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Abstract: We evaluated the fatty acid compositions in relation to yield and soil nutrients from four
fields A, B, C, and D with continuous monocropping histories of 0–3 years, respectively, in Japan
from 2015 to 2016. Results showed that, in both evaluation years, seed yield did not significantly
differ among the fields although field A produced the highest mean seed yield and 1000-seed
weight. Between fields A and C, 1000-seed weight showed significant differences. The contents of
seed-saturated fatty acids lauric and myristic decreased in only fields C and D whereas oleic, linoleic,
and linolenic acids increased in field D. Only field A produced the highest contents of lauric and
myristic acids whereas field D produced the highest contents of linoleic and linolenic acids. The soil
total N and exchangeable K contents tended to decrease as exchangeable Mg content significantly
increased on the fields with long duration of cropping, fields C and D. Principal component analysis
revealed significant positive correlations between soil exchangeable K, and total N contents with
1000-seed weight and lauric acid, as exchangeable Mg content was related with oleic, linoleic, and
linolenic acids. Therefore, the high oleic, linoleic, and linolenic acids from field D were mainly
attributed to high soil exchangeable Mg content, whereas the high 1000-seed weight, lauric acid
and myristic acid were due to the high soil exchangeable K content in field A. Overall, the fatty
acid composition quality on the long-duration continuously monocropped fields could show high
economic value at the expense of yield under this management practice in continuous monocropping.

Keywords: Sesamum indicum L.; continuous monocropping; 1000-seed weight; lauric acid; linoleic;
exchangeable K; exchangeable Mg

1. Introduction

Sesame (Sesamum indicum L.) is one of the oldest oilseeds cultivated throughout the world for
its edible oil and use as food [1]. The seeds contain several minerals, lignans, high oil, saturated
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and unsaturated fatty acids, which contribute to nutritional and health benefits when included
in diet. The fatty acid composition in sesame seeds consists of abundant unsaturated fatty acids:
oleic (35.9–42.3%) and linoleic (41.5–47.9%) acids from 80% of total fatty acids; less than 20% are
saturated fatty acids, mainly palmitic (7.9–12%) and stearic acids (4.8–6.1%) [2]. The high abundance
of essential fatty acids such as linoleic that cannot be synthesized in the human body makes sesame
seeds paramount in the human diet. For instance, the fatty acids in sesame oil prevent cardiovascular
diseases, cancer, brain and liver damage, and hypertension [3,4].

Despite the importance of sesame seeds, the production of sesame in Japan had been on a
negligible scale although it is gradually increasing, especially on abandoned paddy fields [5,6].
However, we previously reported yield decline of sesame on upland fields converted from paddy
fields under intensive continuous monocropping as a result of changes in soil nutrient availability [7].
We reported decrease in available N and unbalanced exchangeable cations in which high quantities of
Ca and Mg affected uptake of K. These changes or imbalances in soil nutrient status under continuous
monocropping of sesame could affect sesame seed composition. Furthermore, cultivation factors
such as type and concentration of fertilizer, climatic conditions, or soil type may also influence the
chemical composition of crops [8]. Hence, the fertilizer application and changes in soil nutrient
availability under continuous monocropping could play important roles in determining fatty acid
composition as well as yield.

Soil macronutrients such as N, P, K, Ca, and Mg play important roles in plant growth and
development including controlling seed quality. For instance, nitrogen (N) is generally required for
synthesis of fat, which requires both N and carbon skeletons during seed development [9]. Recent
research indicated that adequate soil N increased linoleic acid and linolenic concentrations in sesame
seeds [10,11]. Other macronutrients, such as adequate soil P and K have been reported to increase oleic
and linolenic acids, respectively, which are important unsaturated fatty acids. Furthermore, saturated
fatty acids, such as lauric and palmitic acids, and oleic acid were reported to slightly increase in
response to adequate soil K since K plays a role in fatty acid and lipid metabolism [12]. In addition to N,
P and K, Mg is also a major plant nutrient in oil synthesis in oilseed crops [13]. Therefore, maintaining
adequate supplies of these macronutrients in the soil would improve crop productivity and quality.

Several studies indicate yield decreases in continuous monocropping which is attributed to
changes in nutrient status that also affect seed oil composition [14–16]. For instance, soybean yield
decreased in continuous monocropping attributed to the imbalance in chemical and physical properties
and consequently low seed quality [15,16]. In addition to low mineral quality, Bellaloui et al. [15]
reported decrease in the oleic acid (C18:1) content whereas linoleic (C18:2) acid increased in continuous
monocropping. Furthermore, a higher linoleic acid in continuous monocropping of canola compared
to that in rotation was reported [17]. Yield decline of rapeseed has been reported in the fifth year of
continuous monocropping, whereas fatty acid composition was greatly improved through increasing
oleic, linoleic, and linolenic acids under different input technologies [18]. The detrimental effect of
continuous monocropping may not reflect a decrease in seed quality depending on the management
practices adopted.

Although sesame yield decline under continuous monocropping on upland fields converted from
paddy fields has been reported [7], there is a lack of information on the fatty acid compositions of
sesame seeds produced under such conditions. Moreover, one of the key factors that determine the
quality of sesame seed is the fatty acid composition. Hence, it is important to understand how the fatty
acid content is influenced in continuous monocropping of sesame as seed yield is negatively influenced.

The objective of this study was to evaluate the composition of the fatty acid in sesame seeds
produced from four continuously monocropped fields while comparing seed fatty acid contents with
sesame yield.
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2. Materials and Methods

2.1. Location and Site Description

A field experiment was conducted on an upland field converted from an abandoned paddy
field during summer in 2015 and 2016 at Tottori, Japan (35◦29′15” N, 134◦07′47” E). Four different
adjacent fields A, B, C, and D with sesame cropping histories of 0–3 continuous monocropping years,
respectively, were set up (Figure 1).

