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Abstract

Limited information is available on the effects of crop rotation on seed nutrition. Therefore, the
objective of the current research was to determine whether crop rotations are beneficial to soy-
bean seed nutrition for the first two complete rotation cycles in an experiment conducted from
2007 through 2012. The first complete rotation cycle (experiment one) was conducted in 2009,
then repeated in 2010, and the second complete rotation cycle (experiment two) was conducted in
2011, and then repeated in 2012. The rotation sequences were: wheat-late cotton-fallow-soybean
(WCFS), fallow-cotton-wheat-soybean (FCWS), and fallow-cotton-fallow-soybean (FCFS). The re-
sults showed that WCFS and FCFS resulted in higher seed oil, palmitic and stearic acids, glucose,
sucrose, fructose, Fe, P, and B. No consistent effects on seed protein, oleic acid, linoleic acid, lino-
lenic acid, raffinose, stachyose, and Mn contents were observed. These changes were accompanied
by higher P, K, B, Fe in soil and N, K, and B in leaves, indicating that soil and leaf nutrients may re-
sult in continuous supply and mobility of nutrients from leaves to seed during seed fill. Our re-
search demonstrated that crop rotation management can result in seed nutrient changes, affecting
seed quality.
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1. Introduction

Soybean seed quality is determined by seed nutrients composition (protein, oil, fatty acid, sugars, and minerals).
Protein concentration in seeds ranges from 341 to 568 g-kg* and oil from 83 to 279 g-kg* [1]. Oil contains sa-
turated fatty acids, including palmitic (10% - 12%), stearic (2.2% - 7.2%) [2], oleic acid (24%), linoleic acid
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(54%), and linolenic acid (8%) [3]. Total soluble sugar in seeds is about 9% - 12%, including sucrose (4% - 5%),
raffinose (2%), and stachyose (3.5% - 4.5%) [4]. The role of mineral nutrition in soybean seed quality was pre-
viously reported [5]-[9]. High oleic fatty acid and low linolenic fatty acid in seeds are desirable for oil
processing because they contribute to oxidative stability of the oil. High sucrose, glucose, and fructose are de-
sirable because they contribute to soybean flavor and taste, but high raffinose and stachyose are not desirable
because they are indigestible and they cause flatulence or diarrhea in non-ruminants such as chicken and pigs
[10].

Beneficial effects of crop rotation for yield, weed and disease control, soil fertility, and soil structure were
previously reported, for example [11]-[18]. However, limited information is available on the effects of crop ro-
tation on soybean seed nutrition [11], especially seed protein, oil, fatty acids, and sugars. Previous literature
showed that in conventional-till and no-till systems in seven rotations of soybean and corn, conducted in 1996
through 2005, protein concentration decreased from 357 mg-kg ™ in first-year soybean following five consecu-
tive years of corn to 351 mg-kg * in fifth-year soybean following five consecutive years of corn under conven-
tional system. They reported that protein concentration had no clear trend in the no-till system, but oil concen-
tration increased at similar rates in conventional-till and no-till systems as years of continuous soybean produc-
tion increased [11]. It was found that soil N levels often increased when a N-fixing crop was included in the ro-
tation [19], and increased N availability to subsequent crops [13]. Although the effects of rotation on soil miner-
al status are obvious, it was concluded that the explanation of rotation effects is beyond soil mineral status alone
[20]. For example, it was found that crop rotation improved soil structure [14], soil organic matter [15], water
use efficiency [16], enhanced mycorrhizal associations [21], improved grain quality [17] and crop nutrient use
efficiency [16], decreased the variability in grain yield [18], improved weed control, and interrupt insect and
disease cycles [16]. Maintaining optimum nutrient concentrations in soil resulted in higher seed protein and
oleic fatty acid percentages [5]. A positive correlation of boron (B) with protein and oleic acid was also found
[5], suggesting an indirect role of B with seed composition. This observation was supported by previous re-
search when foliar B application increased soybean seed protein and oleic acid concentrations [16].

In spite of the tremendous efforts devoted to study the beneficial effects of crop rotation on yield, little infor-
mation is available on the effects of crop rotation on soybean seed composition. Therefore, the objective of the
current research was to evaluate three cropping sequences on seed protein, oil, fatty acids, sugars, and mineral
nutrients under Midsouth USA conditions.

