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Abstract

Twenty corn (Zea mays L.) hybrids were grown under the field conditions during the 2000 and 2001 growing seasons. The ear-leaf at the beginning of the silking stage was taken for chemical analysis. The experimental field was acid hydromorphic soil with moderate levels of mobile fractions of magnesium (Mg), calcium (Ca) and phosphorus (P). In our testing considerable influences of growing season (mean 0.273 and 0.177 mg Mg/kg, for 2000 and 2001, respectively) and heredity (range of 2-year means among the 20 hybrids: from 0.120 to 0.291 mg Mg/kg) were found. Three corn hybrids (OsSK395, RK1456 and OsSK332) had low Mg (<0.2000 % Mg) concentrations in both growing seasons (means 0.177 and 0.138 % Mg, for 2000 and 2001, respectively). Four other hybrids (OsSK277, OsSK2-91, OsSK247 and OsSK234) had adequate Mg status (means 0.297 and 0.228 %, for 2000 and 2001, respectively). Grain yields of the hybrids ranged from 4.06 to 11.69 t ha-1. Six hybrids yielded less than 7 t ha-1 (Alpos, OsSK2-191, OsSK247, Bc278 and Clarica: mean 5.49 t ha-1). Yields of other three hybrids were above 10 t ha-1 (OsSK378, OsSK298 and OsSK277: mean 10.91 t ha-1). Mean yields of two hybrid groups differing in Mg status totaled 8.60 and 7.52 t ha-1, for the low Mg-group and high Mg-group, respectively. Although Mg status in soil and plant was mostly either moderate or low, correlation coefficients between the yield and Mg status were low under these conditions.
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Introduction

Corn is the most widespread field crop in Croatia and covers nearly one third of the arable land. Although corn hybrids have a high genetic yield potential in combination with mostly favourable climatic conditions, their yields were relatively low due to the inadequate soil and crop management practices. Nutritional unbalances found on some soils are characterized by potassium (K) and phosphorus (P) deficiency, alone or in their combination (Kovacevic, 2001). Routine soil test in Croatia includes testing pH value, humus contents, as well as plant available P and K contents (AL-method). The other nutrients are included in soil testing only in cases of suspicion that they are reason for evidenced disorders of plant growth and low yields. In this way, moderate Mg status in corn on hydromorphic soil of the Eastern Croatia was found (Kovacevic et al., 2001). The aim of this study was to test amounts of Mg in corn hybrids and their relation to antagonistic ions of K and calcium (Ca) on the soil that characterize moderate Mg supply.  

Material and methods

The field experiment

Twenty corn (Zea mays L.) hybrids (Table 3) were grown under the field conditions (hydromorphic soil, characterizing moderate supplies of plant available Mg) in the western part of Slavonski Brod and Posavina County in the eastern Croatia during the 2000 and 2001 growing seasons. The experimental treatment was replicated four times. An experimental plot for a hybrid had a size of 7.0 m2. Corn was sown at the beginning of May (distance in rows was 20 cm = theoretical plant density or TPD 71429 plants/ha).

Table 1. Soil properties  (depth of 0-30 cm) at the beginning of the experiment

	
	
	Mobile fraction of the soil nutrients (mg kg-1)

	pH
	%
	NH4Acetate-EDTA 
	EUF-extraction (20 and 80 oC)

	H2O
	1n KCl
	Humus
	Mg
	K
	Ca
	oC
	Mg
	K
	Ca

	5.94
	4.77
	2.41
	210
	95.5
	3750
	20

80
	52.3

14.6
	44.9

26.3
	263.7

207.3


Sampling, chemical and statistical analysis

The ear-leaf at the beginning of the silking stage was taken for chemical analysis (approximately 25 leaves in the mean sample) from each plot. Mean soil sample was taken by auger at the depth og 30 cm. Concentrations of Mg, Ca and K in corn leaves were determined by the inductively coupled plasma (ICP) technique after microwave digestion in the laboratory of the Research Institute for Soil Science and Agricultural Chemistry of the Hungarian Academy of Sciences and Arts in Budapest, Hungary. Leaf samples were digested in 65% nitric acid (HNO3) + 30% hydrogen-peroxide (H2O2) using the Milestone MLS 1200 microwave. Analyses were performed with a Jobin-Yvon Ultrace 238 ICP-OES spectrometer. Mobile fraction of these elements in soil was also determined by ICP after their extraction by ammonium acetate-EDTA (pH 4.65) solution by Lakanen and Ervio method (1971). Plant and soil analysis were conducted in the laboratory of the Research Institute for Soil Science and Agricultural Chemistry (RISSAC) Budapest, Hungary. Soil Mg, K and Ca status was also determined by the EUF-method (Nemeth, 1979).

