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Abstract: The aim of the study was to determine the effect of seed production environment in
Sri Lanka on seed development, maturation, and subsequent seed quality. The experiment was
conducted at six production environments, three locations (Mahailluppalama (M1), Polonnaruwa
(POL), and Aluttarama (ALU), over two planting cycles (P1, P2). Seed development and maturation,
seed and seedling quality characteristics were evaluated at five reproductive (R6, R7, R8, R8 + 5 and
R8 + 10) maturity stages. The study infers that production environment at the late reproductive (LR)
stage (R6–R8) was critical in determining the seed quality. If the LR stage coincided with cumulative
rainfall (RF) over 100 mm or above 75% relative humidity (RH), categorized as wet environment,
around 27.5 days was required for the completion of seed maturation compared with only 17.5 days
in dry environment. Seed lots from dry environment during LR stage surpassed the minimum
quality standards (75% final germination, germination index of 300, germination rate index of 25%
per day, seedling vigor index of 2500 and 15 µmol/min/mg FW catalase activity) at maturity stage R7
onwards, while this only occurred at maturity stage R8 for wet environment. A significant negative
correlation (r = −0.50 **) was observed between glucose content, antioxidant enzyme activities and
germination percentage. In conclusion, the findings provide useful information for the expansion of
areas for seed production in Sri Lanka.
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1. Introduction

Soybean (Glycine max (L.) Merrill) is a legume that is grown in tropical, subtropical,
and temperate climates, which belongs to the family Fabaceae or Leguminosae, subfamily
Faboideae [1]. The crop has gained significant importance in the national food production
program in Sri Lanka because of the high demand as a feed in the livestock industry.
According to Sri Lanka’s National Food Production Program’s (NFPP) indicative targets,
it is required to increase cultivation from 7000 ha up to 42,175 ha to reduce the soybean
importation up to 70% [2]. One of the major constraints in achieving the above is insufficient
supply of quality seeds for crop production. Currently, PB-1 is the sole variety used in Sri
Lanka, and seed production is carried out only in the north-central part of the country [3].
Therefore, new areas suitable for seed production need to be identified by ensuring the
environment is suitable to produce quality seeds.

Seed development upon fertilization undergoes a series of processes such as mor-
phogenesis, reserve accumulation culminating in physiological maturity (PM), followed
by maturation drying [4]. The seed development process is determined by both the
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genetics and the environmental factors including soil fertility, water, temperature, day
length, relative humidity, and rainfall [5–8]. Water deficit condition during plant growth
and development leads to reduced plant metabolism and seed development due to re-
duced photosynthetic rate, assimilate production and translocation to the developing
seeds [7,9,10]. It was reported that an increase in temperature (>35 ◦C) may decrease
seed mass because of the higher growth rate and reduced seed filling duration, while
low temperatures (<15–17 ◦C) retard seed growth [5,7,11]. When water is fully available
throughout the vegetative periods of soybean due to sufficient rainfall, proper vegetative
period is ensured, and flowering period was extended [12], leading to enhanced duration
for assimilates during the seed development. Lack of light availability to the parent plants
or short-day conditions also influenced development by negatively affecting seed size
and weight, decreased photosynthesis, and resulting in smaller seeds [13]. The above-
mentioned environmental conditions during the process of seed development may lead to
changes in chemical composition of the seed and influence the final seed quality [14–16].
The term “Seed quality” is used in agriculture to describe the overall value of a seed lot
which encompasses germinability, vigor, genetic and physical purity, and seed health [5,6].
Pádua et al. [14] reported that environmental conditions, and field weather (temperature,
rainfall and relative humidity) influence the quality of seeds throughout the growing
periods. According to Alsajri et al. [17], the interaction between soybean cultivar and
temperature influences soluble sugar (glucose, sucrose and raffinose family oligosaccha-
rides (RFOs)) content of the seeds, but the sucrose and raffinose content declined when
temperature increased. Soluble sugars are a vital seed constituent, for example, sucrose
promotes seed filling, whereas RFOs may increase seed vigor under stressful environ-
ments [18]. However, the role of soluble sugars under variable production environment
is still not understood completely. Harvesting seeds at the appropriate stage is also an
important factor that determines seed quality. Tsukahara et al. [19] reported that rainfall
during the late stage of seed development affected final seed quality. While the combined
effect of high moisture content in seeds and hot temperatures intensified the respiration
processes, thus consuming seed reserves and, consequently, reducing their quality, which
is vital for development of the seedling [20]. Unfavorable ambient factors could trigger the
formation of reactive oxygen species (ROS) which tend to build up and cause degradation
of seed plasma membranes, therefore, reducing their vigor. On the other hand, plants
have complex defense mechanisms to regulate the damage to cellular membranes and
organelles by scavenging ROS based on two approaches: enzymatic (catalase, peroxidase,
superoxide dismutase and others) and non-enzymatic pathways (ascorbate, glutathione,
alpha-tocopherols and others) [21,22].

