. 

Boron application rates caused significantly and linearly increased B foliar 

concentrations (Figure 1). A decline of 57% in leaf B concentration from the first to the 

second cycle was observed in control plants. Comparison of B concentrations found in leaves 

with those considered adequate for the genus Musa shows that in the first cycle only the two 

lower B rates produced foliar B concentrations within the adequate range of 10 to 25 mg kg
-1

 

(Malavolta et al. 1997). In the other treatments, except the control in the second cycle, foliar 

boron concentrations were higher. With 12 kg ha
-1

, leaf B concentration was about 139% 

(first cycle) and 1254% (second cycle) higher than in the control (Figure 1). The results 

showed that the application of 3.4 kg B ha
-1

 in first cycle and 1.3 kg B ha
-1

 in second cycle, 

respectively, guarantee an adequate nutritional status in banana plants (25 mg B kg
-1 

in medial 

third of the leaf below the apex; Malavolta et al., 1997). 

Despite of B application, the significant increase of the leaf concentration (Figure 1) was 

also due to cycling of B contained in crop residues. With the well distributed rainfall, these 

residues were rapidly broken down and mineralized. The lower B concentration found in 

control and in fruits in the second harvest cycle can be due to a dilution effect (Marschner 

1995) and/or decreased soil B level. 

Absence of visual symptoms of B phytotoxicity, even at the rate of 12 kg ha
-1

, and the 

limited yield response to B application indicate there is no narrow limit in bananas between B 

deficiency and toxicity. Reuter and Robinson (1988) described that the limit of B toxicity in 

banana plants is 300 mg kg
-1

. Salvador et al. (2003), in guava seedlings, and Chapman et al. 

(1997), in green-house grown rice, lentil and pea, also found no deleterious effects on dry 

matter production of increasing boron application rates. Another factor is that the B level 

considered adequate for most crops is highly variable and the demand for this nutrient is 

ascribed to differences in chemical composition of cell walls of different species and 

genotypes (Marschner 1995). 

Boron concentration in fruits increased significantly with B application rate. The 

estimated B accumulation was 486 g ha
-1 

and 547 g ha
-1

 in the first and in the second cycle, 

respectively, with application of 12 kg B ha
-1

 cycle
-1

(Figure 1). Results showed that export of 

B was low, a higher proportion being retained in other plant organs or in soil. In the present 

study, weights of fruits, leaves, terminal bracts and pseudostems, as an average of the two 
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cycles, corresponded to respectively 27.6%, 9.9%, 2.2% and 60.3% of the total weight of the 

fresh matter of the banana plant. 

The relationship between soil content of available B, obtained with the seven 

extractants, and foliar B concentration shows that hot water and KCl 1.0 mol L
-1

 extractant 

solutions gave significant linear coefficients (Figure 2). The adjusted second degree equations 

of the Mehlich 1, Mehlich 3, HCl 0.05 mol L
-1

 and HCl 0.1 mol L
-1

 extractant solutions were 

also significant, with coefficients of 0.85, 0.91, 0.77 and 0.73, respectively. The HCl 5.0 mol 

L
-1

 extractant solution did not show significant correlation with foliar B (Figure 2), probably, 

due to high Fe level in soil (333 mg Fe dm
-3 

) interfering the B determination with 

azomethine-H.   

Results obtained with the acid solutions, except HCl 5.0 mol L
-1

, were correlated with 

the available B extracted with hot water or with KCl 1.0 mol L
-1

 (Table 1). This result 

partially corroborates Raij and Bataglia (1991) about the efficiency of B extracting solution in 

predicting available B in soil. 

The extractants KCl 1.0 mol L
-1

, Mehlich 1, Mehlich 3, HCl 0.05 mol L
-1

, HCl 0.1 mol 

L
-1

 and HCl 5.0 mol L
-1

 showed a higher recovery capacity than hot water (Figure 2). These 

results confirm findings of Paula (1995) and Ferreira et al. (2001), who compared the 

extractive capacity of the extractants Mehlich 1, CaCl2 0.05 mol L
-1

 and hot water. Presence 

of the chloride ion in these extractants may have resulted in a higher capacity for recovering 

of the borate anion adsorbed by the positive changes of the soil colloids (Jin et al. 1987). 

