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Abstract: The information on genotypic responses to the seasonal variation in the starch content,
starch yield, and starch quality of cassava is limited. The objective of this research was to investigate
the seasonal variation of starch characteristics of three cassava genotypes grown under irrigation.
The experiment was conducted at four planting dates (20 April, 30 June, 5 October, and 15 December
2015). Three cassava genotypes (CMR38-125-77, Kasetsart 50, and Rayong 11) were evaluated in a
randomized complete block design with four replications and the plants were harvested at 12 months.
The planting date contributed the largest portion of the total variation in the starch content, starch
yield, and starch granule size. The amylose content variability was heavily influenced by genotype.
Cassava planted on 5 October or 15 December had greater starch content, starch yield, and starch
granule in most genotypes. This was likely due to a higher temperature and solar radiation during the
3–9 months post-planting. CMR38-125-77 showed a consistently high starch content, starch yield, and
high amylose content for most planting dates except for the starch yield on 20 April, of which Rayong
11 was the best. These findings will be useful for choosing suitable cassava genotypes for different
growing seasons and for facilitating breeding efforts for high starch-yielding and high-quality cassava
starch in the future.

Keywords: Manihot esculenta; stability; cassava breeding; genotype by environment interactions;
planting date

1. Introduction

Based on molecular techniques, archaeological evidence and fossil remains, the domestication of
cassava (Manihot esculenta Crantz, 2n = 36) traced back to about 7000 to 12,000 years ago, and their
selection by ancient farmers and modern plant breeders resulted in the modern cassava cultivars with
extraordinary characteristics including a high biomass and high starch yield, high ability to grow in
unfavorable environments, and tolerance to drought [1]. Nowadays, cassava contributes significantly
to the nutrition and livelihood of up to 800 million people worldwide [2]. The starchy tuberous roots
can be consumed after cooking or used as a raw material in the manufacture of processed food, animal
feed, bio-ethanol or industrial products. In Asia, cassava was introduced about two hundred years
ago [3], and it is mainly grown for commercial proposes such as dried chips, pellets and starch for
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animal feed and industries as well as for fuel production [2,4]. In 2020, the global demand for cassava
production for food and industrial purposes is expected to reach up to about 290 million tons [5]. For
this reason, a better understanding of the edaphic and climatic factors affecting the starch quality and
quantity of cassava would enhance its use. Multi-environment trials have been found to be essential for
determining the genotype stability and predicting the performance of the traits across environments [6].
The reports in tuber crops demonstrated that effect of the season is higher magnitude than the effect of
the years for biomass and tuber yield, and the genotype by season interaction was more important than
genotype by year interaction [7,8], indicating the importance in the evaluation of cassava genotypes
across seasons.

Southeast Asia is one of the major cassava producers with the production rapidly increasing, and
Thailand ranks first as the world’s exporter of cassava products [2,9]. Cassava can be planted year
round in Thailand due to its wide range of adaptability. The crop duration covers almost all seasons
including the hot dry season (March to May), the rainy season (May to October) and the cool dry
season (November to February). Several investigations on seasonal variations under rainfed conditions
that affect the starch content, starch yield, ratio of amylose and amylopectin, and starch granule size of
cassava have been published [10–14]. These traits are important for industrial applications and food as
they affect the quality of the final products such as functional foods (resistant starch), paper, cardboard,
plywood, fabric, glue, cosmetic, and pharmaceutical and bio-products [14–16].

Santisopasri et al. [13] demonstrated that seasonal variation affects the content, yield, and quality
of starch in cassava. The authors reported that when cassava was planted in the early rainy season
(without initial water stress), the starch content and root yield was higher than when cassava was
planted in the post-rainy season (with the initial water stress) by 16.46–24.46% and 11.81–35.64%,
respectively. Teerawanichpan et al. [14] reported that the starch granules were smaller when the
crop was subjected to drought stress at the early development stage (1–4 month after planting) when
compared to the crops without water stress at the early development stage. Furthermore, the granules
remained small even when the crops were provided with sufficient rainfall later in their development.
Gu, et al. [17] also reported that water stress reduced the granule size of cassava starch, and drought
stress at early growth stages had a greater effect on granule size than did the stress at the terminal
growth stage, while rainfall and temperature had a small effect on the granule shape [13]. In other
crops, Barnabás et al. [18] revealed that high temperatures (37/28 ◦C, day/night) from flowering to
grain maturity caused a significant reduction in the starch accumulation of wheat and barley.

As mentioned above, the previous studies on seasonal variation have been carried out under
rainfed conditions, and only key events of the effects of water stress had been reported and
well-documented. However, in some areas where resources are available, cassava is produced under
good management practices to increase productivity per unit area. To our knowledge, the information
on the effects of other climatic factors such as solar radiation, air temperatures, and relative humidity
on the starch content, yield, amylose content and granule size of fully-irrigated crops under different
growing seasons and the responses of cassava varieties are not clearly understood. Therefore, the aims
of this work were to investigate the effect of seasonal variation on starch content, starch yield, amylose
content, and granule size distribution of four cassava genotypes under full irrigated conditions. The
information from this study will help to improve cassava cultivation and identify cassava genotypes
for plant breeding programs aimed at improving starch quality and quantity.

