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Abstract
Background: Autotetraploid rice is a useful germplasm for polyploid rice breeding; however, low seed setting is a
major hindrance for the utilization of autotetraploid rice. Our previous study demonstrated that neo-tetraploid rice
have great yield potential, which is thought to be one effective way to overcome the low fertility of autotetraploid
rice. However, there is little known about the cause of high pollen fertility in neo-tetraploid rice. Here, we employed
cytology and RNA-seq to study the molecular genetic mechanism of high pollen fertility in neo-tetraploid rice.
Results: Cytological observations indicate that H1 displayed high pollen fertility (95.62%), lower percentage of pollen
mother cells PMCs abnormalities, and stable chromosome con�gurations during the pollen development process
compared with its two parents. RNA-seq analysis detected 1479 differentially expressed genes (DEGs) in neo-
tetraploid rice compared with its two parents. Of these DEGs, 433 were annotated as pollen fertility-related genes,
and 240 (~55.4%) exhibited signi�cant upregulation in neo-tetraploid rice compared with its two parents, including
nine cloned genes ( TMS5 , CSA etc.) that were validated by qRT-PCR and had been demonstrated to be pollen
fertility-related genes. We further selected TMS5 as a candidate gene and analysed its phenotype in neo-tetraploid
rice using the CRISPR/Cas9 technique. Signi�cant variations have been detected in phenotypic charts, pollen
development process and expression level in H1 and TMS5 knockout lines. Conclusion: Our �nding provides strong
evidence for the regulatory mechanisms of neo-tetraploid rice, and upregulation of pollen fertility-related genes
should be associated with high fertility. Moreover, knockout of environmentally sensitive genic male sterility genes in
the present study provide the new useful germplasm for polyploidy rice breeding.

Background
Polyploidy is one of motivation in biological evolution, and it prevalently occurs in the plant evolution process (Doyle
et al. 2008). Approximately 70% of plants have experienced at least one polyploidy during their evolutionary history
(Masterson 1994). Several advantages, including greater variation, high biomass yield and resistance to insect pest
and diseases, were found in polyploidy species when compared with their original species (Bingham et al. 1994;
Marhold and Lihová, 2006). Two categories of polyploidy plants, including the autopolyploidy and allopolyploidy
species, usually exist in nature (Comai, 2005). In contrast to the higher attraction of allopolyploidy plants, very few
know the real appearance of autotetraploid plants in nature despite potential weaknesses, such as meiotic instability
and reduced fertility. Increasing evidence indicates that the real appearance of autotetraploid plants in nature might
be signi�cantly underestimated (Parisod et al. 2010).

Autotetraploid rice is a useful germplasm derived from diploid rice by chromosome doubling. In comparison with
corresponding rice, stronger biological vigour and heterosis were found in autotetraploid rice (Shahid et al. 2010; He
et al. 2011; Wu et al. 2013); however, low pollen fertility is the major hindrance of its utilization (Wu et al. 2014; Chen
et al. 2018). Pollen abnormalities appear to be the major obstacles for a normal seed set (He et al. 2011; Wu et al.
2014). Several previous studies have focused on the causes of low pollen fertility in autotetraploid rice, and these
results were mainly focused on the abnormal pollen development process (He et al. 2011; Wu et al. 2014; Wu et al.
2015; Wu et al. 2017; Li et al. 2018; Wu et al. 2019). It is great demand to reveal the mechanism of its low pollen
fertility and acquired the high pollen fertility tetraploid materials. After years of efforts, we successfully developed a
new “autotetraploid rice lines” by selective breeding and crossing for successive generations (Guo et al. 2017; Bei et
al. 2019; Ghaleb et al. 2020). The new “autotetraploid rice” displayed high fertility (>80%) and high heterosis while
crossed with other autotetraploid rice lines having low fertility (Guo et al. 2017; Chen et al. 2018; Bei et al. 2019).
Moreover, F2 and F3 populations also displayed high fertility and stable morphological traits like neo-Arabidopsis (Yu
et al. 2009; Guo et al. 2017; Bei et al. 2019). Notably, the new “autotetraploid rice” wasn’t an allotetraploid rice;
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however, its chromosome behavior was nearly normal, which contributed to high fertility and harbors speci�c DNA
mutations that were different from autotetraploid rice. Therefore, we de�ned new“autotetraploid rice” as neo-
tetraploid rice (Guo et al. 2017). Neo-tetraploid rice is a created new tetraploid rice lines with normal fertility and is a
key step to overcome the sterility of F1 hybrids in tetraploid rice. Our group has reported three neo-tetraploid rice
materials that could overcome the sterility of autotetraploid rice and produce high heterosis (Guo et al. 2017; Chen et
al. 2018; Bei et al. 2019). However, little is known regarding the complex regulatory mechanisms of heterosis and
fertility in neo-tetraploid rice.

