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ABSTRACT 

Previous research has shown that the effect of potassium fertilizer on soybean ([Glycine max (L.) Merr.] seed composi- 
tion (protein, oil, fatty acids, and isoflavones) is still largely unknown. Therefore, the objective of this research was to 
investigate the effects of potassium application on seed protein, oil, fatty acids, and isoflavones under Midsouth envi- 
ronmental conditions. A three-year experiment was conducted in two locations (Milan, TN and Jackson, TN). Potas- 
sium (K) rates were applied in the form of K2O at a rate of 0 (Control, C), 45 (T1), 90 (T2), 134 (T3), and 179 (T4) 
kg·ha−1 in a randomized complete block design. The results showed that increasing the K application rate did not result 
in consistent effects on yield. However, increasing K application rate did increase protein, oleic acid, and individual and 
total isoflavone concentrations at both locations in 2008 and 2009. In Jackson in 2010, the increase of K rate did not 
change oleic acid, but resulted in an increase in glycitein and genistein isoflavone concentrations. In 2010, increasing K 
application rate increased protein concentrations, decreased individual and total isoflavones, and did not change oleic 
acid concentration at Milan. At the highest rate of K, 179 kg·ha−1, yield and some seed composition constituents were 
negatively impacted. Generally, K concentration in leaves at V5, R1, R3, and seed at harvest maturity stage (R8) in- 
creased with the increase of K rate applications. The research demonstrated that K application can alter seed composi- 
tion, but this alteration depended on location, environmental stress factors, mainly heat and drought, K level in soil, and 
K application rate. Higher rates of K application may negatively impact seed composition constituents. 
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1. Introduction 

Soybean is mainly produced for oil and soymeal, and the 
quality of oil and the soymeal depend on the composition 
of fatty acids and protein, respectively. Soybean seed 
contain about 42% protein and 19.5% oil [1], 33% car- 
bohydrates [2-4], and from 1161 to 3309 µg·g−1 isofla- 
vones [4,5]. Soybean seed contain five main fatty acids. 
Two are saturated fatty acids (palmitic, C16:0, ranging 
from 10% to 12%; stearic, C18:0, ranging from 2.2% to 
7.2%), and three are unsaturated fatty acids (oleic, C18:1, 
about 24%; linoleic, C18:2, about 54%; linolenic, C18:3, 
about 8.0%) [2,6,7]. High oleic acid and low linoleic and 
linolenic acids are desirable because they contribute to 
oil stability. Soybean seeds also contain secondary me- 
tabolites such as phenolics, including isoflavones. There 

are three main isoflavones in soybean seed: daidzein, 
genistein, and glycitein [8]. Because of their functions as 
antiestrogens [9], antioxidants [10], and inhibitors for ty- 
rosine protein kinase [11], isoflavones have a potential 
role in preventing cancer, heart disease, osteoporosis, and 
menopausal symptoms [12]. 

Seed composition constituents were reported to be 
genetically controlled [13-15]. However, seed composi- 
tion have also shown to be affected by environment [16, 
17], genotype, maturity, diseases [18-20], temperature 
[17,18] and drought [19,21,22], nutrients in soil and seed 
[23-25], and planting date [26,27]. For example, it was 
reported that [26] seed composition varied in the same 
cultivar grown in different years or under different envi- 
ronments in the same year, and seed protein concentra- 
tion increased as planting was delayed. Significant ef- 
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fects of genetics and environment on isoflavones [4,5,19, 
20,30-32] and on sugars [3,19,20] were observed. Iso- 
flavone concentrations were found to vary from 1161 to 
2743 μg·g−1 in 210 soybean cultivars [4]. Total and indi- 
vidual isoflavones were significantly affected by geno- 
type, genotype × year, genotype × location, and genotype 
× year × location interactions [28]. It was reported that 
the concentration of isoflavones varied from 1160 to 
3090 μg·g−1 in four soybean cultivars grown under the 
same environmental conditions, and from 460 to 1950 
μg·g−1 in the same cultivar grown in different locations 
[29]. Other researchers showed that in the same cultivar 
and at the same location, year had significant effects on 
the total isoflavones concentration, and depending on the 
year, the range of isoflavone concentrations ranged from 
1176 to 3309 μg·g−1 [5], and from 1176 to 1749 μg·g−1 
among locations within the same year in the same culti- 
var [5]. It was also found that seeds exposed to high 
temperature during seed-fill had lower concentrations of 
isoflavones compared with those developed in lower 
temperatures [30,31]. 

Potassium is a major nutrient for crop growth, devel- 
opment, yield, and quality. It is involved in multiple phy- 
siological and biochemical process such as photosynthe- 
sis and respiration assimilates, phloem loading and trans- 
port [33], carbohydrate and amino acid transport [34], gas 
exchange, stomatal conductance, osmotic function [35], 
and nitrogen uptake and assimilation. Potassium is also 
involved in enzyme activation [36], plasmalemma H+- 
ATPase [37], protein synthesis [38], energy transfer in 
chloroplast and mitochondria [39], and its effect on seed 
protein and oil may depend on genotype and environment 
[40]. Potassium deficiency negatively impacts the synthe-
sis of sugars, starch, and lipids [41]. 

