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Abstract: The T-DNA insertion technique is widely used in molecular breeding for its stable
inheritance and low copy number in the plant genome. In our experiment, a transfer DNA
(T-DNA) insertion grain of m-1a in rice was identified. Phenotypic analysis revealed that the grains
appeared chalky and became extensive. The epidermis was shrinking. Meanwhile, the amylose
contents of the seeds decreased significantly, and the expression of the most starch synthesis genes
was obviously downregulated. Using the whole-genome sequencing and chromosome step method,
the insertion position was uncovered and only located in Chr11 between 23266185 and 23266186 bp.
These results may provide material for opening up new T-DNA insertion position points and a
theoretical basis for rice molecular breeding.
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1. Introduction

The study of gene function covers two aspects: the first is to build a gene expression
profile based on the temporal and spatial expression pattern, and the other is to create
mutant genes and explain their functions through phenotypic changes. The second method
is widely used because mutants can directly explain the gene’s function. Generally, methods
of building mutant libraries include physical and chemical mutagenesis and transposon
tagging. [1–3]. However, the application of chemical reagents, including Diepoxybutane
(Deb) or Ethyl Methane Sulfonate (EMS), or physical radiation processing of plant seeds
causing a lack of plant genome DNA fragments, shifting or the site of single base mutations
resulting in a mutation are the main ways to obtain the physical and chemical mutagenesis
of a plant [4]. The T-DNA labeling method has been widely applied to plant mutant library
building and functional genomics research for its random integration, low copying, genetic
stability, large scale and high flux.

In the Arabidopsis genome, coding genes account for 85% of the entire genome, and
T-DNA insertion is distributed throughout the genome similar to random insertion [5,6]. In
the rice genome, coding genes account for 25% of the entire genome. The T-DNA insert
priority may be related to the structure feature of gene transcription [7]. Other studies have
confirmed that T-DNA insertion is located in the hot spot, generally in the genome with
potential transcriptional activity areas. Due to the random integration or preference of
coding sequence features, T-DNA was demonstrated to be the ideal genetic marker tool [8].
Since the T-DNA sequence was known, it was equivalent to attaching a tag to the insertion
site after inserting it into the genome. The T-DNA tag’s flanking sequence tag (FST) can be
easily separated by TAIL-PCR, split-PCR, plasma-saving reverse PCR and other methods
to quickly determine the mutation site. The tedious process of map cloning is avoided, and
the speed of gene cloning is greatly accelerated [9].

Chalkiness is one of the most important traits for evaluating the appearance quality [10,11].
An optical property is caused by air between the amyloplast and proteosome in the endosperm.
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Rice endosperm is formed by a flat cell population arranged in the direction of the dorsal
and abdominal diameter, and generally, rice forms a well-developed flat cell population after
flowering for 10 days. At this time, the cellular starch of the abdomen is not enriched to create
abdominal white. The cellular starch of the back is not full enough to produce back white, and
the central cell is not full enough to make the core white [12,13]. The chalkiness belongs to the
complex quantitative traits, controlled by multiple genes and vulnerable to environmental
impact [14]. Large and wide grains often form as abdominal white or cardiac white because
the dorsal vascular bundle or aleurone layer of endosperm cells in the abdomen or middle is
not fully enriched. There is a significant positive correlation, and the grain weight increases
with the increase in the chalky grain rate. For example, regarding the GW2 gene (encoding
E3 ubiquitin ligase), while controlling the grain width and weight, the chalky grain rate,
and the control glume shell after cell division GW2 gene mutation increased the grain,
all can lead to the appearance of chalkiness [15], SSIIIa starch synthesis gene mutations
affect starch synthesis [16], OsPPDKB gene mutations can lead to a change in the starch
synthesis route [17], and OsbZIP60-mediated unfolded protein response regulates the grain
chalkiness in rice [18]. In our study, the m-1a T-DNA insertion mutant of rice was identified.
The mutant glumes are more extensive, the grains are chalky, the amylose contents are
decreased significantly, and most starch synthase genes are obviously downregulated.