One of the advantages using KCl 1.0 mol L
-1

 extractant solution over hot water for 

predicting available B is that it can be introduced in routine procedures of many laboratories, 

without the need of an additional extractant. Furthermore it can also be used for determination 

of exchangeable calcium, magnesium and aluminum, while the hot water extractant can be 

used only for B determination. Additionally, this method has a wide extraction range. For 

instance, while the highest record of extracted B with hot water was 1.48 mg kg
-1

, this value 

was 3.37 mg kg
-1

 with KCl 1.0 mol L
-1

. This improves the availability ranges and the 

interpretation of the results classified as low, medium or high (Figure 2), but more studies are 

necessary with others type of soils with different chemical and physical characteristics. 

 

 

Conclusions 

 

 Banana plantations are an important subsistence agricultural activity in Amazonian, 

including the Amazonas State, Brazil. The results showed yields increased with B fertilization 

and that the application of 3.4 kg B ha
-1

 in first cycle and 1.3 kg B ha
-1

 in second cycle, 

respectively, in Xanthic Ferralsol (2,097,160 km
2
 – 40.9% of Brazilian Amazon soil), 

guarantees an adequate boron status in banana plants (25 mg kg
-1

). The application of 12 kg B 

ha
-1

 cycle
-1

 increased B concentration in leaves and in fruits of banana plants. In the 

edaphoclimatic conditions studied, KCl 1.0 mol L
-1

 and hot water the extractants solutions 

were the most efficient for determination of available B in soil than Mehlich 1, Mehlich 3, 

HCl 0.05 mol L
-1

 and HCl 0.1 mol L
-1

 extractant solutions. 
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Figure 1:  Regression between boron application rates and boron concentration in 

leaves and in fruits of two yield cycles. Significant at 5% level of probability. 
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Figure 2:  Relationship between B leaf concentration and of B extracted with hot water, 

Mehlich 1, Mehlich 3, HCl 0.05 mol L
-1

, HCl 0.1 mol L
-1

, HCl 5.0 mol L
-1

 and KCl 1.0 

mol L
-1

, recorded in the two yield cycles. *Significant at 5% level of probability. 
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Table 1:  Coefficients of simple linear regression between extraction methods of B from 

soil
(1)

. 
 Hot water Mehlich 1 Mehlich 3 KCl 1.0 mol L-1 HCl 0.05 mol L-1 HCl 0.1 mol L-1 

Hot water -      

Mehlich 1 0.81* -     

Mehlich 3 0.89* 0.88* -    

KCl 1.0 mol L-1 0.83* 0.61* 0.67* -   

HCl 0.05 mol L-1 0.65* 0.52NS 0.60* 0.78* -  

HCl 0.1 mol L-1 0.83* 0.82* 0.77* 0.69* 0.64* - 

HCl 5.0 mol L-1 0.26NS 0.39NS 0.38NS 0.33NS 0.37NS 0.27NS 

* Significant at 5% level of probability; NSnon-significant. 
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Development of leaf sampling and

interpretation methods for Almond

Abstract

According to a survey of almond growers and consultants in California, leaf
sampling and comparison of leaf nutrient concentrations with established criti-
cal values (CV) does not provide sufficient guidance for nutrient management.
Two explanations for this observation are possible. 1) The current CVs are
incorrect or not useful for the decision making process due to lack of sensitivity
or inappropriate timing. 2) There are systematic errors in the manner in which
critical values are used. The goal of this research is to conduct a systematic
examination of leaf sampling protocols and their use in decision making. Pre-
liminary data indicate that leaves from spurs with local fruit load seem to be
more suitable for assessing plant nutritional status than leaves from spurs with-
out local fruit load. In addition, preliminary evidence suggests that the death
of loaded spurs may be attributable to a local nutrient deficit through out the
season.



Introduction 

A recent focus group on Tree Nutrition, supported by the Fertilizer Research and 

Education Program (FREP) of the California Department of Food and Agriculture 

(CDFA), indicated that current nutrient management practices in tree crops are 

insufficient. Ninety percent of growers and consultants participating in this group and in 

subsequent surveys felt that the University of California’s (UC) Critical Values (CVs) 

were not appropriate for current yield levels, were not useful early in the season and did 

not provide sufficient guidance for nutrient management.  Two explanations for this 

observation are possible, 1) the current CVs are limited in application and are possibly 

incorrect, or 2) there are systematic errors in the manner in which critical values are used. 