The above examples clearly imply that the production environment directly affects
seed maturation process and the time taken to harvest the crop which determine the final
seed quality. Furthermore, grain moisture loss during seed maturation depends on both
the air temperature and relative humidity, and the seed moisture at harvest affected seed
quality directly [23]. According to Diniz et al. [24] it is not always possible to harvest the
seeds at the right time due to various factors, and it leads to loss in both the physiological
and sanitary qualities of seeds. Therefore, harvesting soybean seeds at proper maturity
stage is very important to maintain maximum seed vigor, seed viability as well as to reduce
the seeds loss. According to Fehr and Caviness [25] reproductive stages (R) of soybean
are divided into eight stages, and out of them R5 is being associated with the beginning
of seed development, R6 is associated with the full seed stage, R7 denotes beginning of
the mature stage, and R8 is considered as full mature stage. These stages have become the
basis for harvesting soybean. Interestingly, based on previous studies three maturity stages
have been proposed for harvesting soybean to ensure maximum seed quality, which are R7
stage [26–29], R8 stage [28,30], and a few days (3–21 days) after R7 stage [31]. Currently,
the variety PB-1 is harvested 90 days after sowing without taking into consideration the
environmental conditions and seed maturity stages. As a result, vast variations can be seen
in germinability (30–90%) and storability (1–8 months).
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Most of the studies discussed above were conducted in controlled environment con-
ditions, thus the knowledge on the effect of multiple field environmental condition on
physiological, biochemical quality traits, and yield of soybean is limited. Therefore, it is
important to investigate seed maturity and quality changes under different production
environments in the field. This would be helpful for the decision support system for har-
vesting soybean while preserving maximum seed quality under different environmental
conditions. Moreover, it will help to expand the seed production program in Sri Lanka.

2. Materials and Methods
2.1. Study Location

Soybean seeds were sown at three seed production farms at Aluttarama (ALU,
7.24 ◦N 81.00 ◦E), Polonnaruwa (POL, 7.94 ◦N 81.02 ◦E), and Mahailluppallama (MI 8.11 ◦N
81.00 ◦E), in Sri Lanka at two consecutive planting cycles. Planting one (P1) was conducted
from December 2018 to April 2019 and planting two (P2) was conducted from June 2019 to
October 2019. Three locations were selected mainly due to variations in rainfall intensities,
and the long term (2009–2019) mean annual rainfall recorded in MI, POL, and ALU were
1500, 1900, and 2100 mm, respectively. In all three locations, the field is one that is used
for maize soybean crop rotation. The soil type for all three locations was Low Humic Gley
soil (HGL), with moderate acidic pH (5.1–5.9), low EC (0.027–0.055 dS/m), low available
phosphorus (5.4–16.7 ppm) and low exchangeable potassium (55.5–90.9 ppm) content
based on soil test.

2.2. Crop Establishment

The experimental area was prepared by measuring a plot of 7.2 × 8.5 m, divided
equally into 15 plots (2.4 × 1.7 m), in each location. The plots were assigned accordingly
into 5 treatments (maturity stages) with 3 replications in a randomized manner. Seeds of
soybean variety PB-1 were planted at a spacing of 60 cm between rows, and 10 cm between
plants, maintaining 16.7 plants per square meter. Urea (50 kg ha−1), muriate of potash
(75 kg ha−1), and triple superphosphate (150 kg ha−1) were added as basal fertilizer at the
time of land preparation [32]. At the onset of flowering, 100 kg ha−1 of urea was applied
as top-dressing. Irrigation was done daily up to 65 days from sowing, and alternate days
thereafter using a sprinkler system. Manual weed control was done using a hand hoe.

2.3. Treatment and Experimental Design

The experiment was arranged in a randomized complete block design (RCBD) in three
replicates. Plants were observed daily from seed sowing (SS) until full seed stage (R6),
beginning of mature stage (R7), and full mature stage (R8). The treatments for this study
consisted of five different maturity stages (full seed stage—R6, beginning of mature—R7,
full mature stage—R8, and two late mature stages R8 + 5 days, and R8 + 10 days) for each
production environment, and the same design was used in all six production environments
(ALU-P1, ALU-P2, POL-P1, POL-P2, MI-P1, and MI-P2).

2.4. Handling at Harvest

Six plants were selected randomly and tagged from the middle row (out of 5 rows)
of each plot to record the time when pods attained a particular growing stage based on
the method described by Fehr and Caviness, [25]. The reproductive stages were recorded
when 50% of the selected plants of each plot reached the particular maturity stage [33].
Harvesting was done at five different times based on the maturity stages (R6, R7, R8, R8
+ 5 days R8 + 10 days) and at each harvest, the middle 45 plants per replications (45 × 3)
excluding the borders, were removed separately. The harvested crop was then sun-dried
for three days and thereafter, the dried pods were carefully hand threshed and cleaned
before it was sun-dried until the moisture content was less than 9.0%.
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2.5. Data Collection and Measurements
2.5.1. Weather

The daily meteorological data (rainfall, temperature, and relative humidity) were
obtained for each location from the weather station maintained by each seed production
farm. The growing degree days were calculated for all production environments based
on the method described by Kumar et al. [34]. The weather data from 2009 to 2019 were
obtained from the Natural Resources Management Division of Department of Agriculture
Sri Lanka to forecast the long-term environment variations of each location.

2.5.2. Seed Moisture

Seed moisture content (fresh weight basis) was determined using three replicates
of 25 seeds from each treatment and subjected to oven drying using the low constant
temperature method (105 ◦C for 24 h) which was introduced by Khan et al. [26].

2.5.3. Yield per Square Meter

Seed yield was estimated per square meter by adjusting the moisture content to 10%
and expressed in grams per square meter (gm−2).

2.5.4. Germination and Vigor

Germination test was conducted with four replications for each experimental unit
at room temperature (28 ± 2 ◦C) using sterilized sand as described by ISTA [35]. Seed
germination was counted daily for seven consecutive days. On the seventh day, the
number of normal seedlings was counted, and expressed as germination percentage.
According to Kader and Jutzi [36], the daily germination count data was used to calculate
the germination index (GI). The germination rate index (GRI), mean germination time
(MGT), and the coefficient velocity of germination (CVG) were estimated using the method
introduced by Al-Ansari and Ksiksi [37]. Seedling vigor index (SVI) was calculated as
described by Abdul-Baki and Anderson, [38].

