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Abstract 

Background: Rice (Oryza sativa L.) Chalkiness, the opaque part in the kernel endosperm formed by loosely piled 
starch and protein bodies. Chalkiness is a complex quantitative trait regulated by multiple genes and various envi-
ronmental factors. Phytohormones play important roles in the regulation of chalkiness formation but the underlying 
molecular mechanism is still unclear at present.

Results: In this research, Xiangzaoxian24 (X24, pure line of indica rice with high-chalkiness) and its origin parents 
Xiangzaoxian11 (X11, female parent, pure line of indica rice with high-chalkiness) and Xiangzaoxian7 (X7, male parent, 
pure line of indica rice with low-chalkiness) were used as materials. The phenotype, physiological and biochemical 
traits combined with transcriptome analysis were conducted to illustrate the dynamic process and transcriptional 
regulation of rice chalkiness formation. Impressively, phytohormonal contents and multiple phytohormonal signals 
were significantly different in chalky caryopsis, suggesting the involvement of phytohormones, particularly ABA and 
auxin, in the regulation of rice chalkiness formation, through the interaction of multiple transcription factors and their 
downstream regulators.

Conclusion: These results indicated that chalkiness formation is a dynamic process associated with multiple genes, 
forming a complex regulatory network in which phytohormones play important roles. These results provided informa-
tive clues for illustrating the regulatory mechanisms of chalkiness formation in rice.
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Background
Chalkiness, a negative trait for rice quality, represents the 
white/opaque part in rice (Oryza sativa L.) endosperm. 
Rice chalkiness is tightly correlated to the cooking perfor-
mance and thus is a key concerned feature in rice market 
[1]. Due to the loose starch structure, chalkiness is usu-
ally presented in white, thus chalkiness can be classified 

into white-belly, white-core, white-base, white-back and 
milky-white types according to the location. Among 
them, white-core and white-belly are the most common 
chalky types [2]. Scanning electron microscope (SEM) 
study revealed that the opaque part is loosely packed 
with starch granules and protein bodies (PBs), which 
make the grain vulnerable to cracking during the polish-
ing process [3].

Chalkiness is a complex trait controlled by quantita-
tive trait loci (QTLs). Multiple QTLs contributing to 
grain chalkiness have been mapped across all 12 chromo-
somes of the rice genome [4]. Two QTLs controlling the 
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percentage of grains with chalkiness (PGWC), qPGWC-7 
[5] and qPGWC-9 [6], are located on chromosomes 7 and 
9 respectively. As a major QTL for grain width (GW), 
GW2 significantly increases percentage of chalky rice as 
well as grain width and weight [7]. Being a QTL for the 
percentage of chalky grains (PCG), qPCG1 is located in 
a 139  kb region on the long arm of chromosome 1 [8]. 
In our previous research, 4 QTLs (chal1, chal2, chal3 
and chal4) associated with chalkiness were respectively 
mapped on chromosomes 2 and 6 [9]. However, the 
research progress is still relatively slow in the genetic 
foundation of chalkiness. Although several chalkiness 
related QTLs and genes were isolated and functionally 
analyzed, the formation and regulation mechanism of 
rice chalkiness is far from clear [10, 11].

Chalkiness formation is also influenced by various 
environmental factors. The poor environmental condi-
tions of high temperature and drought stress strongly 
promote chalkiness formation. At the grain filling stage, 
high temperature stress could inhibit the expression 
of the starch synthesis genes, such as GBSSI and BEs, 
reducing amylose content and increasing long chain 
amylopectin [12, 13]. Under high temperature stress, the 
up-regulated expression of α-amylase genes (e.g. Amy1C, 
Amy3A, Amy3D and Amy3E) in the endosperm of rice 
grains could enhance the starch degradation and chalki-
ness formation [14]. Drought stress could induce the 
expression of antioxidant enzyme related genes followed 
by the increase of sucrose synthase, which would lead to 
chalkiness formation [15, 16]. In addition, the decreased 
photosynthetic products under the insufficient sunlight, 
and shortened grain filling time under the excessive sun-
light exposure could result in increasing chalkiness [17]. 
Generally, high temperature, drought and excessive or 
insufficient sunlight mainly promote the rice chalkiness 
formation due to the abnormal expression of carbon 
metabolism-related genes [18–21].

At present, it is generally acknowledged that the rice 
chalkiness is the result of insufficient starch synthesis 
or excess degradation followed by loose starch granules. 
Mutations in some starch synthesis genes, such as Waxy 
[22], SSIIIa [23], BEIIb [24], OsAPL2 [25] and OsPPDKB 
[26], resulted in a chalky phenotype. Moreover, other 
amyloplast development related factors, such as FLO2 
[27], FLO6 [28], OsPho1 [29], and ISA1 [30], play impor-
tant roles in starch accumulation and chalkiness forma-
tion. Storage protein is the second largest component 
in endosperm, and thus protein metabolism also affects 
chalkiness formation. Prolamins and globulins were 
found to be significantly lower in the chalky part than 
that in non-chalkiness part [31]. Expression of two genes 
encoding 13 kDa prolamin decreased across all develop-
mental stages in the chalky part of a notched-belly rice 

mutant [3], and both genes were also down-regulated in 
the chalky grains caused by high temperature [18, 32].

In addition, multiple complex regulatory pathways 
are involved in chalkiness formation. Transcription fac-
tors NF-YB1 [33, 34], RSR1 [35] and OsbZIP58 [36] 
were reported to be involved in chalkiness formation. 
OsCDPK1 was reported to affect the physicochemical 
properties of starch and plays key roles in negatively con-
trolling the grain size, amylose content, and endosperm 
appearance [37]. Chalk5 [10], PDIL1-1 [38], BiP1 [39, 40], 
OsVPS9A [41], OsRAB5A [42] and GPA3 [43] involved in 
protein metabolism were reported to mediate chalkiness 
formation.

Recently, it was found that phytohormones are involved 
in chalkiness formation. Higher auxin, cytokinins (CKs) 
and gibberellins (GAs) levels might result in more chalki-
ness, while brassionosteroids (BRs) could reduce chalki-
ness [44]. Our previous research revealed that increased 
level of ABA during early to middle grain filling stage 
caused by high temperature was more responsible for 
chalkiness formation [45]. The ABA/GA ratio was signifi-
cantly correlated with grain filling, high ABA/GA ratio 
could promote the grain filling and reduce chalkiness 
[46]. However, the regulatory network mediated by phy-
tohormones is still unknown.

In this study, 3 rice cultivars with stable chalkiness phe-
notype were employed as the experimental materials to 
study transcriptional regulation during chalkiness forma-
tion, i.e. Xiangzaoxian24 (X24, pure line of indica rice 
with high-chalkiness) and its origin parents Xiangzaox-
ian11 (X11, female parent, pure line of indica rice with 
high-chalkiness) and Xiangzaoxian7 (X7, male parent, 
pure line of indica rice with low-chalkiness). The pheno-
type, physiological and biochemical traits combined with 
transcriptome sequencing were analyzed in caryopsis. 
The results indicated that many genes involved in starch/
sucrose/protein metabolism, transcriptional regulation 
and kinase signals were differentially expressed between 
high (X11 and X24) and low (X7) chalkiness caryopsis. 
Further analysis found that phytohormones might medi-
ate the rice chalkiness formation through the interactions 
of transcription factors and other regulators. Accord-
ingly, chalkiness formation is a dynamic process associ-
ated with multiple genes, and is regulated by a complex 
regulatory network, in which phytohormones play a cru-
cial role. Our research would provide informative clues 
for illustrating the regulatory mechanisms of chalkiness 
formation in rice.

