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Abstract 

 

Compared to inferior kernels, superior kernels had significantly higher amount of starch accumulation in maize at 

maturity. The logistic simulation showed that the starting potential and mean accumulation rate were affected by kernel 

position in the regulation of starch accumulation. The contents of sucrose in inferior kernels were significantly higher than 

those in superior kernels during kernel growth. The activities of related enzymes, sucrose synthase (SS) and ADPG 

pyrophosphorylase (AGPase), in superior kernels were much higher compared to inferior kernels. The results suggested that 

high starch accumulation was caused by high activities of SS and AGPase but not by high starch synthase substrate levels in 

superior kernels compared to inferior kernels. Nitrogen could increase the degradation and utilization of sucrose and the 

level of starch synthesis, as well as accelerate the formation of small granules in maize. The volume percentages of granules 

<18 and >18 μm in superior kernels were significantly higher and lower than those in inferior kernels, respectively. 

However, kernel position had little influence on the number percentages of granules <3, 3-18 and >18 μm. These results 

suggest that it is more conducive to increase of individual volume of small and midsized starch granules in superior kernels 

within a maize ear. There was small difference on the mean AGPase activities during filling between superior and inferior 

kernels under normal nitrogen compared with low nitrogen. Thus, normal application decreased the variation on the starch 

accumulation and volume percentage of large starch granules in both kernels. 
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Introduction 

 
There are significant differences in the kernel weight 

within a maize (Zea mays L.) ear (Xu et al., 2013). The 
middle kernels of an ear have greater kernel weight and are 
regarded as the superior kernels, whereas the upper kernels 
of an ear have lower kernel weight and are considered the 
inferior kernels in cereal crops (Jellum, 1967; Yan et al., 
2014; Dong et al., 2014). Superior kernels usually exhibit a 
faster filling rate than do inferior kernels in rice (Liang et 
al., 2001) and wheat (Jiang et al., 2003). The slow kernel 
filling rate has been attributed to the limited carbohydrate 
supply in inferior kernels of wheat (Jiang et al., 2003). 
However, it is unclear whether an alike mechanism exists 
in different kernels within a maize ear. 

Starch is the major carbohydrate in maize kernels and 
serves as multifunctional ingredients for the food and non-
food uses (Zobel, 1988; Zhang et al., 2017; Ali et al., 2017). 
Starch is deposited in detached granules in amyloplasts 
during kernel development. The size distribution of starch 
granule is one of the main factors determining kernel quality 
in maize (Cui et al., 2014). Starch granule distribution is 
controlled by genotype and cultured environment (Wilson et 
al., 2010; Paterson et al., 2001). 

The process of sucrose transforming into starch is 
controlled by a series of related enzymes after 
photosynthate is transported to kernel (Braun, 2012). It 
has been documented that starch synthesis related 
enzymes, such as sucrose synthase (SS) and adenosine 
diphosphate glucose pyrophosphorylase (AGPase), play a 
key role in starch biosynthesis in maize kernels (Hannah, 
2005). Various studies have reported that activities of SS 
and ADPase are associated with starch accumulation of 
inferior kernels in rice (Yang et al., 2003) and wheat 
(Jiang et al., 2003; Li et al., 2013), but little information 

is available on starch biosynthesis in kernels at distinct 
positions within a maize ear. 

The aims of this experiment were to (1) investigate 
starch accumulation, size distribution and the activities of 
related enzymes in kernels at different positions within a 
maize ear and (2) determine whether the variations on starch 
accumulation amount in kernels within an ear were attributed 
to assimilate supply and sink activities in inferior kernels of 
maize. This information should help elucidate of the 
physiological and biochemical mechanism on regulating 
spatial difference of individual kernel development within a 
maize ear. 

 

Materials and Methods 
 

The field experiment was carried out in growing 

seasons from June 2016 to October 2016 and from June 

2017 to October 2017 at the planting park (32°51’N, 

117°33’E) of Anhui Science and Technology University, 

Fengyang, China. Two maize cultivars, Longping206 

(during the maize growing seasons of 2016 and 2017) and 

Zhongdan909 (during the maize growing season of 2017), 

were chosen in this study. 