2. Materials and Methods
2.1. Field Management and Growth Conditions

A field experiment was conducted in Stoneville, MS (33°26'N, 90°91'W), and repeated in a different field with
the same Dundee silty clay loam (fine-silty, mixed, active, thermos TypicEndoaqualfs) soil type in 2007 through
2012. The experiment reported here is a part of a large experiment designed to evaluate the effects of crop rota-
tion on nematode and weed control, using different crop rotation sequences including wheat, cotton, sorghum,
and soybean. We focus here only on two complete rotation cycles ending in soybean. Two repeated experiments
were conducted. Experiment one (Exp 1) was conducted in 2009 (repeat measure 1) and 2010 (repeat measure 2)
(Table 1). Experiment two (Exp 2) was conducted in 2011 (repeat measure 1) and 2012 (repeat measure 2) (Ta-
ble 1). Experiment one refers to the first complete crop rotation cycle, and experiment 2 refers to the second
complete crop rotation cycle. The rotation sequences were wheat-late cotton-fallow-soybean (WCFS), fal-
low-cotton-wheat-soybean (FCWS), and fallow-cotton-fallow-soybean (FCFS). Planting and harvest dates for
summer and winter crops included in the rotations are summarized in Table 1 and were typical for this region.
Plots of each crop species were 4 rows wide (1 m row spacing) and 17 m long. Standard fertilizer, weed control,
and insect management practices for Mississippi were followed for soybean [22], cotton, and wheat [23] crops
included in the rotation.

Soybean varieties were Asgrow AG 4404 RR (Monsanto, Inc., St. Louis, MO) in 2009 and 2010; Asgrow AG
4605 RR (Monsanto, Inc., St. Louis, MO) in 2011, and Armor DK 4744 RR2 (Armor Seed, LLC, Fisher, AR) in
2012. The full season cotton variety was Deltapine DPL 161 B2RF (Monsanto, Inc., St. Louis, MO), and the late
planted cotton variety was Deltapine DPL 117 B2RF (Monsanto, Inc., St. Louis, MO) for all years. Wheat varie-
ties were Terral LA841 (Terral Seed, Rayville, LA) in 2007, Agripro Beretta (Syngenta Cereals, Berthoud, CO)
in 2008, Georgia Gore (University of Georgia Agricultural Experiment Station, Athens, GA) in 2009, Ranger
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Table 1. Planting and harvest dates for summer and winter crops included in the rotation sequences in two field experi-
ments in Stoneville, MS.

Experiment one Experiment two

Rotation cycle 1 Rotation cycle 2

Planting date

Rotation Winter Summer Winter Summer Winter Summer Winter Summer
WCFS Wheat Late cotton Fallow Soybean Wheat Late cotton Fallow Soybean
10/21/2007 06/03/2008 - 04/30/2009 11/05/2009 06/02/2010 - 04/18/2011
10/22/2008  06/02/2009 - 04/27/2010 10/29/2010  05/31/2011 - 04/10/2012
FCWS Fallow Cotton Wheat Late soybean Fallow Cotton Wheat Late soybean
- 05/01/2008 10/22/2008  06/03/2009 - 04/27/2010 10/29/2010  05/31/2011
- 04/30/2009 11/05/2009  06/02/2010 - 04/18/2011  02/02/2012"  05/17/2012
FCFS Fallow Cotton Fallow Soybean Fallow Cotton Fallow Soybean
- 05/01/2008 - 04/30/2009 - 04/27/2010 - 04/18/2011
- 04/30/2009 - 04/27/2010 - 04/18/2011 - 04/10/2012

Harvesting date

WCFS Wheat Late cotton Fallow Soybean Wheat Late cotton Fallow Soybean
06/02/2008 10/15/2008 - 09/29/2009  05/26/2010  09/30/2010 - 10/03/2011
05/29/2009 10/26/2009 - 09/22/2010 05/25/2011 10/05/2011 - 08/24/2012

FCWS Fallow Cotton Wheat Late soybean Fallow Cotton Wheat Late soybean

- 10/15/2008 05/29/2009 09/29/2009 - 09/15/2010 05/25/2011 10/03/2011
- 10/26/2009  05/26/2010  09/22/2010 - 10/05/2011  05/16/2012  09/24/2012
FCFS Fallow Cotton Fallow Soybean Fallow Cotton Fallow Soybean
- 10/15/2008 - 09/29/2009 - 09/15/2010 - 10/03/2011
- 10/26/2009 - 09/22/2010 - 10/05/2011 - 08/24/2012

Wheat plots planted later than recommended.

30127 (MBS Seed, Ltd., Denton, TX) in 2010 and 2011, and Croplan Genetics 38206 (Croplan Genetics, St.
Paul, MN) in 2012. The use of cultivars in each year was based on market availability. Plots were furrow irri-
gated as needed during the summer season. The two center rows of each soybean plot were mechanically har-
vested with a Gleaner K2 (Allis-Chalmers, Milwaukee, WI) equipped with a weigh basket.