Results
Characterization of X24 and its two origin parental lines
X24 (pure line of indica rice with high-chalkiness) and 
its origin parents X11 (female parent, pure line of indica 
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rice with high-chalkiness) and X7 (male parent, pure line 
of indica rice with low-chalkiness) are widely planted 
in Hunan Province. The full growth stage of X11, X7 
and X24 were 108–109  days, 108–110  days and 105–
108  days; the average plant height of X11, X7 and X24 
were 80 cm, 75 cm and 74.2 cm; the yield of X11, X7 and 
X24 were about 7210 kg/ha, 6300 kg/ha and 6618 kg/ha, 
respectively [47]. The phenotypes of mature grain and 
chalkiness trait were shown in Fig. 1A-B. The mature rice 
grains of X11 and X24 showed 100% chalky rice rate with 
40.99% and 38.60% chalkiness degree respectively, while 
X7 showed 5% chalky rice rate with 0.127% chalkiness 
degree (Fig. 1C-D). The grain length of X11, X7 and X24 
were 8.67 mm, 7.97 mm and 7.83 mm; the grain width of 
X11, X7 and X24 were 3.31 mm, 2.65 mm and 3.17 mm; 
the 1000-grains weight of X11, X7 and X24 were 23.44 g, 
18.73 g and 19.12 g, respectively (Fig. 1E-G). The stable 
chalkiness phenotype of X11 and X24 showed significant 

differences from X7. Therefore, these rice cultivars were 
proper materials for studying the rice chalkiness forma-
tion and its regulation at transcription level.

Dynamic formation of chalkiness at grain filling stage
Rice caryopses were collected to analyze the dynamics 
of grain filling and chalkiness formation every 2  days 
from 8 to 36 days after heading (DAH). The glumes of 
caryopsis were green from 8 to 14 DAH, and the color 
of glumes changed from green to yellow since 16 DAH 
until mature (Fig.  2A). No significant differences were 
found in color changes of glumes among X11, X24 and 
X7 at grain filling stage. The caryopsis was still green 
from 8 to 12 DAH, but from 20 DAH, the caryopsis of 
X7 began to translucent, while the caryopsis of X11 and 
X24 began to emerge chalkiness with opaque at belly 
of caryopsis (Fig.  2B). The caryopsis at 8 DAH were 
filled with diluted white milky, and the caryopsis began 

Fig. 1 The phenotype of mature grains (A), chalkiness trait (B), chalky rice rate (C), chalkiness degree (D), grain length (E), grain width (F) and 
1000-grains weight (G) of X11, X7 and X24. Data shown as means ± SD of three biological replicates (n = 30). Asterisks indicate a significant 
difference based on a Dunnett’s test. * significant difference at 5% level (P < 0.05); ** significant difference at 1% level (P < 0.01)
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to harden at 12 DAH filling with concentrated white 
milky. As the continuous accumulation of starch and 
protein, the dry and fresh weight of caryopsis contin-
ued to increase, and the caryopsis was gradually hard-
ened since 16 DAH. Along with the grain filling, the 
caryopsis of X7 was translucent, while the chalkiness 
trait of X11 and X24 became more obvious.

The caryopses collected at 8 DAH, 12 DAH, 16 DAH, 
20 DAH and 24 DAH were respectively observed by 
SEM in order to examine whether the morphology of 
the endosperm starch granules was different between 
high and low chalkiness caryopsis. SEM examinations 
showed that endosperms of X11 and X24 carried round, 
small and loosely packed starch granules with air spaces, 

Fig. 2 The dynamics of grain filling and chalkiness formation traits (A and B). The starch granules in endosperms examined by SEM at 8 DAH, 12 
DAH, 16 DAH, 20 DAH and 24 DAH (Scale bars: 10 μm) (C)
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while endosperms of X7 were filled with large and tightly 
packed starch granules at 8 DAH. The results of SEM at 
12 DAH, 16 DAH, 20 DAH and 24 DAH were similar to 
that at 8 DAH (Fig.  2C). Since 8 DAH, a large amount 
of starch and storage protein accumulated rapidly in 
endosperm. Therefore, we speculated that the genes 
regulating starch and storage protein metabolism were 
differentially expressed between high and low chalki-
ness caryopsis. The size, shape and arrangement of starch 
granules were different between high and low chalkiness 
caryopsis, which eventually led to chalkiness formation. 
The results of phenotypic observation and SEM indicated 
that 8 DAH, 12 DAH and 16 DAH were the three critical 
periods at grain filling stage. Thus we sampled at 8 DAH, 
12 DAH and 16 DAH for phytohormonal determination 
and transcriptome analysis.

Analysis of DEGs in caryopsis
The gene expression was estimated using the frag-
ments per kilobase per million (FPKM) method. 
Putative differentially expressed genes (DEGs) were 
identified by pairwise comparison of the analyzed sam-
ples using the following criteria: P-value ≤ 0.05 and 

|Log2foldchange(FC)|≥ 1. Using these criteria, the 
expression of differentially expressed genes (DEGs) were 
obtained, and the results were shown in Fig.  3. There 
were 3625 DEGs in X11 vs. X7 (1461 up-regulated and 
2164 down-regulated), 1595 DEGs in X24 vs. X7 (841 up-
regulated and 754 down-regulated), 2366 DEGs in X11 
vs. X24 (724 up-regulated and 1642 down-regulated) at 
8 DAH, 2616 DEGs in X11 vs. X7 (1317 up-regulated and 
1299 down-regulated), 2756 DEGs in X24 vs. X7 (1320 
up-regulated and 1436 down-regulated), 2608 DEGs 
in X11 vs. X24 (1399 up-regulated and 1209 down-reg-
ulated) at 12 DAH, 2994 DEGs in X11 vs. X7 (1368 up-
regulated and 1626 down-regulated), 3830 DEGs in X24 
vs. X7 (812 up-regulated and 3018 down-regulated) and 
3509 DEGs in X11 vs. X24 (2535 up-regulated and 974 
down-regulated) at 16 DAH.

Genes were differentially expressed in X11 vs. X7 and 
X24 vs. X7, but not in X11 vs. X24, these DEGs were 
only differentially expressed between high chalkiness and 
low chalkiness  (DEGHL), and they might be related to 
chalkiness. Further analysis showed that there were 1020 
 DEGHL at 8 DAH (491 up-regulated and 529 down-reg-
ulated), 1000  DEGHL at 12 DAH (460 up-regulated and 

Fig. 3 DEGs obtained by X11 vs. X7, X24 vs. X7 and X11 vs. X24 at (A) 8 DAH, (B) 12 DAH and (C) 16 DAH. Red column represents up-regulated of 
genes, blue column represents down-regulated of genes. Venn diagram of DEGs among X11, X7 and X24 at (D) 8 DAH, (E) 12 DAH and (F) 16 DAH. 
DEGs were differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1)
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540 down-regulated) and 1088  DEGHL at 16 DAH (397 
up-regulated and 691 down-regulated) (Supplementary 
Fig. 1A).

Functional classification by Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
mapping
In order to evaluate the potential functions of these 
DEGs in caryopsis, Gene Ontology (GO) analysis was 
performed. In X11 vs. X7, X24 vs. X7 and X11 vs. X24, 
there were 550 DEGs, 340 DEGs and 399 DEGs at 8 
DAH, 495 DEGs, 588 DEGs and 510 DEGs at 12 DAH, 
581 DEGs, 602 DEGs and 583 DEGs at 16 DAH, which 
were assigned to at least one term in ‘biological pro-
cess’, ‘cellular component’ and ‘molecular function’ cat-
egories (Fig.  4A-C). The GO functional enrichment 
analysis of DEGs showed that the most enriched genes 
were ‘molecular function’, the second was ‘biological pro-
cess’, and the least was ‘cellular component’. In the ‘bio-
logical process’ category, oxidation–reduction process 
(GO:0,055,114), protein phosphorylation (GO:0,006,468) 
and metabolic process (GO:0,008,152) were prominently 
represented at 8 DAH, 12 DAH and 16 DAH. In the ‘cel-
lular component’ category, membrane (GO:0,016,020), 
integral component of membrane (GO:0,016,021) and 
nucleus (GO:0,005,634) were prominently represented 
at 8 DAH, 12 DAH and 16 DAH, while protein bind-
ing (GO:0,005,515), ATP binding (GO:0,005,524) and 
transferase activity, transferring phosphorus-containing 
groups (GO:0,016,772) dominated the ‘molecular func-
tion’ category at 8 DAH, 12 DAH and 16 DAH.