High-throughput technologies, such as whole-genome re-sequencing and transcriptome analysis, can provide useful
insight for detecting genetic variation in rice. Using whole-genome re-sequencing, a high number of sequence
polymorphisms, including single-nucleotide polymorphisms (SNPs) and insertions/deletions (Indels), can be
detected (Huang et al. 2013; Varshney et al. 2009). SNPs and Indels within a genome affect gene expression and
can alter gene function. Therefore, detecting genomic polymorphisms relevant to functional changes is important for
elucidating phenotypic differences. Extensive genome-wide studies using high-throughput technologies to identify
SNPs and Indels have identi�ed phenotypic variations and variation in gene expression and function in rice. In
autotetraploid rice, very few studies have focused on the relationship between the genetic variations within the
genome and pollen fertility (Guo et al. 2017; Li et al. 2018; Bei et al. 2019).

Neo-tetraploid rice is thought to be one effective way to overcome the low fertility of autotetraploid rice; therefore,
understanding the mechanism of high fertility in neo-tetraploid rice is important. In this study, we developed a new
neo-tetraploid rice, named Huaduo1 (H1), which was registered for Protection for New Varieties of Plants in China in
2016. We used cytological analysis, whole-genome re-sequencing and RNA-sequencing analysis to analyse the
mechanism of high pollen fertility in neo-tetraploid rice with respect to that of its two parents. Cytological analysis
was used to compare the phenotypic differences between the neo-tetraploid rice and its parents. Whole-genome re-
sequencing and transcriptional analysis were used to discover that a large number of differentially expressed genes
resulted in high fertility in neo-tetraploid rice. Further, to analyse the relationship between the up-regulated pollen
fertility genes and high fertility in neo-tetraploid rice, we selected the representative gene to verify our hypothesis.
The results of this study may help to understand the molecular mechanism of high fertility in neo-tetraploid rice.

Results
Breeding procedure of neo-tetraploid rice Huaduo1

A hybrid of two autotetraploid rice plants, Jackson-4x (T45-4x) and 96025-4x (T44-4x), was generated in 2004, and
the F1 hybrid plants were harvested and continuously self-crossed until F5 in 2007 (Fig. 1). One line with more than
80% seed setting was found in that year, and a neo-tetraploid rice line, Huaduo1 (H1), was developed in 2009 and
registered for PVP (Protection for New Varieties of Plants) in China in 2016 (Fig. 1). H1 displayed signi�cant
differences in agronomic traits compared with its parent, which included high pollen fertility (95.62%) and seed
setting (80%) (Fig. 1; Tables 1 and 2). Moreover, H1 also showed signi�cant heterosis in yield-related traits, including
number of �lled seeds, 1000 seed weight and seed setting (Additional �le 1: Table S1).