2. Materials and Methods

2.1. Experimental Description and Field Trials

Three cassava genotypes (CMR38-125-77, Kasetsart 50 and Rayong 11) with different starch
bulkings were chosen for this study. CMR38-125-77 and Rayong 11 were developed by the Department
of Agriculture, Bangkok, Thailand, and their starch bulking started at the early growth stage and late
growth stage, respectively. Kasetsart 50 was released by Kasetsart University, Bangkok, Thailand,
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and this genotype had starch bulking at the mid-stage. Four planting dates were used in this study,
which represented the planting conditions of the crop in the hot dry, mid rainy, late rainy and cool
seasons (20 April, 30 June, 5 October, and 15 December 2015, respectively). The experiment was
conducted at the Field Crop Research Station, Faculty of Agriculture, Khon Kaen University, Khon
Kaen, Thailand (16◦47′ N and 102◦81′ E) using a randomized complete block design (RCBD) with four
replications. The climate is classified as a tropical savanna climate according to the Köppen climate
classification [19]. Land preparation was done following normal procedures for the cultivation of
cassava using a 3-disk tractor and a 7-disk tractor and then the soil ridges were made [20]. Plot size
was 20 × 7 m with a spacing of 1 m between rows and 1 m between plants within a row. Therefore,
each plot had 140 plants.

The stems of 9-month-old cassava were cut into sections of 20 cm (length) and
treated with thiamethoxam (Syngenta crop protection limited, Bangkok, Thailand) (3-(2-chloro-
thiazol-5-ylmethyl)-5-methyl-(1,3,5)-oxadiazinan-4-ylidene-N-nitroamine 25% water dispersible
granules) at a rate of 5 g per 20 L of water for 30 min to reduce mealy bug (Pseudococcidae)
problems and then they were incubated under warm temperature (25–30 ◦C) for three
days to stimulate bud germination. The planting hills were made on the top of soil
ridges, and carbosulfan (Food machinery and chemical corporation, Rayong, Thailand)
(2,3-dihydro-2,2-dimethylbenzofuran-7-ylmethylcarbamate 3% granular) was applied at the rate of 15
kg ha−1 to protect them from insects. The germinated stem cuttings were inserted vertically into the soil
ridges to cover 2/3 of the cutting length. Weeds were controlled by an application of alachlor (Kemfac
limited, Samutprakan, Thailand) (2-cholro-2’,6’-diethyl-N-(methoxymethyl) acetanilide 48%, w/v,
emulsifiable concentrate) at a rate of 3 L ha−1 before planting and hand weeding was done regularly.

At one month after planting (MAP), chemical fertilizers were applied to the crop based on soil
analysis and cassava nutrient requirements proposed by Howeler [21]. At two MAP, ammonium
sulfate ((NH4)2SO4) (Chia tai company limited, Phranakhonsiayutthaya, Thailand) and potassium
chloride (KCl; 60% K2O) (Chia tai company limited, Phranakhonsiayutthaya, Thailand) were applied
at rates of 223.18 and 93.75 kg ha−1, respectively [20]. Because available phosphorus content in the
soil was high, no applications of phosphorus fertilizer were used. Insufficient micronutrients were
foliar sprayed at 15 days after planting and 1 MAP including 1% ZnSO4·7H2O, 1% MnSO4, and 0.05%
CuSO4·5H2O based on the recommendation suggested by Janket et al. [22]. Sets of tensiometers
were installed at 20 and 40 cm soil depths in two replications for all planting dates to monitor soil
moisture in the experimental field. Supplementary irrigation was applied by an overhead sprinkler
irrigation system when the water tension at 40 cm of soil depth was close to −30 kPa to keep the plots
well-watered. Irrigation was stopped when the level of water tension at 20 cm was between −10 to 0
kPa. Pests and diseases were controlled as necessary.

2.2. Soil and Plant Determination and Sample Preparation for Laboratory Analyses

Soil samples were randomly taken pre-planting and post-planting from 6 points in each planting
date at the depths of 0–30 and 30–60 cm; the samples were bulked, mixed, and analyzed to determine
soil physicochemical properties including the percentage of sand, silt, clay, organic matter percentage,
soil pH, electrical conductivity (EC), cation exchange capacity (CEC), total nitrogen (N), available
phosphorus (P), exchangeable potassium (K), and total calcium (Ca), magnesium (Mg) and sulfur (S).

Eighteen plants in each plot were harvested at 12 MAP for all planting dates and used to determine
the storage root yield, biomass, starch content, amylose content, and starch granule size distribution.
The plants were separated into leaves, petioles, stems, and storage roots. Storage roots were washed in
tap water to remove the adhering soil, and about 10% of the total fresh weight of each plant part was
then sub-sampled. The subsamples of all plant parts were oven-dried at 70 ◦C for 72 h or until the
weights were constant and dry weights were recorded.

Starch samples were prepared within 12 h after harvest. Eight to twelve storage roots were
sub-sampled, washed again in tap water, and then peeled for granule size distribution determination.
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For the starch content determination, subsamples were left unpeeled. The storage roots were then
sliced into thin pieces, discarding the head and tip of storage roots. Then, the samples were oven dried
at 50–55 ◦C until reaching a constant weight using tray drier (EQ-04SW, Leehwa industry company,
Kyongbuk, Korea). The dried samples were ground in an electronic blender (Standard EM-11, Sharp
Thai company limited, Bangkok, Thailand) and then sieved with 200 µm and 106 µm diameter sieves
for starch content and granule size distribution analyses, respectively. The ground samples were
stored in cleaned plastic zip bags and kept in a dry dark place until further analyses. During the
experiment, daily maximum temperature, minimum temperature, solar radiation, relative humidity,
and precipitation were recorded by an automatic weather station (Watchdog 2700, Path computation
element group, Meschede, Germany) located in the experimental field. The growing degree days was
also calculated by summation of daily mean temperatures from the day of planting to harvest time.