Effects of potassium fertilizer on soybean seed com- 
position are largely unknown [32,42,43], and information 
that is available focuses on the effect of K on yield and 
economic return [42]. Previous research on the effects of 
K on seed constituents showed conflicting results. For 
example, K fertilizer did not affect seed oil or protein 
[44], K fertilizer increased seed oil concentration, de- 
creased protein concentration, altered oleic and linolenic 
acids [45], decreased protein synthesis in seed [46,47], or 
increased seed oil [42]. Therefore, the objective of this 
research was to further investigate the effects of K rates 
on seed protein, oil, fatty acids, and isoflavones in two 
Midsouth locations. 

2. Materials and Methods 

2.1. Growth Conditions and Experimental Design 

Field trials were conducted on the University of Tennes- 
see’s Research and Education Centers at Jackson and 

Milan from 2008 through 2010 to evaluate the effects of 
K application rates on seed composition and yields of 
soybean under no-tillage. The soils were Memphis silt 
loam at Jackson and Dexter loam at Milan. The experi- 
mental fields had been under continuous no-till man- 
agement for over 10 years prior to experiment initiation. 
The previous crops were soybean at both locations. 

Five K rate treatments of 0, 45, 90, 134, and 179 kg 
K2O·ha−1 (equal to 0, 40, 80, 120, and 160 lb K2O·ha−1) 
were selected for this study. The K fertilizer of all treat- 
ments was uniformly broadcast applied on soil surface as 

muriate of potash (0N-0P-60K2O). Each plot was 9.1 m 
long and 3.0 m wide. Soybean was planted with 76-cm 
row spacing. Soybean cultivar “Pioneer 94M80” was 
planted no-till in all three seasons at both locations. The 
planting dates were 6 May 2008, 12 May 2009, and 6 
May 2010 at Jackson and 23 May 2008, 20 May 2009, 
and 13 May 2010 at Milan. Weed, pest, and disease con- 
trol and fertilizer (except N and K) applications were 
conducted in a timely manner with the University of 
Tennessee Extension’s recommended management prac- 
tices for soybean. Phosphate fertilizer was applied as 
needed according to the recommendations made by the 
University of Tennessee based on soil testing results 
each year [48]. Same plots and treatments were used 
each year. The daily rainfall and air temperature were 
recorded during the entire growing season each year at 
both locations. After soybean reached harvest maturity 
(R8 stage), soybean yield was determined using a plot 
combine to harvest a center strip of soybean 1.5 m wide 
( the center two rows) for the entire plot length from each 
plot, and the yield was adjusted to moisture content of 
130 g·kg−1 (13%) at both locations. The harvest dates 
were 29 September 2008, 21 October 2009, and 21 Sep- 
tember 2010 at Jackson and 2 October 2008, 19 October 
2009, and 20 September 2010 at Milan. 

A randomized complete block design with four repli- 
cations was used. ANOVA was conducted using the 
PROC MIXED model procedure in SAS [49]. Year, lo- 
cation, treatments, and their interactions were fixed ef- 
fects and replication within year and location were con- 
sidered random effects. Means were separated using 
PROC GLM procedure using Fisher’s least significant 
difference test at the 5% level.  

2.2. Seed Analysis for Protein, Oil, and Fatty Acids 

Seeds at harvest maturity stage (R8) were analyzed for 
protein, oil, and fatty acids. About 25 g of seed from 
each plot was ground using a Laboratory Mill 3600 
(Perten, Springfield, IL) and analyzed by near infrared 
reflectance [18,50] using a diode array feed analyzer AD 
7200 (Perten, Springfield, IL). Calibrations were initially 
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developed by the University of Minnesota, using Perten’s 
Thermo Galactic Grams PLS IQ software. Protein and oil 
analyses were based on a seed dry matter basis [50,51], 
and fatty acids were analyzed based on an oil basis.  

2.3. Seed Analysis for Isoflavones 

Seeds at harvest maturity were analyzed for isoflavone 
daidzein, genistein, and glycitein concentrations. About 
25 g of seed from each plot was ground using a Lab- 
oratory Mill 3600 (Perten, Springfield, IL), and isofla- 
vones analysis was conducted following methodology 
previously reported [52,53] using a near-infrared reflec- 
tance (NIR) diode array feed analyzer (Perten, Spring 
field, IL). Calibration equations were initially developed 
by the University of Minnesota using Thermo Galactic 
Grams PLS IQ from Perten (Perten, Spring Field, IL). 
The analysis was performed on a dry matter basis. Total 
isoflavones were calculated by adding the levels of the 
three main isoflavones (daidzein, genistein, and glycitein) 
[4]. 

2.4. Leaf Potassium Analysis 

A leaf sample consisting of twenty most recently fully 
developed trifoliate leaves (petiole included) was ran- 
domly collected at approximately V5 (8 July 2008, 26 
June 2009 and 14 June 2010 at Jackson; 9 July 2008, 29 
June 2009, and 17 June 2010 at Milan), R1 (16 July 2008, 
6 July 2009, and 21 June 2010 at Jackson; 17 July 2008, 
7 July 2009, and 28 June 2010 at Milan), and R3 (28 
August 2008, 27 July 2009, and 26 July 2010 at Jackson; 
29 August 2008, 23 July 2009, and 28 July 2010 at Milan) 
growth stages from each plot in each season at both loca-  
tions for K concentrations determination. Leaf samples 
were dried in a forced air oven at 65˚C for at least 3 days 

and then ground in a Wiley mill (Arthur K. Thomas Co., 
Philadelphia) to pass a 1-mm sieve. Potassium in trifo- 
liate leaves was analysed using the dry ash method [54]. 
Potassium in solution was determined by atomic absorp- 
tion spectroscopy. 