To evaluate the ability to overcome the sterility of hybrids in H1, we developed hybrids with gene interactions in
pollen sterility loci, Sa, Sb and Sc using H1 crossed with Taichung 65-4x and its pollen sterility isogenic lines
(Additional �le 2: Table S2). All of the hybrids had a high seed setting (>70%) with gene interactions in pollen sterility
loci, Sa, Sb and Sc (Additional �le 2: Table S2), suggesting that H1 may have neutral pollen fertility genes that could
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overcome the sterility of hybrids. All of these results indicate that H1 exhibited signi�cant phenotypic variation
compared its two parents and have the potential to overcome the sterility of autotetraploid rice hybrids.

Meiosis in neo-tetraploid rice compared with its two parents

As for the important role of meiosis in autotetraploid rice, we focused on the chromosomal behaviour of PMCs in H1
and its parents. Similar meiotic processes and stage divisions were found in neo-tetraploid rice and their parents,
which is consistent with our previous study (Fig. 2). A total of six key meiosis stages, including Metaphase І,
Anaphase І, Telophase І, Metaphase II, Anaphase II and Telophase II, were observed, and the percentage of
abnormalities is summarized (Fig. 3; Additional �le 3: Table S3; Additional �le 4: Table S4). H1 showed a lower
percentage of abnormal PMCs than those of its two parents (Fig. 3). In this study, the percentages of abnormal cells
in neo-tetraploid rice were 19.48, 1.61, 1.80, 13.64, 34.29 and 1.94% in Metaphase І, Anaphase І, Telophase І,
Metaphase II, Anaphase II and Telophase II, respectively (Additional �le 3: Table S3; Additional �le 4: Table S4). In
contrast, the autotetraploid rice parents of T45-4x and T44-4x showed many more abnormalities than the neo-
tetraploid rice (Fig. 3). For example, the percentages of abnormal cells in T44-4x were 52.14, 15.05, 3.96, 23.10,
52.14 and 12.12% in Metaphase І, Anaphase І, Telophase І, Metaphase II, Anaphase II and Telophase II, respectively
(Additional �le 3: Table S3; Additional �le 4: Table S4).

Additionally, chromosome con�gurations between H1 and its two parents were signi�cantly different (Fig. 2). Higher
percentages of quadrivalent and bivalent con�gurations were frequently observed in H1 relative to those in its two
parents (Additional �le 5: Table S5). However, chromosome con�gurations in T45-4x and T44-4x exhibited a much
more complicated pairing style, such as univalent, trivalent and other types of multivalent (Additional �le 5: Table
S5). All of these results indicate that H1 had a higher percentage of normal cells and more stable chromosome
con�gurations than those of their parents during meiosis.

Genome-wide alterations reveal the genetic variation of pollen fertility genes in neo-tetraploid rice and its parents

To reveal the cause of the higher pollen fertility in neo-tetraploid rice, we used re-sequencing analysis to detect whole
genome variation between the neo-tetraploid rice and its two parents. A total of 68.20 GB of high-quality clean reads
were obtained from H1 and its parents using the Illumina sequencing platform. Large numbers of high-quality reads
varying from 214 to 251 million were obtained in these tetraploid lines (Additional �le 6: Table S6). From this study,
nearly 87.87% of the reads mapped to the japonica rice genome (Nipponbare), which covered ~85% of the total
genome for each cultivar (Additional �le 6: Table S6).