Our experiment uses the genome walking principle for exogenous gene insertion site
analysis. According to the known information, to obtain the sequence of the rice genome
analysis, clearing foreign genes in the rice chromosome sequence information and the
insertional chromosome locus, as well as the study of genetically modified (GM) insert
events, designed to provide T-DNA insertion mutant detection method, at the same time
can help us by improving the genetic traits of the seed to improve crop yield and quality.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Rice seedlings were grown at 30 ◦C under a 16/8-h light/dark cycle in controlled
environment chambers. They were then transferred to the field and grown under normal rice-
growing conditions at the Experimental Station of Anhui Academy of Agricultural Sciences in
Hefei, China. The rice was the cultivar ‘Zhonghua 11’ (Oryza sativa L. subsp. japonica).

2.2. Genetic Transformation of Exogenous Genes

The coding region of the ZmbZIP22 (GRMZM2G043600_T01, https://www.maizegdb.
org/gene_center/gene/GRMZM2G043600, accessed on 10 July 2020) cDNA from the maize
B73 inbred line was digested with KpnI and PstI (primers: m-F and m-R, Table S1) and
then inserted into the p1 vector, which is a modified version of pCAMBIA1301 (Key Lab of
Biomass Improvement and Conversion of Anhui Agricultural University, China), result-
ing in a vector called p1. These two clones were digested with EcoRI and SacI, inserted
into the binary vector pCAMBIA1301 under the control of the Cauliflower mosaic virus 35S
(CaMV-35S) promoter, and inserted the NOS terminator with SphI and HindIII. The
p1 vector was introduced into the Agrobacterium strain EHA105 and transformed into rice.
Using hygromycin selection, 10 independent T0 transgenic lines were obtained.

2.3. DNA Southern Blot Analysis

The genomic DNA of a leaf was isolated using the improved cetyl trimethylammonium
bromide (CTAB) method (CTAB extraction buffer: 2% (w/v) CTAB, 0.1 M Tris-Cl (pH 8.0), 20 mM
ethylenediamine tetraacetic acid (EDTA, pH 8.0), 1.4 M NaCl, 2% β-mercaptoethanol). The PCR
product of the GUS (β-glucuronidase) gene was amplified using DIG-labeled GUS probe
primers (rGUSp-F and rGUSp-R, Table S1), and HindIII-digested rice DNA (100–150 µg)
was immobilized on a positively charged nylon membrane [19]. The DNA concentration
was determined with a microultraviolet spectrophotometer One Drop OD-1000 (Thermo
Fisher, Waltham, MA, USA). The membrane was a Hybond-N+ positively charged nylon
membrane (Amersham, code PRN303B).

https://www.maizegdb.org/gene_center/gene/GRMZM2G043600
https://www.maizegdb.org/gene_center/gene/GRMZM2G043600
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2.4. Insertion Site Analysis

Based on the known DNA sequence, three synthetic and higher annealing tempera-
tures (60–65 ◦C) of specific primers were designed separately. With a genome walking kit
(Takara, Japan, code D316) providing four random primers (AP1, AP2, AP3 and AP4) as
the upstream primer, AP3 in the four AP primers had the best amplification effect in this
experiment. The m-1a genome was extracted by CTAB as a template based on the known
sequence information to specific primers as downstream primers (primer sequence shown
in Table S1) for the nested PCR. After three rounds of nested PCR, the gene insertion site’s
left border of the sequence was amplified and then would be bright with the third round of
PCR reaction concentrate with SP3 for a primer for DNA sequencing. The sequencing was
performed by Genomics Company for further analysis.

2.5. Grain Trait Measurements

More than three randomly chosen filled grains from each line or strain were aligned
lengthwise along a vernier caliper to measure the seed length and then rearranged to
measure the grain width and thickness [20]. The 1000-grain weight was determined by
weighing 10 replicates of 100-grain samples independently on an electronic balance. The
seed length was measured by vernier calipers (SANLIANG, Japan, code 111-101). The seeds
were weighed using an electronic balance (Sartorius, Germany Gottingen, code BS210S).