A random sample of 15 - 20 soybean leaves (fully expanded leaves) at seed-fill stage (R5-R6) were collected
from the middle two rows of each plot. The leaves were taken only from the top third of the plant to assure con-
sistency and avoid variability. A 2000 cm® sample of seed was taken from the weigh basket at harvest. Soil
samples were collected from each plot at planting and at harvest during the summer cropping season. Six soil
cores (30 cm deep and 2.5 cm in diameter) from the center two rows of each plot were combined. Leaves, seeds,
and soil samples were processed and nutrients were determined as described below.

2.2. Soil Minerals, N, and C Analysis

Soil minerals (macro- and micro-nutrients), N, S, and C were analyzed at The University of Georgia’s Soil,
Plant, and Water Laboratory, Athens, GA. The concentration of K and Mn was determined using a 5-g soil: 20
ml Mehlich-1 solution and analyzed using inductively coupled plasma (ICP) spectrometry (ICP). For N, S, and
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C, the analysis was conducted on a 0.25-g sample of soil by combusting samples in an oxygen atmosphere at
1350°C, converting elemental nitrogen, sulfur, and carbon into N,, SO,, and CO,. These gases are then passed
through infrared cells and N, S, and C were determined by elemental analyzer using thermal conductivity cells
(LECOCNS-2000 elemental analyzer LECOCorporation, St. Joseph, MI, USA).

2.3. Leaf and Seed Minerals and N Analysis

Leaves and mature seeds at R8 stage were analyzed for minerals and N concentration by digesting 0.6 g of dried,
ground seed in HNO; in a microwave digestion system. Samples were ground to pass through 1-mm sieve using
a Laboratory Mill 3600 (Perten, Springfield, IL). The concentrations of minerals (K and Mn) were determined
using inductively coupled plasma spectrometry (ICP) [7] [8]. For N measurement, a 0.25 g ground-dried sample
was used, and the concentration was determined using a LECOCNS-2000 elemental analyzer LECOCorporation,
St. Joseph, MI, USA) [7]. Boron, Fe and P concentrations were determined as described below.

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

Seeds at harvest maturity (R8 stage) were collected from each plot and analyzed for protein, oil, and fatty acids.
Briefly, a sample of 25 g of seed was ground using the Laboratory Mill 3600 and analyzed by near infrared ref-
lectance [24] [25] using a diode array feed analyzer AD 7200 (Perten, Springfield, IL, USA). The calibration
equation was developed by the University of Minnesota using Perten’s Thermo Galactic Grams PLS 1Q software,
and the calibration curve was established using AOAC methods [26] [27]. Protein and oil contents were deter-
mined based on a seed dry matter basis [8] [24] [28] and contents of palmitic, stearic, oleic, linoleic, and lino-
lenic fatty acids were performed on the total oil basis [8].

2.5. Seed Analysis for Sucrose, Raffinose, and Stachyose

Seeds at R8 were collected for sugar analysis. Briefly, a sample of 25 g of seed from each plot was ground using
the Laboratory Mill 3600 and analyzed by near infrared reflectance (NIR) [9] [24] [43] using the AD 7200 array
feed analyzer. Analyses of sugars were performed based on a seed dry matter basis [9] [24] [28].

2.6. Glucose Determination in Seed

Glucose concentration in seed was determined by an enzymatic reaction using a Glucose (HK) Assay Kit, Prod-
uct Code GAHK-20 (Sigma-Aldrich Co, St Louis, MO, USA). During this reaction, glucose is phosphorylated
by adenosine triphosphate (ATP) and catalyzed by hexokinase. The glucose-6-phosphate (G6P) produced is then
oxidized to 6-phosphogluconate by oxidized nicotinamide adenine dinucleotide (NAD) in a reaction catalyzed
by glucose-6-phosphate dehydrogenase (G6PDH). An equimolar amount of NAD is then reduced to NADH, and
the increase in absorbance at 340 nm is directly proportional to the glucose concentration in the sample. Seed
samples were ground using the Laboratory Mill 3600 to obtain uniform particles. Briefly, a random sample of
0.1 mg was extracted with deionized water. Then, the sample solution was heated by heat plate to aid extraction.
The extract was diluted to 1:100 with deionized water to obtain a range of 0.05 to 5 mg glucose ml™. A 100-pl
sample was added to 1 ml of the Glucose (HK) Assay Reagent and then incubated at room temperature for 15
min. A sample blank consisting of 100 pl of sample and 1ml of deionized water, and a reagent blank consisting
of 1ml of Glucose (HK) Assay Reagent and 100 pl of deionized water were prepared. The concentration of the
glucose was determined by reading the samples at absorbance of 340 nm using the Beckman Coulter DU 800
spectrophotometer. The concentration of glucose was expressed as mg-g *-dwt.