2.5. Seed Potassium Analysis 

A seed sample was taken at harvest maturity from each 
plot at both locations for the determination of K concen- 
trations. Seed samples were analyzed for K using the 
same procedures as for leaf samples. 

2.6. Soil Potassium Analysis 

A composite soil sample (10 cores per sample, 2.5-cm in 
diameter) was collected at the 0- to 15-cm depth rand- 
omly from each plot before treatment in each season at 
both locations. After soil samples were air-dried, ground 
to pass a 2-mm sieve, and thoroughly mixed, they were 
analyzed for soil basic properties by the University of 
Tennessee’s Soil, Plant, and Pest Center. Soil pH was 
determined in a 1:1 (soil:H2O) solution [55]. Soil avail- 
able 4NH , 3NO , P, K, Ca, and Mg were extracted with 
the Mehlich I method [56].  

3. Results 

Analysis of variance showed that yield was significantly 
affected by year and location, but not by K treatment 
(Table 1). There were no K treatment effects or inter- 
action between the main effects (year, location, and treat- 
ment) for yield. The most affected constituents were pro- 
tein, oil, oleic acid, and individual and total isoflavones, 
where year, location, and treatment, and their inter- 
actions frequently showed significant effects (Table 1). 
This indicated that the effect of treatment (K application) 

 
Table 1. Analysis of variance of the effect of source of variability (SV) (year, potassium rate, location, and their interactions) 
on seed protein, oil, fatty acids, and isoflavones in soybean grown in two locations Milan, TN and Jackson, TN, USA during 
2008, 2009, and 2010†. 

SV Df Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso‡

Y 2 * *** *** *** *** *** *** *** *** *** *** *** 

L 1 ** *** *** * NS *** NS *** *** *** NS *** 

T 4 NS *** *** *** *** *** *** NS *** *** *** *** 

Y × L 2 NS *** *** NS NS ** NS *** * *** ** NS 

Y × T 8 NS *** *** *** * *** *** ** *** ** ** *** 

L × T 4 NS NS *** * * NS * NS * *** *** *** 

Y × L × T 8 NS *** *** NS ** * * *** ** NS * ** 

†Significance at P ≤ 0.05; ** Significance at P ≤ 0.01; *** Significance at P ≤ 0.001. Y = year; L = location; T = Potassium treatments; SV = Source of variability. 
Potassium was applied as K2O at rates of 0, 45, 90, 134, and 179 kg·ha−1. ‡TotIso = total isoflavones (daidzein+glycitein+genistein). 
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Table 2. Effect of potassium fertilizer rates (Treat) on yield (kg·ha−1),the concentration of seed protein (g·kg−1), oil (g·kg−1), 
fatty acids (g fatty acid kg−1 total oil), and isoflavones (µg·kg−1) in soybean grown in two locations Milan, TN and Jackson, TN, 
USA in 2008, 2009, and 2010†. 

2008 Jackson            
         Isoflavones 

Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 
C 2454 a 407 c 196 c 105 ab 33.0 b 246 e 530 a 82.5 a 505 d 58 d 560 d 1124 d 
T1 2316 ab 434 a 207 b 101 c 36.0 a 272 b 523 b 63.8 b 490 d 59 d 546 ed 1094 d 
T2 2233 b 434 a 211 a 106 a 35.5 a 263 d 523 b 65.5 b 603 c 78 c 526 e 1207 c 
T3 2293 ab 431 b 205 b 105 ab 35.8 a 264 cd 523 b 60.0 c 659 a 93 b 709 b 1461 b 
T4 1972 c 433 a 196 c 99.5 c 33.5 b 283 a 506 d 65.3 b 632 b 101 a 789 a 1522 a 

             
2008 Milan            

         Isoflavones 
Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 

C 2333 b 406 b 201 d 115 a 43.8 a 228 d 524 a 75.0 a 435 e 47 c 476 d 959 d 
T1 2371 ab 410 a 223 c 106 b 35.0 b 265 b 519 b 67.8 b 501 cd 58 b 524 c 1083 c 
T2 2375 ab 404 c 222 c 107 b 32.8 c 266 ab 526 a 65.5 b 538 a 70 a 614 a 1221 a 
T3 2450 a 404 c 236ab 107 b 34.8 b 253 c 521 b 77.0 a 531 ab 68 a 587 ab 1186 ab
T4 2266 b 404 c 233 b 103 c 29.8 d 270 ab 520 b 65.0 b 491 d 68 a 604 a 1163 b 

 

 

2009 Jackson            
         Isoflavones 

Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 
C 2303 ab 419 c 224 bc 104 a 39.8 a 221 c 529 a 86 d 605 d 68 d 660 c 1334 d 
T1 2384 ab 441 a 225 bc 100 bc 32.3 b 269 a 502 d 104 ab 590 d 69 d 646 cd 1304 d 
T2 2369 ab 439 ab 223 c 103 ab 33.0 b 260 b 506 b 93 c 703 c 88 c 626 cd 1417 c 
T3 2482 a 435 b 227 b 96.0 c 30.3 cd 268 a 505 bc 101 b 759 a 103 b 809 b 1671 b 
T4 2177 b 443 a 242 a 90.8 d 31.3 c 267 a 503 cd 104 ab 732 b 111 a 889 a 1732 a 