Figure 1. The four continuously monocropped sesame fields in 2015 and 2016.

Briefly, prior to the start of this experiment, fields B, C, and D had been under continuous
monocropping of sesame; field B had previously been cropped with sesame for one season (1 year),
field C had been cropped for two consecutive seasons (2 years), and field D had been cropped for
three consecutive seasons (3 years). Field A was a freshly established sesame field added at the start
of the experiment in 2015. In this study, sesame was cultivated on these four fields, A, B, C, and D,
for two consecutive years, 2015 and 2016, therein referred to as continuously monocropped sesame
fields. The same agronomic practices of sesame were followed throughout the previous years of sesame
cultivation before the start of this experiment. The soil chemical properties of the four continuously
monocropped fields before start of the experiment in 2015 were analysed and are shown in Table 1.

Table 1. Soil analysis of the four continuously monocropped fields prior to experiment in 2015.

Exchangeable Cations

Field pH
(H2O)

EC
(dS m−1)

TN
(g kg−1)

C/N
ratio

P
(mg kg−1)

K
(mg kg−1)

Ca
(mg kg−1)

Mg
(mg kg−1)

A 5.39 0.05 2.32 9.66 29.0 248 918 108
B 5.44 0.04 2.94 8.11 68.4 112 1220 297
C 5.73 0.04 2.90 7.84 76.2 113 1632 307
D 6.01 0.04 2.86 7.74 46.4 101 1904 353

EC = electrical conductivity; TN = total nitrogen; C/N = total carbon to total nitrogen ratio; P = available phosphorous;
K = exchangeable potassium; Ca = exchangeable calcium; Mg = exchangeable magnesium. Data on soil was based on soil
samples from depths of 0–15 cm.

The meteorological data of the experimental site in 2015 and 2016 included the mean monthly
temperature, monthly rainfall, average seasonal temperature, and rainfall as shown in Table 2. During
the two consecutive years, compared with year 2015, year 2016 showed markedly higher temperature
and rainfall.
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Table 2. Mean temperature and rainfall at the experimental site in 2015 and 2016 during the cultivation
period from June to September.

Year Daily/Monthly June July August September Average
Seasonal

2015 Mean daily temperature ◦C 21 25.0 25.6 21.0 23.2
Mean monthly rainfall (mm) 132 102.5 123.0 171.5 132.3

2016 Mean daily temperature ◦C 22 25.7 26.4 22.9 24.3
Mean monthly rainfall (mm) 135 69.5 126.5 330.0 165.3

2.2. Field Experiment and Experimental Design

The experimental fields A, B, C, and D were ploughed to fine tilth and received
nitrogen–phosphorous–potassium–dolomite basal fertilizer application as 70 kg ha−1 N, 105 kg ha−1

P2O5, 70 kg ha−1 K2O, and 1000 kg ha−1 dolomite (total alkali 53%, CaO 39.1%, and MgO 10%) as
the recommended agronomic practice of sesame in the region. The N–P–K fertilizer was supplied
in the form of cyclo-diurea (CDU) compound fertilizer (15%:15%:15%) and triple superphosphate
for phosphorous (34%). This basal inorganic fertilizer together with dolomite was applied in every
sowing season even before start of this experiment. The cultivation was carried out on raised ridges
75 cm wide separated by 40 cm onto which double rows of sesame at spacing of 45 cm × 15 cm were
planted (115,942 plants ha−1). Each ridge was covered with black plastic mulch to reduce weeds and to
maintain soil moisture. Five sesame seeds were sown per hole and later thinned to one plant after one
month (first thinning was done after 2 weeks from sowing). In 2015, sesame was sown on 1 July 2015
and harvested on 28 September 2015 (89 days after sowing), while in 2016, sowing was done on 7 July
2016 and harvesting was on the 27 September 2016 (83 days after sowing).

2.3. Determination of Seed Yield and 1000-Seed Weight

At harvest time, 10 randomly selected plants from each plot in three replications were cut and
capsules were tied in vinyl bags and allowed to dry in the greenhouse after which threshing was done
and weight of the seeds were determined for yield analysis together with the weight of 1000 seeds.

2.4. Determination of Fatty Acids Compositions in Sesame Seeds

Total fatty acids and each fatty acid content were determined by using a total fat determination
unit (Model B-815/B-820 Buchi, Flawil, Switzerland) [19]. Briefly, 6.0 g of sesame seeds harvested from
10 plants per replicates from each continuous monocropping field was milled in a blender in three
replicates; 2.5 g of milled samples was added into the solvent vessel (glass boiling container). Then,
45 mL of n-butanol and 7 granules of potassium hydroxide (for saponification) were added, 0.26 g of
tridecanoic acid C13 was added as internal standard, and one spatula of ascorbic acid (about 0.2 g) was
added to prevent oxidation in the extraction vessel. Extraction and simultaneous saponification of the
samples were carried out on extraction unit (Buchi, Flawil, Switzerland) at boiling temperature for
30 min. Then, 40 mL of sodium dihydrogen formic acid mixture was added to convert the potassium
salts and fatty acids into free fatty acids, and the mixture was stirred for 3 min. The vessels were later
removed from extraction unit and allowed to cool, resulting into a two-phase system with an organic
phase containing fatty acids in the upper phase/layer which was separated; 3 mL of the top layer
(upper phase) was transferred using a micropipette into a 3-mL vial. The total fatty acid content and
composition were then determined by gas chromatography (Model B-820, Buchi, Flawil, Switzerland)
using hydrogen carrier gas at a pressure of 225 kPa and mixture gas pressure of 48 kPa with injection
temperature of 220 ◦C and FID detector (flame ionization detector) temperature 260 ◦C. The initial oven
temperature was 130 ◦C, which was increased at a rate of 6.5 ◦C min−1 to the final steady temperature
of 260 ◦C, which was held for 4 min before the run was terminated.
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2.5. Soil Sampling and Analysis