2.7. Fructose Determination in Seed

Fructose concentration in seed was determined based on an enzymatic reaction using a Fructose Assay Kit,
Product Code FA-20 (Sigma-Aldrich Co., St. Louis, MO, USA). During this reaction, fructose in this reaction is
phosphorylated by ATP in a reaction catalyzed by hexokinase. The resulted fructose 6-phosphate is converted to
G6P by phosphoglucose isomerase (PGI). Then, G6P was oxidized to 6-phosphogluconate in the presence of
NAD in a reaction catalyzed by glucose-6-phosphate dehydrogenase (G6PDH). An equimolar amount of NAD

1608



N. Bellaloui et al.

is then reduced to NADH, and the increase in absorbance at 340 nm is directly proportional to fructose concen-
tration in a sample. Seed samples were ground using the Laboratory Mill 3600 as described above. A sample of
0.1 mg was extracted with deionized water, then heated by heat plate to aid extraction. The extract was then di-
luted to 1:100 with deionized water to obtain a concentration of 100 - 1000 pg fructose ml™*. A sample of 100 pl
was added to 2 ml of the Glucose Assay Reagent and 0.02 ml PGI and incubated at room temperature for 15 min.
A sample blank and a sample of Glucose Assay Reagent blank and PGI blank were prepared as recommended
by the manufacturer (Fructose Assay Kit, Product Code FA-20, Sigma-Aldrich Co., St. Louis, MO, USA). The
concentration of fructose was determined by reading the samples absorbance at 340 nm using the Beckman
Coulter DU 800 spectrophotometer. The concentration of seed fructose was expressed as mg-g *-dwt.

2.8. Boron Determination

Concentrations of B in leaves and mature seeds at R8 were determined using the Azomethine-H method [29]
[30]. Briefly, a sample of 1.0 g was ashed at 500°C and then extracted with 20 ml of 2 M HCI at 90°C for 10
minutes and filtered. Then, a 2-ml sample of the filtered mixture was added to 4 ml of buffer solution (contain-
ing 25% ammonium acetate, 1.5% EDTA, and 12.5% acetic acid) and 4 ml of freshly prepared azomethine-H
solution (0.45% azomethine-H and 1% of ascorbic acid) [31]. Boron concentration in leaves and seeds was de-
termined in the samples after color development at 420 nm using a Beckman Coulter DU 800 spectrophotometer
(Beckman Coulter, Inc., Brea, CA, USA).

2.9. Iron Determination

Concentrations of Fe in leaves and mature seeds at R8 were determined after acid wet digestion, extraction, and
reaction of the reduced ferrous Fe with 1,10-phenanthroline according to the methods [32] [33]. Briefly, a ran-
dom sample of 2 g of dried ground leaves or seeds was acid digested, and then the acids were removed by vola-
tilization. The soluble constituents were dissolved in 2 M of HCI. An aliquot of 4 ml containing 1 - 20 pg of iron
of the sample solution was transferred into a 25-ml volumetric flask and diluted to 5 ml using 0.4 M HCI. A vo-
lume of 1 ml of Quinol solution was added to the 5 ml diluted sample solution and mixed. Then, 3 ml of the
phenanthroline solution and 5 ml of the tri-sodium citrate solution (8% w/v) was added. The solution was di-
luted to 25 ml with distilled water and incubated at room temperature for 4 h. The phenanthroline solution of
0.25% (w/v) was prepared in 25% (v/v) ethanol, and the quinol solution (1% w/v) reagent was prepared on the
day of use. Standard solutions to establish standard curves of Fe ions were prepared in 0.4 M HCI, and ranged
from 0.0 to 4 ug-ml™* of Fe using FeSO,. The concentrations of Fe in the samples were determined using the
Beckman Coulter DU 800 spectrophotometer after reading the absorbance at 510 nm.

2.10. Phosphorus Determination

Phosphorus concentration in leaves and mature seeds at R8 was performed according to Cavell [34]. Phosphorus
measurement was carried out spectrophotometrically as the yellow phosphor-vanado-molybdatecomplex [9]
[34]. Briefly, a 2-g dried, ground leaf or seed sample was ashed to completely destroy organic matter. Ten ml of
6 M HCI was added to the ashed samples, and the samples were placed in a water bath at 100°C to evaporate the
solution to dryness. Then, samples were kept under heat, and 2 ml of 36% v/v HCI was added and the samples
were boiled. After adding 10 ml of distilled water, the solution was boiled for a few seconds and transferred to a
50-ml volumetric flask, diluted to 50 ml with distilled water and filtered. Five ml of 5 M HCI and 5 ml of am-
monium molybdate-ammonium metavanadate reagent were added to 5 ml of the filtrate. After diluting the solu-
tion to 50 ml with distilled water, the solution was allowed to stand for 30 minutes. Ammonium molybdate-
ammonium metavanadate was prepared in 500 ml of distilled water by dissolving 25 g of ammonium molybdate
and 1.25 g of ammonium metavanadate. The concentration of P was measured after color development by read-
ing the absorbance at 400 nm using the Beckman Coulter DU 800 spectrophotometer. To establish the P stan-
dard curve, standard solutions of P concentrations ranging from 0 - 50 pg-ml™* were prepared using dihydrogen
orthophosphates.

