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Abstract: Autotetraploid rice is a new germplasm resource obtained by doubling chromosomes through colchicine treatment. There
have been many studies on the reproductive characteristics of autotetraploid rice, but little is known about global DNA variations and
reasons for low embryo sac fertility in autotetraploid rice. Therefore, an autotetraploid rice line (T446) was used for resequencing and
embryo sac fertility was observed. Whole-genome resequencing data revealed 87,229 SNPs and 11,022 InDels in the genome of T446
versus E246 (diploid rice), which had an average of 23.37 SNPs and 2.95 InDels per 100 kb. A total of 17,375 and 17,171 structural
variations and 131 and 128 copy number variations were identified in the autotetraploid and its diploid counterpart, respectively. We
detected 140 large-effects SNPs and InDel variants that might be related to the embryo sac fertility of autotetraploid rice, including
10 genes that may be closely associated with the development of the embryo sac. Of these, Os02g0292600 and Os06g0565200 were
specifically expressed in the ovary. Mature embryo sac fertility was observed through whole-mount eosin B-staining confocal laser
scanning microscopy. Many abnormalities were found in the embryo sac of T446, including embryo sac degeneration, embryo sac
without female germ unit, abnormal polar nuclei, and poly-eggs, which, in turn, resulted in low seed set. However, whole-genome
polymorphisms and genetic differences were high and exhibited broad prospects for genetic improvement. Genetic mutations in genes
associated with embryo sac fertility in polyploid rice require further studies.
Key words: Embryo sac abortion, genome, polyploidy, resequencing, seed set

1. Introduction
Biological resources, particularly plants, are vital not only
for the global economy but also for meeting the nutritional
requirements of the poor. Greater diversity ensures natural
sustainability for all life forms. Moreover, the richer the
plant biodiversity, the greater the opportunity for medical
findings and adaptive responses to new challenges, such as
climate change (Liu et al., 2015; Alp et al., 2016; GalianaBelaguer et al., 2018; Yaldız et al., 2018). Polyploidy
plays a critical role in plant biodiversity and evolution
(Doyle et al., 2008; Soltis et al., 2009). Over 70% of all
angiosperm species have increased their polyploidy during
evolutionary processes (Masterson, 1994). Allopolyploidy
has long been thought to be more vital and common in
natural populations than in autopolyploid species; hence,
relatively little attention has been paid to autopolyploid
species (Parisod et al., 2010). Autotetraploid rice was
derived from diploid rice by chromosome doubling

through colchicine treatment and has a pronounced
potential to enhance yield and nutrition. Autotetraploid
rice had higher genetic variation and hybrid vigor than
diploid rice, including higher 1000-grain weight, larger
kernels, higher protein, higher biomass yield, and better
amino acid contents than diploid rice (Song and Zhang,
1992; Luan et al., 2008; Shahid et al., 2011, 2012; Guo et
al., 2017). However, low seed set is a major hindrance in
the application of autotetraploid rice at a commercial level
(Shahid et al., 2013b; Wu et al., 2013).
Our research group carried out microarray analysis
to evaluate genetic variation during pollen development
in autotetraploid rice (Taichung65-4x) and diploid rice
(Taichung65) and detected a total of 1251 differentially
expressed genes (Wu et al., 2014). Moreover, small RNA
sequencing revealed that partial embryo sac and pollen
sterilities were caused by some specific differentially
expressed miRNAs in autotetraploid rice (Li et al., 2016,

* Correspondence: qasim@scau.edu.cn

554

This work is licensed under a Creative Commons Attribution 4.0 International License.