Immediately after harvesting in each year, soil samples were taken at depths of 0–15 cm, air dried,
sieved through a 2-mm screen, and stored for analysis. Soil samples were analysed for total N using
dry combustion by CN-Corder (Macro corder JM 1000CN, J-Science Co., Ltd., Kyoto, Japan) and CN
ratio was calculated from total N and total C obtained; exchangeable cations K, Ca, and Mg were
calculated by atomic absorption spectrophotometer (Model Z-2300, Hitachi Co., Tokyo, Japan) after
extraction of soils using 1 N ammonium acetate. Soil available P was determined using 0.002 N
sulphuric acid in a mixture of ammonium sulphate as described by Truog [20]. The P concentration
was measured by ammonium molybdate-ascorbic acid method on an absorption spectrophotometer at
710 nm (Model U-5100, Hitachi Co., Tokyo, Japan).

2.6. Data Analysis

All experiments were conducted in a completely randomized blocked design replicated three times.
Data were analysed using one-way analysis of variance (ANOVA) using SPSS 22.0 (SPSS for windows
Inc., Chicago, IL, USA) to evaluate the measured parameters affected by the different fields. Multiple
comparison was performed using Tukey’s test at p < 0.05. Data are presented as mean ± standard error.
When considering the differences between the cropping years, a two-way analysis of variance was
used with the different years and fields as two fixed factors. Linear regression analysis was utilized to
investigate the relationship between selected fatty acids such as oleic, linolenic, and lauric acid and
1000-seed weight with selected soil nutrients. In addition, principal component analysis (PCA) was
performed to clarify the overall variability with respect to correlations among seed yield, 1000-seed
weight, fatty acid contents, and soil chemical properties in the different fields that were treated as
categorical data for both 2015 and 2016 cropping.

3. Results

3.1. Seed Yield and 1000-Seed Weight on the Different Continuously Monocropped Fields in 2015 and 2016

Analysis of variance showed that the fields and years had no significant effects on the seed yield
and no significant interaction between fields and years (Figure 2).

In 2015, the seed yield was in the range of 912 ± 11.1–1091 ± 95.0 kg ha−1
, with the lowest seed

yield in field B although no significant difference among the four continuously monocropped fields
was observed (Figure 2a). The 1000-seed weight was in the range of 2.07 ± 0.05–2.2 5 ± 0.02 g; however,
a significant difference (p < 0.05) was found only between fields A and C (Figure 2b).

In 2016, the seed yield and 1000-seed weight showed no significant differences among the four
continuously monocropped fields. However, both the seed yield and 1000-seed weight were lower
in field C by 25.5% and 5.12%, respectively, compared to field A. The seed yield was in the range of
953 ± 165.8–1279 ± 105.6 kg ha−1

, with the lowest seed yield in field B, whereas the 1000-seed weight
was in the range of 2.04–2.15 g, with the lowest in field C, according to Figure 3.

Averaged over 2015 and 2016, field C produced the lowest seed yield and 1000-seed weight, with
mean values of 1001 ± 78.0 kg ha−1 and 2.06 ± 0.05 g, respectively, although no significant difference
was observed between the different years and no significant interactions were observed between fields
and years (Figure 2c,d). Overall, field A produced the highest mean seed yield of 1172 ± 82.5 kg ha−1

accompanied by the highest 1000-seed weight of 2.20 ± 0.03 g. In addition, the 1000-seed weight
showed significant differences (p < 0.05) between fields A and C.
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Figure 2. Seed yield (a) and 1000-seed weight (b) of sesame seeds from the four continuously
monocropped fields A, B, C, and D during 2015 and 2016 and linoleic acid (c) and linolenic acid (d)
contents averaged across years (2015 and 2016): Means with different letters are significantly different
at p < 0.05 Tukey’s test. Data points represent mean ± standard error; n = 3 for graphs (a) and (b)
whereas n = 6 for graphs (c) and (d).

3.2. Seed Fatty Acid Composition on the Different Continuously Monocropped Fields in 2015 and 2016

The total fatty acid (TFA); saturated fatty acids (SFA); monounsaturated fatty acids (MUFA);
polyunsaturated fatty acids (PUFA); and individual fatty acids capric (C10:0), lauric (C12:0), myristic
(C14:0), palmitic (C16:0), oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acids were analysed
in the sesame seeds from the continuously monocropped fields and are shown in Table 3 and in
Figures 3 and 4.

Results showed that there were no significant differences in the contents of TFA, MUFA, PUFA,
capric, palmitic, and oleic acids in 2015 (Table 3). In 2015, SFA was significantly higher in field
B (11.4 ± 0.67%) compared to field D (8.08 ± 0.63%), indicating a negative influence of continuous
monocropping on the saturated fatty acid contents of the sesame seeds. In 2016, only PUFA showed
significant (p < 0.05) differences among the fields; the highest PUFA content was in field D (21.3 ± 0.31%)
and was significantly different from field B (19.2 ± 0.13%). Results also showed that neither field nor
the field × year effect was significant on the contents of TFA, SFA, MUFA, PUFA, capric, palmitic, and
oleic. However, the effect of year was significant on MUFA and palmitic and oleic acids, revealing
higher contents of MUFA and oleic acids in 2016 compared to 2015.
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Table 3. Seed fatty acid composition of sesame seeds from the four continuously monocropped fields A, B, C, and D during 2015 and 2016.