2.3. Determination of Starch Content by Polarimetric Method

2.3.1. The Determination of Total Rotary Power (P)

The 5 g of the ground samples were transferred to a 200 mL glass flask and 50 mL of hydrochloric
acid (RCI labscan limited, Bangkok, Thailand) (0.31 N) was added. The flask was plugged and shaken
for 3 min or until the sample was uniformly suspended and then an additional 50 mL of hydrochloric
acid was added into the samples. The flask was immersed in a boiling water bath (WNE-22, Memmert,
Schwabach, Germany), shaken vigorously and steadily for the first 3 min to avoid coagulation of
the sample, and then kept in the bath for a total of 15 min. Then, 60 mL of cold water was added
immediately to obtain a temperature of 20 ◦C. After cooling, 20 mL of 4% sodium phosphotungstate
(Sigma-Aldrich company limited, St. Louis, MO, USA) was added and the samples were shaken for
approximately 30 seconds. The sample was diluted to 200 mL with distilled water and mixed and
filtered using number 1 filter paper. The solution was discarded for first 25 mL and remaining of
the filtrate was transferred into a 200 mm tube, and total rotary power measured with a polarimeter
(Polatronic MH8, Schmidt haensch, Berlin, Germany).

2.3.2. Determination of the Rotary Power (P’) of Substances Soluble

Twelve and a half grams of the ground samples were transferred to a 250 mL glass flask, and 200
mL of distilled water was added into the sample. The flask was shaken vigorously every 10 min for a
total of 1 h (6 times) in order to disperse the sample. The solution was diluted to 250 mL with distilled
water, mixed, allowed to stand, and then filtered through a number 42 filter paper. A total of 100 mL
of the filtrate was transferred into a 200 mL glass flask, and 4.2 mL of 25% hydrochloric acid was then
added to the filtrate, and the sample was shaken vigorously. The flask was then immersed in a boiling
water bath for 15 min and the processes for rotary power determination were continued as above. The
starch content (%) was calculated as follows:

Starch content (%) =
2000 ×

(
P− P′

)
× 100 × L

[a]20 ◦D × (100−M)
(1)

P = total rotator power in degrees; P′ = rotator power in degrees given by substances soluble in water;
[a]20 ◦D = specifies optical rotation of pure starch (cassava starch = 180◦); M = starch moisture (%);
L= standard tube length (200 mm is 1).

The starch content was calculated on a dry weight basis and starch yield was calculated by the
following formula:

Starch yield (kg ha−1) = starch content (%) × storage root yield (kg ha−1) (2)
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2.4. Determination of Starch Granule Size Distribution by Laser Diffraction

The starch granule size distribution was measured by the laser diffraction method as described by
Teerawanichpan et al. [14]. Before analysis, the starch was suspended in deionized distilled water and
sonicated by the ultrasonic bath (50/60 Hz, Ney, Sacramento, CA, USA) for 30 min. The distribution of
starch particle size was then determined by a laser diffraction spectrometer (Mastersizer 2000, Malvern
instruments limited, Malvern, UK). A red light source: He-Ne laser source (γ663 nm), blue light source:
solid state light source, beam length: 2.35 mm, laser power: 82.5 and a constant rotation speed of
3500 min−1 was used for the measurements, and each sample was measured three times.

2.5. Determination of Amylose and Amylopectin

Amylose content was measured by the iodine-affinity method as described by Hoover and
Ratnayake [23]. A total of 20 mg of sieved cassava starch was weighed individually into a glass tube,
and then 8 mL of 90% dimethyl sulfoxide (DMSO) (Sigma-Aldrich company limited, St. Louis, MO,
USA) was added to the sample and boiled for 15 min or until the solution was clear. The crude starch
solution was then brought to 25 mL by adding distilled water. A total of 1 mm of this crude starch
solution was then added to 40 mL of distilled water and stained by 5 mL of a solution containing
0.06345% iodine (I2) (Sigma-Aldrich company limited, St. Louis, MO, USA) and 0.1079% potassium
iodide (KI) (Sigma-Aldrich company limited, St. Louis, MO, USA) and diluted to a final volume of 50
ml. After mixing, the solution was incubated for 15 min at room temperature and the absorbance of
the iodine-starch complex was measured colorimetrically using a UV-VIS spectrophotometer (Genesys
10s UV-VIS spectrophotometer, Thermo fisher scientific, Madison, WI, USA) at 600 nm. The amylose
content was calculated as the percentage of the total cassava starch sample by comparing it with a
standard absorption curve of potato amylose (cat. No. 10130, Fluka, Buchs, Switzerland), and the
amylopectin content was calculated by subtracting the fraction of amylose from 100. The ratio of
amylose and amylopectin was also calculated by dividing the total amylose by the total amylopectin.

2.6. Statistical Analysis

A statistical analysis was carried out using MSTAT-C version 1.42 [24]. Individual analyses of
variance were performed for each character in each planting date according to an RCBD. Homogeneity
of variance was tested for all parameters by Bartlett’s test to examine the homogeneity of the error
variance. Combined analysis of variance of all four seasons was performed for those parameters when
the error variances of four planting dates were homogeneous. Tukey’s honestly significant difference
was used to compare the means at an alpha level of 0.05. A stepwise regression analysis was used
to examine the relationship between starch characteristics and climatic factors including the total
solar radiation, minimum and maximum temperatures, mean temperature, growing degree-days, the
photoperiod, and relative humidity. Graphical presentations were prepared based on the mean values
using Microsoft Excel (Office 365, Microsoft, Washington, DC, USA).

3. Results

3.1. Soil Properties and Growth Conditions

The soil used in this study is a Yasothon series (Yt: fine-loamy; siliceous, isohypothermic, Oxic
Paleustults), which is distributed widely in Northeast Thailand. The physical and chemical properties
of the soil are presented in Table 1. The soil texture was loamy sand with a pH of 5.67 to 7.04 (averaged
0–60 cm). On average at the depth 0–60 cm, most soil chemical and physical properties such as the
total nitrogen (0.01 to 0.03%), exchangeable potassium (12.8 to 54.6 mg kg−1), total magnesium (30.8 to
50.4 mg kg−1), organic matter (0.33 to 0.53%), and cation exchange capacity (1.82 to 5.27 cmol kg−1)
were low and very low compared with the nutrient requirements for cassava [20]. However, the
exchangeable calcium (200 to 387 mg kg−1), total sulfur (3.0 to 53.5 mg kg−1), and electrical conductivity
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(0.02 to 0.05 dS m−1) were medium, whereas the available phosphorus values (17.2 to 62.9 mg kg−1)
were high [21].