In order to calculate K:Mg and Ca:Mg ratios Mg, K, and Ca values of chemical equivalents were used. The values of mg kg-1 of an element were based on dry matter content in plant material converted in meq kg-1 by multiplying by the reciprocal of the meq weight of the element (conversion factor: 0.08224 for Mg, 0.02557 for K and 0.0499 for Ca). Statistical data analyses were made according to Mead et al. (1996).

Weather characteristics

Weather conditions (the data of Slavonski Brod Weather Bureau) during the study deviated from the long-term mean (LTM). Low precipitation and higher air temperatures during 5-month period (May-September: 196 mm and 19.8 oC; LTM 368 mm and 18.9 oC) characterized the 2000 growing season. Excess of precipitation in June and September (188 mm and 224 mm; LTM 85 and 71 mm), precipitation shortage in July and August (total 57 mm; LTM 144 mm), high temperatures in August (22.2 oC; LTM 20.8 oC) were main weather characteristics in 2001. 

Results and discussion
In our testing considerable influences of growing season (means 0.273 and 0.177 %Mg, for 2000 and 2001, respectively) and heredity (range of 2-year means among the 20 hybrids: from 0.120 to 0.291 % Mg) were found (Table 2). For the data interpretation appraisal of the nutrient status of the ear-leaf of corn at the flowering stage according to Christensen was used (cit. Mengel and Kirkby, 2001) as follows (% Mg in dry matter): deficient (< 0.1 %), low (0.1-0.2 %), adequate (0.2-0.5 %) and high (>0.5 %). Bergmann (1992) reported that adequate Mg status in corn leaf opposite ear is also in the range of 0.2-0.5 % Mg. 

Mg concentrations in corn leaves for 2001 were 35% lower in comparison with the 2000 growing season which was inadequate for normal corn growth. 

Table 2. The ear-leaf Mg, K and Ca status in 20 corn hybrids for two growing seasons

	
	Corn
	The ear-leaf composition (% on dry matter basis) of corn hybrid (factor B) at the silking stage for two growing seasons (the factor A)

	
	hybrid
	Mg
	K
	Ca
	2-year means

	
	