SFA MUFA PUFA Capric (C10:0) Palmitic (C16:0) Oleic (C18:1)

Year Fields TFA (%) % Weight of Total Fatty Acid (TFA)

2015 A 51.4 ± 3.51 a 10.7 ± 0.62 ab 16.2 ± 1.34 a 17.5 ± 2.19 a 0.29 ± 0.04 a 6.84 ± 0.31 a 30.8 ± 0.64 a
B 54.7 ± 0.77 a 11.4 ± 0.67 a 17.6 ± 0.33 a 19.0 ± 0.33 a 0.34 ± 0.08 a 7.50 ± 0.30 a 31.9 ± 0.83 a
C 52.7 ± 0.95 a 9.20 ± 0.76 ab 17.6 ± 0.27 a 20.6 ± 0.32 a 0.43 ± 0.03 a 6.94 ± 0.15 a 33.0 ± 0.79 a
D 50.5 ± 0.71 a 8.08 ± 0.63 b 17.8 ± 0.43 a 20.2 ± 0.22 a 0.45 ± 0.01 a 7.24 ± 0.16 a 34.7 ± 1.34 a

ANOVA
(p-values) ns * ns ns ns ns ns

2016 A 53.1 ± 0.72 a 9.19 ± 0.43 a 19.5 ± 0.20 a 19.9 ± 0.13 ab 0.44 ± 0.01 a 6.55 ± 0.13 a 36.5 ± 0.89 a
B 51.1 ± 1.01 a 8.82 ± 0.62 a 18.8 ± 0.11 a 19.2 ± 0.13 b 0.41 ± 0.01 a 6.58 ± 0.12 a 36.4 ± 0.90 a
C 51.5 ± 1.31 a 8.79 ± 0.44 a 18.9 ± 0.43 a 19.8 ± 0.58 ab 0.42 ± 0.01 a 6.86 ± 0.15 a 36.2 ± 1.23 a
D 51.4 ± 0.59 a 13.2 ± 6.25 a 19.8 ± 0.26 a 21.3 ± 0.31 a 0.42 ± 0.03 a 7.10 ± 0.17 a 37.8 ± 0.55 a

ANOVA
(p-values) ns ns ns * ns ns ns

Average A 52.2 ± 1.65 a 9.92 ± 0.47 a 17.9 ± 0.96 a 18.7 ± 1.12 a 0.36 ± 0.04 a 6.69 ± 0.16 a 33.7 ± 1.37 a
B 52.9 ± 0.98 a 10.1 ± 0.71 a 18.2 ± 0.32 a 19.1 ± 0.17 a 0.38 ± 0.04 a 7.04 ± 0.25 a 34.1 ± 1.16 a
C 52.1 ± 0.77 a 9.00 ± 0.40 a 18.3 ± 0.37 a 20.2 ± 0.34 a 0.42 ± 0.01 a 6.90 ± 0.10 a 34.6 ± 0.98 a
D 51.0 ± 0.45 a 10.7 ± 3.04 a 18.8 ± 0.50 a 20.7 ± 0.31 a 0.43 ± 0.01 a 7.17 ± 0.11 a 36.3 ± 0.95 a

Source of
variation

Year ns ns *** ns ns * ***
Field ns ns ns ns ns ns ns

Year × Field ns ns ns ns ns ns ns

TFA = total fatty acid; SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids. Different letters within each column are significantly
different at p < 0.05 at Tukey’s test. *** Significant at p < 0.001; * significant at p < 0.05; ns, nonsignificant. Data for 2015 and 2016 represent mean ± standard error, n = 3 whereas data for
average represent mean ± standard error, n = 6.
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In 2015, the content of lauric acid was significantly higher in field A (2.15 ± 0.04%) compared to
fields C (1.42 ± 0.20%) and D (1.27 ± 0.21%) (Figure 3a) whereas myristic acid content did not differ
significantly among the fields (Figure 3d). Analysis of variance showed that the year had significant
effects on the contents of lauric and myristic acids of the sesame seeds. The contents of lauric and
myristic acids were significantly lower in 2016 compared to 2015. On the other hand, the effect of
field was significant on the contents of lauric and myristic acids without significant year and field
interaction. Averaged over 2015 and 2016, field A produced the highest contents of lauric and myristic
acids in sesame seeds compared with field D with mean values of 1.76 ± 0.18% and 9.15 ± 0.61%,
respectively (Figure 3c,d).

Figure 3. Lauric acid (a) and myristic acid (b) contents of sesame seeds from the four continuously
monocropped fields A, B, C, and D during 2015 and 2016 and lauric acid (c) and myristic acid (d)
contents averaged across years (2015 and 2016): Means with different letters are significantly different
at p < 0.05 at Tukey’s test. Data points represent mean ± standard error; n = 3 for graphs (a) and (b)
whereas n = 6 for graphs (c) and (d).

In 2015, there was no significant differences in linoleic acid contents among the fields (Figure 4a).
In 2016, linoleic acid showed a significant difference among the fields with the highest linoleic acid
content detected in field D (39.5 5 ± 0.54%). In 2015, the content of linolenic acid was significantly
lower in field A (from 1.13 ± 0.30%) compared to field D (2.26 ± 0.05%), indicating that continuous
monocropping improved the content of linolenic acid (Figure 4b). In 2016, the linolenic acid content
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was significantly higher in field D (2.11 ± 0.10%) compared to field A (1.63 ± 0.04%) without significant
differences among the fields A, B, and C.