Since the first planting date was grown in the hot dry season (20 April), it received high
temperatures and high solar radiation during the first few months of plant growth and lower
temperatures and lower solar radiation during the mid-growth stage (2–8 MAP; canopy and root
development to high carbohydrate partitioning to storage roots) (Figure 1). Daily temperatures and
solar radiation during growth in the early rainy season (30 June) were cooler with more clouds during
the initial growth period of the 20 April. Daily temperature and solar radiation in the late rainy season
and cool season (5 October and 15 December) were similar to the 20 April planting date during the
initial plant growth stage (about 1–4 month). Thereafter, crops received high temperature and high
solar radiation for a long-term during the period between the canopy and root development and
storage root bulking to high carbohydrate partitioning in the storage roots. However, no water stress
was observed during the growing season in all planting dates because the cassava crops were irrigated.

Table 1. The soil physicochemical properties at pre-planting and post-planting in the experimental
fields at depths of 0–30 cm and 30–60 cm.

Soil Physicochemical
Properties

April 2016 June 2016 October 2016 December 2016

0–30 cm 30–60 cm 0–30 cm 30–60 cm 0–30 cm 30–60 cm 0–30 cm 30–60 cm

Physical properties
Sand (%) 83.9 84.4 85.4 78.5 85.5 73.0 85.8 78.3
Silt (%) 10.0 9.5 7.6 7.5 8.5 10.0 10.1 12.3

Clay (%) 6.1 6.1 7.0 14.0 6.0 17.0 4.1 9.5

Chemical properties at pre-planting
Total N (%) 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.01

Available P (mg kg−1) 61.2 56.5 24.5 17.2 62.9 22.7 25.7 17.4
Exchangeable K (mg kg−1) 54.6 35.6 34.2 20.2 49.0 12.8 41.4 16.6
Exchangeable Ca (mg kg−1) 339 387 335 379 200 287 245 225

Mg (mg kg−1) 36.3 34.9 50.4 46.3 39.7 40.1 30.8 38.4
S (mg kg−1) 53.5 43.2 47.5 41.1 5.4 19.3 3.0 8.3

Exchangeable Na (mg kg−1) 47.4 42.4 24.8 25.3 26.2 24.9 25.7 24.0
pH (1:1 H2O) 6.6 6.7 5.8 6.1 5.6 5.3 5.6 5.5
EC (dS m−1) 0.05 0.04 0.06 0.03 0.03 0.03 0.03 0.02

OM (%) 0.44 0.43 0.53 0.38 0.46 0.33 0.44 0.34
CEC (cmol kg−1) 3.3 5.3 1.8 2.8 2.0 5.3 3.0 4.8

Chemical properties at post-planting
Total N (%) 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02

Available P (mg kg−1) 57.2 53.9 15.9 10.2 28.9 14.9 16.1 12.7
Exchangeable K (mg kg−1) 33.0 27.7 26.2 15.5 29.6 20.1 42.4 31.0
Exchangeable Ca (mg kg−1) 351 364 239 299 216 377 297 312

Mg (mg kg−1) 44.6 33.4 52.3 47.6 35.9 62.9 58.1 57.6
S (mg kg−1) 24.2 29.3 8.1 35.7 9.3 36.2 12.4 20.9

Exchangeable Na (mg kg−1) 65.4 66.2 21.0 40.7 19.2 37.4 28.5 37.4
pH (1:1 H2O) 7.0 6.9 6.4 5.7 5.9 5.6 6.0 6.0
EC (dS m−1) 0.05 0.05 0.02 0.04 0.07 0.05 0.07 0.05

OM (%) 0.48 0.45 0.26 0.21 0.56 0.27 0.44 0.35
CEC (cmol kg−1) 3.2 3.5 1.7 2.6 2.0 5.1 3.2 4.2

N: nitrogen; P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium; S: sulfur; EC: electrical conductivity; CEC:
cation exchange capacity; OM: organic matter.
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Figure 1. The relative air humidity (%), photoperiod (h), solar radiation (MJ m−2 day−1) maximum
and minimum air temperatures (◦C), and rainfall (mm) during the crop growth period of cassava.

3.2. Combined Analysis of Variance

Planting dates were significantly different for biomass, starch content, starch yield, and starch
granule size but not for the amylose content and the ratio of amylose and amylopectin (Table 2).
Genotypes were significantly different for most traits except the starch content. The interactions
between the genotype and planting date were also significant for biomass, starch yield, the amylose
content and the ratio of amylose and amylopectin but not for the starch content and granule size.
The planting date contributed to the largest variations for starch content (35.3%), starch yield (34.9%),
and starch granule size (43.7%). The amylose content was more related to the genotypes (27.8%) and,
harmoniously, the ratio of amylose and amylopectin was also heavily related to the genotypes (25.7%).
The contributions of the genotype and the genotype by the planting date interaction were lower than
the variations in planting date for biomass, starch content, starch yield, and granule size, ranging
from 4.6% to 27.0% and 8.3% to 33.3% for the genotype and the genotype by planting date interaction,
respectively. For the amylose content and the ratio of amylose and amylopectin, the contribution of
the genotype by planting date interaction was larger. As the interaction between the genotypes and
the planting date was significant, the data for the four planting dates were analyzed separately.
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Table 2. The mean squares from the combined analysis of variance for biomass, starch content, starch
yield, granule size (d (0.05)), amylose content, and ratio of amylose and amylopectin of three cassava
genotypes at harvest stage in four planting dates.