2.5.5. Electrical Conductivity of Leachates

Twenty-five seeds were weighed and soaked in a container containing 75 mL deionized
water for 24 h at 20 ◦C [39]. Electrical conductivity of leachate was measured using
a digitalized conductivity meter (labCHEM-CP conductivity meter) and expressed as
µS cm−1 g−1.

2.5.6. Soluble Sugars

The Raffinose/Sucrose/D-Glucose assay kit (Megazyme) was used to detect the
soluble carbohydrate concentration of soybean seeds. Two grams of seeds were ground
using a mortar and pestle and homogenized with 5 mL of ethanol (95% v/v) before
incubation in a water bath at 84–88 ◦C for 5 min to inactivate endogenous enzymes. The
final volume was adjusted up to 50 mL using sodium acetate buffer (50 mM, pH 4.5) and
incubated at room temperature for 15 min and vortexed to obtain a uniform slurry. In total,
5 mL of the slurry was taken, and 2 mL chloroform was added and centrifuged at 1000× g
for 10 min. The supernatant was used to analyze soluble sugar, in which 0.2 mL of the
supernatant was added with 0.2 mL sodium acetate buffer to glucose. For sucrose, 0.2 mL
of the supernatant was added with 0.2 mL of invertase (8.3 U/mL) while for raffinose,
a mixture of invertase + α-GAL (invertase 8 U/mL and α-GAL 40 U/mL) was added.
All mixtures were incubated at 50 ◦C for 20 min. Afterwards, 3 mL of GOPOD reagent
provided by the manufacturer (Megazyme) was added in all tubes and incubated again at
50 ◦C for 20 min. Absorbance was read at 510 nm using micro-plate spectrophotometer
(Thermo scientific MULTISKAN GO). Soluble sugars were calculated according to Raman
et al. [40], and concentrations were presented in mmol/100 g seed fresh weight.
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2.5.7. Antioxidant Enzymes

A spectrophotometer (Shimadzu UV-3150 UV-VIS Near IR) was used to detect de-
fensive mechanisms (catalase (CAT) and peroxidase (POD) activities). Ground soybean
powder (0.15 g) was homogenized with 1.5 mL of 100 mM potassium phosphate buffer
(pH 7) using cold mortar and pestle. Each extracted sample was centrifuged at 13,500 rpm
for 20 min at 4 ◦C. The supernatant was used to determine the CAT and POD activities.
Three replications were tested for each treatment combination. Catalase (CAT) activity was
calculated according to the method described by Aebi [41], and activity unit was presented
as per milligram of extractable fresh weight (µmol/min/mg/FW). While, Guaiacol peroxi-
dase (POD) activity was measured as described by Maehly [42]. POD enzyme activity was
expressed per milligram of extractable fresh tissue.

2.6. Data Analysis

GLM procedure was used to analyze the data for each environment (location ×
planting cycle) individually with randomized complete block design (RCBD), Bartlett’s test
(p ≤ 0.05) was used to verify the homogeneity of the data. If the variance is homogeneous,
data is subjected to the combined analysis of variance (ANOVA) with the PROC GLM
procedure in SAS using the RANDOM statement set to the test option. Environments were
considered as random effects, while maturity stages were treated as fixed effects. Each
environment was defined as location × planting time, and the LS-means were separated at
p< 0.05. Pearson correlation analysis was performed among studied parameters by CORR
procedure using SAS version 9.4 (SAS Institute Inc., 2012).

3. Results
3.1. Seed Development, Maturation in Different Production Environments

The total growing period (TGP) of soybean was influenced by the production environ-
ment. Time taken from seed sowing (SS) to R8 fluctuated from 80.8 to 100.4 days, being
significantly different across the production environments (p < 0.05).

To understand the influence of production environment, the total growing period
(TGP) was partitioned into three stages; (i) seed sowing (SS) to flowering (R1) as vegetative
(VEG), (ii) flowering to full seed stage (R6) as early reproductive (ER), and (iii) full seed
stage to full mature stage (R8) as late reproductive stage (LR). Number of days taken by
plants under each production environment to complete the different developmental stages
is presented in Figure 1, and the influence of weather conditions on the development and
maturation is explained below.
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Figure 1. Number of days taken to complete different growing stages in soybean grown at different
production environments. Growth phases were recorded according to Fehr and Caviness [25],
whereby R1 indicates beginning of flowering, R6, full seed, and R8, fully matured seeds. Total
growing period (TGP) means followed by the same letter (s) in the column do not differ significantly,
LSD at p < 0.05. Note: VEG—vegetative; ER—early reproductive; LR—late reproductive.
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Different weather conditions were observed in each location during the cropping
period, as in planting 1 (P1) (December 2018 to April 2019) and Planting 2 (P2) (June 2019–
September 2019). The summary of meteorological data (maximum temperature, growing
degree days (GDD), average relative humidity and cumulative rainfall) during vegetative,
early reproductive, and late reproductive periods for the six production environments are
presented in Table 1.

Table 1. Maximum temperature (◦C), growing degree days (GDD), average relative humidity (RH%) and cumulative rainfall
(mm) during vegetative (SS–R1), early reproductive (R1–R6) and late reproductive (R6–R8) at six production environments.