GHOURI et al. / Turk J Agric For
2017). Polyploidy enhanced multiallelic interactions
at pollen sterility loci and increased abnormalities
in chromosome behavior (Wu et al., 2015). Recently,
cytological studies revealed that the pervasive deleterious
genetic interactions at pollen sterility loci cause high
pollen sterility in polyploid rice hybrids, which could
be overcome by double natural genes (Wu et al., 2017;
Chen et al., 2018; Chen et al., 2019). Guo et al. (2017)
identified several genes related to heterosis and fertility in
neotetraploid rice hybrids by RNA sequencing. However,
little information about genome-wide DNA variation is
available in autotetraploid rice compared to its diploid
counterpart, especially regarding embryo sac fertility.
Recently, some NBS-LRR genes were identified
by using whole-genome resequencing in two newly
developed rice lines from Oryza rufipogon, which are
native to Dongxiang, Jiangxi Province, China (Liu et al.,
2017). By using pangenome analyses, 2.4 million small
insertions/deletions (InDels), 29 million single-nucleotide
polymorphisms (SNPs), and over 90,000 structural
variations, which lead to within- and between-population
variations, were detected (Wang et al., 2018). SNPs and
InDels have become the markers of choice for highresolution linkage mapping, population genomics studies,
and association mapping (Subbaiyan et al., 2012; Zhang
et al., 2016; Nadeem et al., 2018; Wang et al., 2019). The
large polymorphisms are termed as structural variations
(SVs) and copy number variations (CNVs), and many
recent developments in plant genetics have been achieved
through advances in high-resolution technologies (Huang
et al., 2013; Yu et al., 2018).
To date, there has been no study of autotetraploid
rice lines with very low embryo sac fertility based on
whole-genome resequencing. In the current study,
an autotetraploid rice line and a diploid cultivar were
resequenced through NGS and mapped onto the reference
genome of Nipponbare. Detection of genome-wide InDels
and SNPs among these lines has the potential to provide
useful resources for future genetic studies. Moreover, we
observed mature embryo sac fertility in autotetraploid
rice, which will help us to understand the types of embryo
sac abortion. We also investigated the agronomic traits
and pollen fertility of autotetraploid lines. The results
may provide elite genes associated with the embryo sac
in polyploid rice. The information described here can be
exploited in future studies to provide novel observations
for embryo sac fertility and rice genetics.
2. Materials and methods
2.1. Plant materials and DNA isolation
Autotetraploid rice line T446 was developed from a diploid
rice cultivar (E246) in 2004 and self-crossed for more than
25 generations at the farm of South China Agricultural

University (SCAU). The autotetraploid rice line used in
this study has been investigated by our research group
for the last 13 years and is genetically stable. Genomic
DNA was isolated from the leaves of 2-week-old seedlings
using the modified cetyltrimethylammonium bromide
(CTAB) method (Zhang et al., 2012). Genomic DNA
quality was evaluated by NanoDrop 2000 and agarose gel
electrophoresis.
2.2. Evaluation of agronomic traits
A total of 15 plants of the autotetraploid line were harvested
from the field at maturity. Agronomic traits, including
panicle length, seed set, 10-grain length, 10-grain width,
and ratio of grain length to width were measured. These
agronomic traits were selected and investigated or
measured according to the 2012 test guidelines for the
registration of a new plant, namely variety distinctness,
uniformity, and stability (DUS), in rice (Oryza sativa L.)
in China.
2.3. Whole-genome resequencing analysis
The genomic resequencing library was prepared according
to the standard protocol of Illumina. Pair-end sequencing
reads generated by the Illumina HiSeq platform (Biomarker
Technologies, Beijing, China) were then stored in a
FASTQ file, and their quality was evaluated using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Low-quality reads, i.e. reads with sequencing
adapter, reads with >10% N content, and reads with >50%
low-quality bases (<10), were removed, and the highquality reads were mapped onto the Nipponbare reference
genomes by Burrows-Wheeler Aligner (BWA) software
(Li and Durbin, 2009). MarkDuplicates in Picard (https://
sourceforge.net/projects/picard/) was used to eliminate
PCR duplication. Base recalibrations and realignments
near insertion or deletion regions were conducted
using the Genome Analysis Toolkit (GATK). Genomic
variations were called using GATK and were stored in a
VCF file (i.e. diploid vs. Nipponbare and autotetraploid vs.
Nipponbare). Reference genome coverage was estimated
using SAMtools (McKenna et al., 2010).
2.4. Annotation of SNPs, InDels, SVs, and CNVs
Annotations of SNPs and InDels were performed using
SnpEff software. The distribution of variations was
analyzed in all chromosomes. The following SNPs and
InDels were filtered: two or more SNPs in a 5-bp or shorter
window, SNPs near (5 bp or less) InDels, and two or more
InDels in a 10-bp or shorter window. Furthermore, we
retained the SNPs and InDels with a coverage depth range
of 11–100. BreakDancer software was used to call the SVs
(Chen et al., 2009), and all SVs and CNVs were annotated
based on the Nipponbare reference genome annotation
GFF file. FREEC software was used to call CNV variations
(Boeva et al., 2012).
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2.5. Functional annotation and predicted protein–
protein interaction
Gene ontology (GO) enrichment analysis (http://www.
geneontology.org) was performed with the Oryza sativa
setting as a species background in Nipponbare. The
protein–protein interaction network was predicted using
the STRING website tool (Szklarczyk et al., 2015).
2.6. Embryo sac observation
The mature florets with open glumes were collected
from the field between 0900 and 1200 hours and fixed in
Carnoy’s solution (ethanol: acetic acid = 3:1) for at least
24 h. Then the mature florets were washed and kept in
70% ethanol at 4 °C. Lemma and palea were cut under a
binocular dissecting microscope, and dissected ovaries
were hydrated with a series of ethanol (50%, 30%, and
10%) and distilled water. Whole mount eosin B confocal
laser scanning (WE-CLSM) was performed according to
Shahid et al. (2010) and Li et al. (2017) with some minor
modifications. The ovaries were treated with 2% aluminum
potassium sulfate for 30 min and then stained with eosin B
(10 mg/L dissolved in 4% sucrose solution) for 10–14 h at
room temperature. The ovaries were rinsed again with 2%
aluminum potassium sulfate for 30 min, which produced
a clear image by removing dye from the ovary wall. The
samples were washed three times with distilled water and
dehydrated sequentially with ethanol solutions (30%, 50%,
70%, 90%, and 100%) for 30 min. The dehydrated samples
were dipped into a mixture of ethanol absolute and methyl
salicylate (1:1) for 2–3 h and then cleaned for 1–2 h in
pure methyl salicylate solution. The samples were kept on
a microscope slide and observed under a confocal laser
scanning confocal microscope (Heidelberg, Germany).
The direction of the embryo sac was maintained so that
the polar nuclei, antipodal cells, and egg apparatus had
maximum slice area. Four to six pictures of different sizes
were taken.
2.7. Pollen fertility observation
The mature florets were collected from the field early in
the morning (0600 to 0800 hours) and fixed in Carnoy’s
solution (ethanol:acetic acid, 3:1) for 24 h, and the samples
were stored in 70% ethanol at 4 °C after washing two times
with 70% ethanol. Pollen fertility of the autotetraploid
rice line was investigated by using 1% I2-KI (Shahid et al.,
2013a). First, we prepared a solution of KI by dissolving
8 g of KI in 20 mL of water. Then we added 1 g of I2 to
that solution and mixed it by stirrer until all I2 dissolved.