There were two nitrogen rates of 135 kg N·ha-1 (LN) 

and 270 kg N·ha-1 (NN). Seventy percent of the nitrogen 

fertilizer was applied as the basal manure, and another 30% 

was topdressed at the stem elongation stage of maize. In 

addition, basal manure was used at the rates of 120 kg·ha-1 

P2O5 and 120 kg·ha-1 K2O. Winter wheat (Triticum aestivum 

L.) was the previous crop. Seeds were sown on 12 June 2016 

and 11 June 2017 with a density of 67500 plants·ha-1. The 

size of experimental plot was 6 × 6.7 m with 10 rows (60 cm 

between rows). Other cultural practices followed in maize 

production field were used in this study. 



WENYANG LI ET AL., 106 

Sampling: At anthesis, ears silking on the same date were 

labeled. From 7 days after silking (DAS), five labelled 

ears of each experimental plot were sampled every seven 

days until maturity.  

The middle kernels on maize ear were divided as 

superior kernels, whereas the upper kernels on the same 

ear were divided as inferior kernels. These kernels were 

dried at 70°C for 48 h for sucrose and starch 

determination. Additional kernels were frozen in liquid 

nitrogen for 20 min and then stored at -40°C for enzyme 

activity assay. Maize kernels were dried at 70°C for 48 h 

for the size analysis of starch granules in the maturity. 

 

Starch determination: The starch contents were 

determined using a DA7200 Continuous Spectrum Near-

infrared Analyzer (Perten Instruments, Sweden). 

The starch accumulation process in individual kernel 

were fitted by the logistic equation as described by Birch 

(1999) and Yan et al., (2000): 

 

W = K/(1+eA+Bt) 

 

The parameters of starch accumulation were 

calculated according to the following equations: the 

maximum starch accumulation = K, the starting potential 

(C0) = K/(1+eA), the active duration (approximately 95% 

of total starch accumulation) (D) = [ln0.053-A]/B, the 

mean starch accumulation rate (Rmean) = K/D, and the 

maximum starch accumulation rate (Rmax) = -KB/4. 

 

Starch separation, purification and size distribution 

analysis: Starch was extracted and purified from maize 

kernels following the methods of Peng et al., (1999). The 

granule size distribution of starch was measured by using 

a LS13320 Laser Diffraction Particle Size Analyzer 

(Beckman Coulter Inc, USA). 

 

Sucrose determination: Sucrose content was determined 

following the methods described by Zhang & Qu (2003). 

 

Enzyme extraction and assays: The samples and 

reagents were prepared following the methods described 

by Nakamura & Yuki (1992). The sucrose synthase (SS) 

and adenosine diphosphate glucose pyrophosphorylase 

(AGPase) activity was analysed following the methods of 

Nakamura & Yuki (1992). 

 

Statistical analyses 

 

The data were analysed with SPSS. The means were 

compared by the least significant difference test, when the 

F-test was significant at the 0.05 level. 

 

Results 

 

Starch accumulation: The starch accumulation in 

kernels at different position within a maize ear showed S-

shaped curves (Fig. 1). The starch accumulation weights 

among treatments were significantly higher in superior 

kernels than in inferior kernels at maturity. The processes 

of starch accumulation were well fitted by the logistic 

equation (R2>0.999) (Table 1). The coefficients K, C0 and 

Rmean were much higher in superior kernels, while Rmax 

and D were lower in superior kernels than in inferior 

kernels. The logistic simulation showed that it was the 

starting potential and the mean accumulation rate, but not 

the maximum rate and the duration of starch accumulation 

affected by kernel positions to regulate starch 

accumulation in maize kernels. 

Normal nitrogen could increase the amount of starch 

accumulation in superior and inferior kernels than low 

nitrogen, which indicates that nitrogen application could 

accelerate starch accumulation. Greater mean starch 

accumulation rates were observed under appropriate 

nitrogen application than under low nitrogen application, 

suggesting that appropriate nitrogen application was 

responsible for the higher kernel filling rate. The 

variations on starch accumulation amount in superior and 

inferior kernels were 33.5 and 31.7 mg·kernel-1 (average 

of two cultivars in two grow seasons) under low and 

normal nitrogen. And the variations on the coefficients C0 

in superior and inferior kernels were 2.05 and 1.81 

mg·kernel-1 (average of two cultivars in two grow 

seasons) under low and normal nitrogen treatment. 

 

Table 1. Starch accumulation characteristic parameters in the superior and inferior kernel of maize. 