PE
Vegetative (SS–R1) Early Reproductive (R1–R6) Late Reproductive (R6–R8)

Max T ◦C GDD RH% RF mm Max T ◦C GDD RH% RF mm Max T ◦C GDD RH% RF mm

P1 MI 29 526 78 172.4 31 473 76 42.8 34 388 68 0
P2 MI 34 645 75 0.7 32 644 70 108.8 32 371 71 28.2

P1 POL 31 502 78 109.6 35 708 61 0.7 36 260 68 78.6
P2 POL 36 683 57 16.6 35 656 60 66 34 535 72 166.6
P1 ALU 31 538 83 154.7 33 639 77 45.4 36 539 75 33.6
P2 ALU 36 686 61 0 35 642 68 53.3 34 429 71 122.4

Note: If relative humidity > 75% or/and rainfall > 100 mm, the environment was considered as wet otherwise dry. Source: Meteorology
unit Natural Resources Management Center—DOA-Sri Lanka. Values of wet environment are presented in bold.

According to the environmental data in Table 1, taking both RH and rainfall (RH >75%
or/and if rainfall >100 mm) into consideration during the different growing periods
(VEG, ER, and LR), the production environments were classified as either wet (W) or
dry (D) (Figure 1). The environmental conditions during the vegetative stage (SS-R1) at
planting cycle 1 (P1-MI, P1-POL and P1-ALU) recorded comparatively low temperature
(29–31 ◦C), low GDD (502–538), more than 75% RH (78–83%) and more than 100 mm of
cumulative rainfall (109.6–172.4 mm). On the other hand, P2 (P2-MI, P2-POL and P2-ALU)
experienced comparatively higher temperature (34–36 ◦C), high GDD (645–686), less than
75% RH (57–75%) and extremely low values for cumulative rainfall (0–16.6 mm) during
the vegetative growing periods. Despite the varied environmental conditions between the
two planting cycles, the duration taken by the soybean plants to complete the vegetative
growth were similar, ranging from 30 to 35 days (Figure 1). Hence the environmental
condition had little influence on vegetative growth and development in terms of time taken
to complete this phase.

During early reproductive stage, comparatively low temperature (31–33 ◦C) and high
RH (70–77%) were recorded in the environments, for example, P1-MI, P2-M1, and P1-ALU,
in contrast, production environments such as P1-POL, P2-POL, and P2-ALU experienced
high temperature (35 ◦C) and low RH (60–68%). During this phase, the influence of
environment was not reflected in the time taken to complete the phase (66–70 days). In
the late reproductive stage production environments of P2-POL, P1-ALU, and P2-ALU
exhibited more than 400 GDD (429–539), while less than 400 GDD (260–388) was shown
in the remaining production environments; P1-MI, P2-M1, and P1-POL. During the early
reproductive stage P1-M1, P2-M1, and P1-ALU experienced wet conditions while P1-POL,
P2-POL, and P2-ALU experienced dry environments. In late reproductive stage P2-POL,
P1-ALU, and P2-ALU experienced wet conditions, and dry conditions were experienced in
P1-MI, P2-M1, and P1-POL (Figure 1 and Table 1).

The current study showed that the environment variation had lesser effect on the
variation of the vegetative period and early reproductive periods of soybean grown in
different production environments, and it ranged from 30 to 35 and 31 to 36 days, respec-
tively. While the number of days taken from R6 to R8 fluctuated significantly among the
environments (13–31 days) (Figure 1). Seeds that matured in wet condition (P1 ALU, P2
ALU, and P2 POL) had prolonged maturation period compared with the dry environments
(P1 POL, P1, MI, and P2 MI). In the wet environment, 96.5 days were taken to reach the full
maturity stage, and in the dry environment, only 84.5 days were taken. In other words,
maturity was prolonged in the wet environment by 12 days.
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Seed and Seedling Quality

According to the analysis of variance, a significant difference was obtained among
the production environment, maturity stages and its interaction on FG%, GI, GRI, and SVI
(Figure 2). Since environmental conditions affected the days to maturity during the LR
stage, Figure 2 was constructed with the environment being categorized as wet and dry
based on the definition given earlier, for the LR stage.
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Figure 2. (a) Final germination percentage (FG%), (b) germination index (GI), (c) germination rate
index (GRI) and (d) seedling vigor index (SVI) as affected by the interaction between production
environment (location × planting cycle) and maturity stages. Means followed by the same letters do
not differ significantly between the production environments × maturity stages using Ls means at
p < 0.05. Wet and dry were grouped based on the late reproductive stage environmental condition.

Seed quality parameters (FG%, GI, GRI and SVI) were higher in seeds harvested at
R7 and R8 compared with R6. Another pertinent observation was that the seed quality
decreased at the late maturity stages (R8 + 5 days and R8 + 10 days) irrespective of the
production environments except for P1-MI (Figure 2), where the germination percentage
was maintained. The combined analysis showed that all the seeds produced under the wet
condition (based on LR development), minimum quality standards (FG% >75%, GI >300,
GRI >25% per day, and SVI > 2500) were obtained at the maturity stage R8, while in dry
environment, it was achieved at R7 (Figure 2), with significantly lower percentage in wet
environments compared to dry.

The lowest seed quality traits (FG% <51%, GI < 250, and GRI < 16.5) were recorded
at R6, irrespective of the production environments. Thereafter, seed quality improved
with maturity from R6 to R8. Upon reaching a maximum at R8, in most environments,
quality began to decline at R8 + 5 and R8 + 10, except for P1-MI where the seed quality
was retained during the delayed maturity stages. Higher rate of the FG% reduction was
observed after the R8 maturity stage in P2-POL, P1-ALU, and P2-ALU (wet) by 31%, 58%
and 46%, respectively. In P2-MI and P1-POL (dry), comparatively slow rate of reduction
was observed at same period by 6% and 19%, respectively. A similar trend was observed
for other seed and seedling quality parameters of GI, GRI and SVI.
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There was no interaction observed for MGT and CVG. However, significant differences
for main factor were detected in MGT and CVG (Figure 3).
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Figure 3. Mean germination time (MGT) and coefficient velocity of germination (CVG) as affected by
different maturity stage (a,b) and different production environments (location × planting cycle) (c,d).
Means followed by the same letter (s) on the bar do not differ significantly based on LSD at p < 0.05.