The GO functional enrichment analysis of  DEGHL 
showed that in the ‘biological’ process category, metabolic 
process (GO:0,008,152), oxidation–reduction process 
(GO:0,055,114), protein phosphorylation (GO:0,006,468), 
carbohydrate metabolic process (GO:0,005,975), regula-
tion of transcription, DNA-templated (GO:0,006,355) 
and lipid metabolic process (GO:0,006,629) were promi-
nently represented at 8 DAH, 12 DAH and 16 DAH. In 
the ‘cellular component’ category, integral component of 
membrane (GO:0,016,021), membrane (GO:0,016,020) 
and nucleus (GO:0,005,634) were prominently repre-
sented at 8 DAH, 12 DAH and 16 DAH, while protein 
binding (GO:0,005,515), ADP binding (GO:0,043,531), 
ATP binding (GO:0,005,524), transferase activity, trans-
ferring phosphorus-containing groups (GO:0,016,772) 
and protein kinase activity (GO:0,004,672) dominated the 
‘molecular function’ category at 8 DAH, 12 DAH and 16 
DAH (Supplementary Fig. 1B). The results indicated that 
enzyme activity and metabolic regulation affect chalki-
ness formation.

In order to identify metabolic pathways in which DEGs 
involved and enriched, pathway-based analysis was 

performed by using the KEGG pathway database. As 
shown in Fig. 4D, DEGs mainly belonged to the following 
KEGG pathways: metabolic pathways (path:dosa01100), 
biosynthesis of secondary metabolites (path:dosa01110), 
phenylpropanoid biosynthesis (path:dosa00940), starch 
and sucrose metabolism (path:dosa00500) and amino 
sugar and nucleotide sugar metabolism (path:dosa00520).

The KEGG pathway assignments analysis of  DEGHL 
showed that  DEGHL mainly belonged to metabolic path-
ways (path:dosa01100), biosynthesis of secondary metab-
olites (path:dosa01110) at 8 DAH, and mainly belonged 
to metabolic pathways (path:dosa01100), biosynthesis 
of secondary metabolites (path:dosa01110), phenylpro-
panoid biosynthesis (path:dosa00940) and starch and 
sucrose metabolism (path:dosa00500) at 12 DAH and 16 
DAH (Supplementary Fig.  1C). The metabolic pathways 
exhibited the most  DEGHL, suggesting that metabolic 
pathways play significant roles in growth and develop-
ment of rice grain. The second largest number of  DEGHL 
related to the biosynthesis of secondary metabolites, 
indicating that biosynthesis of secondary metabolites 
is also important for rice grain, because the growth and 
development of rice grain are also based on the accumu-
lation of starch and protein. Starch and sucrose metabo-
lism were represented in large numbers at 12 DAH and 
16 DAH. That was unsurprising because metabolism of 
sugar plays an important role in the growth and devel-
opment of rice, hence starch and sucrose are tightly 
related to chalkiness formation. At 8 DAH and 12 DAH, 
the number of up-regulated  DEGHL in KEGG pathway 
was more than that of down-regulated  DEGHL, but at 16 
DAH, the number of up-regulated  DEGHL was signifi-
cantly less than that of down-regulated  DEGHL.

Gene expression profiles in starch/sucrose/protein 
metabolism during chalkiness formation
After flowering, starch, protein and lipid begin to fill 
caryopsis. In order to analyze the difference in substance 
content between high and low chalkiness, we meas-
ured the starch and soluble protein content in mature 
grains. The starch and soluble protein content in X7 
mature grain was higher than that in X11 and X24. The 
total starch content in X7 was 70.53%, which was higher 
than that of 62.53% in X11 and 62.15% in X24. The solu-
ble protein content in X7 was 10.24%, which was higher 
than that of 9.58% and 9.21% in X11 and X24 (Fig. 5A-B). 
The results showed that the decrease of starch and solu-
ble protein contents is one of the reasons for chalkiness 
formation.

Since grains of X11 and X24 contained lower starch 
content compared with X7, we speculated that genes 
involved in starch and sucrose metabolism might be dif-
ferentially expressed between high and low chalkiness 
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Fig. 4 Comparison of Gene Ontology (GO) classifications of DEGs at (A) 8 DAH, (B) 12 DAH and (C) 16 DAH. (D) KEGG pathway assignments of DEGs 
at 8 DAH, 12 DAH and 16 DAH, the top 10 categories are shown. DEGs were differentially expressed with statistical significance (P-value ≤ 0.05 and 
|Log2foldchange(FC)|≥ 1)
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Fig. 5 A The starch content in of mature grain in X11, X7 and X24. B The starch and soluble protein content in of mature grain in X11, X7 and 
X24, data shown as means ± SD of three biological replicates, asterisks indicate a significant difference based on a Dunnett’s test. * significant 
difference at 5% level (P < 0.05); ** significant difference at 1% level (P < 0.01). C  DEGHL involved in starch and sucrose metabolism at 8 DAH, 12 
DAH and 16 DAH, which are shown as  log2Foldchange levels.  DEGHL were differentially expressed with statistical significance (P-value ≤ 0.05 and 
|Log2foldchange(FC)|≥ 1)
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caryopsis. The transcriptome analysis found that there 
were 6  DEGHL at 8 DAH, 12  DEGHL at 12 DAH and 7 
 DEGHL at 16 DAH involved in starch and sucrose metab-
olism (Fig. 5C). In these  DEGHL, at 8 DAH, alpha-amylase 
gene Amy3D, 2 glycosyl hydrolase genes, 2 endoglucanase 
genes and 1 beta-glucosidase homologue gene were up-
regulated. At 12 DAH, 2 alpha-amylase gens Amy1A and 
Amy3D were significant up-regulated, 1 beta-glucosidase 
homologue gene and 1 beta-glucosidase gene were up-
regulated. Other 2 beta-glucosidase homologue gene 
were down-regulated, and 2 glycosyl hydrolase genes 
were up-regulated. Alpha-amylase and glycosyl hydrolase 
are the key enzymes in the hydrolysis of starch, endo-
glucanase is the main component of cellulase system, 
and beta-glucosidase promotes the degradation of cellu-
lose. Their differential expressions suggested that starch 
degradation and cellulose metabolic are associated with 
chalkiness formation at the early and middle stages of 
grain filling. In addition, 3 key enzyme genes in trehalose 
synthesis were differentially expressed at 12 DAH, indi-
cating that the trehalose metabolism is also involved in 
chalkiness formation. At 16 DAH, alpha-amylase genes 
Amy1C, Amy1A, Amy3E and 2 beta-amylase genes were 
down-regulated, and starch synthase gene OsSSIIb was 
also down-regulated. Thus we speculated that starch syn-
thesis and hydrolysis decrease at the late stage of grain 
filling in high chalkiness caryopsis. The results showed 
that different genes in starch and sugar metabolism are 
differentially expressed at different stages of grain filling, 
and these dynamic regulatory processes eventually result 
in chalkiness formation.

In addition, protein accumulating between starch 
granules is the second abundant component in rice 
endosperm [48]. Increasing evidences suggested the 
importance of proteins in chalkiness formation. A large 
amount of storage proteins, such as glutelins, prolamins 
and α-globulin, were found to be accumulated in mature 
rice seeds [41]. In our results, soluble protein contents in 
X24 and X11 were lower than that in X7. We speculated 
that protein metabolism is also an important process for 
chalkiness formation. Among seed-specific storage pro-
teins, there were 4  DEGHL at 8 DAH, 6  DEGHL at 12 DAH 
and 3  DEGHL at 16 DAH (Fig. 5D). In these  DEGHL, only 
one glutelin gene was down-regulated at 8 DAH, and 
no differentially expressed glutenin genes were found 
at 12 DAH and 16 DAH. In addition, the expression of 
PROLM17 was up-regulated at 8 DAH and 16 DAH, and 
PROLM18 was up-regulated at 8 DAH, 12 DAH and 16 
DAH, while the other prolamin genes were down-reg-
ulated at 8 DAH, 12 DAH and 16 DAH. These results 
showed that prolamin and glutenin associated with the 
storage proteins might be related to chalkiness formation.