Source of
Variance df

Mean Square

Biomass
(t ha−1)

Starch
Content (%)

Starch Yield
(kg ha−1)

Granule Size
(d (0.05)) Amylose (%) Ratio of Amylose

and Amylopectin

Planting date (D) 3 568.2 (71.3) ** 51.4 (35.3) * 72700000 (34.9) ** 1.62 (43.7) * 3.9 (9.5) ns 0.00081 (7.2) ns

Reps within D 12 12.4 (6.2) 11.4 (31.2) 6250739 (12.0) 0.22 (7.8) 2.4 (23.0) 0.00072 (25.3)
Genotype (G) 2 55.6 (4.6) ** 10.5 (4.8) ns 35470000 (11.4) ** 1.50 (27.0) ** 17.0 (27.8) ** 0.00435 (25.7) **

G × D 6 51.5 (12.9) ** 6.1 (8.3) ns 34710000 (33.3) ** 0.20 (10.9) ns 4.6 (22.8) ** 0.00135 (23.8) **
Pooled error 24 4.9 (4.9) 3.7 (20.4) 2188152 (8.4) 0.15 (10.6) 0.9 (16.8) 0.00025 (17.9)

Numbers within the parenthesis are percent of sum squares to total sum of squares; ns, * and ** = non significant,
significant at p ≤ 0.05 and significant at p ≤ 0.01 level, respectively; df = degree of freedom; d (0.05) indicates the
size of the particle expressed as the mass median diameter at which 50% of the sample is smaller and 50% is larger
than this size.

3.3. Variation in Starch Content and Starch Yield

The crop planted in late rainy and cool planting dates (5 October and 15 December) had a higher
starch content than did the crop grown in hot dry and early rainy seasons for most genotypes (20 April
and 30 June) except for Rayong 11, which showed a similar starch contents, ranging from 80.3% to
83.5%. However, CMR38-125-77 had not only the highest starch content in the rainy and cool planting
dates but also high starch content in the hot dry season, as it was not significantly different from the
crops planted in the late rainy and cool planting dates (Table 3).

Table 3. The starch concentration (% of dry weight) and starch yield (kg ha−1) of the three cassava
genotypes under different planting dates with full irrigation.

Planting
Date

Starch Content (% of Dry Weight) Starch Yield (kg ha−1)

CMR
38-125-77 Kasetsart 50 Rayong 11 CMR

38-125-77 Kasetsart 50 Rayong 11

20 April 82.16 ab 75.12 b 82.01 12,029 b B 12,476 ab B 17,680 a A
30 June 79.53 b 76.48 b 80.32 12,940 b A 8362 b B 7781 b B

5 October 82.83 ab 80.97 ab 81.32 15,252 ab A 11,830 ab AB 11,144 b B
15 December 84.44 a 82.45 a 83.49 18,609 a A 16,068 a A 11,704 b B

Different lowercase letters with the same column indicate a significant difference between the planting dates of each
cassava genotype and different capital letters within the same row indicate a significant difference between the
cassava genotypes of each planting date.

Planting dates were also significantly different for the starch yield for all genotypes. The results
indicated that the crops planted in the cool season (15 December) had a higher starch yield than did
those planted in the hot dry, early rainy, and late rainy seasons for most genotypes. Rayong 11 was
an exception as it showed a higher starch yield when planted in the hot dry season (17,680 kg ha−1)
than at the other planting dates (accounting for 7781–11, 704 kg ha−1). However, CMR38-125-77 and
Kasetsart 50 not only had the highest starch yield in the cool planting date but also a high starch
content in the late rainy season, as they were not significantly different from the crops planted in the
cool planting date. In addition, Kasetsart 50 also had a high starch yield in the hot season (Table 3).

Significant differences among the cassava genotypes were found for starch yield at all planting
dates, but the cassava genotypes were not significantly different for the starch content. CMR38-125-77
tended to have consistently high starch content and it was also the highest genotype for starch yield
for most planting dates except for starch yield in the hot dry season. In this study, Rayong 11 had a
high starch yield in the hot dry season only. However, Kasetsart 50 also had a high starch yield in the
late rainy and cool planting dates as it was not significantly different from CMR 38-125-77 in those
planting dates (Table 3).
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3.4. The Variation in Amylose Content, Ratio of Amylose and Amylopectin, and Starch Granule Size
Distribution

The planting dates were not significantly different for amylose content and the range of amylose
contents was between 22.1% and 22.5% (Table 4). However, the cassava genotypes were significantly
different for amylose in all planting dates. CMR38-125-77 had the highest amylose content in three
planting dates from four planting dates (20 April, 30 June, and 15 December) whereas Kasetsart 50
had also the highest amylose content in the planting dates of 30 June, 5 October, and 15 December.
Similarly, the genotype with the highest amylose content for each planting date also had the highest
ratio of amylose and amylopectin (Table 4).

Table 4. The Amylose, ratio of amylose and amylopectin, and granule size distribution of starch
isolated from the storage roots of the three cassava genotypes under different planting dates with
full irrigation.