             
2009 Milan            

         Isoflavones 
Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 

C 2772 abc 418 c 208 d 106 a 37.5 a 220 c 518 a 101 a 527 cd 61 b 707 cd 1295 cd
T1 2695 bc 445 a 226 b 105 ab 37.0 a 252 b 506 c 94 c 533 bcd 68 a 737 bc 1338 bc
T2 2729 abc 439 b 220 c 102 b 34.8 b 257 b 508 bc 98 ab 541 bcd 62 b 747 bc 1350 bc
T3 2821 a 439 b 240 a 88.3 c 32.0 c 274 a 507 bc 101 ab 561 a 70 a 779 a 1410 a 
T4 2805 ab 439 b 226 b 96.8 c 32.3 bc 255 b 510 b 96 bc 518 d 61 b 697 d 1275 d 

 

 

2010 Jackson            
         Isoflavones 

Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 
C 1073 a 442 b 195 abc 85.0 c 31.8 d 301 b 505 c 69 a 708 a 155 d 691 b 1554 a 
T1 1080 a 444 ab 197 abc 86.5 c 32.3 cd 300 b 513 a 67 ab 687 ab 161 c 706 b 1553 a 
T2 1079 a 447 a 193 c 89.5 b 34.5 a 308 a 511 ab 56 c 582 c 168 ab 745 a 1495 b 
T3 1047 a 441 b 195 bc 90.2 b 33.3 abc 298 b 507 bc 63 b 649 b 166 b 743 a 1558 a 
T4 918 b 443 b 195 bc 92.8 a 33.8 ab 300 b 505 c 65 ab 670 ab 170 a 746 a 1586 a 

             
2010 Milan            

         Isoflavones 
Treat Yield Protein Oil Palmitic Stearic Oleic Linoleic Linolenic Daidzein Glycitein Genistein TotIso 

C 1053 d 410 d 200 c 94.2 b 36.3 a 287 a 513 bc 61 d 553 ab 114 a 745 a 1413 a 
T1 1097 cd 423 c 203 b 97.0 a 33.3 b 267 c 516 ab 80 bc 551 bc 109 b 739 a 1398 a 
T2 1159 b 433 b 201 bc 87.5 c 31.3 c 288 a 505 d 84 a 550 bc 110 b 745 a 1404 a 
T3 1250 a 436 a 230 a 91.8 b 33.5 b 278 b 512 c 78 c 564 a 111 b 758 a 1433 a 
T4 1140 cb 423 c 203 bc 88.0 c 34.3 b 273 b 517 a 85 a 533 d 106 c 699 b 1338 b 

†Means within a column in each year followed by the same letter are not significantly different at the 5% level as determined by Fishers’ LSD test. Potassium 
as applied as K2O at rates of 0 (Control, C), 45 (T1), 90 (T2), 134 (T3), and 179 (T4) kg ha−1. TotIso=total isoflavones (daidzein+glycitein+genistein) w  
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depended on year and location. Stearic and linoleic acid 
concentrations were the least affected by K application. 
Generally, yield in Milan was greater than in Jackson at 
higher rates (T2, T3, and T4) of K, and the lowest yield 
was recorded in 2010. There was no consistent effect of 
K application on yield in any year.  

In 2008 in Jackson, application of K resulted in an in- 
crease of protein, oil, and oleic acid concentration, and a 
decrease of linolenic acid concentration compared to the 
control (Table 2). Compared with the control, applica- 
tion of K resulted in an increase in seed individual and 
total isoflavone concentrations at K rates 90 kg·ha−1 (T2), 
134 kg·ha−1 (T3), and 179 kg·ha−1 (T4) (Table 2). In 
2008 in Milan, a similar general trend was observed for 
oil, oleic acid, and individual and total isoflavones, ex- 
cept for protein concentration, where there no measur- 
able change (Table 2). In 2008, the highest K rate (T4) 
resulted in a decrease of oil concentration compared with 
T3 in Jackson, but did not result in any significant 
change of oil concentration relative to T3 in Milan. In 
2009 and compared with the control, application of K 
resulted in higher concentration of protein and oleic ac- 
ids in Jackson, and higher protein, oil, oleic acid in Milan 
(Table 2). Individual and total isoflavones increased in 
response to K application in T2, T3, and T4 in Jackson 
(Table 2). In 2009 in Milan, K application resulted in 
higher individual and total isoflavones concentration in 
T3. However, K application at the highest rate (T4) re- 
sulted in a decrease in individual and total isoflavones in 
Milan (Table 2). In 2010 and compared to the control, K 
application resulted in higher protein in Milan only (Ta- 
ble 2). Although there was no clear trend in oil or fatty 
acids in 2010 in response to K application, oleic acid 
concentration was the highest in both locations compared 
with 2008 or 2009. Compared with the control, glycitein 
and genistein concentrations increased in response to K 
application in Jackson in 2010. In 2010 in Milan, daidzein, 
glycitein, genistein, and total isoflavones concentration 
decreased with the highest K application rate (T4). There 
was no clear trend for palmitic, stearic, and linolenic 
fatty acids in all years. Generally, protein and total iso- 
flavone concentrations were higher in Jackson than in 
Milan. Since yield was either inconsistent each year or 
lower at higher rates of K application, this inconsistent 
trend impacted the total seed composition constituents 
(kg constituent ha−1) in each year at different rates of K 
application (Table 3). It appears that seed composition 
constituents such as protein, oil, oleic acid, and isofla- 
vones responded more consistently to K application than 
yield. Based on this, seed yield may not be an indicator 
for seed composition quality. This explains the lack of 
significant, strong correlation between yield and K treat- 
ment or K concentration in leaves and seed with yield 

(data not shown). Total seed constituents (kg·ha−1) had 
inconsistent results due to inconsistent response of yield 
to K treatments. The higher total seed composition con- 
stituent in Milan than in Jackson reflected the yield and 
location effects. 