2.6. Analysis of Starch Properties

The harvested paddy seeds were air-dried and stored at room temperature. The
embryos and pericarps were removed before the experiment, and the endosperms were
ground to a powder using a grinding mill. The starch and amylose contents were mea-
sured using starch assay kits by following the manufacturer’s instructions (K-TSTA and
K-AMYL; Megazyme). To determine the amylose content, the powder was soaked for 48 h
in 0.4% NaOH (powder:NaOH = 1:3) at room temperature, washed with distilled water
until no slimy liquid remained and drained [21].

2.7. Observation of Endosperm Starch Granules

The seeds were entirely dried under low pressure and cut across the short axis,
and the surface was sputter-coated with gold before observation via scanning electron
microscopy [22].

2.8. Gene Expression Analyses

To analyze the expression patterns of the starch synthesis genes in the seeds of the
transgenic and wild-type plants, developing seeds were harvested from rice (3 DAP, 6 DAP,
10 DAP, 15 DAP and 20 DAP). All samples were frozen in liquid nitrogen and stored at
−80 ◦C immediately. The total RNA was isolated using the E.Z.N.A. MagSi Plant RNA
Kit (Omega Biotek) and was treated with DNaseI to remove contaminating genomic DNA.
All PCR primers used in this study are given in Table S2. The cDNAs were synthesized
using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Perfect Real Time; Takara).
The expression levels were calculated using the 2−∆∆CT method. A gene amplification
PCR instrument (BIO-RAD, America) and a real-time PCR instrument (ABI 7500, America)
were applied.

2.9. Statistical Approach

The experimental data were processed and analyzed using Excel (Microsoft) and
sigmaPlot 10.0 software. Excel software was used for the data statistics, mean and standard
deviation calculation, while sigmaPlot 10.0 software was used for column and line chart
plotting and significance analysis.
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3. Results
3.1. Analysing of m-1a Grain Characteristics

The ZmbZIP22 transgenic T1 generation seed analysis found that a transgenic strain
differed from the others. This strain was named m-1a separately. It can be seen that,
compared with the wild-type and ZmbZIP22 transgenic strain, m-1a has a large grain, long
palea tip and long glume hair (Figure 1A). We selected 24 seeds from T2 of m-1a for the
separation experiment. PCR detection of seeds of false positives was conducted with
primer m-F and the m-R testing purpose gene, with α-tubulin as an internal gene (primer
sequences are shown in Table S1). From the results of Figure 1B, we know that a positive
seed’s length and width are greater than the wild type.
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Figure 1. Phenotypes of transgenic rice plants. (A) Seed morphologies of T1 transgenic rice.
WT = wild-type plants (‘Zhonghua 11’), bzip22 = normal transgenic rice plants of ZmbZIP22.
Bar = 1 mm. (B) Co-segregation analysis of the grain size using T2 m-1a transgenic seeds.
1–24 = T2 m-1a transgenic seeds. Red dotted lines represent the size mean of wide-type seeds.