While it is not known if UC CVs are incorrect (this will be verified), it is known that they 

have not been validated for early season use and it is clear that there has been a 

systematic error in the way leaf sampling and CVs have been used. Currently, 

standardized leaf samples from random trees scattered through an orchard are collected 

and analyzed for nutrients. The nutrient concentrations are then compared with 

established CVs, providing an estimate of the nutritional status of the orchard. If the 

resulting mean field nutrient concentration is equal or greater than the CV, then the 

nutrient supply for the whole field is deemed sufficient. In high value crops, however, 

this might not be a good approach, since it can result in half of the field being below the 

critical value. Growers, who have observed that a higher CV is beneficial, are in effect 

bringing a greater percentage of individual trees above the CV.  

This research aims to develop new approaches and interpretation tools that better quantify 

field and temporal variability, are sensitive to yield and provide for in-season monitoring 

and fertilizer optimization in Almond and Pistachio. This research will also offer the 

unique opportunity to verify current CVs and determine the utility of nutrient ratios as a 

diagnostic tool. Thus, the goals of this project are to 1) determine the degree to which leaf 

nutrient status varies across a range of representative orchards and environments, 2) 

determine the degree to which nutrient status varies within the canopy and throughout the 

year, 3) validate current CVs and determine if nutrient ratio analysis provides useful 

information to optimize fertility management, 4) develop and extend integrated Best 

Management Practices (BMP) for nutrient management in Almond. 

 

Materials and Methods 

All trials have been initiated in 8 to 10 year-old microsprinkler irrigated (one drip 

irrigated) almond orchards of good to excellent productivity planted to “Non-Pareil” 

(50% of all trees) almonds in soils representative of the region and a large percentage of 

almond acreage. At experiment completion, trees will have reached ages of 11 or 14 

years (after 3 or 5 years), representing their most productive years. 

All four study sites (at Arbuckle, Modesto, Madera and Lost Hills, California, USA) 

consist of contiguous blocks of 10-15 acres (4-6 ha). Leaf and nut samples are collected 5 

times during the season over a period of 3-5 years. At each sites, 114 trees are sampled. 

Sample collection is spaced evenly over time from full leaf expansion to one month post-

harvest.  As phenological markers, days past full bloom and stage of nut development are 

recorded. Light interception, trunk diameter, and individual yields of these trees are also 

measured.   



Using a standard leaf sampling protocol, samples are taken from exposed, non-fruiting 

spurs (NF), as well as from fruiting spurs with 1 (F1) and 2 fruits (F2) to determine the 

influence of the sampled plant part on accuracy of the sampling strategy. Composite nut 

samples are also collected from each site. Both leaf and nut samples are dried and ground 

prior to sending them to the DANR Analytical Laboratory located on the UC Davis 

campus.   

 

Results and Discussion 

This observational study illustrates nutrient dynamics throughout the season. Data from 

the first year of sample collection (2008 field season; Figure 1) suggest that nutrient 

concentrations and their variability depend on the nutrient sampled, sample type and 

sampling time. 

 

 

Figure 1. Nutrient behavior through the season in leaves from: non-fruiting spurs (NF), 

1fruit spur (F1), and 2 fruiting spurs (F2). Data collected from one location (Arbuckle) 

during 2008 year. 



Local fruit load, for example, appeared to significantly affect concentrations of N, P, K, 

B, Zn, S, and Cu. Other nutrients, such as Ca, Mg, Mn and Fe were much less affected by 

local fruit load. A clear effect of local competition between fruit and leaf can be observed 

for some nutrients. This competition may be critical for explaining nutrient mobilization 

from leaves to local nut load. Thus, there is preliminary evidence to postulate that the 

death of loaded spurs may be attributable to a local nutrient deficit throughout the season.  

The current sampling protocol, which only includes leaf samples from non-fruiting spurs, 

may not reflect true tree nutrient status. Values, which at present fall in the adequate 

range, don’t express the real nutrient concentration in fruiting spurs. Assuming an 

adequate nutrient level based on this measure might fail to account for the requirements 

of plant structures that hold the yield of the season (spurs with fruit). These effects, 

clearly visible for Zn, are more significant when nutrient concentrations in NF samples 

are near or below critical values. On the other hand, B concentration throughout the 

season presents an opposite behavior from the other nutrients. The higher B values from 

F1 and F2 samples are surprising and may result from co-transport of B with sorbitol 

from source leaves to sink tissues  

 

Figure 2. Conceptual representation of fruit development through out the season 

 

Finally, the apparent changes in the increase/decrease rates of nutrient concentrations in 

May (30 days after flowering) and June (60 days after flowering) for almost all nutrients 

can be attributed to the exponential growth of the fruit during its phase I of the simple 

sigmoid curve (Figure 2), a common conceptual model of fruit development. 
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