Planting
Date

Genotype Amylose (%) Ratio of Amylose
and Amylopectin

Granule Size Distribution (µm)

d (0.1) d (0.5) d (0.9)

20 April CMR 38-125-77 24.3a 0.32 a 7.51 15.84 a 29.51
Kasetsart 50 21.6b 0.28 b 6.75 14.41 b 26.48
Rayong 11 21.6b 0.28 b 7.41 15.52 ab 28.68

Mean 22.5 0.29 7.22 15.26 B 28.22

30 June CMR 38-125-77 22.6ab 0.30 ab 7.89 16.39 31.52
Kasetsart 50 23.2a 0.30 a 7.43 15.67 31.91
Rayong 11 20.5b 0.26 b 7.75 16.17 31.92

Mean 22.1 0.29 7.69 16.08 A 31.78

5 October CMR 38-125-77 21.3b 0.27 b 8.06 16.61 31.32
Kasetsart 50 23.2a 0.30 a 7.30 15.67 30.57
Rayong 11 20.2c 0.26 c 7.54 16.00 32.17

Mean 21.5 0.28 7.63 16.09 A 31.35

15 December CMR 38-125-77 21.0ab 0.28 ab 7.71 16.39 30.86
Kasetsart 50 22.3a 0.29 a 7.50 16.20 31.33
Rayong 11 20.4b 0.26 b 8.28 16.88 32.14

Mean 21.2 0.27 7.83 16.49 A 31.44

d (0.1), d (0.5), and d (0.9) are the standard percentiles referred to as 10%, 50%, and 90% of the total starch that has a
diameter (mm) less than the indicated values, respectively. Different capital letters and lowercase letters indicate a
significant difference between the planting dates and cassava genotypes of each planting date, respectively.

The planting dates were significantly different for granule sizes (d (0.5)) and the range of granule
sizes of the three cassava genotypes planted under well-irrigated conditions was between 15.26 µm
and 16.49 µm. The results indicated that the crop planted in the early rainy, late rainy and cool planting
seasons (30 June, 5 October, and 15 December) had larger average starch granule sizes than did the
crop planted in the hot dry season (20 April).

Significant differences among cassava genotypes were found for the starch granule size in the
crops planted in the hot dry season (20 April), but the differences for starch granule size were not
significant in other planting dates. CMR38-125-77 and Rayong 11 had a significantly larger starch
granule size than did other cassava varieties in the hot dry season (20 April), and CMR 38-125-77
also tended to have a larger starch granule in the planting dates in the mid and late rainy seasons
(30 June and 5 October), whereas Rayong 11 tended to have a larger starch granule in the cool season
(15 December).

3.5. Stepwise Analysis

A stepwise regression analysis indicated that the variation in the starch content in CMR38-125-77
could be explained by the photoperiod and relative humidity during growth periods of 1 to 12 months
with a determination coefficient (R2) of 0.37–0.43 (Table 5). The variation in the starch content in
Kasetsart 50 and Rayong 11 could be explained by the photoperiod and maximum air temperature
during 1–6 MAP (R2 = 0.41–0.60), whereas, during 6–12 MAP, the variation in the starch content could
be explained by the relative humidity and solar radiation in Kasetsart 50 (R2 = 0.48–0.61) and it could
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be explained by the relative humidity and maximum air temperature in Rayong 11 (R2 = 0.36–0.38).
The photoperiod and relative humidity would be the most important factors contributing to this trait
in CMR38-125-77 and Kasetsart 50 as indicated by the highest absolute t value. Kasetsart 50 during
3–6 and 9–12 MAP was the exception as it showed the highest absolute t value for the maximum air
temperature and total solar radiation, respectively. Similarly, the photoperiod showed the highest
absolute t value at the early growth stage (1–3 MAP) in Rayong 11, but during 3–12 MAP, the maximum
air temperature and relative humidity showed the highest absolute t value in this genotype.

Table 5. The stepwise regression analysis for the starch content (%) and climatic factors of the three
cassava genotypes grown in the four planting dates.

Months After
Planting Variable Coefficient t Determination

Coefficient (R2)

CMR38-125-77
1–3 Constant 115.8 8.82 **

0.39Photoperiod (h) −2.78 −2.60 *

3–6 Constant 90.1 27.8 **
0.37Relative humidity (%) −0.13 −2.61 *

6–9 Constant 49.8 5.01 **
0.43Photoperiod (h) 2.67 3.21 **

9–12 Constant 73.47 22.9 **
0.38Relative humidity (%) 0.13 2.63 *

Kasetsart 50
1–3 Constant 82.55 69.3 **

0.41Photoperiod (h) −7.04 −2.41 *

3–6 Constant 10.23 0.63 ns
0.60Photoperiod (h) 8.11 4.02 **

Maximum air temperature (◦C) −1.16 −2.65 *

6–9 Constant 67.07 17.8 **
0.48Relative humidity (%) 0.21 3.5 **

9–12 Constant 115.3 14.7 **
0.61Total solar radiation −0.02 −4.50 **

Rayong 11
1–3 Constant 115.5 7.48 **

0.36Photoperiod (h) −2.82 −2.24 ns

3–6 Constant 52.8 4.5 **
0.38Maximum air temperature (◦C) 0.81 2.4 *

6–9 Constant 79.37 80.0 ** 0.36
Relative humidity (%) 6.94 2.31 *

9–12 Constant 100.7 11.2 **
0.36Maximum air temperature (◦C) −0.49 −2.21 *

t = t-test (or student); ns, * and ** = non-significant, significant differences at p ≤ 0.05 and p ≤ 0.01, respectively;
Climatic factors were used to examine the relationship between the starch characteristics as follows; total solar
radiation, minimum and maximum temperatures, mean temperature, growing degree-days, photoperiod, and
relative humidity.

For starch yield, the stepwise regression analysis indicated that the variation in starch yield could
be explained by the total solar radiation, photoperiod, and relative humidity during crop growth
periods of 1 to 12 months in all genotypes (R2 = 0.61–0.86) (Table 6). During 1–6 MAP, stepwise
regression analysis indicated that photoperiod and solar radiation showed the highest absolute t value
for starch yield in CMR38-125-77 and Rayong 11 and that the photoperiod showed the highest absolute
t value in Kasetsart 50. During 6–12 MAP, relative humidity and photoperiod showed the highest
absolute t value in CMR38-125-77 and Kasetsart 50, but the relative humidity showed the highest
absolute t value in Rayong 11. Moreover, the stepwise regression analysis also indicated that the
variations in amylose content and starch granule size for the three cassava genotypes depended on
the total solar radiation, photoperiod, and relative humidity during the growth periods. However,
the determination coefficients were low for both traits in this study, the growing degree days and
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minimum air temperature throughout the growth periods were not correlated with all the starch
parameters, so, the data were not shown in the current manuscript.