Finally, more water was added to the solution to bring the
volume up to 100 mL. I2 does not dissolve in polar solvents
such as water, so we used KI to prepare the I2 solution. The
anthers were dissected from the floret and placed in a small
drop of I2-KI on a microscope slide. The slide was covered
with a cover slip after 1–2 min and investigated under a
microscope (Motic BA200). Pollen fertility was divided
into five categories, i.e. normal pollens, stained abortive
pollens, typical abortive pollens, small pollens and empty
abortive pollens.
3. Results
3.1. Agronomic traits and pollen fertility of autotetraploid
rice line
Pollen fertility and some agronomic or yield-related traits
of an autotetraploid rice line were observed in this study.
The seed set of T446 was 7.50%, 10-grain length was 11.62
cm, 10-grain width was 3.42 cm, and length-to-width
ratio was 3.40 (Table 1). Pollen fertility was 25.38% in the
autotetraploid rice line. For abortive pollen types (Figures
1A–1D), the stained abortive pollen type was the most
common (Figure 1B, arrows), reaching 59.93%, followed
by typical abortive pollens (Figure 1A, arrows), which
accounted for 10.31%, and empty abortive pollens (Figure
1C, arrows) and small pollens (Figure 1D, right arrow),
which were 1.68% and 2.71%, respectively (Table 1).
3.2. Detection and distribution of genomic
polymorphisms in autotetraploid and diploid rice
Through whole-genome resequencing, diploid and
autotetraploid rice generated 76,528,170 and 76,664,648
sequencing reads (raw reads), respectively. The reads
with adapters and reads with N content exceeding 10%
and reads with >50% low-quality values were filtered.
Total clean reads of diploid and autotetraploid rice were
74,493,049 and 74,527,181, respectively. The percentage of
the total number of bases (Q30) in which the mass value
was ≥30 accounted for 86.73% and 86.06% of the two
materials, and the average mapping ratios were 88.46%
and 88.45%, respectively. The average coverage depths
were 42 X and 43 X, and GC contents were 41.70% and
41.86%, respectively (Table 2). These sequencing results
showed that the whole-genome resequencing data had
high quality and good consistency and could be used for
subsequent biological analysis.
Total SNPs in diploid and autotetraploid rice were
2,537,718 and 2,535,390, respectively (Table 3). In diploid

Table 1. Agronomic traits and pollen fertility of autotetraploid rice line.
Pollen abortion types (%)
Panicle
10-grain
10-grain
Length-to- Normal
Seed set (%)
Stained
Empty
Small
length (cm)
length (cm) width (cm) width ratio pollens (%) Typical
abortive
abortive
abortive
pollens
22.64 ± 1.05 7.50 ± 1.14 11.62 ± 0.09 3.42 ± 0.12 3.40 ± 0.08 25.38 ± 2.19 10.31 ± 1.32 59.93 ± 3.67 1.68 ± 0.04 2.71 ± 0.10
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Figure 1. Pollen fertility of autotetraploid rice line. A) Typical abortive pollens (arrow);
B) stained abortive pollens (white arrow) and normal pollens (blue arrow); C) empty
abortive pollens (arrow); D) small pollen.