Soybean seeds harvested at maturity stage R7 and R8 had significantly lower MGT
(3.3 and 3.2 days, respectively), while those from R6, R8 + 4 and R8 + 10 had values ranging
from 3.4 to 3.6 days. On the other hand, the highest MGT (3.8 days) was recoded in P1-POL
being significantly different from the other production environments, while the lowest
MGT was recorded in P1-MI which was 3.1 days. There was no significant difference
in CVG from R6 to R8 + 5 days and it was ranged from 29.6 to 31.0. P1-MI and P2-MI
showed the highest CVGs which were 32.5 and 31.0, respectively, among all the production
environments tested (Figure 3).

3.2. Electrical Conductivity

The loss of electrolytes from seeds to imbibition water can be detected by evaluating
the electrical conductivity (EC), and indicates the intactness of the membrane. There
was a significant interaction between the production environment and maturity stage for
electrical conductivity of leachates. Higher EC values indicate lower seed quality as it
relates to the membrane permeability. Higher EC values were recorded at maturity stage
R6 irrespective of the production environments. Among the production environments,
the highest EC value (290.8 µS cm−1 g−1) was recorded at maturity stage R6 in P2-ALU
environment followed by same maturity stage in P1-ALU (251.6 µS cm−1 g−1) and P2-POL
(242.0 µS cm−1 g−1), all three being classified as the wet environment (Figure 4).

Meanwhile, seeds that matured in dry environment (P1-POL, P1-MI and P2-MI)
recorded low EC value at R6 maturity stage compared with the seed lot which matured in
the wet environment. The EC value gradually reduced with maturity until R8. There was
no significant difference in EC value at R8 for P1-MI, P2–MI, P1-POL, P2-POL and P2-ALU,
EC values ranged from 18.5 to 27.5 µS cm−1 g−1. However, comparatively high EC value
(48.5 µS cm−1 g−1) was obtained at P1-ALU production environment. When synchronized
with other quality parameters, increased EC values in the late maturity stages fluctuated in
all production environments.
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production environment (location × planting cycle) and maturity groups. Means followed by the
same letters do not differ significantly between the production environments × maturity group using
Ls means at p < 0.05. Wet and dry were grouped based on the late reproductive stage environmental
condition.

3.3. Soluble Sugar

The most abundant soluble sugar in soybean seeds is glucose, sucrose and raffinose
family oligosaccharides (RFOs). During initial seed development, glucose plays a vital
role in cell division, cell development, and accumulation of storage carbohydrate, while
sucrose and RFOs play a vital role in seed maturation stage by protecting cell membrane
from extreme dehydration. In general, the presence of glucose in dry mature seed is
negatively correlated with seed quality. On the other hand, availability of sucrose and
RFOs is positively correlated in terms of seed quality. There was no significant interaction
in the production environment and maturity stages on glucose content of seeds, but each
of the factors individually affected the glucose content of the seeds. In contrast, significant
interaction was observed between sucrose and RFOs (Figure 5).

There was no significant difference in glucose content at P1-MI, P2-MI, P1-POL, and P2-
POL production environments. Seeds matured in wet environments; P1-ALU and P2-ALU
showed 44% higher glucose content (>0.06 g/100 g), when compared with other production
environments. Seed glucose content gradually decreased from maturity stages R6 to R8
before increasing at late maturity stages. There was no significant difference in sucrose
content at R8 in all the production environments except for P2-POL. A notable difference
was recorded in the P2-POL which recorded the highest cumulative GDD (1191) during
reproductive phases (ER and LR) with the highest rainfall during LR stage (166.6 mm), thus
heat stress conditions and hot humid condition could be the reason for less accumulation
of sucrose content in the seeds (Table 1). In general, the R6 stage showed lower amount
of sucrose and RFOs. There was no clear trend for sucrose and RFOs for the rest of the
maturity stages at all the other production environments.
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Figure 5. Glucose (GLU) content of the seed as affected by different maturity stages (a) and production
environments (location × planting cycle) (b). Means followed by the same letter on the bar do not
differ significantly based on LSD at p < 0.05. Sucrose (SUC) (c) and RFOs (d) as affected by the
interaction between the production environment (location × planting cycle) and maturity stages.
Means followed by the same letters do not differ significantly between the production environments
× maturity stages using Ls means at p < 0.05.

3.4. Antioxidant Enzyme

CAT and POD activities were significantly affected by maturity stages and production
environments as shown in Figure 6.

The CAT and POD activities increased from maturity stages R6 to R8 and reduced
thereafter when harvesting was delayed. Rate of reduction was affected by the production
environments. The highest amount of both CAT and POD activities were recorded in R8
maturity stage irrespective of the production environments. The lowest catalase activity
(18.2 µmol/min/FW) was recorded in P1 ALU and there was no significant difference in
CAT activities at the other production environments. The highest peroxidation activity
(113.0 nmol/min/mg FW) was recorded at maturity stage R8 at P1 MI environment, fol-
lowed by P1-POL, P2-MI and P2-POL, 84.4, 83.6, and 77.5 nmol/min/mg FW, respectively,
at the same maturity stage. Rapid reduction of antioxidant activity was observed in the
late maturity stage (R8 + 10) compared with R8 at P1 ALU, P2 ALU, which were 73% and
59% (CAT) and 59% and 49% (POD), correspondingly. On the other hand, slower reduction
rate was recorded between the same maturity stages at P1 MI and P2 MI with 5% and 31%
(CAT) and 21% and 31% (POD), respectively (Figure 6).
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3.5. Seed Yield

This study resulted in a significant yield difference among the production environ-
ments, maturity stages and their interaction (Table 2).