Phytohormonal contents and related gene expression 
differences during chalkiness formation
It is well known that phytohormones act as signal-
ing molecules in plants growth and development [49, 
50]. We thus measured ABA, IAA and ZR contents 
(Fig.  6A-C) in caryopsis at 8 DAH, 12 DAH and 16 
DAH, respectively. The overall trend of ABA content 
in caryopsis was 8 DAH > 12 DAH > 16 DAH. ABA con-
tent in X11 and X24 were 289.34 ng/g and 297.71 ng/g, 
which were lower than that of 188.88  ng/g in X7 at 8 
DAH. There was no significant difference in the ABA 
content between high and low chalkiness caryopsis at 
12 DAH and 16 DAH. The trend of IAA content in car-
yopsis was 8 DAH < 12 DAH < 16 DAH. IAA contents 
in X11 and X24 were 1023.74  ng/g and 1097.86  ng/g, 
which were higher than that of 954.69 ng/g in X7 at 12 
DAH. At 16 DAH, IAA contents in X11 and X24 were 
2254.95  ng/g and 2395.91  ng/g, which were higher 
than that of 1969.66  ng/g in X7. There was no sig-
nificant difference in the IAA content between high 
and low chalkiness caryopsis at 8 DAH. The trend of 
cytokine zeatin riboside (ZR) content in caryopsis was 
8 DAH > 12 DAH > 16 DAH, and there was no signifi-
cant difference.

In order to analyze the regulatory function of phy-
tohormones in chalkiness formation, we analyzed the 
expression patterns of genes related to phytohormo-
nal biosynthesis and signaling (Fig.  6D). It was found 
that many  DEGHL are related to phytohormones in rice 
(Fig. 6D). OsSDR, a gene related to ABA biosynthesis was 
up-regulated at three sampling dates. ABA signaling-
related genes OsDSR2 and OsCCD1 were up-regulated at 
8 DAH. OsCPK21 was down-regulated at 12 DAH and 16 
DAH. The differential gene expression led to the signifi-
cant change of ABA content, which showed a decrease 
tendency from 8 to 16 DAH (Fig.  6A). This suggested 
that ABA exert an important regulatory function during 
caryopsis development, especially at the early grain fill-
ing stage. An auxin biosynthesis gene OsYUCCA7 was 
up-regulated at 8 DAH and 12 DAH. Auxin responsive 
genes OsIAA29 and OsSAUR19 were up-regulated at 12 
DAH. Auxin response factor (ARF) gene OsARF10 was 
up-regulated at 12 DAH. Auxin transport gene OsPIN5c 
was down-regulated at three sampling dates. These 
results indicated the regulation function of auxin during 
caryopsis development, especially at the late grain filling 
stage. Among gibberellin-related  DEGHL, a positive regu-
lator gene OsGSR1 was down-regulated at three sampling 
dates. Rate-limiting enzyme gene of gibberellin biosyn-
thesis, OsGA20ox2 was down-regulated at 8 DAH, and 
OsGA2ox1 were down-regulated at 12 DAH. Meanwhile, 
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Fig. 6 The phytohormonal contents (A) ABA, (B) IAA and (C) ZR at 8 DAH, 12 DAH and 16 DAH, data shown as means ± SD of three biological 
replicates, asterisks indicate a significant difference based on a Dunnett’s test. * significant difference at 5% level (P < 0.05); ** significant difference 
at 1% level (P < 0.01). (D) Expression patterns of phytohormone-related  DEGHL at 8 DAH, 12 DAH and 16 DAH, which are shown as  log2Foldchange 
levels.  DEGHL were differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1)
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the cytokinin-related genes showed relatively little dif-
ference in caryopsis between high and low chalkiness 
at the early and late grain filling stages, suggesting that 
cytokinin might function in the middle period at grain 
filling stage. In addition, BR biosynthesis related gene 
OsCYP51G3 was up-regulated at 12 DAH and 16 DAH, 
and a positive regulator gene in BR signaling OsOFP8 
was down-regulated. We speculated that BR mainly plays 
the regulatory role in chalkiness formation at the middle 
and late stages  of grain filling. Ethylene (ETH) biosyn-
thesis related gene OsACS2 and salicylic acid (SA) sign-
aling related gene OsSGT1 were up-regulated at 8 DAH, 
and jasmonates (JA) biosynthesis related gene OsAOS3 
was up-regulated at 12 DAH, indicating that these three 
phytohormones might play roles at the early and middle 
stages of grain filling. The differences in phytohormonal 
levels and distinct patterns of phytohormone-related 
gene expression at 8 DAH, 12 DAH and 16 DAH revealed 
complex and distinct roles during caryopsis develop-
ment. Obviously, phytohormones are the important reg-
ulators in chalkiness formation, and thus the underlying 
regulation mechanism needs to be further studied.

Differential gene expression of transcription factors 
interacted with phytohormones to regulate chalkiness 
formation
Generally, phytohormones regulate the plant growth 
and development, and mediate the responses to the 
environment through interaction with multiple regula-
tors. Among them, the transcription factors (TFs) have 
become the focus. In order to screen phytohormones-
interacted TFs involved in chalkiness formation, the 
expression profile of TFs was analyzed in detail. The 
results showed that 73 MYB, 8 GRAS, 16 bZIP, 52 AP2/

EREBP, 7 GATA , 2 NAC, 5 MADS, 49 WRKY and 9 TCP 
were differentially expressed in at least one group of pair-
wise comparison (Table 1).

Further analysis found that 13  DEGHL at 8 DAH, 7 
 DEGHL at 12 DAH and 9  DEGHL at 16 DAH were differ-
entially expressed with distinct patterns (Fig. 7), imply-
ing their functions at the specific stages of grain filling. 
5 members of MYB were up-regulated but 1 member 
was down-regulated at 8 DAH; 2 members of MYB were 
up-regulated but 1 member   was down-regulated at 12 
DAH; 1 member of MYB was up-regulated but 2 mem-
bers were down-regulated at 16 DAH. MYB family were 
reported as important regulators in plant tolerance 
to abiotic stresses and development [51]. OsMYB48, 
which was reported to play a positive role in drought 
and salinity tolerance by regulating stress-induced ABA 
synthesis [52], was up-regulated at 12 DAH, suggesting 
its potential role in the middle period of grain filling 
stage. 2 AP2/EREBP members were up-regulated and 1 
member was down-regulated at 8 DAH; 1 AP2/EREBP 
member was up-regulated and 1 member down-regu-
lated at 12 DAH; 2 AP2/EREBP members were down-
regulated at 16 DAH. OsEREBP2, which is significantly 
inducible in response to ABA [53], was down-regulated 
at 16 DAH, indicating that OsEREBP2 might play an 
important role in the transcriptional network and 
contribute to the development of caryopsis. An AP2/
EREBP member RSR1 was reported to be involved in 
rice chalkiness formation by regulating starch synthe-
sis [35]. It suggested that the differentially expression of 
the AP2/EREBP might contribute to the development 
of caryopsis. WRKYs showed dramatic changes from 
8 to 16 DAH. WRKY102 and WRKY21 were up-regu-
lated, and WRKY8 and WRKY64 were down-regulated 

Table 1 DEGs encoding TFs differentially expressed in X11 vs. X7, X24 vs. X7, and X11 vs. X24 at 8 DAH, 12 DAH and 16 DAH

Numbers of DEGs encoding TFs differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1) are shown; Up: up-regulated; Down: 
down-regulated

Family 8 DAH 12 DAH 16 DAH

X11 vs. X7 X24 vs. X7 X11 vs. X24 X11 vs. X7 X24 vs. X7 X11 vs. X24 X11 vs. X7 X24 vs. X7 X11 vs. X24

Up Down Up Down Up Down Up Down Up Down Up Down Up Down Up Down Up Down

MYB 14 6 9 1 4 7 6 2 15 7 10 13 12 5 2 17 18 3

GRAS 3 1 0 0 2 0 1 0 2 1 1 1 0 0 0 8 7 0

bZIP 2 3 0 0 0 2 2 3 0 1 3 1 0 2 0 3 4 0

AP2 8 8 5 2 2 10 5 3 4 5 8 4 1 6 0 26 19 1

GATA 0 0 0 0 0 0 0 0 0 2 1 0 0 1 0 6 4 0

NAC 0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 0 0 0

MADS 1 1 0 0 1 0 0 1 0 1 0 1 2 0 0 0 0 1

WRKY 10 6 3 2 6 3 7 4 8 8 8 11 6 6 0 19 17 3

TCP 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 9 6 0
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at 8 DAH. WRKY116 and WRKY72 were down-regu-
lated at 12 DAH, and WRKY58, WRKY25 and WRKY76 
were down-regulated at 16 DAH. A number of studies 
have shown that the majority of WRKY family mem-
bers are involved in response to biotic and/or abiotic 
stresses [54–57]. OsWRKY8, which was reported to be 
induced by ABA [58], was down-regulated at 8 DAH. 
OsWRKY76 [59], which was reported to be induced 
by ABA, was down-regulated at 12 DAH and 16 DAH. 
The results indicated that OsWRKY8 and OsWRKY76 
might play regulating function at the whole grain filling 
stage through the interaction with ABA. Cga1 (GATA  
member) was reported to be induced the expression by 
gibberellin [60], it showed decreased expression at 16 
DAH. These results suggested that TFs show distinct 
patterns at different stages to regulate the development 
of caryopsis and chalkiness formation through the 
interactions with phytohormones.