The T3 of the m-1a strains were analyzed for the single-ear plant type, glume size,
phenotype, the internal structure of the flower and seed growth at different stages. The
results indicated that for the m-1a strains, the ear length (Figure 2(Ia)), glume (Figure 2(Ib)),
anther (Figure 2(Ic)), ovary (Figure 2(Id)), glume hair (Figure 2(Ie)) and seed (Figure 2(If))
were significantly greater than the wild type, particularly apiculus. After the T3 generation
of seeds matured, the phenotype and internal structure of the seeds were taken for further
analysis. We selected 100 grains for the apiculus length, each chosen randomly with the
100 grains measured. The analysis results showed that the mean sizes of the three apiculus
strains were 6.871 mm, 7.042 mm and 6.941 mm, but the wild type’s was 2.632 mm, and
the average increased by 45.07%. Therefore, the strain length was significantly greater
than in the wild type (Figure 3II). From the three m-1a strains, the plants and wild-type
strains had 1000 grains randomly selected for measuring the length and width. The results
show that the m-1a grain length was significantly higher than that of the wild type, with a
width slightly larger than the wild type and increased by 9.91% and 2.90%, respectively
(Figure 3I). The grain analysis found that the m-1a seeds, compared with the wild type, had
a higher average, increasing by 10.31%, and the 1000-seed weight also obviously increased
in the m-1a strains (Figure 3III).
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(c) stamens, (d) pistils and (e) glume hairs. (II) Developmental stages of T3 seeds. WT = wild-type
plants (‘Zhonghua 11’). Bars = 1 mm.
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Figure 3. Comparison of the size of apiculus in m-1a and wild-type rice. (I) Comparison of grain length
and width. (II) Comparison of apiculus length. (II) Comparison of 1000-seed weight. C1–3 = m-1a
plants; WT = wild-type plants (‘Zhonghua 11’). Values represent the mean ± SD of triplicates. The
asterisks indicate that the correlation coefficients were significantly different (* p < 0.05, ** p < 0.01).
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We analyzed the starch granules of the m-1a seed endosperm to investigate the internal
structure further. Figure 4, showing the stereoscopic microscope observation, reveals that
the skin of the m-1a seeds was wrinkled and separated from the endosperm, a chalk-white
phenomenon occurring near the center (Figure 4a–d). Scanning electron microscopy (SEM)
of the seed transverse sections was performed, and the abdomen and back phenotype and
starch structure had no obvious change compared with the wild-type seeds. However,
the seed starch grains near the center of the polyhedron, most of the starch grains and the
protein bodies were loosely arranged, and a small amount of starch grains remained to
form a complex spherical mosaic in the loose starch grains and protein in the body and
was loosely arranged between the starch grains. The gap was bigger, showing formation of
white chalk (Figure 4I,II). The phenotypic and starch granule structure of the m-1a strains
had obvious changes to the physiological and biochemical properties, and we determined
the total starch and amylose content the of m-1a seeds. The amylose content of the m-1a
seeds, compared with the wild type, was reduced by 13.81% (Figure 5I), and the total starch
content changed by only 1.49% (Figure 5II).
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Figure 4. Comparison of the structures in m-1a and wild-type seeds. (a) Skin structure of brown
rice grains in the light. (b) Cross-sections of brown rice grains in the light. (c) Skin structure of
brown rice grains in transmission light. (d) Cross-sections of brown rice grains in transmission light.
(I) Cross-sections of brown rice grains in scanning electron microscopy images. (II) Starch structure
of endosperm center in scanning electron microscopy images. (a–d) Bar = 1 mm. (I) Bar = 1 mm.
(II) Bar = 20 µm. WT = wild-type plants (‘Zhonghua 11’).
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Figure 5. Comparison of the amylose and starch contents in m-1a rice and wild-type seeds.
(I) Comparison of the amylose contents. (II) Comparison of the starch contents. 1–3 = m-1a rice plants.
(WT = wild-type plants (‘Zhonghua 11’). Values represent the mean ± SD of triplicates. The asterisks
indicate that the correlation coefficients were highly significantly different (* p < 0.05, ** p < 0.01).

3.2. Analysis of m-1a Insertion Site

Whole-genome sequencing of m-1a strain and wild type, each sample depth infor-
mation acquisition was 5 X, and the total amount of information acquisition was ≥2 G or
would provide the data for bioinformatics analysis. As shown in Figure 6, the gene was
inserted into a Chr11 between 23265341 and 23267002 bp (Figure 6I). To further confirm the
specific location, we used the chromosome walking technologies (Takara Genome-Walking
Kit, Japan) according to the known DNA sequences and three synthetic and annealing
temperature high-specificity primers to amplify the gene insertion site on the left border
of the sequence. It would be bright with the third round of PCR reaction concentrate, and
with SP3 for a primer for DNA sequencing, the sequencing results were compared with the
library’s published rice genome sequence analysis. It was found that the gene insertion
position was located in Chr11 between 23266185 and 23266186 bp and only this one location
(Figure 6II). To confirm that there was only one insertion site, at the same time, the m-1a
strain underwent a Southern blot analysis, and as can be seen from the graph, there was
only one copy number, thus proving the gene had only one insertion site (Figure S1), which
is consistent with the results of the previous analysis.
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3.3. Insertion Position and Phenotypic Relationship Analysis