3.1. Potassium in Leaves and Seed  

Compared with the control, K in leaves increased with 
the increase of K rate in the two locations (Table 4). 
This trend was true for K concentration in leaves at 
stages V5, R1, and R3 in both locations in 2008, 2009, 
and 2010. In some cases, increasing the rate of K did not 
result in significant increase in K in leaves at different 
stages (V5, R1, R3) or in seeds at harvest maturity (R8). 
However, the application of K at highest rates resulted in 
an increase of K concentrations in the leaves at stages 
(V5, R1, R3) or in seeds at harvest maturity (R8). 
Potassium concentration in leaves and seed differed in 
each year and in each location (Table 4). 

3.2. Weather Data 

Air temperatures (minimum, maximum, and average) 
and rainfall are shown in Table Temperatures in both 
locations were different in each year. Temperatures in 
year 2008 and 2010 were higher than in 2009, and 
temperatures in 2010 were the highest in both locations. 
Both locations had similar temperatures in each year. 
Maximum temperatures during reproductive stages (July- 
September) reached 33.2˚C and 34.3˚C in July and Sep- 
tember, respectively, in Milan, and 33.4˚C and 34.2˚C in 
Jackson. Rainfall was higher in 2009 and 2010 than in 
2008 in both locations. The driest year was recorded in 
2008 in both locations. 

4. Discussion 

4.1. Seed Yield, Protein, Oil, and Fatty Acids 

The lowest yield in 2010 may be due to the highest 
maximum temperatures during the reproductive stages 
between July and September in both locations (Table 5). 
The lack of K application effect on yield may be due to 
sufficient level of K in the soil, especially K level in 
Jackson, where the level of K ranged from 105 to 110 
mg·kg−1, and this level could be sufficient [57,58] for 
growth and yield production. Although K in soil in both 
locations may be sufficient, K concentration in soil in 
Milan was much lower than in Jackson, and the lower 
level of K in Milan or other factors such as fertility or 
application and resulted in higher yield in Milan than in 
Jackson. The increase of protein, oil, and oleic acid in 
Jackson and oil and oleic acid in Milan in 2008 and 2009 

ith the increase of K application rates compared with w 
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Table 3. Effect of potassium fertilizer rate (Treat) application on the total (kg constituent ha−1) seed protein, oil, and fatty 
acids in soybean grown in two locations Milan, TN and Jackson, TN, USA in 2008, 2009, and 2010†. 

2008 Jackson       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 998 a 483 a 50.7 a 15.8 a 119 bc 255a 39.9a 

T1 1004 a 478 a 38.1 a 17.5 a 130 a 251 ab 30.5 b 

T2 969 a 470 a 49.8 a 16.6 a 123 ab 245 ab 30.8 b 

T3 985 a 470 a 49.9 a 16.8 a 124 ab 246 ab 27.8 c 

T4 853 b 388 b 38.5 b 13.0 b 109 c 196 c 25.4 c 

2008 Milan       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 948 ab 469 c 53.9 b 20.6 a 107 c 246 c 35.2 b 

T1 973 a 529 b 56.0 b 18.5 b 140 b 274 b 35.0 b 

T2 960 ab 528 b 56.2 b 17.3 b 140 b 277 b 34.1 b 

T3 990 a 578 a 62.1 a 20.1 a 146 ab 301 a 44.4 a 

T4 916 b 528 b 54.4 b 15.7 c 142 ab 274 b 34.4 b 

        

2009 Jackson       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 964 bc 517 a 54.0 a 20.6 a 114 c 274 a 44.8 b 

T1 1048 ab 539 a 52.9 a 17.3 b 146 ab 270 a 55.4 a 

T2 1035 abc 533 a 53.9 a 17.1 b 141 b 269 a 48.4 b 

T3 1078 a 563 a 53.4 ab 17.0 b 151 ab 284 a 57.0 a 

T4 959 c 528 a 47.7 c 16.4 b 141 b 265 a 55.4 a 

2009 Milan       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 1159 b 577 d 62.1 ab 21.6 ab 127 d 299 d 58.0 bc 

T1 1198 ab 609 bc 63.6 ab 22.5 a 154 c 308 cd 57.1 bc 

T2 1198 ab 599 cd 60.7 bc 21.0 bc 154 c 304 cd 59.1 b 

T3 1237 a 676 a 59.4 bc 21.6 ab 185 a 343 a 68.3 a 

T4 1229 a 634 b 61.3 abc 21.0 bc 162 b 323 b 61.2 b 

        