	2000
	2001
	2000
	2001
	2000
	2001
	Mg
	K
	Ca

	1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20
	Alpos

OsSK2-191

OsSK333

OsSK373

OsSK233 

OsSK351

OsSK298

OsSK378

OsSK321

OsSK234

OsSK277

Tvrtko 303

RK1456

OsSK395

OsSK332

OsSK382

OsSK247

Bc278

Clarica

Podravec36 
	0.295

0.288

0.347

0.369

0.339

0.336

0.333

0.304

0.261

0.287

0.316

0.235

0.196

0.148

0.187

0.228

0.298

0.252

0.227

0.215
	0.187

0.238

0.187

0.189

0.177

0.158

0.198

0.182

0.128

0.201

0.265

0.194

0.128

0.092

0.191

0.130

0.208

0.190

0.166

0.126
	1.83

1.76

1.40

1.73

1.71

1.63

1.56

1.64

1.78

1.80

1.63

2.11

2.53

2.71

2.30

2.18

1.90

2.12

2.07

2.10
	2.26

1.91

1.72

1.82

1.97

1.83

1.57

1.64

1.84

1.72

1.61

1.90

1.97

2.19

1.83

1.73

1.75

1.70

1.80

2.03
	0.87

1.06

0.91

1.13

0.89

0.92

1.21

1.03

1.01

1.03

0.98

0.74

0.67

0.67

0.80

0.96

0.94

0.81

0.75

0.78
	0.74

0.88

0.70

0.87

0.72

0.68

0.94

0.80

0.84

0.75

0.88

0.69

0.67

0.63

0.76

0.64

0.83

0.74

0.64

0.66
	0.24

0.26

0.27

0.28

0.26

0.25

0.27

0.24

0.20

0.24

0.29

0.21

0.16

0.12

0.19

0.18

0.25

0.22

0.20

0.17
	2.04

1.83

1.56

1.78

1.84

1.73

1.57

1.64

1.81

1.76

1.62

2.01

2.25

2.45

2.06

1.95

1.83

1.91

1.93

2.07
	0.80

0.97

0.80

1.00

0.80

0.80

1.07

0.92

0.92

0.89

0.93

0.71

0.62

0.65

0.78

0.80

0.88

0.77

0.70

0.72

	
	Mean A
	0.273
	0.177
	1.92
	1.84
	0.91
	0.75
	0.22
	1.88
	0.83

	
	Correlation coefficients
	
	
	

	r (2000:2001)
	0.564*
	0.493*
	0.802**
	
	
	

	
	Analysis of variance

	
	A
	AB
	A
	AB
	A
	AB
	B
	B
	B

	LSD5%

LSD1%
	0.15

0.28
	0.45

0.72
	n.s.
	0.30

0.51
	0.02

0.04
	0.10

0.15
	0.025

0.033
	0.15

0.20
	0.06

0.08


Differences of Mg status among 20 corn hybrids under identical environmental conditions varied from 0.120 to 0.291 % Mg. This proved a strong hereditary influence of Mg uptake by corn. Also, significant agreements of these Mg data for two growing seasons are an additional confirmation for this thesis (r = 0.564*). 

Three corn hybrids (OsSK395, RK1456 and OsSK332) had low Mg (<0.2 % Mg) concentrations in both growing seasons (means 0.177 and 0.138 % Mg, for 2000 and 2001, respectively) – Table 2. At the same time, four hybrids (OsSK277, OsSK2-91, OsSK247 and OsSK234) had adequate Mg status (means 0.297 and 0.228 % Mg, for the 2000 and 2001, respectively). 

Table 3. The ratio among ear-leaf Mg, K and Ca in 20 corn hybrid

	
	Corn
	The ear-leaf nutritional status (on basis chemical equivalents) of corn 

for two growing seasons  (factor A)

	
	hybrid
	Ratio
	K+Ca+Mg
	% Mg in

	
	(factor B)
	K:Mg
	Ca:Mg
	meq kg-1
	K+Ca+Mg

	
	
	2000
	2001
	2000
	2001
	2000
	2001
	2000
	2001

	1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20
	Alpos

OsSK2-191

OsSK333

OsSK373

OsSK233 

OsSK351

OsSK298

OsSK378

OsSK321

OsSK234

OsSK277

Tvrtko 303

RK1456

OsSK395

OsSK332

OsSK382

OsSK247

Bc278

Clarica

Podravec36 
	1.94

1.91

1.25

1.46

1.57

1.51

1.46

1.68

2.13

1.96

1.60

2.80

4.02

5.69

3.82

2.97

2.00

2.62

2.82

3.04
	4.04

2.75

2.99

3.03

3.60

3.75

2.48

2.89

4.48

2.74

1.94

3.05

4.84

7.43

2.98

4.14

2.75

2.80

3.42

5.13
	1.79

2.22

1.59

1.86

1.60

1.66

2.21

2.06

2.35

2.18

1.87

1.90

2.09

2.73

2.59

2.56

1.91

1.96

2.01

2.21
	2.46

2.37

2.30

2.79

2.52

2.64

2.87

2.72

3.98

2.27

2.03

2.16

2.68

4.16

2.40

3.00

2.48

2.36

2.37

3.23
	1143

1214

1096

1310

1162

1151

1276

1181

1172

1211

1164

1099

1142

1146

1141

1223

1197

1154

1091

1104
	1100

1119

940

1053

1006

935

1033

984

996

979

1071

990

891

950

1002

868

1031

958

916

952
	21.3

19.5

26.0

23.2

24.0

24.0

21.5

21.2

18.3

19.5

22.3

17.6

14.1

10.6

13.5

15.4

20.4

17.9

17.1

16.0
	14.0

17.2

16.3

14.8

14.4

13.9

15.8

15.4

10.6

16.9

20.4

16.1

11.9

8.0

15.7

12.3

16.5

16.3

14.9

10.9

	
	Mean A
	2.41
	3.56
	2.06
	2.69
	1169
	989
	19.2
	14.6

	
	