Table 2. Summary of the sequencing data of diploid and
autotetraploid rice.
Sequencing parameters

Diploid

Autotetraploid

Raw reads

76,528,170 76,664,648

Clean reads

74,493,249 74,527,181

Average depth (fold)

42

43

Mapped (%)

88.46

88.45

Properly mapped (%)

83.59

83.53

Coverage ratio, 1 X (%)

91.48

91.53

Coverage ratio, 5 X (%)

87.60

87.65

Coverage ratio, 10 X (%) 84.55

84.58

GC (%)

41.86

41.70

rice, the ratio of transition (Ti) to transversion (Tv) was
2.61 (1,834,764 Ti and 702,954 Tv). In autotetraploid rice,
the ratio of Ti to Tv was 2.61 (1,833,367 Ti and 702,023
Tv). In diploid rice, the SNP heterozygosity rate was 7.03%
(178,391 heterozygous SNPs and 2,359,327 homozygous

SNPs), while the SNP heterozygosity rate was 6.91%
(175,149 heterozygous SNPs and 2,360,241 homozygous
SNPs) in autotetraploid rice.
In diploid rice, the InDel number was 360,444, including
176,069 insertions and 184,375 deletions. Heterozygous
InDels and homozygous InDels were 348,660 and 11,784,
respectively. A total of 6974 InDels were found in coding
regions, including 3446 insertions and 3528 deletions
and 6753 heterozygous and 221 homozygous InDels. In
autotetraploid rice, the InDels were 359,805, including
175,666 insertions and 184,139 deletions. Heterozygous
InDels and homozygous InDels were 347,996 and 11,809,
respectively. In total, 6994 InDels were detected in coding
regions, including 3461 insertions and 3533 deletions,
6772 heterozygous InDels, and 222 homozygous InDels
(Table 4).
There was little difference in whole-genome mutations
for the number of SNPs and InDels in diploid and
autotetraploid rice compared to the Nipponbare reference
genome. In order to further investigate the distribution of
SNPs and InDels on each chromosome, the distribution
on each chromosome was counted with 100 kb as a basic
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Table 3. SNPs identified in diploid and autotetraploid rice.
Material

SNPs

Ti

Tv

Ti/Tv

Heterozygous Homozygous Het rate

Diploid

2,537,718

1,834,764 702,954 2.61

178,391

2,359,327

7.03%

Autotetraploid

2,535,390

1,833,367 702,023 2.61

175,149

2,360,241

6.91%

Ti: Transitions; Tv: transversions.
Table 4. Detection of InDels in diploid and autotetraploid
rice.
Location