Differential gene expression of kinases interacted 
with phytohormones to regulate chalkiness formation
Some protein kinases (PKs) are involved in phytohormo-
nal signaling [61]. Plant AGC kinases mediate auxin sign-
aling to regulate growth and morphogenesis of plant [62]. 
TKL were reported to play crucial roles in plant response 
to various external signals [63]. For example, the leucine-
rich repeat (LRR) receptor-like PKs BRI1 and BAK1 were 
involved in BR signal transduction in Arabidopsis [64, 
65]. In addition, OsRPK1 participated in ABA signal-
ing pathway [66]. Several CDPKs had been shown to be 
essential factors in abiotic stress tolerance by modulating 
ABA signaling and reducing the accumulation of reac-
tive oxygen species [67]. OsWNK9 plays a role in ABA-
mediated stress tolerance mechanisms [68]. The GO 
functional enrichment analysis of DEGs showed that pro-
tein phosphorylation and protein serine/threonine kinase 
activity were high enriched at 8 DAH, 12 DAH and 16 

Fig. 7 Expression patterns of  DEGHL encoding TFs obtained at 8 DAH, 12 DAH and 16 DAH, which are shown as  log2Foldchange levels.  DEGHL were 
differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1)
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DAH (Fig.  4A-C). Further analysis showed that 5 AGC 
, 32 CAMK, 5 CGMC, 2 CK1, 17 STE and 30 TKL were 
differentially expressed in at least one group of pairwise 
comparison (Table 2).

In these PKs, there were 6  DEGHL at 8 DAH, 7  DEGHL 
at 12 DAH and 4  DEGHL at 16 DAH (Fig. 8). At 8 DAH, 
1 CAMK, 1 STE and 1 TKL were up-regulated, 1 AGC 
, 1 CAMK and 1 TKL were down-regulated. At 12 
DAH, 1 AGC  and 1 TKL were up-regulated, 2 CAMK, 
2 CGMC, 1 CK1 and 1 TKL were down-regulated. At 
16 DAH, 2 CAMK, 1 STE and 1 TKL were down-regu-
lated. The results showed that the differential expres-
sion of CAMK and TKL were found at 8 DAH, 12 DAH 
and 16 DAH, and the number of  DEGHL in these two 
groups were more than other groups. Meanwhile, TKL 
member (OsR498G0510476500.01) was significantly 

down-regulated  (Log2Foldchange < -10) at three sampling 
dates. OsCPK21, which was involved in the response to 
ABA [69], was down-regulated at 12 DAH and 16 DAH. 
Therefore, we speculated that some PKs interacted with 
phytohormones might be important factors in the regu-
lation of the caryopsis development and chalkiness 
formation.

Validation of  DEGHL by real‑time PCR analysis
In order to validate the RNA-seq data, 12  DEGHL were 
selected to confirm expression by real-time PCR analy-
sis, including 5  DEGHL involved in starch/sucrose 
and protein metabolism (OsR498G0100430000.01, 
OsR498G0204716300.01, OsR498G0917494500.01, 
OsR498G0204791500.01 and PROLM9), 3 
 DEGHL encoding TFs (OsR498G0100472700.01, 

Table 2 DEGs encoding PKs differentially expressed in X11 vs. X7, X24 vs. X7, and X11 vs. X24 at 8 DAH, 12 DAH and 16 DAH

Numbers of DEGs encoding PKs differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1) are shown; Up: up-regulated; Down: 
down-regulated

Family 8 DAH 12 DAH 16 DAH

X11 vs. X7 X24 vs. X7 X11 vs. X24 X11 vs. X7 X24 vs. X7 X11 vs. X24 X11 vs. X7 X24 vs. X7 X11 vs. X24

Up Down Up Down Up Down Up Down Up Down Up Down Up Down Up Down Up Down

AGC 0 1 0 1 0 0 1 0 1 1 0 0 0 0 2 2 1 2

CAMK 5 6 3 3 3 5 2 4 0 5 6 1 3 4 2 7 6 4

CGMC 0 3 0 0 0 1 0 2 0 4 1 0 1 0 0 0 0 1

CK1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0

FGGY 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0

SET 1 5 1 0 3 1 1 1 2 2 2 9 2 3 1 5 5 0

TKL 8 2 2 3 5 1 3 2 5 2 4 2 9 3 0 6 11 3

Fig. 8 Expression patterns of  DEGHL encoding PKs obtained at 8 DAH, 12 DAH and 16 DAH, which are shown as  log2Foldchange levels.  DEGHL were 
differentially expressed with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1)
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Fig. 9 Expression patterns of 12  DEGHL confirmed by real-time PCR, which are shown as  log2Foldchange levels.  DEGHL were differentially expressed 
with statistical significance (P-value ≤ 0.05 and |Log2foldchange(FC)|≥ 1). Data shown as means ± SD of three biological replicates. Asterisks indicate 
a significant difference based on a Dunnett’s test. * significant difference at 5% level (P < 0.05); ** significant difference at 1% level (P < 0.01)
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OsR498G0100734500.01 and WRKY76), 3  DEGHL related 
to phytohormonal biosynthesis and signaling (OsY-
UCCA7, OsARF10 and OsSDR), 1  DEGHL encoding PKs 
(OsCPK21). For these 12  DEGHL, the expression pat-
terns in real-time PCR results were similar to RNA-Seq 
data (Fig.  9), and the results also validate the reliabil-
ity of RNA-Seq data. In future studies, we will focus on 
these  DEGHL to investigate their regulation of chalkiness 
formation.

Discussion
Chalkiness formation is a dynamic process
Chalkiness is closely related to the grain filling dynam-
ics, and disordered dynamics of grain filling is an impor-
tant reason for chalkiness formation. In our research, the 
color of glumes changed from green to yellow at 16 DAH 
until mature, caryopsides were gradually hardened since 
16 DAH. Since 20 DAH, the caryopsis of X7 began to 
translucent, while the chalkiness in X11 and X24 began 
to form at the belly of caryopsis (Fig. 2A-B). It indicated 
that chalkiness formation is a dynamic process during 
the grain filling of caryopsis. The endosperms of X11 
and X24 carried small round shaped and loosely packed 
starch granules with air spaces, while endosperms of X7 
were filled with large and tightly packed starch granules 
at 8 DAH (Fig. 2C). The endosperms at 12 DAH, 16 DAH, 
20 DAH and 24 DAH were similar to that at 8 DAH. It 
indicated that the different size, shape and arrangement 
of starch granules between high and low chalkiness car-
yopsis at the early grain filling stage, result in the con-
trasted chalkiness formation. There were 1020  DEGHL at 
8 DAH, 1000  DEGHL at 12 DAH and 1088  DEGHL at 16 
DAH (Supplementary Fig.  1A-D). The KEGG pathway 
analysis of  DEGHL showed that  DEGHL mainly belong to 
metabolic pathways, biosynthesis of secondary metabo-
lites at 8 DAH, and  DEGHL mainly belong to metabolic 
pathways, biosynthesis of secondary metabolites, phenyl-
propanoid biosynthesis, starch and sucrose metabolism 
at 12 DAH and 16 DAH (Supplementary Fig. 1F). These 
 DEGHL were closely related to caryopsis development, 
suggesting that chalkiness formation is a dynamic pro-
cess regulated by multiple genes.