Two types of genetic variation, including the non-synonymous SNP mutations and Indels of the CDS region, were
conducted in this study for their important role in in�uencing the gene expression of relevant proteins. We focused
on genetic variations of H1 and divided it into three groups based on their origin which deriving from two parents or
non-parental variations. In this study, Group I is termed to the genetic variation in neo-tetraploid rice derived from the
T45-4x, and detected by the comparison between (H1 vs T44-4x) and (T45-4x vs T44-4x). GroupII is termed to the
genetic variation only from the T44-4x, and detected by the comparison between (H1 vs T45-4x) and (T45-4x vs T44-
4x). Group III is termed to the non-parental variations of neo-tetraploid rice (Additional �le 7: Table S7). We compared
the genome-wide alterations of SNP mutations and Indels in neo-tetraploid rice with its two parents across the 12
rice chromosomes (Additional �le 8: Figure S1). Results showed that a total of 2631 SNPs and 566 Indels involved in
1509 genes were predicted to have differences between neo-tetraploid rice and its two parents. These results
indicated that genetic variations from T45-4x, T44-4x and non-parental variations exhibited the similar tendency, and
SNPs and Indels variations were primary occur on the Chr1, Chr5, Chr6 and Chr12 (Fig. 4).
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We further combined these genetic variations with pollen fertility-related genes, such as pollen fertility candidate
QTLs and pollen fertility-related genes. From this study, a total of 29 fertility candidate QTLs and 113 pollen fertility-
related genes were found to exhibit genetic variation in neo-tetraploid rice compared with its parents (Additional �le
9: Table S8). To validate this genetic variation data in neo-tetraploid rice, we selected nine pollen fertility genes and
used Sanger sequencing to detect the genetic variation between the neo-tetraploid rice and its two parents. From this
study, genetic variation between the neo-tetraploid rice and its two parents was also consistent with the re-
sequencing analysis (Additional �le 10: Table S9).

Transcriptome analysis reveals that signi�cant variation exists in neo-tetraploid rice compared with its two parents
in meiosis

We further combined the transcriptome pro�ling with re-sequencing data to detect possible variations in gene
expression that could result in the high pollen fertility seen in meiosis. Three comparison groups were used to
identify the possible DEGs between the neo-tetraploid rice and its parents. Group I is termed “genome variation of re-
sequencing data between the neo-tetraploid rice and its parents”, referring to possible genetic variation for the non-
synonymous SNP mutations and Indels of the CDS region, which might in�uence the gene expression of relevant
proteins in neo-tetraploid rice. Group II is termed “differential gene expression of transcriptome data between the
neo-tetraploid rice and its parents”, referring to genes that were differentially expressed in the neo-tetraploid rice and
its parents in meiosis. Group III is related to the genes found to demonstrate genetic variation in the genome and that
are also differentially expressed at the transcriptional level (Fig. 5).

Using these comparison groups, we have identi�ed a total of 1479 genes that are differentially expressed (2-fold at P
value<0.05) between the neo-tetraploid rice and its parents in meiosis (Fig. 5a; Additional �le 11: Table S10). Among
these DEGs, 785 genes are upregulated in the neo-tetraploid rice relative to its parents, and 694 genes are
downregulated (Fig. 5b). We then categorized both the up- and downregulated genes using Cluster 3.0 software and
obtained an overview of the transcriptome relationships (Fig. 5c).

Gene ontology (GO) analysis was conducted to annotate the up- and downregulated genes that were differentially
expressed between the neo-tetraploid rice and its parents (Additional �le 12: Figure S2). The GO enrichment
classi�cation suggested that the genes from the cellular component, molecular function and biological process
categories showed signi�cant variation. In the biological process category, eight prominent functional gene classes,
including cell division, response to auxin, reproductive process, reproduction, pollination, pollen exine formation,
pollen-pistil interaction and recognition of pollen, were over-represented in the upregulated gene classes. Additionally,
cell cycle, purine nucleobase biosynthetic process and regulation of protein dephosphorylation were over-represented
in the downregulated gene classes (Additional �le 12: Figure S2a). In the cellular component category, one prominent
functional gene class, the vacuolar membrane, was over-represented in the upregulated gene classes, and three
prominent functional gene classes, apoplast, chloroplast thylakoid membrane and microtubule-associated complex,
were over-represented in the downregulated gene classes (Additional �le 12: Figure S2b). In the molecular function
category, four prominent functional gene classes, transcription regulator activity, DNA binding transcription regulator
activity, obsolete transcription regulator activity, and cation binding, were over-represented in the upregulated gene
classes, and seven prominent functional gene classes, including protein kinase binding, peptidase inhibitor activity,
xyloglucan xyloglucosyl transferase activity, hydrolase activity, peptide receptor activity, transmembrane signalling
receptor activity and motor activity, were over-represented in the downregulated genes (Additional �le 12: Figure
S2c). All of these results indicate that the upregulated genes were mainly involved in response processing and



Page 6/24

transcription regulator activity-related genes. Alternatively, the downregulated genes were mainly involved in the
external encapsulating structure and cell wall-related genes.