CDS

Genome

Type of variation Diploid

Autotetraploid

Insertion

3446

3461

Deletion

3528

3533

Homozygous

6753

6772

Heterozygous

221

222

Total

6974

6994

Insertion

176,069

175,666

Deletion

184,375

184,139

Homozygous

348,660

347,996

Heterozygous

11,784

11,809

Total

360,444

359,805

unit. SNPs and InDels were 687.14 and 96.76 for each 100
kb of the diploid line and 686.55 and 96.60 for each 100
kb of autotetraploid rice, respectively. In the diploid and
autotetraploid lines, the greatest SNP density (i.e. 775.08
SNPs/100 kb and 774.95 SNPs/100 kb) was observed on
chromosome 10 (Table 5).
To understand whole-genome sequence variations in
autotetraploid rice, the genes involved in the mutation
sites, and whether the variations of these genes sequences
are related to abnormalities of the embryo sac and
agronomic traits in T446, the data of control diploid
line were statistically compared with variations in
T446. The differential mutations between three groups
(autotetraploid vs. diploid rice, autotetraploid vs. reference
genome, and diploid vs. reference genome) were observed,
and data exhibiting no difference between lines were not
included in the comparison. As a result, 87,229 SNPs and
11,022 InDels were detected between the whole genomes
of diploid and autotetraploid rice lines, with an average
of 23.37 SNPs and 2.95 InDels per 100 kb (Table 6).
Compared with the Nipponbare reference genome, the
number of SNPs + InDels in T446 was 2,895,190, which
was 29.47 times the T446/E246 original polymorphism.
Large segment genomic variations such as SVs can
affect genome stability. Numerous SVs were detected
in autotetraploid and diploid rice. A total of 17,375 and
17,171 SVs were identified in autotetraploid rice and its
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diploid counterpart, respectively (Table 7). In the exon,
intron, and intergenic regions, 2330, 3012, and 18,070 SVs
were detected in both types of rice, respectively (Table
8). Among these SVs, 1132 were detected in the exon
region of T446. Moreover, 2255, 9087, and 407 insertions,
deletions, and inversions were identified in autotetraploid
rice, respectively. Three types of SVs, insertions (INSs),
deletions (DELs), and inversions (INVs), were distributed
across twelve chromosomes. The number of DELs was
much greater than INSs and INVs in both types of rice.
The number of total SVs in T446 was greater than the total
in E246, which was primarily caused by the increase in
deletions and interchromosomal translocations (CTXs).
However, a higher number of insertions was found in
E246 than T446. A total of 128 CNVs, including 78 copy
numbers gained and 50 copy numbers lost with variations
in length ranging from 50 kb to 3.3 Mb, and 131 CNVs,
including 78 copy numbers gained and 53 copy numbers
lost ranging from 50 kb to 4.1 Mb, were detected in the
diploid and autotetraploid rice lines, respectively. The
total number of CNVs in T446 was slightly higher than in
E246. The CNVs were distributed unevenly on the 12 rice
chromosomes (Figure 2).
3.3. SNPs and InDels: functional annotation in
autotetraploid and diploid rice
SnpEff software was used to annotate locations of the
mutation sites in the genome, including the intergenic
region, the gene region, and the CDS region, based on the
position of the mutation site on the reference genome and
the position of the gene on the reference genome. SnpEff
was also used to annotate the effects of mutation, including
synonymous mutations and nonsynonymous mutations.
Excluding the mutations with coverage of <5,
86,123 SNPs and 10,853 InDels were detected between
autotetraploid rice and its diploid counterpart, and 9159
and 1694 InDels were detected in the intergenic region and
within the gene, respectively. In the gene region, there were
1006 InDels in the intron, 464 InDels in the untranslated
region, and 224 InDels in the CDS region (Figure 3A).
The MISSENSE InDels were involved in a single gene. The
STOP_GAINED and START_LOST InDels were involved
in three and two genes, respectively. A total of 81,686 SNPs
were identified in the intergenic region and accounted for
94.85% of the total SNPs, while 4517 SNPs were detected
within the gene and accounted for 5.15% of the total SNPs
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Table 5. SNPs and InDel variations along the chromosomes of autotetraploid and diploid rice.
Chromosome
chr01

Diploid rice

Autotetraploid

Total SNPs SNPs/100 kb

Total InDels InDels/100 kb Total SNPs SNPs/100 kb Total InDels InDels/100 kb

256,107

40,187

591.87

92.87

255,947

591.50

40,172

92.84

chr02

248,821

692.38

37,438

104.18

248,630

691.84

37,361

103.96

chr03

230,896

634.09

35,594

97.75

230,578

633.22

35,530

97.57

chr04

217,102

611.51

30,360

85.51

216,531

609.90

30,236

85.17

chr05

226,276

755.30

31,359

104.68

225,791

753.68

31,327

104.57

chr06

222,369

711.61

31,803

101.77

221,991

710.40

31,707

101.47

chr07

201,371

678.07

28,355

95.48

201,329

677.93

28,327

95.38

chr08

195,922

688.82

27,199

95.63

195,713

688.09

27,215

95.68

chr09

161,220

700.57

21,994

95.57

161,165

700.33

22,039

95.77

chr10

179,874

775.08

23,647

101.89

179,844

774.95

23,618

101.77

chr11

205,530

708.21

26,260

90.49

205,642

708.59

26,155

90.12

chr12

192,219

698.17

26,248

95.34

192,225

698.19

26,117

94.86

Total

2,537,707

8245.67

360,444

1161.16

2,535,386

8238.62

359,804

1159.16

Table 6. Statistics of DNA polymorphisms in autotetraploid compared to
diploid rice and reference genome.
Comparison groups

SNPs

InDels

Total

SNPs/100 kb Total

InDels/100 kb

T446/E246

87,229

23.37

11,022

2.95

E246/Nipponbare

2,537,707

679.90

360,444

96.57

T446/Nipponbare

2,535,386

679.28

359,804

96.40

E246: Diploid rice; T446: autotetraploid rice.
Table 7. The number of structural variations (SVs) and copy number variations (CNVs) in
diploid and autotetraploid rice.
Line

Total SVs Insertion Deletion Inversion ITX CTX Total CNVs CNG CNL

E246 17,171

2382

8875

406

441

5067 128

78

50

T446 17,375

2255

9087

407

443

5183 131

78

53

E246: Diploid rice; T446: autotetraploid rice; ITX: intrachromosomal translocation; CTX:
interchromosomal translocation; CNG: copy number gained; CNL: copy number lost.