Starch/sucrose/protein metabolism is involved 
in chalkiness formation
Chalkiness formation is controlled by multiple complex 
regulators. Starch is the end-product of photosynthe-
sis and is stored as energy reserves in rice grain. Amyl-
ose and amylopectin are two main components of starch 
[70]. Amylose is synthesized by AGPase and GBSS, and 
amylopectin is synthesized by AGPase, SS, BE and DBE 
[71, 72]. Mutations of SSIIIa [23] and BEIIb [23, 24] 
involved in the starch biosynthesis pathway showed 

defective amyloplast development and chalky pheno-
type. Sucrose is also important for caryopsis develop-
ment as sources of energy and carbon skeletons for cell 
wall and starch biosynthesis [73, 74]. UGPase1 regulates 
the utilization of sucrose, malfunction of UGPase1 gene 
causes the decrease of amylopectin long chain and the 
change of starch structure, resulting in chalkiness forma-
tion [75]. In addition, other factors related to the devel-
opment of amyloplast have also been reported, such as 
FLO2 [27], FLO6 [28], FLO7 [76], FLO10 [77], FLO16 
[78], SSG4 [79] and SSG6 [80], OsAGPL2 [25], OsPho1 
[29], ISA1 [30]. In our results, alpha-amylase genes were 
up-regulated at the early (Amy3D) and middle stages 
(Amy1A and Amy3D) of grain filling, but down-regulated 
at the late stage (Amy1C, Amy1A and Amy3E) of grain 
filling in high chalkiness grains. Starch synthesis genes 
(OsSSIIb) were down-regulated at the late grain filling 
stage. These results suggested that starch and sucrose 
metabolism are closely related to chalkiness forma-
tion. Meanwhile, glycosyl hydrolase, the key enzyme 
in the hydrolysis of starch, were up-regulated at 8 DAH 
(OsR498G0204791500.01 and OsR498G0202817500.01) 
and 12 DAH (OsR498G0204791500.01 and 
OsR498G0202817500.01) (Fig.  5C). Two beta-
amylase genes (OsR498G0305210700.01 and 
OsR498G1018865300.01) were down-regulated at 16 
DAH. The results suggested that starch was degraded 
by alpha-amylase and glycosyl hydrolase at the early 
and middle grain filling stages, starch synthesis and 
hydrolysis decreased at the late grain filling stage in high 
chalkiness caryopsis. Moreover, endoglucanase and glu-
cosidase related to degradation of cellulose were differ-
entially expressed at 8 DAH (OsR498G0100430000.01, 
OsR498G0509663400.01 and OsR498G0917725800.01) 
and 12 DAH (OsR498G0102201400.01, 
OsR498G0204716300.01, OsR498G0307049100.01, 
OsR498G0612275400.01 and OsR498G0714880900.01), 
and trehalose synthase genes (OsR498G0204464600.01, 
OsR498G0816196900.01 and OsR498G0917494500.01) 
were also differentially expressed at 12 DAH (Fig.  5C), 
indicating that non-starch polysaccharide metabolism 
might also be involved in chalkiness formation.

The abnormal expression of protein metabolism genes, 
such as PDIL1-1 [38], BiP1 [39, 40], OsVPS9A [41] and 
OsRAB5A [42], can cause chalkiness. Overexpression of 
Chalk5 affects the endomembrane protein trafficking sys-
tem, resulting in an abnormal decrease in protein body 
number, and causing air spaces among starch granules 
and protein bodies [10]. Two genes encoding 13  kDa 
prolamin were reported to be down-regulated in the 
chalky grains [3, 18, 32], and lower concentration of prol-
amins and globulins in the chalky part of grains were also 
reported in previous study [31]. In this study, PROLM9 
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was down-regulated in chalkiness caryopsis at 8 DAH, 12 
DAH and 16 DAH; PROLM4, PROLM14, PROLM16 and 
PROLM26 were down-regulated in chalkiness caryopsis 
at 12 DAH (Fig. 5B). These results suggested that prola-
min may also play a role in chalkiness formation.

Phytohormones regulate the formation of chalkiness 
through a complex interactive network
The fact that complex processes of chalkiness formation 
are affected by multiple environmental factors implies a 
complex regulatory network mediating these processes 
in rice. Previous research found that the phytohormo-
nal dynamics during rice endosperm development plays 
important roles in the grains quality. Among them, auxin 
and BRs are important for endosperm development [81–
85]. Recently, a study showed that the increases of auxin, 
CKs and GAs levels lead to higher chalkiness, while 
BRs reduce chalkiness [44]. In this study, we found that 
ABA content was higher at 8 DAH and IAA content was 
higher at 16 DAH in high chalkiness caryopsis (Fig. 6A-
B). The expression of some important genes in biosynthe-
sis and signaling of ABA, auxin, GAs, ETH, SA, JA and 
BRs showed significant differences between high and 
low chalkiness caryopsis (Fig.  6D), particularly OsSDR 
(ABA biosynthesis), OsYUCCA7 (auxin biosynthesis), 
OsCYP51G3 (BR biosynthesis), OsAOS3 (JA biosynthe-
sis), OsDSR2 (ABA signaling), OsCCD1 (ABA signaling), 
OsIAA29 (auxin signaling), OsSAUR19 (auxin signaling) 
and OsARF10 (auxin signaling). Differential expression of 
genes in the phytohormonal signaling also results in the 
changes of responsive gene expression, which might be 
an additional reason for chalkiness formation.

TFs are very important in plant growth and devel-
opment and many TFs function through the interac-
tion with phytohormones. NF-YB1 regulate grain filling 
and endosperm development by interacting with ERF 
transcription factors and directly binding to three gene 
expression regulatory regions of sucrose transporter 
SUT1, SUT3 and SUT4 [33, 34]. Meanwhile, NF-YB1 
binds directly and specifically to the G-box of the Wx pro-
moter [86], and G-box is involved in the response to phy-
tohormones [87]. Thus, phytohormones should also be 
involved in regulatory networks of NF-YB1 for grain fill-
ing and endosperm development. RSR1, an AP2/EREBP 
transcription factor, was found to negatively regulate the 
expression of type I starch synthesis genes (in seeds; sink 
tissues), among type I coexpressed genes, some of them 
are also involved in the response to GAs and ABA stim-
uli [35]. OsbZIP58 regulates starch biosynthesis in rice 
endosperm [36], and the interaction between OsLOL1 
and OsbZIP58 influences GAs biosynthesis through the 
activation of OsKO2 via OsbZIP58 [88]. Interestingly, 
mutations of NF-YB1 [33, 34], NF-YC12 [89], RSR1 [35], 

OsbZIP58 [36] resulted in chalky phenotype. In our test, 
several genes encoding TFs were differentially expressed 
between high and low chalkiness caryopsis, includ-
ing 6 MYB, 3 AP2, 4 WRKY at 8 DAH, 3 MYB, 2 AP2 
and 2 WRKY at 12 DAH, 3 MYB, 2 AP2, 1 GATA  and 3 
WRKY at 16 DAH (Fig. 7). In these TFs, OsMYB48 [52], 
OsEREBP2 [53], OsWRKY8 [58], OsWRKY76 [59] were 
reported to be involved in synthesis or signaling path-
ways of ABA. Therefore, we predicted these TFs might 
regulate the grain development and chalkiness formation 
by interacting with phytohormones.

PKs are major regulatory components in almost all 
cellular processes in eukaryotic cells [90]. Several PKs 
are involved in phytohormonal signaling transduction. 
OsCDPK1 plays key roles in negatively controlling the 
grain size, amylose content, and endosperm appear-
ance [37]. Meanwhile, OsCDPK1 inhibits the feedback 
of GAs biosynthesis through down-regulating GA3ox2 
and GA20ox1 [91]. Our results showed that several genes 
encoding PKs were differentially expressed between high 
and low chalkiness caryopsis (Fig. 8). Among these PKs, 
OsCPK21 was reported to be involved in the response to 
ABA [69], and thus it might influence the development 
of caryopsis by participating in the ABA signaling path-
way. Plant AGC members are involved in auxin signaling 
[62], some TKL [66] and CAMK [67, 68] members are 
involved in ABA signaling. Therefore, the PKs may be 
involved in regulating the development of caryopsis and 
chalkiness formation by interacting with phytohormones.