Analysis of variance showed that the year had significant effects on the contents of linoleic acids
of sesame seeds. The contents of linoleic acids were significantly higher in 2016 than 2015. The effect of
field was significant on the contents of linoleic and linolenic acids without year and field interaction.
Averaged over 2015 and 2016, field D produced the highest contents of linoleic and linolenic acids
in the sesame seeds compared to fields A and B, with mean values of 38.6 ± 0.61% and 2.19 ± 0.06%,
respectively (Figure 4c,d).

Figure 4. Linoleic acid (a) and linolenic acid (b) contents of sesame seeds from the four continuously
monocropped fields A, B, C, and D during 2015 and 2016 and linoleic acid (c) and linolenic acid (d)
contents averaged across years (2015 and 2016): Means with different letters are significantly different
at p < 0.05 at Tukey’s test. Data points represent mean ± standard error; n = 3 for graphs (a) and (b)
whereas n = 6 for graphs (c) and (d).

3.3. Soil Chemical Properties on the Different Continuously Monocropped Fields in 2015 and 2016

Analysis of variance showed that the year and field had significant effects on all the measured soil
chemical properties except exchangeable Mg, which was not influenced by the field effect (Table 4).
However, exchangeable Mg, including EC, TN, and C/N ratio showed significant interactions between
years and fields.
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Table 4. Soil chemical properties from the four continuously monocropped fields A, B, C, and D after harvesting during 2015 and 2016.

Exchangeable Cations

Year Fields pH
(H2O)

EC
(dS m−1)

TN
g kg−1 C/N Ratio P

(mg kg−1)
K

(mg kg−1)
Ca

(mg kg−1)
Mg

(mg kg−1)

2015 A 5.26 ± 0.06 c 0.15 ± 0.00 a 2.56 ± 0.00 a 10.5 ± 0.21 b 58.4 ± 4.43 a 389.9 ± 76.1 a 1191.8 ± 12.6 b 307.3 ± 12.0 a
B 5.39 ± 0.04 bc 0.10 ± 0.01 b 2.46 ± 0.02 b 10.3 ± 0.24 b 43.5 ± 2.78 b 177.9 ± 12.3 b 1182.6 ± 82.5 b 283.2 ± 20.9 a
C 5.66 ± 0.06 b 0.11 ± 0.01 ab 2.62 ± 0.02 a 9.59 ± 0.23 b 47.6 ± 2.32 ab 226.4 ± 11.5 ab 1492.4 ± 42.6 a 288.0 ± 12.4 a
D 6.14 ± 0.07 a 0.07 ± 0.00 b 2.11 ± 0.02 c 11.9 ± 0.21 a 35.5 ± 1.76 b 208.4 ± 2.76 b 1711.7 ± 49.6 a 255.2 ± 1.17 a

ANOVA
(p-values) *** ** *** *** ** * *** ns

2016 A 5.46 ± 0.05 b 0.10 ± 0.00 a 2.12 ± 0.07 a 9.81 ± 0.03 b 53.3 ± 3.94 a 325.9 ± 44.5 a 1174.3 ± 84.5 c 298.9 ± 26.8 b
B 5.64 ± 0.20 ab 0.07 ± 0.01 b 1.98 ± 0.03 a 10.3 ± 0.06 a 24.2 ± 2.78 b 82.9 ± 14.9 b 1518.2 ± 119 bc 321.7 ±17.2 ab
C 5.80 ± 0.07 ab 0.06 ± 0.01 b 2.13 ± 0.06 a 10.1 ± 0.09 ab 29.7 ± 4.97 b 110.9 ± 13.0 b 1726.7 ± 83.2 ab 339.2 ±18.9 ab
D 6.10 ± 0.06 a 0.07 ± 0.00 ab 2.00 ± 0.02 a 10.3 ± 0.12 a 17.2 ± 2.87 b 97.0 ± 9.10 b 2100.1 ± 36.4 a 400.4 ± 17.4 a

ANOVA
(p-values) * ** ns ** *** *** *** *

Average A 5.36 ± 0.06 c 0.12 ± 0.01 a 2.34 ± 0.10 a 10.2 ± 0.19 b 55.8 ± 2.88 a 357.9 ± 41.9 a 1183.1 ± 38.4 c 303.1 ± 13.3 a
B 5.51 ± 0.11 bc 0.09 ± 0.01 ab 2.22 ± 0.11 a 10.3 ± 0.11 ab 33.8 ± 4.67 a 130.4 ± 22.9 b 1350.4 ± 99.0 bc 302.5 ± 14.9 a
C 5.73 ± 0.05 b 0.09 ± 0.01 ab 2.37 ± 0.11 a 9.85 ± 0.16 b 38.7 ± 4.70 a 168.7 ± 27.0 b 1609.5 ± 67.0 ab 313.6 ± 15.3 a
D 6.12 ± 0.04 a 0.08 ±0.00 b 2.06 ± 0.03 a 11.1 ± 0.38 a 26.3 ± 4.36 a 152.7 ± 25.3 b 1905.9 ± 91.1 a 327.8 ± 33.4 a