2.11. Experimental Design and Statistical Analysis

The experimental design was a split plot with treatment (crop rotation) as the main plot, and rotation cycle as the
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sub-plot. Since within each rotation cycle the rotation sequence involving soybean was repeated twice, rotation
sequence was considered as repeated measure (Repeat). Plots were arranged in a randomized complete block
design with four replications, with Repeat, Rep (Repeat), Repeat x Treat, Repeat X Exp, Repeat x Treat x EXp,
Rep x Exp (Repeat), Rep x Treat (Repeat) modeled as random effect, and Treat (crop rotation), Experiment
(Exp: the first 2-year cycle and the second 2-year cycle), and Treat x Exp modeled as fixed effects. Therefore,
random effect factors were considered as covariance parameters and their estimated residuals were indicated in
Table 2 and Table 3. Residual values in Table 2 and Table 3 refer to Restricted Maximum Residual Likelihood
(REML), which reflects the total variance of the random parameters in the model. Analysis of variance was
conducted using a Proc Mixed model in SAS [35]. Means were separated by Fisher’s least significant difference
test at the 5% probability level.

3. Results and Discussion

3.1. Analysis of Variance

Analyses showed that crop sequence had a significant effect on seed oil, sucrose, stachyose, glucose, P, and B
contents, but had no effect on seed protein, palmitic acid, oleic acid, linoleic acid, linolenic acid, fructose, raffinose,

Table 2. Analysis of variance (F and P values) for the effect of crop sequence (Treat), rotation cycle (Exp), and their inte-
ractions (Treat x Exp) on seed protein, oil, fatty acids (%), sugars (mg-g %), and P (%), and Fe, B, and Mn (mg-kg ™). The
experiment was conducted in 2007 through 2012 under Mississippi delta region conditions.

Seed protein, oil, and fatty acids

Protein Oil Palmitic Stearic Oleic Linoleic Linolenic
Source effect
F P F P F P F P F P F P F P
Treat 1.62 NS 202 . 1.19 NS 0.050 NS 0.120 NS 0.330 NS 0.072 NS
Exp 0.19 NS 3.40 NS 22.7 ” 571 NS 0030 NS 0.680 NS 19.0 NS
Treat x Exp  0.74 NS 0290 NS 1.14 NS 2.76 NS 0200 NS 0210 NS 0120 NS
Residual® 0.184 0.688 0.075 0.009 1.10 1.17 0.215
Seed sugars
Sucrose Raffinose Stachyose Glucose Fructose
Source effect
F P F P F P F P F P
Treat 51.4 0.210 NS 473 . 87.7 4.67 .
Exp 0.100 NS 0.000 NS 8.99 - 0.790 NS 2.32 NS
Treat x Exp 0.910 NS 0.930 NS 9.100 4,08 : 0.290 NS
Residual® 245 0.31 22.7 0.095 0.005
Seed minerals
Fe P B Mn
Source effect
F P F P F P F P
Treat 3.96 NS 43.8 104 1.39 NS
Exp 26.9 NS 1.05 NS 0.020 NS 0.470 NS
Treat x Exp 0.670 NS 3.10 NS 2.730 NS 0.730 NS
Residual® 63.704 0.002 9.632 20.59

*L*evel of significance at P*§*0.05.Values in this entire row refer to Restricted Maximum Residual Likelihood (REML). "Significance at P < 0.05;
Significance at P <0.01; "~ Significance at P <0.001.
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Table 3. Analysis of variance (F and P values) for the effect of each experiment (Experiment one and experiment two)
(Exp), crop sequence (Treat), and their interactions (Exp x Treat) on seed protein, oil, fatty acids (%), sugars (mg-g™%), and
P (%), and Fe, B, and Mn (mg-kg ). The experiment was conducted in 2007 through 2012 under Mississippi delta region
conditions.