Season Cultivar 
Nitrogen 

rate 

Kernel 

position 

K 

/(mg·kernel-1) 

C0 

 /(mg·kernel-1) 

Rmean 

/(mg·kernel-1·d-1) 

Rmax 

/(mg·kernel-1·d-1) 

D 

 /d 

2016 Longping206 LN S 262.06 2.84 4.82 8.09 54.3 

   I 225.78 0.87 4.10 7.94 55.1 

  NN S 274.49 3.97 4.91 7.88 55.9 

   I 239.93 1.05 4.29 8.17 55.9 

2017 Longping206 LN S 254.84 2.60 4.70 7.96 54.2 

   I 215.95 0.55 4.05 8.27 53.3 

  NN S 275.87 3.78 4.86 7.86 56.8 

   I 232.94 0.80 4.24 8.35 54.9 

 Zhongdan909 LN S 250.06 2.06 4.78 8.35 52.3 

   I 210.68 0.41 4.10 8.65 51.4 

  NN S 258.48 2.37 4.92 8.47 52.5 

   I 219.68 0.49 4.35 9.02 50.5 

K, the maximum starch accumulation; C0, the starting potential; Rmean, the mean starch accumulation rate; Rmax, the maximum starch 

accumulation rate; D, the active duration 
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Table 2. Volume distribution of starch granules in the superior and inferior kernel of maize. /%. 

Season Cultivar 
Nitrogen 

rate 

Kernel 

position 

Particle diameter of starch granule/μm 

<3 3-18 >18 

2016 Longping206 LN S 9.12 ± 0.13b 58.93 ± 0.04ab 31.96 ± 0.09c 

   I 8.6 ± 0.08c 56.46 ± 0.02c 34.95 ± 0.1a 

  NN S 10.42 ± 0.14a 59.35 ± 0.3a 30.24 ± 0.16d 

   I 9.12 ± 0.14b 58.36 ± 0.01b 32.52 ± 0.16b 

2017 Longping206 LN S 9.2 ± 0.03c 59.54 ± 0.32ab 31.27 ± 0.35e 

   I 8.68 ± 0.09d 56.49 ± 0.19d 34.84 ± 0.1b 

  NN S 10.27 ± 0.18b 59.83 ± 0.35a 29.9 ± 0.17f 

   I 9.04 ± 0.18cd 58.68 ± 0.57b 32.29 ± 0.39d 

 Zhongdan909 LN S 9.95 ± 0.04b 57.52 ± 0.08cd 32.53 ± 0.13d 

   I 9 ± 0.16cd 54.33 ± 0.01e 36.68 ± 0.16a 

  NN S 10.92 ± 0.06a 58.53 ± 0.25bc 30.56 ± 0.19ed 

   I 9.8 ± 0.11b 56.73 ± 0.01d 33.47 ± 0.13c 
Means within columns at the same season followed by different letters are significantly different at P = 0.05 

 
Starch granule size distribution: Compared with 

inferior kernels, superior kernels had a higher volume 

percentage of small granules (<3 μm) and midsized 

granules (3-18 μm) and a lower volume percentage of 

large granules (>18 μm) (Table 2). Nitrogen application 

increased volume percentage of granules <3 μm in kernels 

at the same position within the rates from 135 to 270 

kg·ha-1 nitrogen, indicating that nitrogen fertilizer could 

quicken the formation of small starch granules. The 

variations on volume percentage of large starch granules 

in superior and inferior kernels were 3.57 and 2.45% 

(average of two cultivars in two grow seasons) under low 

and normal nitrogen. 

The proportions of small granules (<3 μm) ranged 

from 98.24% to 99% of the total number of granules 

(Table 3), which suggested that the starch granules in 

maize kernels were composed of small granules. This 

indicated that small granules possessed most of the 

number although fewer volume compared with midsized 

and large starch granules in maize kernels. Kernel 

position had little influence on the numbers of small, 

midsized and large starch granules in maize. 

 

Sucrose content: The change in the sucrose content in 

kernels from different treatments and different kernel 

positions showed a declining trend (Fig. 2). Inferior 

kernels had a higher sucrose content than did inferior 

kernels during kernel filling among the treatments, which 

showed that the inferior kernels had a good substrate 

supply. Nitrogen application could increase the sucrose 

content in kernels at the same position when the rates 

varied from 135 to 270 kg·ha-1, which indicated that 

nitrogen fertilizer could increase the substrate supply 

during starch accumulation. 

 

SS activity: Compared with inferior kernels, superior 

kernels showed higher SS activities (Fig. 3), indicating 

that superior kernels had an advantage in sucrose 

degradation and utilization. At 14 days after silking 

(DAS), the SS activities in the same kernel position under 

both nitrogen rates were not obviously different. 