Table 6. The stepwise regression analysis for starch yield (kg ha−1) and climatic factors of the three
cassava genotypes grown in the four planting dates.

Months After
Planting Variable Coefficient t Determination

Coefficient (R2)

CMR38-125-77
1–3 Constant 65,425 6.33 **

0.68Photoperiod (h) −4132 −4.91 **

3–6 Constant −2397 −0.27 ns

0.75Total solar radiation 16.3 3.24 **
Relative humidity (%) −122.8 2.7 *

6–9 Constant −30,760 −3.68 **
0.76Total solar radiation −28.3 −2.73 *

Photoperiod (h) 7402 4.41 **

9–12 Constant 38,113 2.93 *
0.69Photoperiod (h) −2860 −2.64 *

Relative humidity (%) 174.0 4.32 **

Kasetsart 50
1–3 Constant 66,854 4.76 **

0.61Total solar radiation 12.6 2.34 *
Photoperiod (h) −6074 −3.93 **

3–6 Constant −43,373 −3.45 **
0.70Photoperiod (h) 5175 4.93 **

Relative humidity (%) −94.94 −2.19 *

6–9 Constant −5888 −1.74 ns
0.72Relative humidity (%) 295.3 5.41 **

9–12 Constant 7264 5.45 **
0.73Photoperiod (h) −5560 −5.02 **

Relative humidity (%) 102.8 2.49 *

Rayong 11
1–3 Constant 20,443 1.7 ns

0.76Total solar radiation 28.49 6.19 **
Photoperiod (h) −4353 3.29 **

3–6 Constant −50,636 −5.06 **
0.86Total solar radiation −39.52 −6.72 **

Photoperiod (h) 10,200 8.61 **

6–9 Constant 52,995 6.63 **

0.82
Total solar radiation 76.1 6.32 **

Photoperiod (h) −15,900 −7.56 **
Relative humidity (%) 551 7.92 **

9–12 Constant 40,878 3.09 **

0.82
Total solar radiation −92.5 −5.19 **

Photoperiod (h) 12,742 3.62 **
Relative humidity (%) −523 −6.14 **

t = t-test (or student); ns, * and ** = non-significant, significant differences at p ≤ 0.05 and p ≤ 0.01, respectively.
Climatic factors were used to examine the relationship between the starch characteristics as follows: total solar
radiation, minimum and maximum temperatures, mean temperature, growing degree-days, photoperiod, and
relative humidity.

4. Discussion

Knowledge of the responses of cassava to the season for starch content and starch yield, as well as
the starch quality, is important for cassava breeding, production, and utilization. Past research has
shown that water stress is a major factor affecting the starch content, starch yield, and starch granule
of cassava [12,14]. The research presented in this current manuscript was conducted under irrigation,
thus, water stress did not have a significant effect on the crop differences among planting dates and
the crop differences were mainly due to other climatic factors and crop genotypes.
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The planting date contributed to the largest portion of the total variation in starch content (35.3%),
starch yield (34.9%), and starch granule size (43.7%). The Amylose content and ratio of amylose and
amylopectin were most affected by the crop genotypes (27.8% and 25.7%). The results of the effect of
seasonal variation under irrigated conditions on cassava in this study were similar to those in previous
studies under rainfed conditions [12,13,25], and the findings were also in agreement with the studies
on other crop species such as cereal crops [26]. As the crops in earlier studies were planted under
rainfed conditions, water stress would be the main factor affecting the variation in those reported. As
in our study, Teerawanichpan et al. [14] also found that the season did not cause differences in amylose
content in cassava but genotype did. Similar results were also reported in indica rice [27]. In contrast,
high or low temperatures during crop growth could change the amylose content in maize [28,29] and
wheat [30–32]. The interactions between the planting date and genotype were also significant and the
variations due to the interaction between planting date and genotype shared rather large portions of
total variations in starch yield (33.3%), granule size (10.9%), amylose content, and ratio of amylose and
amylopectin (22.8% and 23.8%). These findings were in agreement with those in previous studies on
cassava genotypes. The researchers indicated that the interactions between planting date and genotype
shared large portions of total variations in storage root fresh weight, storage roots dry weight, total dry
weight, starch content by density method (Rieman balance), crop growth rate, and storage root growth
rate [33,34]. The results revealed that cassava genotypes responded differently to planting dates or
environmental conditions.

Based on the stepwise regression analysis, the variation in starch content in CMR38-125-77
was dependent largely on the photoperiod and relative humidity throughout growth periods. The
variations in starch content in Kasetsart 50 and Rayong 11 were associated with the photoperiod and
maximum air temperature during 1–6 MAP, whereas, during 6–12 MAP, this parameter was associated
with the relative humidity and solar radiation in Kasetsart 50 and the relative humidity and maximum
air temperature in Rayong 11 (Table 5). The total solar radiation, photoperiod, and relative humidity
throughout the growth periods explained the variations in starch yield in all genotypes. During 1–6
MAP, photoperiod and solar radiation would be the most important climatic factors contributing
to starch yield in CMR38-125-77 and Rayong 11, and the photoperiod showed the most important
climatic factors in Kasetsart 50. During 6–12 MAP, the relative humidity and photoperiod would be
the most important factors contributing to starch yield in CMR38-125-77 and Kasetsart 50, but relative
humidity showed the most important climatic factors in Rayong 11 (Table 6).