For the ZmbZIP22 gene inserted in the location of 23266185–23266186 (Chr11), the
genetic distance was 2421 bp upstream of the recent gene (LOC_Os11g39090, 23263045–
23263602 bp) and 5921 bp downstream of the current gene (LOC_Os11g39100, 23272107–
23271505 bp). The gene was not inserted into the functional genes, and the downstream
gene promoter was likely located in the unknown area of the functional genes and non-
coding regions. Nevertheless, the insertion triggered the changes in the internal structure,
contents of grains, grain size and glume hair length. As is shown in Figure 2, the insertion
caused the low rate of pollen vitality (no data shown), most of the grains could not pollinate
after flowering, and only a small number were successful. Further analysis of the biological
process for the functional annotation genes on Chr11 revealed that all gene functioning was
mainly focused on being annotated as cell death, a response to stimulus, response to stress,
defense response, phosphorus metabolism, apoptosis and so on, and for the cell death and
response to stimulus especially, the number of features was far greater than the reference
number in the background (Figures S2–S4).

3.4. Expression Levels of Related Genes in Rice Starch Synthesis

The phenotypic analysis found that the m-1a strains for the grain displayed a central
chalk and contained a lower amylose content. The gene insertion affected the rice starch
synthesis. Therefore, we selected the reported 18 representatives of the rice starch synthesis
genes and determined the expression levels of the seeds at 3 d, 6 d, 10 d, 15 d and 20 d after
pollination (Figure 7). At the same time, for the downstream genes of the insertion site in
the region of the 5 Kb, seven genes were identified.
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11 (wild-type) and the m-1a strain. The gene expression in the 3-d endosperm of wild-type rice was
used as a control. d = days after pollination; WT = wild type. Values represent the mean ± SD
of triplicates.

The gene expression analysis indicated that the expression levels of OsAGPL1,
OsAGPS1, OsBEIIa, OsGBSSII and SSI were significantly upregulated. The expression
levels of OsAGPL2, OsAGPS2b, OsISA1, OsISA2, OsSSIIa, OsSSIIIa, OsBEI, OsBEIIa, OsBEIIb,
OsPUL, Osflo2, Ostdcp and OsNBS-LRR were significantly downregulated if compared with
that of the control (Figure 8). The SEM images of the endosperm revealed that the WT
was composed of large, densely packed polyhedral starch granules. The floury endosperm
consisted of small, loosely packed spherical starch granules (Figure 4). Because the inside of
a seed is formed after the outside, m-1a appears to function in starch accumulation during
the late stage of endosperm development.
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4. Discussion

The grain size of rice is the main breeding target. Many genes that control grain size
have been identified in rice, such as GS2, GS3, GW5, DEP1, PPKL1, TGW6 and CLG1 [20,23–28].
However, these genes were inserted into functional genes, and we know that when T-DNA is
inserted into the gene coding region, it will cause partial inactivation of gene function [5]. In the
m-1a material, the gene of ZmbZIP22 was inserted into the Chr11 23266185–23266186 bp position,
which was a non-coding region. T-DNA insertion into the promoter or 3’-terminal untranslated
regions may cause downregulation of gene expression [5]. Moreover, we performed a biological
process analysis of all genes downstream of the insertion site for the m-1a insertion sites located
on rice Chr11. The results showed that most of the genes were involved in cell death and
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programmed the cell death response to stress and apoptosis as well as the defense response
(Figures S2 and S3). We selected downstream gene analysis and found that the expression level
of tdcp9 (thioredoxin domain-containing protein) and the NBS-LRR gene decreased, especially in
the case of NBS-LRR (Figure 8). Thioredoxin tdcp9 was reported to be mainly involved in many
physiological processes in humans and animals, including the regulation of stress resistance,
apoptosis and regulation of the transcription factors’ DNA binding activity [29,30]. NBS-LRR
resistance proteins play an important role in plant defense against microbial invasion [31,32].
The decrease in the gene expression level of the NBS-LRR protein reduces the function of m-1a
in resisting external microbial invasion.