Seed protein, oil, and fatty acids

Protein Oil Palmitic Stearic Oleic Linoleic Linolenic
Source effect
F P F P F P F P F P F P F P
Year 119 1.1 NS 10.2 80.3 244 185 68.8
Treat 9.43 179 14.5 0.17 NS 0.45 NS 1.08 NS 0.28 NS
Year x Treat  4.59 - 0.25 NS 5.52 3.69 - 2.71 i 2.15 NS 2.69 -
Residual® 0.223 0.44 0.19 0.0000 0.54 0.00001 0.0000
Seed sugars
Sucrose Raffinose Stachyose Glucose Fructose
Source effect
F P F P F P F P F P
Year 22.34 0.270 NS 2.94 - 0.34 NS 3.24 -
Treat 113 0.180 NS 434 ” 78.49 18.91
Year x Treat 2.12 NS 0.380 NS 3.13 - 1.43 NS 4.21 -
Residual® 0.96 0.26 0.96 0.096 0.0065
Seed minerals
Fe P B Mn
Source effect
F P F P F P F P
Year 60.3 17.6 13.97 0.26 NS
Treat 35.37 51.96 99.67 1.27 NS
Year x Treat 3.56 - 0.78 NS 1.02 NS 0.57 NS
Residual® 0.0005 0.0039 0.941 0.958

Values in this entire row refer to Restricted Maximum Residual Likelihood (REML). “Significance at P < 0.05; ~Significance at P < 0.01; ~Signi-
ficance at P < 0.001.

Fe, and Mn contents (Table 2). Experiment (Exp) had a significant effect on palmitic acid and stachyose con-
tents, indicating that these constituents responded differently in each Exp. The contents of seed oil, protein, stea-
ric acid, linoleic acid, linolenic acid, sucrose, glucose, Fe, P, and Mn were not affected by Exp, indicating that
these constituents had similar response in each Exp. The interaction between Exp and Treatment (Treat) was
significant only for stachyose and glucose contents, indicating similar effects of crop rotation on all other seed
constituents, except these two constituents.

To evaluate in detail the effect of rotation sequence in each year, analysis of variance was conducted where
Proc Mixed model included both Year and Treat (rotation sequence) (Table 3). The results of both analyses
showed that Treat had significant effects on seed oil, sucrose, stachyose, glucose, P, Fe, and B, but no significant
effects were observed on other seed constituents. Year showed significant effects on protein, stearic acid, pal-
mitic acid, oleic acid, linoleic acid, linolenic acid, sucrose, fructose, stachyose, Fe, P, and B. The significant ef-
fect of Year on some seed constituents in the analyses indicated that these constituents showed different re-
sponse in each year, which may be due to precipitation and temperature differences between years and biotic
factors, including cultivar differences, and disease and pest pressure. Differences in precipitation (mm) and
temperature (°C) [36] during all soybean cropping seasons (2008-2012) are shown in Figure 1 and Figure 2.
Year x Treat interactions showed significant effects on protein, palmitic acid, stearic acid, oleic acid, linolenic
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acid, stachyose, fructose, and Fe, but no effects of Year x Treat on oil, linoleic acid, sucrose, raffinose, glucose,
B, P, and Mn were observed.

3.2. Effect of Rotation Sequence on the Mean Value of Seed Composition Constituents

Because Exp x Treat was significant for some seed composition constituents, results were presented by each
experiment (Experiment 1 and Experiment 2) (Table 4 and Table 5). In Experiment 1 and comparing with the
rotation sequence FCWS, both FCFS and WCFS resulted in higher oil, palmitic acid, stearic acid, sucrose, glu-
cose, fructose, Fe, P, and B. No effects of rotation on protein, oleic acid, linolenic acid, raffinose, and Mn were
observed. Rotation FCWS resulted in higher stachyose, opposing the trend of sucrose in FCFS and WCFS. In
Experiment 2, rotation sequence FCFS and WCFS resulted in higher content of protein, oil, palmitic acid, stearic
acid, sucrose, glucose, fructose, Fe, P, and B, and Mn concentrations than rotation sequence FCWS. No effects
of crop rotation were observed on oleic acid, linoleic acid, linolenic acid, and stachyose concentrations. Based
on the two experiments, it appears that rotations FCFS and WCFS resulted in consistent increases in seed oil,
palmitic acid, stearic acid, sucrose, glucose, fructose, Fe, P, and B. The functions of seed sugars are still not
completely known [36], and the relationships between the sugars are complex and dependent on maturity, geno-
type, environment, and their interactions [37] [38]. For example, positive correlations were found between total
sugar and sucrose, total sugar and raffinose, and sucrose and raffinose. However, a negative correlation between
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Figure 1. Temperature and precipitation during the summer
crop season for soybean in 2008, 2009, and 2010 measured at

Stoneville, MS.
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Figure 2. Temperature and precipitation during the summer
crop season for soybean in 2011 and 2012 measured at
Stoneville, MS.

Table 4. Experiment 1. Effects of crop rotation sequence on seed protein, oil, fatty acids (%), sugars (mg-g %), and P (%),
and Fe, B, and Mn (mg-kg ). The experiment was conducted in 2007 through 2011 under Mississippi delta region condi-

tions.