Table 2. Seed yield ± SE (g/m2) at different harvesting maturity stages (R6, R7, R8, R8 + 5 days and R8 + 10 days) in six
production environments (P1-MI, P2-M1, P1-POL, P2-POL, P1-ALU, and P2-ALU).

Production Environments

Harvest Maturity Stages

Seed Yield + SE (g/m2)

R6 R7 R8 R8 + 5 R8 + 10

P1 MI 79.7 ± 2.4 pq 224.1 ± 7.8 b–d 239.2 ± 7.7 b 227.3 ± 15.5 b–d 235.6 ± 15.4 bc
P2 MI 99.1 ± 3.3 op 126.8 ± 9.6 mn 265.1 ± 18.4 a 242.1 ± 8.5 ab 226.3 ± 11.8 b–d

P1 POL 110.1 ± 4.0 no 177.7 ± 5.6 h–k 182.6 ± 6.6 h–j 184.3 ± 6.4 g–j 186.9 ± 6.5 f–h
P2 POL 82.8 ± 1.8 pq 185.5 ± 11.1 f–i 207.2 ± 12.6 d–g 226.8 ± 2.3 b–d 215.6 ± 1.5 c–f
P1 ALU 124.0 ± 1.8 nm 167.4 ± 6.0 i–k 219.0 ± 4.9 b–e 156.9 ± 4.3 k–l 141.6 ± 5.5 lm
P2 ALU 58.4 ± 1.6 q 162.7 ± 6.4 j–l 190.0 ± 6.3 f–i 192.3 ± 7.0 f–h 195.1 ± 11.0 e–h

Note: Means values marked with different small letters indicates significant difference at p < 0.05 level.

The yield when harvested at R6, irrespective of the production environment, was low
due to incomplete seed filling. There was no significant difference in seed yield among
R8, R8 + 5 day and R8 + 10 days maturity stages within production environments for
P1-MI, P2-ALU, P1-POL and P2-POL. However, yield reduction of 14.6% and 35.3% was
observed at R8 + 10 days maturity stage compared to R8 in P2-MI and P1-ALU, respectively.
There was no significant difference in seed yield between R7 and R8 in P1-MI, P1-POL and
P2-POL environments. The lowest yield (182.6 gm−2) of R8 maturity stage was recorded
in P1-POL which was the shortest total growing period (80.8 days) recorded, while the
highest yield (265.1 gm−2) was recorded for the same stage at P2-MI, which was the longest
total growing period (100.4 days) recorded.
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3.6. Seed Moisture Content at Harvest

The moisture content of seeds at harvest varied in different harvesting maturity stages
in different production environments. Figure 7 illustrates the results of moisture content
for seeds harvested at different maturity stages (from R6 to R8 + 10 days).
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It was evident that, irrespective of the production environment, high moisture content
was observed in R6 maturity stages, and it ranged from 62.3% to 73.1%. Those seed lots
that matured in dry environments (P1-M1. P2-M1 and P1-POL) recorded less than 25%
moisture content at R7 maturity stages while it was above 25% in wet environments (P2-
POL, P1-ALU and P2 ALU). There were no clear variations among the remaining maturity
stages within wet and dry environment conditions.

3.7. Correlations

The correlation coefficients were significantly different among the seeds and seedling
quality parameters (Table 3).

Table 3. Pearson correlations among seed and seedling quality parameters of production environments × maturity stages.

1 2 3 4 5 6 7 8 9 10

(1) FG% 1.00
(2) GI 0.97 ** 1.00

(3) CVG 0.19 ns 0.40 ** 1.00
(4) EC −0.85 ** −0.81 ** −0.04 ns 1.00
(5) SVI 0.95 ** 0.93 ** 0.21 * −0.81 ** 1.00

(6) GLU −0.50 ** −0.48 * 0.02 ns 0.43 ** −0.50 ** 1.00
(7) SUC 0.49 ** 0.47 ** 0.03 ns −0.62 ** 0.50 ** −0.11 ns 1.00
(8) RFOs 0.62 ** 0.56 ** −0.02 ns −0.67 ** 0.63 ** −0.31 ** 0.40 ** 1.00
(9) CAT 0.94 ** 0.91 ** 0.14 ns −0.81 ** 0.91 ** −0.53 ** 0.48 ** 0.56 * 1.00

(10) POD 0.86 ** 0.87 ** 0.26 * −0.72 ** 0.89 * −0.49 ** 0.41 ** 0.43 * 0.84 * 1.00

*, ** Significant at 5% level and 1% level and ns not significant n = 90.

Correlation analysis revealed that the final germination percentage had strong positive
correlation with germination index (r = 0.97 **), seedling vigor index (r = 0.95 **), catalase
(r = 0.94 **), and peroxidase (0.86 **). Negative correlations were observed between
final germination percentage, electrical conductivity (r = −0.85 **), and glucose content
(r = −0.50 **).
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4. Discussion
4.1. Seed Development, Maturation and Production Environment

Soybean grown in the different environments significantly influenced the duration
required for crop maturation, which varied from 80.8 to 100.4 days. Interestingly, the
shortest time to maturity (80.8 days), and the longest time to maturity (100.8 days) were
observed in the same location i.e., POL in the different planting cycles (P1 POL and P2
POL) (Figure 1). This result clearly indicates that harvesting at a fixed number of days
after planting as practiced currently is not suitable. Several other studies also reported
that environmental conditions of the mother plant which prevails at different growing
stages, critically influence the plant growth, development, yield and seed quality [12,15,43].
In particular, the duration of vegetative and reproductive phases was influenced by the
various factors such as temperature [11,44–46], rainfall [47], and photoperiod [48]. However,
Sri Lanka being a country close to the equator, the day-length is 12 hours throughout the
year. Therefore, temperature, rainfall and relative humidity are the significant deciding
factors on the growth differences of soybean in a tropical country.