However, the SS activities in the same kernel position at 

normal nitrogen (270 kg·ha-1) were significantly higher 

than those at low nitrogen (135 kg·ha-1) after 28 DAS. 

The results showed that nitrogen application could 

increase the degradation and utilization of sucrose in the 

middle- and late-filled kernels in maize. 

 

AGPase activity: The AGPase activities in superior 

kernels were signicantly higher than those in inferior 

kernels during kernel filling at the same nitrogen rate 

(Fig. 4), which suggested that a higher level of starch 

synthesis in superior kernels than did inferior kernels in 

maize. Nitrogen application slightly increased the AGPase 

activities at the same kernel position. This finding 

indicated that nitrogen application could increase the level 

of starch synthesis. The variations on the mean AGPase 

activities during filling in superior and inferior kernels 

were 1.33 and 0.95 µmol G1P·g-1·min-1 (average of two 

cultivars in two grow seasons) under low and normal 

nitrogen. 

 

Discussion 

 

Many researchers have reported that there are 

differences in carbohydrate supply, starch synthesis and 

grain filling among grains within wheat (Calderini & 

Reynolds, 2000; Wang et al., 2003; Li et al., 2013; Liang 

et al., 2017) and rice (Mohapatra et al., 1993; Yang et al., 

2006; Wang et al., 2012) spikes. The results from the 

existing studies on whether the sucrose content (the 

substrate of starch synthesis) is one of the limiting factors 

for starch synthesis in inferior kernels have been 

inconsistent in cereal crops. Zhang et al., (2000) reported 

that the source supply was satisfied by filling of kernels at 

different position within a wheat spike. However, Jiang et 

al., (2003) reported that superior kernels had greater 

contents of sucrose and thus a higher level of starch 

synthesis than did inferior grains in wheat. In this study, 

the contents of sucrose in inferior kernels were 

significantly higher than those in superior kernels during 

kernel development, indicating that there was not a causal 

link between sucrose content (assimilate supply) and 

starch accumulation within a maize ear. Compared with 

low nitrogen, normal nitrogen decreased the variation on 

the amount and the starting potential of starch 

accumulation in both kernels. 
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Fig. 1. Starch accumulation in the superior and inferior kernel of maize. LN, Low nitrogen; NN, Normal nitrogen; S, Superior kernels; 

I, Inferior kernels. 
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Fig. 2. Sucrose content in the superior and inferior kernel of maize. LN, Low nitrogen; NN, Normal nitrogen; S, Superior kernels; I, 

Inferior kernels. 

 

Table 3. Number distribution of starch granules in the superior and inferior kernel of maize. /% 

Season Cultivar 
Nitrogen 

rate 

Kernel 

position 

Particle diameter of starch granule/μm 

<3 3-18 >18 

2016 Longping206 LN S 98.86 ± 0.08a 1.1 ± 0.08bc 0.04 ± 0.01a 

   I 99 ± 0.08a 0.95 ± 0.07c 0.04 ± 0.01a 

  NN S 98.4 ± 0.11b 1.56 ± 0.1a 0.04 ± 0.01a 

   I 98.65 ± 0.09ab 1.31 ± 0.08ab 0.04 ± 0.01a 

2017 Longping206 LN S 98.81 ± 0.08ab 1.15 ± 0.07de 0.04 ± 0.01a 

   I 98.98 ± 0.04a 0.98 ± 0.04e 0.04 ± 0.01a 

  NN S 98.24 ± 0.06d 1.72 ± 0.06a 0.04 ± 0.01a 

   I 98.45 ± 0.09cd 1.51 ± 0.08bc 0.04 ± 0.01a 

 Zhongdan909 LN S 98.62 ± 0.04bc 1.34 ± 0.03cd 0.04 ± 0.01a 

   I 98.82 ± 0.02ab 1.14 ± 0.01de 0.04 ± 0.01a 

  NN S 98.28 ± 0.06d 1.68 ± 0.06ab 0.04 ± 0.01a 

   I 98.39 ± 0.02d 1.57 ± 0.01ab 0.04 ± 0.01a 

Means within columns at the same season followed by different letters are significantly different at P = 0.05 



STARCH ACCUMULATION WITHIN A MAIZE EAR 109 

14 28 42
0

400

800

1200

1600

2000
2017

 LN-S

 LN-I

 NN-S

 NN-I

Day after silking/d

Longping206

14 28 42
0

400

800

1200

1600

2000
2017

Zhongdan909

Day after silking/d

14 28 42
0

400

800

1200

1600

2000
Longping206

Day after silking/d

S
S

 a
c
ti

v
it

y
/(

m
g

S
·g

-1
F

W
·m

in
-1
) 2016

 
 

Fig. 3. SS activity in the superior and inferior kernel of maize. LN, Low nitrogen; NN, Normal nitrogen; S, Superior kernels; I, 

Inferior kernels. 