Seed protein, oil, and fatty acids

Rotation sequence Protein oil Palmi.tic Stear.ic Olei.c Linolfsic Linole.nic
C16:0 C18:0 C18:1 C18:2 C18:3
FCFS 42.13a 25.65a 12.03a 3.95b 23.43a 56.95b 5.06a
FCWS 41.68 a 20.60 b 1094 b 4.09a 236la 57.43a 5.05a
WCFS 41.69 a 25.63 a 11.88a 3.94b 23.09a 57.68a 4.83a
LSD at P <0.05 0.66 0.24 0.22 0.11 0.58 0.47 0.36
Seed sugars and minerals
Rotation sequence ~ Sucrose  Raffinose  Stachyose  Glucose Fructose Fe P B Mn
FCFS 65.80 a 4.94a 40.56 b 2.18a 0.6la 75.79a 0.49a 51.28a 29.68a
FCWS 38.23¢c 4.80a 50.74 a 1.18b 0.45c 46.31c 0.29¢c 36.54 b 28.79a
WCFS 60.81b 4,99 a 39.56 b 215a 0.55b 65.66 b 0.46 b 52.59 a 27.03a
LSD at P <0.05 321 0.20 1.20 0.13 0.03 5.86 0.02 1.48 1.68

Means within a column followed by the same letter are not significantly different at the 5% level as determined by Fishers’ LSD test. Values are
means of four replicates. Rotation sequences were wheat-late cotton-fallow-soybean (WCFS), fallow-cotton-wheat-soybean (FCWS), and fallow-
cotton-fallow-soybean (FCFS).
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Table 5. Experiment 2. Effects of crop rotation sequence on seed protein, oil, fatty acids (%), sugars (mg-g %), and P (%),
and Fe, B, and Mn (mg-kg ). The experiment was conducted in 2008 through 2012 under Mississippi delta region condi-

tions.
Seed protein, oil, and fatty acids
Rotation sequence Protein oil PaImi.tic Stear_ic Olei_c Linolfeic Linole.nic
C16:0 C18:0 Cc18:1 C18:2 C18:3
FCFS 41.40a 25.46 a 11.20a 441a 2455 a 53.58 a 6.49 a
FCWS 40.23b 20.08¢ 10.58 b 426b 2390a 54.3la 6.48a
WCFS 41.26a 25.01b 11.10a 4.38a 2416 a 53.66 a 6.39a
LSD at P <0.05 0.44 0.33 0.22 0.07 221 1.93 0.23
Seed sugars and minerals
Rotation sequence  Sucrose Raffinose  Stachyose  Glucose Fructose Fe P B Mn
FCFS 65.31a 5.00 a 40.08 a 248 a 0.65a 100.74 a 0.53b 54.74 a 29.50 a
FCWS 43.04b 5.04a 38.33a 091c 0.50 b 68.10 b 0.36¢ 34.88b 25.69¢
WCFS 64.23a 470b 40.06 a 2.36b 0.67a 96.46 a 059a 53.26a 27.60b
LSD at P <0.05 2.37 0.18 1.98 0.07 0.03 8.91 0.03 2.23 1.43

Means within a column followed by the same letter are not significantly different at the 5% level as determined by Fishers’ LSD test. Values are
means of four replicates. Rotation sequences were wheat-late cotton-fallow-soybean (WCFS), fallow-cotton-wheat-soybean (FCWS), and fallow-
cotton-fallow-soybean (FCFS).

sucrose and stachyose, and raffinose and stachyose was also reported [39]. Other reports confirmed the positive
correlation between sucrose and raffinose, but found a negative correlation between sucrose and stachyose [37].
Genetic improvement for desirable seed sugar composition constituents through breeding is possible, and unique
low oligosaccharide profile lines have been developed [40] [41], but no improved cultivars have been released to
date [36].