	Correlation coefficients

	r (2000:2001)
	0.766**
	0.582**
	0.368
	0.561**

	
	
	Analysis of variance

	
	
	A
	AB
	A
	AB
	A
	AB
	A
	AB

	
	LSD5%

LSD1%
	0.33

0.61
	1.02

1.61
	0.07

0.13
	0.40

0.56
	42

78
	91

155
	1.3

2.3
	3.2

5.3


Grain yields of the corn hybrids (2-year means) ranged from 4.06 to 11.69 t ha-1 (Figure 1). Six hybrids yielded less than 7 t ha-1 (Alpos, OsSK2-191, OsSK247, Bc278 and Clarica: mean 5.49 t ha-1). At the same time, yields of three hybrids were above 10 t ha-1 (OsSK378, OsSK298 and OsSK277: mean 10.91 t ha-1). Grain yields of corn hybrids were elaborately shown in the previous studies by Kovacevic et al. (2002; 2004). Mean yields of two groups of hybrids differing in Mg concentrations were 8.60 and 7.52 t ha-1, for the low Mg-group and high Mg-group, respectively. Although, Mg status in soil and plant was mostly either moderate or low, under these conditions, correlation coefficients between yield and Mg status were low (0.128 and -0.238, for 2000 and 2001, respectively).

High correlations between ear-leaf Mg (negative correlations) and ear-leaf K as well as ear-leaf Ca (positive correlations) status were found as follows (calculated from %values of the individual element in dry matter): -0923** and -0.476* (Mg:K), 0.744** and 0.659** (Mg:Ca), for 2000 and 2001, respectively (Table 2).

Interactions between mineral elements during uptake and metabolism are also significant for the normal plant growth (Munson, 1968; Bergmann, 1992, Mengel and Kirkby 2001). Furthermore, K:Mg and Ca:Mg ratios are important for balanced Mg nutrition. In order to express relations among ions it is advisable to use their values converted of chemical equivalents (Munson, 1968).

Figure 1. Grain yields of corn hybrids (2-year means): LSD 5% and 1% = 0.74 and 0.97
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Sum of three cations (K+Ca+Mg on the basis of chemical equivalents) among 20 corn hybrids (2-year means: Fig. 2) ranged from 1004 to 1181 meq kg-1. The values under 1050 were found in six hybrids (Clarica, OsSK333, Podravec 26, RK1456, Tvrtko 303 and OsSK382: mean values of 1026), whereas they were above 1150 in three hybrids (OsSK373, OsSK2-191 and OsSK298: mean values of 1167). This research revealed low and non-significant correlations between K+Ca+Mg sum and the yield of 0.110 and -0.161 for 2000 and 2001, respectively. Also, comparison of K+Ca+Mg data between the 2000 and 2001 growing season resulted in non-significant correlation (r=0.368). In other words, this phenomenon indicates strong environmental influences rather than hereditary ones.
Figure 2. K+Ca+Mg values and the share of Mg in K+Ca+Mg (in dry matter of ear-leaf at the silking stage based on the values of chemical equivalents: 2-year means) among 20 corn hybrids: LSD 5% and 1% = 43 and 56 (K+Ca+Mg), 1.6 and 2.6 (Mg share in K+Ca+Mg), respectively.
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Figure 3. K:Mg, Ca:Mg ratio in ear-leaf at silking (in chemical equivalents: 2-year means): LSD 5% and 1% = 0.58 and 0.76 (K:Mg), 0.27 and 0.35 (Ca:Mg),  respectively.
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The share of Mg in the K+Ca+Mg sum (calculated of chemical equivalents: 2-year means) among tested corn hybrids ranged from 9.3 to 21.3 % (Fig. 2). The values above 20% were found in two hybrids (OsSK277 and OsSK333: mean 21.3%), whereas in six hybrids they were less than 15% (OsSK395, RK1456, Podravec 26, OsSK382, OsSK321 and OsSK332: mean 13.1 %). The hybrid OsSK395 had in both growing seasons the lowest share of Mg in the K+Ca+Mg sum (10.6 and 8.0%, for 2000 and 2001, respectively – Table 3). This property was under the strong hereditary influence since the comparison of data between the 2000 and 2001 growing season showed a significant correlation (r=0.561**). At the same time, low correlation between the share of Mg in the K+Ca+Mg sum and the yield was found (0.111 and 0.240, for 2000 and 2001, respectively).