The interaction between different phytohormones 
regulate the formation of chalkiness
The reports showed that gradients of phytohormones are 
generated in the different seed compartments, and their 
ratios comprise the signals that induce/inhibit particular 
processes in seed development [92]. ABA can improve 
ADP-glucose pyrophosphorylase and amylase (SBE) 
activity in grain, thus promoting starch synthesis [93]. 
Z and ZR content was very significantly correlated with 
cell division rate of endosperm cells [94]. In our research, 
high ABA and ZR contents at early grain filling stage, 
which is beneficial to grain filling. The activity of CKs, 
together with auxin, is especially linked to growth pro-
motion by cell division, development and differentiation 
[95], and auxin was reported to be responsible for the 
repression of CKs signaling through a feedback mecha-
nism [96]. In this research, the trend of IAA content in 
caryopsis was 8 DAH < 12 DAH < 16 DAH, while trend of 
ZR content was 8 DAH > 12 DAH > 16 DAH pattern, thus 
the interaction between IAA and ZR might play impor-
tant role in caryopsis development and chalkiness for-
mation. In addition, at 8 DAH, ABA/IAA, ABA/ZR and 
IAA/ZR in high chalkiness caryopsis were higher than 
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that in low chalkiness caryopsis, indicating the phytohor-
mones contents and dynamic changes, the concentration 
gradient and the ratio of different phytohormones can 
regulate the expression of downstream genes, thus regu-
lating grain development and chalkiness formation.

Overall, chalkiness formation is a dynamic process 
which is not only influenced by environmental factors, 
but also controlled by multiple genes, thus forming a 
complex regulatory network. Importantly, multiple phy-
tohormonal signals are significantly different in chalki-
ness caryopsis, particularly those of ABA and auxin. 
Therefore, phytohormones play important roles through 
the interaction of multiple transcription factors and their 
downstream regulators during chalkiness formation.

Conclusion
Rice chalkiness is a complex trait controlled by multiple 
genes. As an important rice quality trait, chalkiness not 
only affects the quality of rice, but also its price. How to 
effectively reduce the chalkiness of rice is an urgent task 
in rice production. In this study, X24 and its origin par-
ents X11 and X7 were used as materials, and the pheno-
type, physiological and biochemical traits combined with 
transcriptome analysis in caryopsis from above cultivars 
were conducted to illustrate the dynamic formation and 
transcriptional regulation of rice chalkiness. The expres-
sion profile of genes related to starch/sucrose/protein 
metabolism and phytohormonal regulation, genes of 
transcription factors and PKs at 8 DAH, 12 DAH and 
16 DAH showed that chalkiness formation is a dynamic 
process associated with multiple genes, forming a com-
plex regulatory network in which phytohormones play a 
crucial role. Our results provided informative clues for 
illustrating the regulatory mechanisms of chalkiness for-
mation in rice.

Methods
Plant material and growth conditions
Each of X24, X11 and X7 is pure line of indica rice with 
different chalkiness trait. X11 (pure line of indica rice 
with high-chalkiness) was bred by crossing Zhefu802 and 
Xiangzaoxian1 as origin parents, which was established 
until  F7 generation by pedigree method [47, 97]. X7 (pure 
line of indica rice with low-chalkiness) was bred by cross-
ing 81–280 and HA79317-4 as origin parents, which was 
established until  F5 generation by pedigree method [47, 
98]. X24 (pure line of indica rice with high-chalkiness) 
was bred by crossing X11 as female parent and X7 as male 
parent. It was established until  F6 generation by pedigree 
method which superior individuals were selected from  F2 
generation [47, 99]. Obviously, the chalkiness of X24 is 
inherited from the female parent X11. The three cultivars 
of rice seeds were soaked in distilled water at 37  °C for 

2 days, then the germinated seeds were sprinkled in wet-
ted soil in natural condition. After 30 days, the seedlings 
were transferred to pots, 30 pots for each cultivar and 3 
plants in each pot. Plants were grown in natural condi-
tion with daily average temperature 32 °C and night aver-
age temperature 24 °C.

Measurement of chalkiness
Mature grains were harvested and dried at 37  °C for 
5  days, and then measurement of chalky rice rate and 
chalkiness degree by micro-CT scanning and 3D recon-
struction techniques [100]. Rice grains were embedded 
in Super Light Clay (ordered from Alibaba, China). Sam-
ples were loaded into SkyScan 1172 Micro-CT (Bruker, 
Belgium) and scanned in three dimensions. After then, a 
series of cross-section images captured by micro-CT sys-
tem were used for the chalkiness quantification according 
to the principles of segmentation and 3D reconstruction 
in MIS. The volumes of chalkiness part were simultane-
ously calculated by MIS and then chalkiness degree was 
precisely quantified. After 3D reconstruction, the cross-
section images became smooth plane. Then the smooth 
plane image was well distinguished, and the chalky rice 
rate was accurately quantified by Chalkiness 2.0 [101].

Measurement of grain weight and size
Mature grains were harvested and dried at 37  °C for 
5 days to measure grain weight and size. A total of 1000 
grains were randomly counted from each sample and 
weighed to measure grain weight by electronic balance 
(AUX220, Shimadzu, Kyoto, Japan). The grain length and 
width from each sample were measured using Chalkiness 
2.0 software [101].

Scanning electron microscopy (SEM)
The caryopses collected at 8 DAH, 12 DAH, 16 DAH, 20 
DAH and 24 DAH were examined by scanning electron 
microscopy (SEM). The caryopsis was dehulled and dried 
completely under low pressure, and then dehulled cary-
opsis was cut across the middle parts with a razor blade, 
the middle parts of caryopsis as samples and the cut sur-
face coated with gold by an ion sputtering device (JFC-
1600, JEOL, Tokyo, Japan). These samples were observed 
and photographed with a scanning electron microscope 
(JSM-6380LV, JEOL, Tokyo, Japan). SEM analysis was 
based on at least three biological replications of the 
mounted specimens. All procedures were carried out 
according to the manufacturer’s protocol.

Measurement of starch and soluble protein contents 
in grains
Mature grains were sampled to measure the starch and 
soluble protein contents. Grains were dried at 37 °C and 
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dehulled grains were ground to powder to analyze the 
starch content by the anthrone method [10]. 50 mg pow-
der was added 2 mL hot distilled water, boiling water for 
15 min, then added 200 μL perchloric acid (9.2 mol/L) to 
extract starch for 10 min, then volume to 10 mL, 4,000 g 
(5415R, Eppendorf, Germany) for 10 min, 200 μL super-
natant was taken and 100 μL of 2% anthrone reagent 
(ethyl acetate dissolved) was added, and then added 1 mL 
 H2SO4 slowly. 200 μL distilled water plus 100 μL of 2% 
anthrone reagent plus 1 mL  H2SO4 as the control, boiling 
water for 10 min after complete reaction. 200 μL solution 
was detected at 620  nm using enzyme-labeled instru-
ment (SPARK, TECAN, Switzerland). Starch solution of 
0, 40, 80, 120, 160 and 200 μg/mL were used as the stand-
ard solution to make standard curve, and the content of 
starch in each sample was calculated according to the 
standard curve.

Soluble protein content was measured according to the 
Bradford assay [102]. 50 mg powder was added 1 mL of 
0.25% NaOH and shocked extraction 30  min at 40  °C, 
then volume to 10 mL, 3,000 g for 10 min, 200 μL super-
natant was taken and added 1  mL Coomassie Brilliant 
Blue G-250 (20 mg Coomassie Brilliant Blue powder was 
dissolved in 10  mL 90% ethanol with 20  mL 85% phos-
phoric acid and 10  mL distilled water), and then mixed 
well and set still for 2 min at room temperature, 200 μL 
distilled water was added 1 mL Coomassie Brilliant Blue 
G-250 as CK. 200 μL solution was detected at 595  nm 
using enzyme-labeled instrument. Bovine serum abumin 
solution of 0, 20, 40, 60, 80 and 100  μg/mL were used 
to make the standard curve, and the content of soluble 
protein in each sample was calculated according to the 
standard curve.