(Figure 3B). There were 2367, 838, and 1312 SNPs in the
intron, untranslated region, and CDS region, respectively.
In the CDS region, 519 SNPs led to synonymous mutations
and 758 SNPs were related to nonsynonymous mutations.
The nonsynonymous SNPs were involved in 331 genes, 6
genes were involved in start codon loss, and stop codon
acquisition was involved in 17 genes. After excluding
the duplicated genes, nonsynonymous SNPs, missense

mutations, loss of start codons, and STOP_GAINED
mutations were involved in 369 variant genes, and 22 GO
pathways were significantly enriched.
3.4. Candidate genes associated with embryo sac fertility
and predicted protein–protein interactions in T446
Among the 369 mutated genes with high-effect mutations,
140 genes associated with embryo sac development were
screened through the RiceXPro website to search for gene
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Table 8. Annotation of structural variations (SVs) in diploid
and autotetraploid rice.
Type

Exon

Intron

Intergenic

E246

T446

E246

T446

E246

T446

DEL

666

687

1012

1047

7197

7353

INS

298

217

474

446

1610

1592

INV

234

228

17

16

155

163

Total

1198

1132

1503

1509

8962

9108

E246: Diploid rice; T446: autotetraploid rice; DEL: deletion;
INS: insertion; INV: inversion.

expression profiles. The STRING website was used to
predict the protein–protein interaction network of these
140 genes related to embryo sac fertility (Figure 4). Here,
three interaction networks were detected, including an
interaction between LOC_Os03g38740 and 12 genes, an

interaction between LOC_Os05g47770 and eight genes,
and another interaction between LOC_Os12g42070 and
nine genes. Known interactions were screened out from
the processed database or experimentally verified, and 13,
7, and 7 genes interacted with proteins/genes, respectively
(Figure 5).
Of the 140 genes associated with embryo sac fertility,
10 genes are highly or specifically expressed in the ovary
and may be closely related to the fertility of the embryo
sac: Os01g0880100, Os02g0292600, Os05g0331800,
Os05g0332000,
Os06g0565200,
Os07g0219400,
Os07g0216600, Os08g0127900, Os11g0512200, and
Os11g0644900. Among these, Os02g0292600 and
Os06g0565200 were specifically expressed in the ovary.
These 10 genes were functionally annotated and the
results are shown in Table 9. Os02g0292600 was annotated
as an acyl hydrolase family protein and the product is a
nuclear lipase. The expression products of Os05g0331800,
Os05g0332000, and Os07g0219400 were annotated as
encoding alcohol-soluble protease precursor substances.

Figure 2. The distribution of copy number variations (CNVs) in diploid (A) and autotetraploid rice (B) along 12 rice chromosomes.

560

GHOURI et al. / Turk J Agric For

Figure 3. Statistics of DNA polymorphism annotation: A) InDel annotation between
autotetraploid and its diploid rice; b) SNP annotation between autotetraploid rice and its
diploid counterpart.

Os06g0565200 was annotated as encoding the DNAbinding domain protein of the heat shock transcription
factor and the specific transcriptional regulator of the
heat shock promoter element. Os07g0216600 might
encode an amylase and protein inhibitor of the seed, and
its expression was detected in the aleurone layer of the
seed. Os08g0127900 was annotated as encoding gluten.
Os11g0644900 was annotated as encoding antimicrobial
peptides that belong to a defensin-like gene family, and the
expression product of Os11g0512200 was apical meristem.
3.5. Embryo sac fertility and abnormalities in
autotetraploid rice line
More than 650 mature embryo sacs of autotetraploid rice
were observed and the results showed that the proportion
of normal embryo sacs was very low. A total of 120 normal
embryo sacs were found, with a frequency of 18.32%
(Table 10). There were 530 abnormal embryo sacs, and
various types of abnormalities were observed in mature
embryo sacs including whole embryo sac degeneration
(Figure 6A), absence of female reproductive unit (Figure

6B), abnormal position, and a number of polar nuclei
(Figure 6C). Abnormal number of egg cells (Figure 6D)
and egg apparatus degeneration (Figure 6E) were also
found in the mature embryo sac. There were different types
of abnormalities of antipodal cells in the mature embryo
sacs (Figure 6F). Four polar nuclei and two egg apparatus
were found in a mature embryo sac (Figure 6G), and no
antipodal cell or abnormal development of antipodal cells
in the embryo sac (Figure 6H). A mature embryo sac
contains a group of antipodal cells, an egg cell, synergids,
and two polar nuclei above the egg apparatus (Figure 6I).
4. Discussion
4.1. Agronomic trait variations in autotetraploid rice line
Autotetraploid rice exhibited significant differences
in morphology and agronomic traits after genome
duplication. After doubling, the autotetraploid rice was
morphologically characterized by shorter plants, fewer
tillers, thicker and harder leaves, and longer and wider
grains than diploid rice. Resistance against lodging and
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Figure 4. Predicted protein–protein interaction network of 140 genes associated with embryo sac fertility.