 

 
 

Fig. 4. AGPase activity in the superior and inferior kernel of maize. LN, Low nitrogen; NN, Normal nitrogen; S, Superior kernels; I, 

Inferior kernels. 

 

It is generally recognized that the kernel filling rate in 

cereal crops is determined by sink size and sink activity 

(Hannah & James, 2008; Mohapatra et al., 2009). Sink 

activity is mainly controlled by the activities of enzymes 

involved in utilization of photosynthate, such as SS and 

AGPase in maize kernels (Green & Hannah, 2010; Li et 

al., 2013). SS is a key enzyme that catalyses the cleavage 

of sucrose (Smyth & Prescott, 1989). Adenosine 

diphosphate glucose (ADPG) is the substrate for the 

biosynthesis of the starch components (Preiss & Sivak, 

1998). AGPase catalyses the synthesis of ADPG from 

ATP and glucose-1-phosphate (G1P) (Stark, 1992). In this 

study, the amounts of starch accumulation in superior 

kernels were significantly higher than that in inferior 

kernels within a maize ear. By integrating the change in 

the activities of SS and AGPase, we could regard that 

there was a difference in the transformation capability of 

sucrose to starch components resulting in differences of 

starch accumulation amount between both kernels within 

a maize ear; the higher starch accumulation in the 

superior kernels within a maize ear was due to the better 

sink activities during kernel filling. Meanwhile, these 

results suggested that the transformation of sucrose to 

starch rather than carbohydrate supply might be a limiting 

step in starch biosynthesis in inferior kernels in maize. 

Nitrogen application could reduce the variation on the 

mean AGPase activities during filling of both kernels. 

In wheat, mature grains include small B-type starch 

granules and large A-type starch granules (Peng et al., 

1999). A-type granules begin form 4-5 days after anthesis, 

and B-type starch granules begin form approximately 12-14 

days after anthesis in wheat (Bechtel & Wilson, 2003; Li et 

al., 2016). Starch biosynthetic enzymes involve in the 

formation of starch granules in kernel in cereal crops (Mu-
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forster et al., 1996; Preiss & Sivak, 1998). The formation 

and development of starch granules comprise the increase 

in individual volume and their number in cereal crops. This 

study also showed that the volume percentages of granules 

<18 μm and >18 μm were remarkably higher and lower in 

superior kernels than in inferior ones, respectively. 

However, there were no marked difference in the number 

percentages of granules <3 µm (small), 3-18µm (midsize) 

and >18 µm (large) in both kernels at different kernel 

positions. These results suggest that it is easier to increase 

the individual volumes of small starch granules in superior 

kernels within a maize ear. The reason for this effect may 

be the high capacity of substrate degradation and high 

activity of starch biosynthetic enzymes that are also 

participated in the formation of small and midsize granules 

in superior kernels compared with inferior kernels. 

Nitrogen application could reduce the variation on volume 

percentage of large starch granules in both kernels. The 

reason may be the smaller differences on the mean AGPase 

activities during filling between superior and inferior 

kernels under normal nitrogen, compared with low nitrogen. 

 

Conclusions 

 

The starch accumulation was significantly higher in 

superior kernels than in inferior kernels at maturity in this 

study. And the higher amount of starch accumulation in 

superior kernels was mainly owing to the higher starting 

potential and the mean starch accumulation rate. This 

study showed that the transformation of sucrose to starch 

rather than carbohydrate supply might be a limiting step 

in starch biosynthesis in inferior kernels in maize. 

Superior kernels had a higher volume percentage of small 

and midsized starch granules and a lower volume 

percentage of large granules compared with inferior 

kernels. However, kernel position had little influence on 

the numbers of small, midsized and large starch granules. 

Normal nitrogen was beneficial to reduce the variation on 

the starch accumulation, the starting potential and the 

mean AGPase activities between both kernels in maize. 
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