2010 Jackson       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 1073 a 472 a 40.3 ab 15.1 ab 142 a 239 a 32.4 a 

T1 1080 a 479 a 41.7 a 15.6 a 144 a 246 a 30.9 ab 

T2 1079 a 465 a 41.5 a 16.0 a 143 a 237 a 26.4 c 

T3 1047 a 460 a 41.4 a 15.2 ab 137 a 233 a 29.2 bc 

T4 918 b 407 b 37.6 b 13.9 b 121 b 206 b 26.7 c 

2010 Milan       

Treat Protein Oil Palmitic Stearic Oleic Linoleic Linolenic 

C 1053 d 515 d 48.6 cd 18.4 bc 148 cd 264 d 31.4 d 

T1 1097 cd 527 cd 51.1 bc 17.6 cd 140 d 272 cd 42.0 c 

T2 1159 b 539 cd 47.3 d 16.8 d 155 bc 273 bcd 45.2 b 

T3 1250 a 660 a 61.0 a 21.7 a 184 a 338 a 50.7 a 

T4 1140 bc 546 bc 48.0 cd 18.7 b 149 cd 282 bc 46.4 b 

†Means within a column in each year followed by the same letter are not significantly different at the 5% level as determined by Fishers’ LSD test. Potassium 
was applied as K2O at rates of 0 (Control, C), 45 (T1), 90 (T2), 134 (T3), and 179 (T4) kg ha−1. Total fatty acids were measured based on the percentage of each 
fatty acid to total oil. 
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Table 4. Potassium (K) fertilizer rates (Treat) application on K percentage (%) in leaves at vegetative (V5), beginning flow-
ering (R1), beginning pod (R3), and in mature seed at harvest maturity (R8) when soybeans were grown in two locations Mi-
lan, TN and Jackson, TN, USA in 2008, 2009, and 2010†. 

2008 Jackson    Milan    

Treat K at V5 K at R1 K at R3 K in seed K at V5 K at R1 K at R3 K in seed 

C 1.70 b 1.75 c 1.04 c 1.89 b 1.13 d 1.09 de 1.09 c 1.96 c 

1 1.79 b 2.01 b 1.19 b 1.92 ab 1.62 a 1.39 ab 1.34 a 2.00 b 

2 1.77 b 1.95 b 1.22 b 1.93 a 1.40 bc 1.29 bc 1.18 bc 2.04 a 

3 1.72 b 2.01 b 1.29 b 1.95 a 1.27 cd 0.99 e 1.20 bc 2.07 a 

4 1.97 a 2.29 a 1.45 a 1.95 a 1.52 ab 1.51 a 1.26 ab 2.06 a 

         

2009 Jackson    Milan    

Treat K at V5 K at R1 K at R3 K in seed K at V5 K at R1 K at R3 K in seed 

C 1.78 c 1.85 c 2.11 d 1.99 c 1.36 d 1.38 c 2.43 d 2.09 a 

1 2.00 b 2.02 b 2.26 c 2.03 ab 1.90 b 1.74 b 2.94 b 2.08 a 

2 2.11 b 1.92 bc 2.37 bc 2.03 ab 1.79 c 1.70 b 2.57 c 2.04 b 

3 2.07 b 1.88 c 2.48 a 2.02 abc 1.96 b 1.72 b 2.95 b 2.10 a 

4 2.36 a 2.20 a 2.42 ab 2.05 a 2.14 a 1.94 a 3.10 a 2.02 b 

         

2010 Jackson    Milan    

Treat K at V5 K at R1 K at R3 K in seed K at V5 K at R1 K at R3 K in seed 

C 2.51 bc 2.62 c 1.80 d 1.65 c 1.74 d 1.50 d 1.49 d 1.58 c 

1 2.60 bc 2.88 b 1.97 c 1.69 b 2.48 c 2.30 c 1.89 c 1.72 ab 

2 2.63 ab 2.87 b 2.11 bc 1.65 c 2.57 bc 2.39 bc 2.07 b 1.69 b 

3 2.74 a 3.03 a 2.18 b 1.73 a 2.67 b 2.45 b 2.19 a 1.73 a 

4 2.73 a 3.01 a 2.39 a 1.73 a 3.03 a 2.80 a 2.20 a 1.72 ab 

†Means within a column in each year followed by the same letter are not significantly different at the 5% level as determined by Fishers’ LSD test. Potassium 
was applied as K2O at rates of 0 (Control, C), 45 (T1), 90 (T2), 134 (T3), and 179 (T4) kg ha−1. 

 

the control indicated that K application had a positive 
effect on seed composition constituents. Palmitic and 
stearic acids were the least sensitive to K fertilizers. Re- 
search on the effect of potassium application on soybean 
seed composition is almost non-existent [42,43], and in- 
formation available is still inconsistent [43]. For example, 
previous research showed that K fertilizer did not affect 
seed oil or protein [40,44], increased oil concentration, 
decreased protein concentration, altered oleic and linole- 
nic acids [45], or increased seed oil [42]. Recently, it was 
found that P and K fertilizers significantly increased 
protein concentrations and K alone or in combination 
with P also increased seed oil concentrations [43]. In this 
research both protein and oil increased with the increase 

of K fertilizer rates, indicating that the classic inverse 
relationship between protein and oil may not always 
occur. Although these findings were also shown [43], 
further investigation is needed before conclusive inter- 
pretation can be made.  It was shown that the rate (the 
increase of oil with the increase of K rate over time) of 
oil increase decreased with higher K rates [43], indi- 
cating lack of linear correlation between K rate increase 
and the increase in seed constituents. Our results are in 
agreement with previous research [42,43,59], but in dis- 
agreement with those found by others [60] who reported 
that oil decreased with the increase of P and K fertili- 
zation rates, or those found by others [40,44] who found 
that K fertilizer did not affect seed oil or protein. Based 
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Table 5. Maximum (Max), minimum (Min), average (Av), and rainfall in Jackson and Milan, TN in 2008, 2009, and 2010. 