The findings of this study showed that SS to R1 and R1 to R6 were minimally influ-
enced by the environmental variations which ranged from 66 to 70 days. Thus, the late
reproductive stage was the only stage which contributed to the variation in the total grow-
ing period of soybean produced in the different production environment. When the late
reproductive stage (LR) coincided with wet environment (P2-POL, P1-ALU, and P2-ALU),
the duration was prolonged by 27.5 days, while in the dry environment (P1-MI, P2-MI and
P1-POL), it required only 17.5 days (Figure 1). This is in accordance with the findings of
Olivares et al. [47], who showed that extension of reproductive growing period in wild oat
(Avena barbata) occurred due to rainy spells during their reproductive stage. During the LR
stage, moisture content of the seeds gradually decreased, and the rate of moisture reduction
and the equilibrium moisture content of the harvested seeds depended completely on the
surrounding environmental conditions (temperature and relative humidity) [23]. Relatively
slower moisture reduction rate (1.8% day−1) at R6–R7 was observed in wet compared with
the dry environments (3.3% day−1). In dry environment, the atmosphere contains a high
vapor pressure deficit while wet environment contains a low vapor pressure deficit, hence
high and low moisture removal rates could be observed, respectively. As a result, 19.7 days
were taken to reach R6 maturity stage to R7 in wet environments, and only 13.7 days were
recorded in dry environment for the same process (Figure 7). This is the main reason for
the prolonged late reproductive stage observed in the wet environmental condition.

4.2. Seed and Seedling Quality

According to Fehr and Caviness [25], the maturity stage where 95% of pods turned
brown in color is called R8. According to our results, different numbers of days were taken
to achieve R8 maturity stage under different production environments, and different seed
and seeding qualities were obtained. This finding was consistent with Castro et al. [28] and
Giurizatto et al. [30], who reported R8 was the suitable maturity stage for harvesting for
maximum seed quality in soybean. In contrast to harvesting at R8, a number of previous
studies [27,29] have also recommended maturity stage R7 as the best harvesting stage for
soybean. From this study, R8 is recommended as it showed maximum quality cutting across
various environmental conditions, however, for seeds that mature in dry environments
(P1-MI, P2-MI and P1-POL) harvesting earlier at stage R7 resulted in seeds that comply to
the minimum quality standard.

The maturation drying is the last phase of seed development, and during this time,
the moisture content of seeds decreased through the process of dehydration [49]. A number
of protective mechanisms have been proposed during maturation drying period including
cell membrane stabilization, metabolic switch-off, accumulation of protective mechanism,
removal of ROS, and trigger of enzyme synthesis to achieve successful germination leading
to enhanced seed vigor [4,7,50]. This study clearly exhibited that the variations in environ-
mental condition during maturation drying process result in seeds with different vigor
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levels. Accelerated maturation drying process was observed in dry environments, with
seeds complying to minimum quality standards when harvested from maturity stage R7. In
contrast, slow maturation drying process was observed in the wet environment, with seeds
at maturity stage R7 having high moisture content (>25%) (Figure 7). Vergara et al. [20]
reported that high moisture content at the time of harvesting causes injuries to soybean
seeds which leads to lower seed and seedling qualities. It is widely accepted that maximum
seed quality is obtained at the stage when the supply of assimilates to the seeds were termi-
nated, which is termed as physiological maturity [51]. After the physiological maturity, the
funiculus is loosened functionally, and as a result dry matter cannot be transferred from
mother plant to seed, and seeds undergo the process of deterioration. The deterioration
rate depends on the prevailing weather conditions at the seed maturation periods, and
the number of days the seeds remain in the late reproductive stage. The current study
showed that wet weather which prevailed during the late reproduction stage increased
the deterioration rate in delayed maturity stages. Similar findings were also reported for
delayed harvest soybean seeds, for example, R8 + 14 days [30], at R8 + 15 days, R8 +30
days [24], R8 + 20 days [52].

Among the environmental variabilities, temperature is another key factors which
affects seed development and quality. The most common temperature index which can be
used to estimate the heat stress of the plant during a particular growing stage is growing
degree of days (GDD), also called crop heat units [53,54]. Our findings clearly demonstrated
that seed deterioration was further accelerated at P2-POL, P1-ALU, and P2-ALU due to the
exposure of more than 400 GDD during the LR stage, and it was mainly due to exceeding
the threshold heat limit during that particular period (Table 1). Further, it is in line with
a previous study which reported that exposure to high heat and humidity during seed
maturation could result in lower seed quality [55].

4.3. Electrical Conductivity

The current study indicated lower EC value (<30.0 µS cm−1 g−1) at R8 in all the pro-
duction environments, suggesting perseverance of membrane integrity which protects the
tissues from the oxidative damage. Thus, this could also explain the higher germinability
of seeds harvested at R8. In contrast, higher EC values particularly in the late maturity
stages (R8 + 5 days and R8 + 10 days) for seed produced at P2-POL, P1-ALU and P2-ALU
could be due to rapid loss of membrane integrity because of prolonged exposure of hot
(>400 GDD) and wet (>75% RH or >100 mm RF) conditions. Our findings were in line
with Forti et al. [56] who reported that damage to tissues due to weather can occur as
a consequence of oxidative damage during the heat stress after physiological maturity.
However, there was no significant difference between EC values and seed quality traits
(FG%, GI, GRI, and SVI) in R8 and late maturity stages of R8 + 5 days and R8 + 10 days
in P1-MI, where seeds were exposed to low heat stress (388 GDD) and dry conditions
during the LR stage (Figures 2 and 4). Thus, the results confirmed that oxidative stress was
minimized at the LR stage under dry conditions.