The increase of seed oil, palmitic acid, stearic acid, sucrose, glucose, fructose, Fe, P, and B concentrations
associated with FCFS and WCFS could be due to nutrient changes in soil, soil disease and pest pressure, or both.
Base line soil nutrients analysis showed sufficient nutrient concentrations present in the soil. Nutrient levels in
soil were: B (1.73 mg-kg™), Cu (10.31 mg-kg™), Na (58.7 mg-kg™), Zn (47.1 mg-kg™), Ca (0.314 g-kg ™), Fe
(14.44 g-kg ™), K (1.3 g-kg ™), Mg (2.875 g-kg '), Mn (0.498 g-kg ™), P (0.428 g-kg "), and S (0.11 g-kg ). Soil
analysis of the three rotation sequences, that was conducted at the beginning of the first rotation cycle, showed
that rotations FCFS and WCFS had higher soil P, K, Fe, and B for FCFS, than in FCWS, (Figure 3); in both of
these rotations the winter period immediately preceding soybean was fallow. Although soil did not suffer from
any apparent nutrient deficiencies, it appears that higher nutrients levels in FCFS and WCFS may have resulted
in higher content of some seed constituents, especially seed oil, sugars, Fe, P, and B contents. Leaf analysis from
the three rotation sequences at the beginning of the first rotation cycle showed higher levels of N, K, and B in
soybean grown in FCFS and WCFS than in FCWS (Figure 4), indicating that maintaining higher levels of nu-
trient, especially under high heat conditions of the Mississippi delta may allow efficient nutrients movement
from leaves (source) to seed (sink), especially during seed-fill period. Previous research showed that crop rota-
tion influenced seed composition in soybean, and showed oil concentration differences among crop rotation se-
quences [11]. They reported that in the first-year soybean following five years of consecutive corn and the corn-
soybean rotation in conventional and no-till systems resulted in the lowest oil concentration, and oil increased as
consecutive years of soybean production increased. Other researchers showed that protein and fatty acids in-
creased in soybean-corn rotation compared with continuous soybean [42]. A positive correlation was shown
between soil nutrients (C, K, B, and Zn) and seed nutrients (protein and oleic acid), but negatively associated
with oil and linolenic acid [43]. In our experiment, the increase of oil, sugars (especially sucrose, glucose, and
fructose), P, Fe, and B could be due to higher concentrations of C, K, P, Fe, and B observed in soils of rotations
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Figure 3. Soil nutrient levels in soil of different crop sequences measured at the beginning of
the first rotation cycle only. Values are means of four replicates + SE. Mean bars followed
by the same letter are not significantly different at the 5% level. WCFS = wheat-latecotton-
fallow-soybean; FCWS = fallow-cotton-wheat-soybean; FCFS = fallow-cotton-fallow-soy-
bean.

FCFS and WCFS compared with FCWS rotation. Soil C did not differ between FCFS (1.23%) and WCFS
(1.21%), but was significantly (P < 0.05) lower in FCWS (0.71%). The higher levels of these nutrients in FCFS
and WCFS may be due to lower nutrient removal due to the fallow period prior to soybean production. It was
reported [44] that when wheat was preceded by fallow, less nitrogen was required; for example, nitrogen was
applied at a rate of 52 pounds per acre (58.2 kg-ha ™) compared 65 (72.8 kg-ha ™) for continuous wheat com-
pared with wheat-fallow production. It was reported that sorghum-sudangrass hybrid and fallow was an effective
sequence to reduce yield losses caused by mixed populations of Meloidogyne spp. and Heteroderaglycines [44],
and soil C and N losses were reduced by leaving crop residue on the soil surface [45]. It was found that no-till
practices in a wheat-fallow rotation led to only 3% loss of N, but moldboard-plowed soils resulted in 19% loss
over a 12-yr period [46]. The effects of crop rotation and N input on mineral nutrition and grain composition in
corn was investigated, and found that both N rates and rotation affected these quality components [46]. The ef-
fects of crop management, including crop rotation, on seed nutrients is still inconsistent [11] [47] [48], and this
inconsistency may be due to genotype used and crop environmental conditions, including drought, heat, rainfall,
soil conditions, and diseases. The effects of rotation on seed composition and mineral nutrition is still complex
to explain [20] due to multiple biotic and abiotic factors involved, and further research on the effects of soil-
plant-environmental factors interaction on seed nutrition is needed.
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Figure 4. Leaf nutrient levels in soybean grown in different crop sequences measured at the
seed-fill stage (R5-R6) at the beginning of the first rotation cycle only. Values are means of
four replicates + SE. Mean bars followed by the same letter are not significantly different at
the 5% level. WCFS = wheat-late cotton-fallow-soybean; CWS = fallow-cotton-wheat-soy-
bean; FCFS = fallow-cotton-fallow-soybean.

4. Conclusion

Our research demonstrated that crop rotation can influence seed composition and mineral nutrition in soybean.
Higher seed oil, palmitic acid, stearic acid, sugars (glucose, sucrose, and fructose), Fe, P, and B contents were
observed in rotation sequences that include a fallow period before soybean than in the sequence where wheat
preceded soybean. This response could be due to nutrient changes in soil, influencing the mobility and accumu-
lation of these nutrients in leaves and seed. Other seed constituents such as seed protein, raffinose, stachyose,
and Mn contents were either not affected or their responses to crop rotation were not consistent. Mechanisms of
how these minerals and other factors such as diseases are involved in the mobility and accumulation of nutrients
in seed are still not known. Further research to understand these mechanisms is needed.
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