increased grain weight are favorable characters of polyploid
rice that increase rice yield (Shahid et al., 2012, 2013b; Wu
et al., 2013; Guo et al., 2017). However, autotetraploid rice
has awns, and the presence of awns affects the propagation
characteristics and edible characteristics of rice seeds
(Song et al., 1992). The number of total grains and seed set
rate decreased considerably, and the number of effective
panicles is also small in autotetraploid rice. These factors
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are important reasons for the low yield of autotetraploid
rice (Shahid et al., 2013b). Compared to diploid, the
grain length and grain width are significantly increased
in autotetraploid rice, which is beneficial for production
increase (Shahid et al., 2011; Wu et al., 2013). Here, the
autotetraploid rice line exhibited greater panicle length
and greater grain length and width, but low seed set.
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4.2. The whole-genome polymorphisms in autotetraploid
rice line
Whole-genome resequencing has become a reliable
method to detect genetic variations in rice. Nextgeneration sequencing technologies have enabled the

resequencing of massive genomes, exploitation of
polymorphic molecular markers, and identification of
DNA variations (Huang et al., 2012). Previous studies
have revealed variations in genomic sequences of different
diploid rice lines and detected important genes (Huang

Figure 5. Known protein interaction network of genes associated with embryo sac fertility.

Table 9. Functional annotation of genes associated with embryo sac fertility.
Gene_ID
Os01g0880100

SNP

Annotation

Function

NON_SYNONYMOUS_CODING

Unknown

Os02g0292600

SNP

NON_SYNONYMOUS_CODING

GDSL-like lipase/acylhydrolase, putative, expressed

Os05g0331800

SNP

NON_SYNONYMOUS_CODING

PROLM17 - Prolamin precursor, expressed

Os05g0332000

SNP

NON_SYNONYMOUS_CODING

Os06g0565200

SNP

NON_SYNONYMOUS_CODING

Os07g0219400

SNP

STOP_GAINED

PROLM18 - Prolamin precursor, expressed
HSF-type DNA-binding domain containing protein; transcriptional
regulator that specifically binds DNA of HSE
PROLM22 - Prolamin precursor, expressed

Os07g0216600

SNP

NON_SYNONYMOUS_CODING

LTPL163 - Protease inhibitor; LTP family protein precursor, expressed

Os08g0127900

SNP

NON_SYNONYMOUS_CODING

Glutelin, putative, expressed

Os11g0512200

SNP

NON_SYNONYMOUS_CODING

No apical meristem protein, putative

Os11g0644900

SNP

NON_SYNONYMOUS_CODING

DEFL34 - Defensin and defensin-like DEFL family
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1.22%
2.90%
5.19%
4.12%
0.46%
5.95%
0.61%
8.70%
43.82%
18.32% 8.70%
Frequency

8
19
34
27
3
39
4
57
287
57
Number of cells 120

Abnormal
Located on the
Degeneration
Degeneration
position
micropylar end
Abnormal
Multiple
Degeneration
position
egg cells
Embryo sac
degeneration Abnormal
number
Normal
Type

Polar nuclei abnormalities

Table 10. Frequency of abnormal embryo sacs in autotetraploid rice.