2008 

Jackson Milan 

Month Max Min Av Rainfall Month Max Min Av Rainfall 

May 25.5 14.3 32.7 174 May 26.0 12.4 19.2 234 

June 31.1 20.3 41.2 71 June 31.5 19.5 25.3 39 

July 33.1 20.8 43.5 160 July 33.3 20.0 26.6 79 

August 31.3 19.9 41.2 65 August 31.8 18.5 25.1 19 

September 29.2 16.6 37.5 20 September 29.8 15.1 22.5 10 

October 23.8 8.0 27.8 80 October 23.3 6.8 15.1 65 

 

2009 

Jackson Milan 

Month Max Min Av Rainfall Month Max Min Av Rainfall 

May 25.5 15.4 33.2 191 May 25.2 14.8 19.8 230 

June 31.4 20.0 41.4 92 June 32.0 20.0 26.0 56 

July 29.9 19.6 39.7 187 July 30.2 19.0 24.6 201 

August 30.8 19.4 40.5 76 August 30.7 18.3 24.5 57 

September 28.1 18.0 37.1 184 September 28.1 16.8 22.4 120 

October 19.8 8.9 24.3 176 October 19.6 8.2 13.9 208 

 

2010 

Jackson Milan 

Month Max Min Av Rainfall Month Max Min Av Rainfall 

May 27.8 16.7 36.1 452 May 27.4 16.2 21.8 535 

June 33.4 21.9 44.3 164 June 33.7 21.4 27.5 82 

July 33.4 22.6 44.7 169 July 33.2 22.0 27.6 151 

August 34.2 21.8 45.1 125 August 34.3 21.0 27.7 50 

September 31.3 15.2 38.9 28 September 31.3 14.9 23.1 9 

October 26.3 6.6 29.6 36 October 25.7 6.1 15.9 49 

 
on our experiment, the reported oil decrease with the in- 
crease K fertilization rates [60] or non-change of oil or 
protein concentration with K fertilizer [44] could be due 
to differences in the environmental conditions (probably 
drought and heat), location, cultivar differences [40], and 
K rate. Our experiment showed that in 2008 oil concen- 
tration did not result in increase with the increase in K 
between the intermediate rate (T3) and highest rate in 
Jackson. At Milan, the highest K rate (T4) had lower oil 
concentration compared with T3, reflecting the possible 
negative impact of higher rates of K application on seed 
composition [40]. 

The different concentrations of seed constituents 
among years in both locations reflected the effect of en- 
vironmental factors on seed composition constituents. It 
was reported that seed constituents were affected by en-
vironment [16,17,40], temperature [17,18], drought 

[19,21,22,40], and nutrients in soil and seed [3-5]. It was 
reported that seed constituents vary in the same soybean 
cultivar grown in different years or under different envi- 
ronments in the same year [26]. In this study, differences 
of seed constituents between years and locations may be 
due to the maximum temperatures differences or drought. 
For example, maximum temperature was highest at 33.2˚C, 
34.3˚C, and 31.3˚C in July, August, and September re- 
spectively during critical reproductive stages in Milan 
2010, and only 50 and 9 mm of rainfall were recorded in 
August and September (seed-fill stage period) at Milan 
2010 (Table 5). It was shown that maximum temperature 
had significant effects on seed protein, oil, and fatty ac- 
ids, and the increase or decrease of seed oil or protein 
concentration dependent on the temperature range under 
which soybean seed mature [18]. Other researchers also 
found that maximum temperatures correlated better with 
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seed composition than minimum temperatures [61,62]. 
Therefore, the lower seed protein and oil concentrations 
in Milan than in Jackson could be due to combination of 
high maximum temperatures and lower rainfall (drought 
stress). Although the maximum temperatures in Milan 
and Jackson were generally similar, except in 2010, the 
rainfall was different between the two locations, espe- 
cially during the seed-fill period in August and Septem- 
ber. This difference in rainfall can expose soybean seed 
during this critical period to different level of drought 
stress. Previous research on irrigation in the Midsouth, 
using soil water potential sensors, showed that −15 kPa 
represented the water field capacity, −50 to −60 kPa rep- 
resented water stress level where irrigation is needed for 
higher yield, and −100 kPa represented drought condi- 
tions where yield and seed composition can be nega- 
tively impacted [22]. Previous research also showed that 
after a regular irrigation (once per 7 to 10 days), soybean 
required about 56.8 mm of water per week to 10 days to 
avoid water stress (Bellaloui and Mengistu, 2008). It was 
shown that in the Midsouth pan evaporation was typi- 
cally 6.35 mm·day-1 during R1 (beginning of flowering) 
to R6 (full seed-fill) and about 76.2 mm of water was 
needed for about every 12 days for cracking soil and 
furrow irrigation [63]. Since the experiment was not ir- 
rigated and rainfall was low during reproductive stages, 
especially in Milan and Jackson in 2008 and 2010, 
drought may have occurred, resulting in differences in 
seed constituents concentrations between years and loca- 
tions. 