This study indicated that growing cassava in the planting dates of 5 October and 15 December
produced the highest starch content, starch yield, and larger starch granules for most genotypes.
The crops in these planting dates were planted in the late rainy and cool seasons and received high
temperatures, high solar radiation, and a longer photoperiod during the stages of canopy development
and storage root bulking (3–6 MAP). After 6 MAP, the crops in these planting dates received relatively
high temperatures, high solar radiation, and a high atmospheric humidity for 2–3 months during June
to August at 7–9 MAP of plant age (long-term in the planting date of 15 December) followed by lower
temperatures, lower atmospheric humidity, and a shorter photoperiod during late-growth stage of
10–12 MAP.

The optimum temperature range for photosynthesis, starch biosynthesis, and related enzyme
activities in cassava was from 25 to 35 ◦C [35,36]. The crops planted on 5 October and 15 December
receiving the optimum conditions during the stages of canopy development and storage root bulking
could synthesize higher starch and the synthesized starch was accumulated in the stems, leaves, and
storage roots. The starch accumulated in these plant parts was further accumulated in storage roots
at the later stages of the growth cycle. An earlier report by Fukai et al. [37] also showed that high
solar radiation during the growing period resulted in an increase in the total biomass production and
storage root dry weight in cassava. Similarly, a high solar radiation (22 MJ m–2 day–1), high mean
annual temperature (28 ◦C), and high atmospheric humidity (70%) during the growing period resulted
in a higher root dry weight of cassava (27 t ha–1) [38,39]. Furthermore, high temperatures during the
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growing period resulted in a high crop growth rate but a low distribution ratio of carbohydrate, whereas
lower temperatures and a shorter photoperiod during the growing period resulted in a low crop growth
rate but a high distribution ratio of carbohydrates [25,40,41]. Additionally, El-Sharkawy [42] reported
that planting cassava under high atmospheric humidity and high solar radiation resulted in the
increases in the stomatal opening, photosynthesis rate, and plant growth and development compared
to that under low atmospheric humidity condition. This might explain why crops planted in the late
rainy season and the cool season had a higher starch content and starch yield.

For the other two planting dates (20 April and 30 June), the crops were planted in the hot dry and
early rainy seasons and, thereby, the crops received high temperature and high solar radiation for the
first few months during the initial plant growth followed by lower temperatures and solar radiation
during the mid-growth stage, resulting in a reduced photosynthetic capacity and starch biosynthesis
and the low partitioning of assimilates to the storage roots. The development of fibrous roots is highly
reduced under low light intensity. The cassava crops, which are subjected to a low light period, may
have limited ability to absorb soil water and nutrients at the times when the demand is high. Low
light intensities and temperatures have been shown to be the major reason for the reduction in plant
growth rate and development in cassava by many authors [25,43–46]. However, the investigation of
nutrient uptake in cassava under different planting dates is still required in order to understand the
responses of cassava genotypes in different planting dates. Moreover, a low yield and content of starch,
as well as the smaller granule size of the crops planted in these two seasons, were also due to high
temperatures, high solar radiation, high relative humidity and high rainfall during the late maturity
stage that resulted in re-growth of cassava leaves. The leaf re-growth was related to the increase in leaf
dry weight and the reduction in the storage root dry weight [41]

In this study, CMR38-125-77 showed a consistently high starch content and starch yield, for most
planting dates except for the starch yield on 20 April, in which Rayong 11 was the highest. This might
be due to the fact that Rayong 11 had mechanisms such as a good canopy architecture, leaf thickness,
and leaf covered with wax to maintain a high humidity level under its canopy during the cool season
when the atmospheric relative humidity was low. Besides, CMR38-125-77 and Kasetsart 50 showed
consistently high amylose and the ratio of amylose and amylopectin for all planting dates. On the
other hand, Rayong 11 was the lowest for these traits for most planting dates except on 20 April in
which it was equal to Kasetsart 50. The genotype with a higher content of amylose and ratio of amylose
and amylopectin can be assumed to have a lower glycaemic index [47].

Temperature interactions between genotype and temperature for yield and starch yield have
been reported before. For example, the popayán variety of cassava had the highest yield when grown
at 20 ◦C but had low yields at 28 ◦C, whereas other cassava varieties tested had the highest yield
when grown at 28 ◦C [48]. Air temperatures below 20 ◦C have been reported to decrease the rate of
photosynthesis, growth, and the storage root weight of cassava by El–Sharkawy [44,45].

In other tuber crops such as Jerusalem artichoke, low temperatures and short photoperiods
favored tuber development but reduced the vegetative and reproductive development [7,8]. These
authors also reported that when the crop was grown in the post-rainy season, it had a higher tuber dry
weight than did the crop grown in the early rainy season, whereas the crop grown in the early rainy
season had a higher total dry matter than did the crop grown in the post-rainy season. Likewise, Van
Dam et al. [49] demonstrated that high temperatures of the day/night temperature (30/24 ◦C) delayed
the tuber initiation and tuber growth and also reduced the partitioning of photosynthates to sink
(tubers) in potato. In our irrigation study, CMR38-125-77 and Rayong 11 seemed to have larger starch
granule sizes and genetics was the major contribution to granule sizes. In previous investigations,
the granule size of starch appeared to be affected by changes in environmental conditions, crop
management, and genetics [14,50,51]. These differences are likely due to water management.
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5. Conclusions

Under irrigated conditions, planting date was the main cause of differences in starch content,
starch yield, and starch granule size, but not for amylose content. Planting cassava on 5 October and 15
December when the temperature and solar radiation were high during the stem and leaf development
stage until high translocation of carbohydrate to storage roots (3–9 MAP) resulted in a greater starch
content, starch yield and starch granules in most genotypes when compared to the same genotype at
the other planting date. Overall, CMR38-125-77 was superior for the starch content, starch yield, and
also had a high amylose content at the final harvest for most planting dates. Rayong 11 was superior
to other genotypes at the 20 April planting date. The information on the starch quality and yield at
different planting dates will aid farmers and plant breeding efforts to maximize the starch content and
yield, amylose content, and starch granule traits.
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