Measurement of phytohormones contents in caryopsis
Caryopses from 1–4 stalks at the top of the panicle col-
lected at 8, 12 and 16 DAH at 17:00—18:00 of X11, X7 
and X24 and immediately wrapped in aluminum foil 
and frozen in liquid nitrogen, then stored at -80 °C until 
measurement of phytohormones contents. The cary-
opses from three panicles were used as one sample, all 
samples were measured in three biological replicates. 
Phytohormones were quantified by liquid chromatogra-
phy-tandem mass spectrometry (8030 plus, Shimadzu, 
Kyoto, Japan) [103]. 100  mg caryopses were frozen by 
liquid nitrogen and well homogenized to powder using 
mortar. After addition of 1 mL of 80% methanol (HPLC 
grade, Merck, Darmstadt, Germany), homogenates 
were well mixed by ultrasonic bath (KQ3200E, Kun-
shan Ultrasonic, China) and kept at 4  °C for 12 h, 100 
μL internal standards of deuterium-labeled phytohor-
mones (2H6-ABA, 2H5-IAA, 2H5-ZR, Olchemim, Olo-
mouc, Czech Republic) were added and mixed. After 

centrifugation at 12,000  g (5415R, Eppendorf, Ger-
many) for 10 min, the supernatant was collected. Then 
after, 200 μL of 80% methanol (HPLC grade, Merck, 
Darmstadt, Germany) was added for suspension precip-
itation and kept at 4 °C for 4 h. After 12,000 g centrifu-
gation for 10 min (4 °C), the supernatant was collected 
and merged with the first supernatant. The combined 
supernatant was dried in vacuumed concentrator (RCT 
60, Jouan, France), dried extract was dissolved in 100 
μL of 10% methanol and mixed. After 12,000  g cen-
trifugation for 10 min (4 °C), 25 μL solution were then 
purified by liquid chromatography. Liquid chromatog-
raphy was performed using UPLC BEH  C18 column 
under column temperature of 40 °C. The mobile phase 
comprising solvent A (0.02% [v/v] aqueous acetic acid) 
and solvent B (100% [v/v] methanol) was employed in a 
gradient mode (time/A concentration/B concentration 
[min/%/%]: 0/90/10, 5/10/90, 6/10/90, and 6.1/80/20) at 
an eluent flow rate of 0.25 mL/min. The eluate was vac-
uumed to dryness again and dissolved in 20 μL of 10% 
methanol, the solution was then injected into the liquid 
chromatography-tandem mass spectrometry system. 
Collision energy of -16  eV and mass-to-charge ratio 
(m/z) of 174.2/130 for IAA, collision energy of 11  eV 
and m/z of 263.2/153.2 for ABA, and collision energy of 
-19  eV and m/z of 352.2/220.1 for ZR were employed. 
Experiments were repeated three times (three biologi-
cal replicates) and each consisting of three replicates 
and similar results were obtained.

Total RNA extraction, library preparation, and de novo 
sequencing
Caryopses from 1–4 stalks at the top of the panicle col-
lected at 8 DAH, 12 DAH and 16 DAH on 17:00 to 18:00 
of X11, X7 and X24 and immediately wrapped in alu-
minum foil and frozen in liquid nitrogen, then stored 
at -80  °C until use for transcriptome analysis. The cary-
opses from three panicles were used as one sample, all 
samples were collected in three biological replicates. 
The total RNA was extracted from caryopses samples 
using Trizol Reagent (Invitrogen, USA), and then RNA 
degradation and contamination was monitored on 1% 
agarose gels. RNA purity was checked using the NanoP
hotometer®spectrophotometer (IMPLEN, CA, USA), 
RNA concentration was measured using Qubit®RNA 
Assay Kit in Qubit®2.0 Flurometer (Life Technologies, 
CA, USA). RNA integrity was assessed using the RNA 
Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). A total of 1.5  μg 
RNA per sample was used as input material for the RNA 
sample preparations. Sequencing libraries were gener-
ated using NEBNext®UltraTMRNA Library Prep Kit for 
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Illumina®(NEB, USA), and then the library preparations 
were sequenced on an Illumina Hiseq 4000 (Illumina, 
USA) and 150 bp paired-end reads were generated.

De novo transcriptome assembly and functional 
annotation
Raw data were processed using NGS QC Toolkit [104], 
the reads containing ploy-N and the low quality reads 
were removed to obtain the clean reads. The read counts 
of each gene were obtained by Htseq-count [105] and the 
FPKM value of each gene was calculated using Cufflinks 
[106]. Differentially expression genes were identified 
using the DESeq (with replicates) functions estimate-
SizeFactors and nbinomTest [107]. P-value ≤ 0.05 and 
|Log2foldchange(FC)|≥ 1 determined as significantly 
differentially expression genes DEGs were selected and 
analyzed by GO (Gene Ontology) function and KEGG 
(Kyoto Encyclopedia of Genes and Genomes) pathway 
enrichment.

Real‑time PCR analysis
Total RNA was extracted from the caryopsis collected 
at 8 DAH, 12 DAH and 16 DAH of X11, X7 and X24. 
Total RNA was purified from gDNA contamination and 
reverse-transcribed to cDNA using TransScript One-
Step gDNA Removal and cDNA Synthesis SuperMix 
(Transgen, Nanjing, China). A PCR program was per-
formed on a CFX96-CFX384 Real-time PCR System 
(Bio-Rad, USA) in a final volume of 20 μL containing 1 μL 
of a 1/5 diluted cDNA template, 10 μL of the 2 × ChamQ 
SYBR Master Mix (Vazyme, China), and 0.5 μL (10 μM) 
of forward and reverse primers. Thermal cycler settings 
consisted of an initial hold at 95  °C for 30  s, then 45 
cycles of 95  °C for 10  s, and 60  °C for 30  s. Three bio-
logical replications and three parallel reactions were per-
formed. The actin gene of indica rice was used as internal 
standard, gene primers were shown in Table 3.

Statistical analysis
All experiments were conducted in at least three repli-
cates. Statistical significance was evaluated using Micro-
soft Excel software. Values were expressed as means ± SE.
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Table 3 The primer sequences for Real-time PCR

Gene Primer sequences 5’‑3’

OsR498G0100430000.01 F: GAC GAG AGG AAC AAC TAC CAG 

R: AGC AAG GTC TGG TTG TCC 

OsR498G0204716300.01 F: AAT CAC CCC CAG ATC CAG TA

R: TGG CTC AGG TAG TTG GAG TAG 

OsR498G0917494500.01 F: CTG ATC CTC CTC GAT TAC GAC 

R: CTG ATC CTC CTC GAT TAC GAC 

OsR498G0204791500.01 F: AAG ACG AAA TCT ACA CCT GGAG 

R: CAA AAC CTT CCT TCC TTG AGT 

PROLM9 F: AAG TCT GGC AAC AGC TCG C

R: AGG GTG GTA ATG GTA CTG GGTG 

OsR498G0100472700.01 F: ATA GAC CAG GGC GGA AGG AA

R: TGT TGG TCC CCA CAT TCA GG

OsR498G0100734500.01 F: CGT TGG GAT CAG TTA TGA CATG 

R: CAA ATT ACT CCA CCA GCA GTTG 

WRKY76 F: GTG AAG AAG AAG GTG CAG C

R: GAG GAG TTG ATG GAG ATG GAG 

OsYUCCA7 F: TAT GGA GGT GTC GCT GGA 

R: GAG GAG GAC GAG GAT CTT GTC 

OsARF10 F: CCA CCA CCA CCA CCATG 

R: CAG GTC GGT GCT GAT GAT G

OsSDR F: AAA GCT TGA CAT CTT GGT GAAC 

R: TTG GTG TTG AGG CAT TTT ACTG 

OsCPK21 F: CAA ACA AGT TCT TGA GCA TCCA 

R: AGA GCC TTC TTC TTG AAC TTGT 

Actin F: CTT CAT AGG AAT GGA AGC TGC GGG TA

R: CGA CCA CCT TGA TCT TCA TGC TGC TA
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