Source of
variation

Year * ** *** ** *** ** *** ***
Field *** ** *** ** *** *** *** ns

Year × Field ns * *** *** ns ns ns **

EC = electrical conductivity; TN = total nitrogen; C/N = total carbon to total nitrogen ratio; P = available phosphorous; K = exchangeable potassium; Ca = exchangeable calcium; Mg = exchangeable
magnesium. Data on soil was based on soil samples from depths of 0–15 cm. Different lowercase letters within each column are significantly different among fields in each year at p < 0.05 Tukey’s
test. *** Significant at p < 0.001; ** significant at p < 0.01; * significant at p < 0.05; ns, nonsignificant. Data for 2015 and 2016 represent mean ± standard error, n = 3 whereas data for average
represent mean ± standard error, n = 6.
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In 2015, soil pH, C/N ratio, and exchangeable Ca was significantly higher in field D compared
to fields A and B. The soil pH was higher by 0.88 units, whereas the C/N was higher by 1.37 and
exchangeable Ca was higher by 519.8 mg kg−1 in field D compared to field A. Conversely, the soil
EC, TN, available P, and exchangeable K were higher by 0.08 units, 0.45 g kg−1, 22.9 mg kg−1, and
181.5 mg kg−1, respectively, in field D compared to field A. However, the soil EC, P, and K did not
show significant difference among the fields A, B, and C, whereas significant differences in TN were
observed between field B and C. In 2016, soil pH, C/N, and exchangeable Ca and Mg were significantly
higher in field D by 0.64 units, 0.48, 925.8 mg kg−1, and 101.6 mg kg−1, respectively, compared to field
A. There were no significant differences in pH, C/N, and Mg between fields B, C, and D and between
B and C for exchangeable Ca. Conversely, soil EC was lower by 0.03 units in field B compared to A;
no significant differences were observed in the soil EC between B, C, and D and between A and D.
The available P and exchangeable K were significantly lower in field D by 36.1 and 228.9 mg kg−1,
respectively, compared to field A.

Results also showed that soil EC was significantly lower in 2016 in fields A, B, and C compared to
2015 whereas TN, P, and K values were lower in 2016 than in 2015 in all fields. On the other hand, the
exchangeable Ca and Mg were significantly higher in field D in 2016 compared to 2015.

3.4. Relationship between Yield, Fatty Acid, and Soil Chemical Parameters among the Continuously
Monocropped Fields

The correlation analyses conducted between selected parameters are shown in Figure 5.
The correlation analyses indicated a significant positive linear regression (r = 0.458, p < 0.05) between
the soil exchangeable K and 1000-seed weight (Figure 5a). In addition, there was a significant positive
correlation between the lauric acid content and soil exchangeable K with a linear regression (r = 0.540,
p < 0.01), as shown in Figure 5b. Furthermore, a significant positive correlation (r = 0.456, p < 0.05)
between the oleic content and soil exchangeable Mg in the average data of two years among the
different continuously monocropped fields was observed (Figure 5c). On the other hand, a negative
correlation (r = −0.404, p = 0.05), as shown in Figure 5d between linolenic acid and 1000-seed weight,
was observed.

In addition to the correlation analysis, principal component analysis (PCA) was performed to
visualize the relationship between variables and continuous monocropping fields. A summary of the
total variation of seed yield, 1000-seed weight, fatty acid composition, and soil chemical properties
analysed is presented by the first two factors of the PCA data, which explains 53.9% of the total variance
(Figure 6a). The first principal component (PC 1) is attributed to 43.1% of the total variance and
shows a high positive correlation mainly with oleic, linoleic, PUFA, linolenic, and soil exchangeable
Mg content and a high negative correlation with lauric acid, myristic acid, and soil exchangeable
K contents. The second factor (PC 2) obtained by the PCA analysis accounts for 10.8% of the total
variance among the continuous monocropping fields and is positively correlated with TFA, SFA, and
yield whereas is negatively correlated with the C/N ratio and palmitic acid content. The score plot of
the PCA (Figure 6b) shows a relatively good separation of two clusters: group (I) from fields A and B
and group (II) from fields C and D. Group (I) showed high values for contents of lauric acid, myristic
acid, soil exchangeable K, and 1000-seed weight (TSW), whereas group (II) showed high values for
contents of oleic acid, linoleic acid, linolenic acid, MUFA, PUFA, and soil exchangeable Mg in both
years 2015 and 2016.
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Figure 5. Relationship and model of (a) the 1000-seed weight and soil exchangeable K, (b) lauric
acid and soil exchangeable K, (c) linolenic acid and 1000-seed weight, and (d) oleic acid and soil
exchangeable Mg.
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Figure 6. The principal component analysis of fatty acid composition, yield, 1000-seed weight, and soil chemical properties from continuous monocropping fields A, B,
C, and D: (a) The overall projection of the variables and (b) the overall projection of the continuous monocropping fields on the factor plane. TSW (thousand seed
weight) = 1000-seed weight; 1 = year 2015; 2 = year 2016.
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4. Discussion

In this study, the1000-seed weight gradually decreased from fields A to C, suggesting negative
effects of continuous monocropping on sesame (Figure 2d). The decrease in 1000-seed weight signifies
that yield decline is consistent with Kelly et al. [21], who found that yield decline of soybean under
continuous monocropping is attributed to low seed weight. The decrease in 1000-seed weight and,
consequently, yield of sesame has previously been attributed to decrease in N availability and to
decrease in the uptake of K [7]. Our study showed markedly lower TN and exchangeable K in all
continuously monocropped fields in 2016 when compared with those in 2015. The decrease in the
soil total nitrogen (TN) in continuous monocropping is consistent with early findings that show low
total N, indicating the loss of soil quality [22–24]. Our previous study showed that, as the total N
decreased in the long duration of continuous monocropping, the available forms of N and NH4

+-N
was significantly decreased, affecting uptake of N in sesame plants that partly decreased 1000-seed
weight [7]. Apart from decrease in N and K, several factors such as soil borne diseases, allelopathy,
and autotoxicity from root exudate or decomposing residues interact together under field conditions
to cause yield declines under continuous cropping [25,26].