Abnormal egg apparatus

Antipodal cell abnormalities

Other abnormalities
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et al., 2013; Jain et al., 2014; Fu et al., 2016). Recently, 29
million SNPs, 2.4 million small InDels, and over 90,000
SVs that lead to within- and between-population variation
were detected in 3010 Asian cultivated rice lines (Wang
et al., 2018). The polymorphisms between Oryza sativa
(WAB56-104) and Oryza glaberrima (CG14) were detected
using genome resequencing (Yamamoto et al., 2018). A
total of 28 ancestral chromosomal blocks shared by all
the high-yield cultivars were identified by whole-genome
sequencing and pedigree analysis (Huang et al., 2018).
Here, 2,535,390 SNPs and 359,805 InDels were detected
in the whole genome of autotetraploid rice as compared
to the Nipponbare reference genome. According to the
statistical analysis of whole-genome variations between
diploid and autotetraploid rice, 87,229 SNPs and 11,022
InDels were detected in autotetraploid compared to diploid
rice, and there were 23.37 SNPs and 2.95 InDels per 100
kb. A total of 17,375 and 17,171 SVs were identified in
the autotetraploid and its diploid counterpart and 2330,
3012, and 18070 SVs were detected in the exon, intron,
and intergenic regions of both types of rice, respectively.
Moreover, we detected 131 and 128 CNVs in autotetraploid
and diploid rice, respectively. We inferred that mutation of
the chromosome number may induce the changes in the
genomic DNA nucleotide sequence, which then produces
specific insertion and deletion mutations in polyploid rice.
4.3. Possible causes of poor seed set in autotetraploid rice
Embryo abortion is one of the most important reasons
for the low fertility of autotetraploid rice. The major
abnormalities of the embryo sac mainly include the
deterioration of the embryo sac, an abnormal number of
synergid cells, abnormal number and location of the eggs,
and abnormal number of polar nuclei (Guo et al., 2006;
Hu et al., 2009). During the embryo sac development of
autotetraploid rice, the types of aborted mature embryo
sacs were mainly degeneration of the embryo sac, abnormal
number and location of polar nuclei, multiple egg cells,
abnormal position of antipodal cells, and degeneration of
the egg apparatus and antipodal cells, which is consistent
with previous studies (Shahid et al., 2010; Li et al., 2017).
There are four sets of homologous chromosomes in
autotetraploid rice that can undergo abnormal pairing
during meiosis. Therefore, abnormal chromosome
behavior was thought to be an important reason for low
pollen fertility in autotetraploid rice (He et al., 2011a,
2011b; Wu et al., 2015). There are many studies about
the pollen mother cell meiosis in autotetraploid rice (He
et al., 2011a, 2011b; Wu et al., 2014, 2015; Li et al., 2017;
Chen et al., 2018). Here, low pollen fertility (25.38%) was
detected in an autotetraploid rice line, and different types
of abortive pollens were detected, such as typical abortive
pollens, stained abortive pollens, and empty abortive
pollens. Similarly, various types of abortive pollens were
observed in indica and japonica lines of autotetraploid rice
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Figure 6. Mature embryo sac abnormalities in autotetraploid rice line: A) embryo sac degeneration; B) embryo sac without female germ
unit; C) four polar nuclei near the center of embryo sac; D) two egg cells; E) egg apparatus degeneration, two polar nuclei are present;
F) antipodal cells scattered in the whole embryo sac; G) four polar nuclei and two egg apparatus; H) no antipodal cells, two poles,
and abnormal position of polar nuclei; I) normal mature embryo sac, where A, P, E, and S represent antipodal cells, polar nuclei, egg
apparatus, and synergids, respectively.

(Shahid et al., 2010). Hence, low pollen fertility and embryo
sac fertility resulted in low seed set in autotetraploid rice.
This is consistent with the results of previous studies that
concluded that low embryo sac and pollen fertilities cause
low seed set in autotetraploid rice (Shahid et al., 2010; Wu
et al., 2015; Li et al., 2017, 2018).
The low fertility and seed setting in autotetraploid rice
may be caused by factors such as genomic variations, gene
expression changes, and epigenetic recombination. The
variation of the genes involved in embryo sac development
and the sequence variation of the regulatory region

directly affect the structure and function of genes and their
expression products (Zhang et al., 2014). Here, SNPs and
InDel mutations in 140 genes or gene regulatory regions
related to the development of the embryo sac were detected,
including 10 genes that may be closely associated with the
development of the embryo sac. Among the 369 genes
that had a large effect on mutations, none were associated
with embryo sac abortion in previous studies. Previously
detected embryo sac abortion-related genes, including
OsRPA1a, ZIP4, OsRH36, OsDEES1, ORF3, OsMSH4,
HSA1a, and OsIG1, were compared with the diploid rice,
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and three genes (ORF3, OsMSH4, and HSA1a) exhibited
mutations in autotetraploid rice. The mutations of ORF3
and HSA1a were located in the downstream region of the
gene, and HSA1a was involved at the same site of diploid
and autotetraploid mutation as a heterozygous locus. The
mutation of OsMSH4 was detected in the upstream region
of the gene, and all mutations were homozygous.
5. Conclusions
In this study, an autotetraploid rice line with low set was
investigated at morphological, cytological, and genomic
levels. Abrupt changes in the expression patterns of
genes associated with embryo sac development laid a
foundation for the molecular mechanism associated with
low embryo sac fertility and seed set in autotetraploid
rice. We detected various types of abortive embryo sacs
in autotetraploid rice. The mutation in the genes related
to the development of the embryo sac might be the cause
of abrupt gene expression patterns and the changes in

structure and function of the expression products. A
total of 140 large-effect SNPs and InDel variants related
to embryo sac development were detected within the
gene or gene regulatory region in autotetraploid rice. The
differentiation in SVs and CNVs may have also influenced
the development of the embryo sac by gain/loss in the
genes. Ten genes were likely associated with embryo sac
fertility, and none of these genes had been reported for
embryo sac fertility in previous studies. Further studies are
required to functionally validate these genes.
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