4.4. Soluble Sugar

Soluble sugars are a significant seed constituent and deposited in the primary storage
tissues of seed during development [57] in different quantities [58]. The amount of soluble
sugar deposition is fundamentally determined by genetic factors, maturity stages and
production environments. Our study revealed positive correlations between FG% and
sucrose and RFOs content and a negative correlation was found between FG% and the
glucose content of the dry seeds. Various studies reported that high amount of reducing
sugar (glucose) in dry seeds weakens protein constituents, resulting in low seed and
seedling quality. The formation of reducing sugar in hot and wet environments was due
to the triggered action of hydrolytic enzymes which were hydrolyzed complex sugars to
glucose. It could be the reason for low performance of seed and seedling quality of P1-ALU
and P2-ALU, which showed higher glucose content in dry seeds (Figure 5). Furthermore,
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the present study was found to have moderate negative correlations between sucrose
and RFOs with EC values of (r = −0.62 **) and (r = −0.67 **), respectively. This result is
consistent with several studies [54–56] that reported sucrose and RFOs might be involved
in membrane stabilization.

4.5. Antioxidant Enzyme

The strength of the antioxidant enzymatic defense mechanism plays a vital role in
seed and seedling quality traits since it leads to scavenging ROS produced by various
abiotic and biotic stress conditions. Therefore, insufficient concentration of antioxidants to
scavenge the ROS could lead to seed deterioration process. Our findings clearly confirmed
that at late maturity stages (R8 + 5 days and R8 + 10 days) loss of antioxidant (CAT and
POD) activity occurred leading to rapid reduction of germination trait (FG%, GI, GRI
and SVI) under wet environment (P2-POL, P1-ALU and P2-ALU) (Figures 2 and 6). It
was further confirmed by the correlation analysis results which revealed strong positive
correlations between antioxidant enzyme activities (CAT and POD) and seed and seedling
qualities (FG%, GI and SVI) (Table 2). This finding is consistent with [59], who suggested
that physiological quality reduction only appeared with the inactivation of a range of
antioxidant enzymes responsible for ROS scavenging.

4.6. Seed Yield

The number of plants per unit area, number of pods per plant, seed number per pod,
and average seed weight are the soybean yield components, and these yield components
depend on environmental conditions [15]. Carmello et al. [60] reported that rainfall and
temperature are the primary factors responsible for the grain yield fluctuation in much of
the tropics. The present study showed that environments that experienced wet condition
with temperature below the maximum tolerance level (<33 ◦C) during ER stage (Table 1),
such as P1-M1, P2-MI, and P1-ALU, showed higher yield compared to the average of six
environments. The availability of adequate water content and the absence of heat stress
during seed filling stage in these environments could be the reason for higher yield. In con-
trast, the other three environments which coincide with ≥35 ◦C and dry condition during
the early reproductive stages (Table 1) had lower seed yield. Our findings were consistent
with several previous studies which reported that the increment of temperature even for a
short period of exposure (only three days) above the maximum tolerance level negatively
affected soybean yield component and yield [44]. However, the six environments tested in
this study, maintained seed yield above the minimum yield level (>150 gm−2) designated
for the PB-1 variety. The current finding provides the much-needed encouragement for the
government to expand the seed production area in Sri Lanka, with ensured seed quality
standards.

4.7. Programming of Seed Production Activities

This study acts as a guideline for the selection of suitable production environments in
Sri Lanka to produce good quality soybean seeds as planting material. Since the amount
of rainfall, relative humidity, and temperature were the critical factors that influenced the
seed quality, our result showed that more than 100 mm of rainfall during late reproductive
stage negatively affected soybean seed and seedling quality, it is suggested that long term
rainfall data analysis would be advantageous when designing the seed production process
to obtain the above-mentioned minimum quality standards. Based on that, May to August
season is suggested for the first round of planting, while the season from January to March
would be ideal for the second round of planting (Figure 8).
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location Aluttarama (ALU), Polonnaruwa (POL) and Mahailluppalama (MI). Source: Natural resource
management division, Department of Agriculture Sri Lanka.

5. Conclusions

This study identified the significant effect of both the production environment and
harvest maturity stage on initial seed and seedling quality as well as final seed mass.
Maternal environmental conditions at the late reproductive stage (R6–R8) are the most
critical factor in determining the initial seed quality. Rapid seed deterioration in the
field occurred when more than 100 mm of cumulative rainfall coincided with the late
reproductive stage. In a dry environment, both R7 and R8 maturity stages can produce seed
lots having above minimum quality standard (75% of final germination, germination index
of 300, germination rate index of 25% per day and seedling vigor index of 2500); however,
in the wet environment only maturity stage R8 surpassed the minimum level. Therefore,
the R8 maturity stage is recommended irrespective of the production environment for
soybean variety PB-1, with variation in time taken to attain this stage. In dry environment
maturity stage R8 can be attained within 80 days while in wet environment it can exceed
100 days. The current seed production area (MI) can be expanded to POL (P1 and P2) and
ALU (P2) by managing planting time (P1 January and P2 June) to coincide with less than
100 mm of cumulative rainfall during the late reproductive stage (R6–R8). It is expected
that with expansion based on above recommendations, the country can benefit from a
2.5-fold increase in seed production.
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