Results showed that the increase in the exchangeable Ca content from dolomite increased soil pH,
which could have a negative effect on K availability through upsetting soil cation ratios. For instance,
the soil Ca/K ratio significantly increased from 3.31 in field A to 10.4 in field B, 9.54 in field C, and 12.5
in field D, indicating low exchangeable K in the soils since increase in one cation results in deficiency
of another [13]. Furthermore, K deficiency in sesame occurs in soils with high Ca and Mg, which
have imbalance of Mg/K and Ca/K ratios, which often results in yield decline reflected by low seed
weight [27]. Other decreases in K availability could be attributed to annual removal of crop because
sesame requires high amounts of potassium for growth and the seed usually accumulates high amounts
of K as part of mineral nutrient [28]. Uptake of K by crops is usually high, resulting in decline in
available K, which is high in soils with low reserves of K under continuous monocropping [29].

Our study also showed that continuous monocropping could alter sesame seed quality.
The contents of lauric and myristic acids were low on fields with longer duration of continuous
monocropping as the contents of oleic, linoleic, and linolenic acids were improved (Table 3,
Figures 3 and 4). The low contents of saturated fatty acids (SFA) including lauric and myristic acids
on the different continuous monocropping field could be due to differences in the soil nutrient status
such as low levels of exchangeable K. The low soil exchangeable K levels could have decreased
lauric and myristic acids because these acids mainly exist in the form of potassium laurate and
potassium myristate that are referred to as potassium fatty soaps with antibacterial and antifungal
activities [30–32]. For instance, in 2016, lauric acid significantly decreased to 1.37% from 2.15% in
2015 for field A. The decrease in soil exchangeable K also accounted for low saturated fatty acids
content in sesame especially in fields C and D. It has been reported that increasing potassium (K)
fertilization increased saturated fatty acids such as palmitic, stearic, and myristic acids in black
cumin [12]. K in sesame is also associated with the role of carbohydrate, protein, and oil synthesis
of plants [33]. Moreover, there was significant positive correlation between the lauric acid content
and soil exchangeable K with a positive linear regression showing a good prediction in the lauric
acid as soil exchangeable K decreased under continuously monocropped fields (Table 4 and Figure 5).
Furthermore, the high 1000-seed weights correlate with high lauric acid content in the sesame
seeds for shorter duration of continuous monocropping as observed in fields A and B. It has been
reported that high 1000-seed weight has a high positive correlation with lauric acids in Cuphea lutea
seeds [34]. With increase in the duration of continuous monocropping, the 1000-seed weight decreased.
This implies that seed yield also decreased, leading to fewer seeds harvested with low lauric acid
content but with higher content of oleic, linoleic, and linolenic acids.

The higher contents of oleic, linoleic, and linolenic acids including MUFA and PUFA from fields C
and D suggested continuous monocropping improved fatty acid quality of sesame. Bellaloui et al. [15]
also reported similar increase in linoleic acid content in continuous monocropping of soybean.
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The increase in oleic, linolenic, and linoleic acids showed that the fatty acid quality of sesame seeds
produced on these continuously monocropped fields is high, especially in fields C and D, although the
yields were low. The results of fatty oleic, linoleic, and linolenic acids were on average in the ranges of
33.7–36.3%, 34.0–38.6%, and 1.38–2.19%, respectively. The oleic acids and linoleic acid contents were
the two most dominant fatty acids in the sesame seeds that are consistent with the contents reported by
other researchers [35–37]. The higher contents of oleic, linoleic, and linolenic acids from fields C and D
could be a result of high soil exchangeable Mg contents from annual fertilizer application, including
large quantity of dolomite, which was readily available for sesame plants. Although not in sesame, it
was found that the fatty acid composition, especially oleic acid in olive plants, significantly increased
due to foliar application of magnesium and potassium sulphate [38]. Similarly, the application of
magnesium sulphate containing 16% MgO and 13% S has also been reported to increase sesame oil
content [39]. However, large quantities of soil Mg could result in significant yield reduction not
due to Mg toxicity but due to imbalances in soil cations Ca, K, and Mg, inducing deficiencies of
K [7,40]. Overall, magnesium is considered as one of the nutrients very important in oil crops because
magnesium (Mg2+) ion regulates fatty acid synthesis and adequate Mg2+ concentrations are needed
for maximum rate of fatty acid synthesis in plant tissues [41,42]. In addition, magnesium plays
a role in photosynthesis through controlling enzyme activities involved in photosynthetic carbon
metabolism and Mg2+ is also a structural component of the chlorophyll involved in phloem loading of
assimilates [43]. In this study, there was significant positive correlation between the oleic acid content
and soil exchangeable Mg content among the different continuously monocropped fields (Figure 5d). A
negative correlation between linolenic acid and 1000-seed weight was observed, indicating an inverse
relationship between the quantity and quality of sesame seed oil produced in this system of continuous
monocropping (Figure 5c). These correlations confirmed that Mg played a significant role in improving
the quality of the fatty composition of the sesame seed.