K:Mg ratio in the ear-leaf (calculated of chemical equivalents: 2-year means) among 20 corn hybrids under identical environmental conditions ranged from 1.78 to even 6.56. It was less than 2.0 for two hybrids (OsSK277 and OsSK298: mean 1.88) and above 4.0 for three hybrids (OsSK395, RK1456 and Podravec 26: mean 5.03). The hybrid OsSK395 had in both growing seasons the highest K:Mg ratio (5.69 and 7.43, for 2000 and 2001, respectively). According to Freeman (1965), the acceptable K:Mg ratio in ear-leaf of corn at the silking stage is between 2.5 and 3.4. Hence, both lower and higher values indicated possible problems with the balanced K or Mg nutrition. According to 2-year means, eight hybrids had acceptable K:Mg ratio of less than 2.5 and the remaining four hybrids above 3.4 (Table 3). K:Mg ratio was under the strong hereditary influence since the comparison of the data between 2000 and 2001 growing season showed high correlation (r=0.766**). However, low correlation between K:Mg ratio and the yield was found (-0.159 and 0.199, for 2000 and 2001, respectively).

In general, Ca:Mg ratio was less variable property than K:Mg ratio since the value among the hybrids ranged from 1.94 to 3.44 (2-year means: Fig 3). Less than 2.0 K:Mg values were found in two hybrids (OsSK333 and OsSK277: mean 1.95) and in two hybrids it was above 3.0 (OsSK395 and OsSK321: mean 3.31). The hybrid OsSK395 had in both growing seasons the highest Ca:Mg ratio (2.73 and 4.16, for 2000 and 2001, respectively – Table 3).

Comparison of Ca:Mg data between the 2000 and 2001 growing season revealed a significant correlation (r=0.581**). However, low correlation between Ca:Mg ratio and the yield was found (0.082 and 0.395, for 2000 and 2001, respectively).

Gorsline et al. (1961) found high correlation between inbred lines of corn and their progeny for Ca and Mg, indicating heritability through additive gene action. Heritability of K was apparent, but was believed, however, to be more complicated and nonadditive.

Next, Freeman (1965) used a number of inbred lines and crosses of corn for testing their ear-leaf composition at the silking stage. Magnesium contents among individual genotypes (meq kg-1) ranged from 58 to 107 (without adding K by fertilization) and from 15 to 20 (fertilization with 121 kg K ha-1). Acceptable ratios in this experiment were 1.4 to 2.0 (K:Ca), 2.5 to 3.4 (K:Mg) and less than 1 (sum Ca and Mg: K).

Furthermore, Moss and Peaslee (1965) determined the critical level of Mg associated with optimal stomatal opening and photosynthesis in solution culture to be 0.15 % Mg and 1.5 % K. Hence, on the basis of meq, 3.11 would be a critical K:Mg ratio.

Kadar (2000) and Kadar et al. (2000) applied increased rates of P and K fertilizers (up to 1500 kg K2O and P2O5 alone or in their combinations) and tested mineral composition of corn on calcareous loam chernozem. Ear-leaf K at the beginning of silking was increased from 1.20 to 2.17% K due to K fertilization, whereas Mg and Ca decreased (0.72 and 0.40% Mg, 1.05 and 0.89% Ca, for the control and application 1500 kg K2O ha-1).

 Conclusions
Under moderate fertile hydromorphic soil conditions, grain yields of the tested corn hybrids (2-year means) ranged from 4.06 to 11.69 t ha-1. These investigations revealed a significant hereditary influence on magnesium, calcium and potassium status in corn. In addition, although Mg status in soil and plant was either moderate or low, under these conditions, correlation coefficients between the yield and Mg status were low. Also, considerable antagonism between Mg and K in corn leaves was found. In general, Ca:Mg ratio was less variable property in comparison with K:Mg ratio. Moreover, correlations between the yield and the tested properties were low.
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