A phenotypic analysis of m-1a showed that although the grains were enlarged, the
epidermis was crumpled, and the central part of the endosperm was chalky. Multiple
genes coordinate the development of rice grains. Through quantitative analysis of the
genes related to starch synthesis, the results showed that the expression of most genes
decreased significantly (Figures 3 and 4). ADPG focal phosphorylase (ADPG-ppase) is the
first key rate-limiting enzyme in the metabolic pathway of starch synthesis, being directly
involved in the synthesis of amylose and amylopectin. The peak activity of ADPG-ppase
is positively correlated with the content of the total starch, amylose and amylopectin
(A and B chains) [33,34]. Several subunits of AGPase were found to be distributed in
different positions and expressed in different tissues with distinct stages of endosperm
development. OsAGPS1, OsAGPL1, OsAGPS2b and OsAGPL2 are mainly expressed in
endosperm [35]. OsAGPS2b and OsAGPL2 are expressed in the middle and late stages
of grain development. Mutations of AGPase can lead to crumpled phenotypes in seed
grains [36]. In our paper, the expression of the OsAGPS2b and OsAGPL2 genes was
significantly lower than that in the wild type during the whole growth cycle, and grain
shrinkage was observed at the later stage of development (Figures 4 and 7). We know
that mutations and deletions of SSIIa and SSIIIa genes are the key reason for chalkiness
forming in rice grains and that their expression levels are significantly downregulated [16]
and significantly lower than those of the wild type throughout the growth cycle (Figure 7).
Oschalk, annotated as the vacuolar membrane proton transport pyrophosphatase gene, may
be achieved by interfering with the homeostasis pH of the intimal transport system of
developing seeds. This process affects proteome formation and is coupled with a significant
increase in vesicle-like structures, which results in the formation of a gas space in the
endosperm storage materials [37]. The expression of the Oschalk gene in m-1a grains was
slightly higher than that in the wild type (Figure 7). A change in this gene is not a direct
reason to form chalkiness.

Analysis of the starch content and starch granules in the endosperm of the m-1a seeds
showed that the content of total starch and amylose decreased, especially in the case of
the amylose content (Figure 5). For the flo2 gene loci, controlling the amylose content in
rice, alleles from EM317 flo2 decreased the amylose content in the rice endosperm [38] and
significantly lowered the gene expression in m-1a compared with the wild type (Figure 7).
Especially after 10 days of pollination, the change in this gene was also the direct cause of
the decrease in amylose content. The key gene GBSSIa, which controls the amylose content,
is the direct cause of the amylose content decreasing. Deletion of the GBSSI protein directly
causes the loss of amylose in plants [39,40]. In our study, the GBSSIa gene expression was
significantly downregulated in the m-1a strains (Figure 7). Scanning electron microscopy
analysis showed that the starch grains in the center of the seed were polyhedrons. Most
of the starch grains and protein bodies were loosely arranged, and a small amount of a
starch granule formation complex was spherically inlaid in the loose starch granules and
protein bodies. SA1 is necessary for normal starch biosynthesis in cereal endosperm, and it
can function independently in cereal endosperm, but for an unknown reason, it requires
ISA2 as a partner in other plant tissues [41,42]. The expression level of ISA2 was decreased
(Figure 7), resulting in changes in the starch granule structure in potatoes and Arabidopsis
mutants [43]. ISA1 and ISA2 expressions were downregulated (Figure 7). Changes in the
expression levels of these three genes can partly account for the reduction in size of the
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starch granules in the transgenic lines (Figure 4(IIb)). The m-1a seeds were affected by
starch synthesis genes throughout the growth cycle, which had an important effect on their
development and severe grain defects.

5. Conclusions

In this study, rice of the m-1a grain was obtained by Agrobacterium-mediated genetic
transformation. The phenotype changed greatly, the grain produced chalk, the starch
particles were loosely arranged, the proteosomes were reduced, and the amylose was sig-
nificantly reduced. Genome sequencing and chromosome walking technologies identified
that the gene was inserted in Chr11 between 23266185 and 23266186 bp, a non-coding
sequence region. Functional analysis revealed that the expression level of genes related to
starch synthesis was affected such that the relevant genes in the starch synthesis pathway
could not usually be allowed, especially the expression level of genes related to amylose
synthesis, which seriously inhibited the expression of genes. This insertion area will give
new understanding to the study of gene function and provides further theoretical support
to creating seed resources.
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study. Table S2: Rice genes used in endogenous gene expression assays.
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