On the other hand, the high values of saturated fatty acids, especially lauric and myristic acids
in the short duration of continuous monocropping of fields A and B, could be partly explained by
the high N–P–K levels in the soil. Fertilizer management influences fatty acid composition since it
directly affects soil nutrients [11,44,45]. In our study, soil total N was the highest in the short duration
continuously monocropped fields A and B but had high saturated fatty acid contents, suggesting that
adequate N partly increased synthesis of saturated fatty acids. Zheljazkov et al. [46] reported that N
could influence the composition of total saturated fatty acids through increasing individual saturated
fatty acids. Several studies showed that oilseed crops respond well to N–P–K fertilizers in terms of
yield and quality [47–49]. Therefore, inadequate soil N–P–K amounts as observed in fields C and
D compared to A could limit not only yield (1000-seed weight) but also oil synthesis, consequently
affecting the saturated fatty acid quality [48].

Usually, N is involved in protein synthesis, but occasionally, a high uptake of N promotes protein
synthesis (crude protein) while carbohydrates synthesis (related to oil content) is decreased, negatively
affecting the content of oil and fats [50]. An earlier study reported that a high crude protein content
at high N uptake but reduced oil content of sesame was observed, suggesting that protein synthesis
and storage were favoured over oil synthesis [28]. Therefore, it could be speculated that, as the total
N decreased in fields C and D, indicating their poor N uptake, such a phenomenon of high protein
synthesis did not occur but rather more carbohydrates were synthesized accompanied by high Mg
content, which plays a role in fat synthesis. It is known that the fatty acid synthesis pathway usually
occurs in the chloroplasts of green tissues, especially the leaves of plants during photosynthesis from
the product acetyl CoA [32,51]. During photosynthesis, phosphoenolpyruvate is the major substrate
involved in the lipid biosynthesis pathway; however, both protein and lipid synthesis utilize the same
substrate (phosphoenolpyruvate); therefore, the increase in total oil content or fat content could imply
a significant decrease in total crude protein content of seeds due to the competition for the carbon
source [52], which could be confirmed by our previous study that showed the seed crude protein
content decreased under continuous monocropping of sesame on upland fields converted from paddy
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fields [53]. Therefore, under this system of continuous monocropping, decreasing in total N and
protein content could have beneficial effects on quality of fatty acids in the presence of adequate Mg.

This study also showed that the fatty acid contents of 2016 were higher than that in the 2015
samples (Table 3, Figures 3 and 4). The fatty acid compositions were seemingly affected by the seasonal
temperature and rainfall. In 2016, the total seasonal temperature and rainfall were 24.25 ◦C and
165.25 mm whereas the total seasonal temperature and rainfall in 2015 were 23.15 ◦C and 132.25 mm,
indicating increase in both temperature and rainfall in 2016 (Table 2). Usually, high temperatures
can increase seed fatty acid contents such as palmitic acid (saturated fatty acid) and oleic which
could explain the high oleic acid content in 2016 [54,55]. This is partly because the synthesis of
fatty acid is regulated by enzymes such as oleate desaturase of which the activity is dependent on
temperature [56,57]. In addition, the variation between 2015 and 2016 in all fields could have been
due to differences in the water availability that affected seed composition. The growing season of
2016 had nearly twice as much rainfall in September besides more rainfall in August than in 2015
during the development of sesame capsules, and this could have contributed to the increased fatty
acids compositions, both saturated and unsaturated, especially in oleic and linoleic content [58].

Our study demonstrated that, as yield may adversely be affected in continuous monocropping, the
fatty acid quality could be improved, as indicated by the principal component analysis (PCA) in Figure 6.
The PCA showed co-relationships among oleic, linoleic, linolenic, PUFA, MUFA, and soil exchangeable
Mg, which confirmed that continuous monocropping significantly improved contents of these fatty
acids due to the high soil Mg content in fields B and C. There is also co-relationship among myristic acid
and lauric acid with soil exchangeable K content and 1000-seed weight which further confirmed that
lauric and myristic acids were high in fields A and B with short duration of continuous monocropping
due to high potassium in the soil, including soil N. The high 1000-seed weight observed in fields A and
B is also confirmed by the PCA and showed that seed weight correlated with potassium in the soil.
With continuous monocropping of sesame, the declining levels of potassium have a negative effect on
seed yield, lauric acid, and myristic acid while the increase in the magnesium levels increases the oleic,
linoleic, linolenic, overall mono-unsaturated and poly-unsaturated fatty acids. Although, there was a
tendency of yield to decrease, the overall fatty acid quality was enhanced, indicating that management
practices could influence the quality of sesame seeds produced in continuous monocropping system.
The sesame seeds produced under this continuous monocropping, especially on fields C and D,
are highly suitable for human consumption to improve health because the unsaturated fatty acids
in sesame seeds which include linoleic and oleic acids are mainly responsible for the oil quality [59].
Therefore, our study suggests that, under continuous monocropping, it is likely that both linoleic
and oleic acid will increase when sufficient magnesium is supplied in the continuous monocropping
system, leading to this significant positive correlations between the two fatty acids.

5. Conclusions

In this study, the continuously monocropped fields differed in the yield and fatty acid compositions
based on the differences in soil nutrient status. Continuous monocropping decreased 1000-seed weight
of sesame, as observed in in fields C and D accompanied with high oleic, linoleic, and linolenic acids,
whereas the lauric and myristic acids were high in the short duration of continuous monocropping.
Correlation analysis suggested that soil Mg content was the most important factor that influenced oleic,
linoleic, and linolenic acid content whereas soil K content influenced myristic and lauric acid contents
under continuous monocropping. This study suggested that the fatty acid quality produced on long
duration of continuous monocropping years could be of high economic value despite the adverse
effect on yield reflected by the low seed weight. Future research should focus on increasing the yield of
sesame in continuous monocropping while maintaining the high quality fatty acid composition on the
upland fields converted from paddy fields.
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