4.2. Seed Daidzein, Glycitein, Genistein, and 
Total Isoflavones 

The significant effects of year, location, treatment (K 
application rates), and their interactions on individual 
and total isoflavones indicated the significant influence 
of these factors on isoflavones. The interaction between 
year, location, and treatment indicated that the level of 
treatment effects depended on year and location, reflect- 
ing the environmental effects of the growing season on 
isoflavones. Previous research reported that isoflavones 
were significantly influenced by genotype × year, geno- 
type × location, and genotype × year × location interac- 
tions [28,29,32]. It was reported that the concentrations 
of isoflavones varied from 460 to 1950 μg·g−1 in the 
same cultivar grown in different locations [29], and in 
the same cultivar and in the same location, year had sig- 
nificant effects on the total isoflavones concentration 
which ranged, depending on the year, from 1176 to 3309 
μg·g−1 [5]. It was also reported that location had a sig- 
nificant effects on isoflavones, and isoflavone concentra- 
tion varied from 1176 to 1749 μg·g−1 among locations 

within the same year in the same cultivar [5]. It was 
found that seed developed at high temperature during 
seed-fill had lower concentration of isoflavones com- 
pared with seed developed at lower temperatures [30, 
31]. 

The increase of individual and total isoflavone con- 
centrations in 2008, 2009, and 2010 in Jackson, and in 
2008 and 2009 in Milan with the increase of K fertilizer 
rates indicated that K can alter isoflavones concentra- 
tions. The decrease of individual and total isoflavones 
after the maximum concentration of isoflavones were 
reached, as in Milan 2009, may be due to possible nega- 
tive effects of extremely high K rates on isoflavone con- 
centrations. The different concentrations of individual 
and total isoflavones in each year and in each location 
may be due to environmental effects such as temperature 
and drought in each year, K concentration in soil in each 
location and K concentrations in leaves and seed. Previ- 
ous research showed that isoflavones have been affected 
by biotic and abiotic factors, including air temperature, 
soil moisture, soil fertility, and diseases [31,31]. It was 
reported that on soils low to medium in potassium K, 
seed isoflavone concentrations may be increased by 20% 
by K fertilization (90 kg·K·ha−1) compared with an un- 
fertilized control [57]. On the other hand, it was reported 
that K application did not increase isoflavones, and it 
was explained that this could be due to high soil fertility 
[32]. It was also reported that a direct deep-banded K or 
residual surface-applied K on low-K soils resulted in 
higher concentrations of daidzein, genistein, and total 
isoflavone; however, application of K on medium to high 
K concentration in soil had less effect on isoflavones 
[57]. In our experiment K concentration increased in 
leaves at R1 (beginning of flowering), R3 (beginning of 
seed pod), and in seed with the increase of K rate in- 
creases in 2008, 2009, and 2010 in Jackson (Table 4). In 
Milan, K rate increases resulted in K concentration in-
crease in leaves at V5 in 2009 and 2010, in leaves at R1 
in 2008 and 2010, in leaves at R3 in 2008, 2009, and 
2010 in leaves at R1 in 2008, and in seed in 2008 and 
2010 (Table 4). Therefore, in most cases, there was a 
positive response of leaves and seed to K fertilizer in- 
creases. It was also reported that individual and total 
isoflavones were often positively correlated with leaf and 
seed K in low-K soils, and therefore, K management 
could become an effective tool to increase isoflavones in 
low K soils [57]. Our results are in agreement with those 
of previous research [43,57], but in disagreement with 
those of others [32]. The decrease of individual and total 
isoflavones with the extremely high K rate application, 
such as in 2010 in Milan, indicated that K fertilizer ap- 
plication at extremely high rates can have negative ef-
fects on isoflavones. It appears that the positive, negative, 
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or no effects of K fertilizer on isoflavones depends on the 
environmental factors (mainly temperature and drought 
stress), location, K level in soil, K rate applied, and soil 
type.  

5. Conclusion 

Our experiment demonstrated that K fertilizer can alter 
seed protein, oil, oleic acid, and isoflavones. However, 
the alteration (increase or decrease) of these seed com- 
position constituents depended on K rate, yearly envi- 
ronmental factors, such as drought and temperature, lo- 
cation, and K level in soil. The interaction between K 
rate and year, and between K rate and location for seed 
protein, oil, oleic, and isoflavones signifies the sensitiv- 
ity of the seed constituents to the environment, creating a 
challenge for the breeding program to select for high 
seed oil, protein, and isoflavone breeding lines that pro- 
duce high stable levels of these constituents under 
drought and warm environment and across locations. The 
lack of positive responses or decrease of oil and isofla-
vones to the highest rate of K fertilizer (T4), in some 
cases such as in 2010 in Milan, may indicate possible 
negative effects of K fertilizer on seed composition con-
stituents at high rates of K. Although the recommended 
rate (either 0 or 45 kg·ha−1) of K in TN may be adequate 
for yield on the test fields, higher K rates than the rec-
ommended could be beneficial for improving seed com- 
position constituents. The mechanisms explaining the 
stimulatory or inhibitory effects of K nutrition on seed 
constituents remain largely unknown and require further 
research.  
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