Pollen fertility-related genes are primarily upregulated in neo-tetraploid rice compared with its two parents

RNA-sequencing and re-sequencing analysis were used to reveal the cause of the higher pollen fertility in the neo-
tetraploid rice; thus, we focused on the pollen fertility-related genes that were differentially expressed in neo-
tetraploid rice compared with its two parents. We compared our DEGs detected from neo-tetraploid rice and its two
parents with the large number of rice pollen fertility-related genes (Fujita et al. 2010; Deveshwar et al. 2011; Yant et
al. 2013; Wright et al. 2015; Wu et al. 2014).

Of these DEGs, 433 genes were annotated as pollen fertility genes when combined with other analysis results (Fig.
6). Notably, 240 of the pollen fertility genes were shown to be upregulated in neo-tetraploid rice compared with its
two parents (Fig. 7; Additional �le 13: Table S11). Predicted protein-protein interaction analysis was used to further
evaluate the relationship of these pollen fertility genes. From this study, a strong interaction network was detected in
the neo-tetraploid rice (Additional �le 14: Figure S3). Moreover, several pollen fertility genes, such as
LOC_Os01g16810, LOC_Os02g12290, LOC_Os04g53760, LOC_Os04g37960, LOC_Os09g27620, LOC_Os03g12414,
LOC_Os06g49840, LOC_Os07g39220, LOC_Os07g30240 and LOC_Os10g35180, were detected and upregulated in
the neo-tetraploid rice. It is noted that three genes, CSA (LOC_Os01g16810), TMS5 (LOC_Os02g12290) and TMS9-1
(LOC_Os09g27620), are pollen fertility-related genes that are also responsive to the environment. CSA
(LOC_Os01g16810) is a MYB family transcription factor encoding a MYB protein domain that plays an important
role in the pollen development process under the conditions of a short day. TMS5 (LOC_Os02g12290) is a nuclear
ribonuclease Z that processes the mRNAs of three ubiquitin fusion ribosomal protein L40 (UbL40) genes into
multiple fragments, which could result in pollen sterility under high temperature. TMS9-1 is a transcript factor
containing a PHD-�nger domain that controls pollen sterility under high temperature. To verify the expression pro�les
of pollen fertility genes in neo-tetraploid rice and its two parents, nine representative pollen fertility-related genes
were selected and submitted to quantitative real-time reverse transcription PCR (qRT-PCR) analysis. From this study,
nine genes, including LOC_Os01g16810, LOC_Os04g53760, LOC_Os04g37960, LOC_Os09g27620, LOC_Os03g12414,
LOC_Os06g49840, LOC_Os07g39220, LOC_Os07g30240 and LOC_Os10g35180, were consistent with the
transcriptome analysis. These results showed that expression levels of the nine genes were consistent with the
transcriptome analysis, indicating the reliability and accuracy of RNA-sequencing results (Additional �le 15: Figure
S4).

Knock-out of environmentally sensitive genic male sterility genes causes pollen abortion in neo-tetraploid rice

Neo-tetraploid rice is a key step to overcome the sterility of F1 hybrids in autotetraploid rice (Guo et al. 2017; Bei et al.
2019; Mo et al. 2020). To verify the upregulation of pollen fertility genes play the important role in neo-tetraploid rice,
we used CRISPR/cas9 technology to conduct the study. In this study, we selected two environmentally sensitive
genic male sterility candidate genes, named TMS5 and TMS9-1, as these genes not only found to be up-regulation in
neo-tetraploid rice but also play the important role hybrid cross (Additional �le 16: Figure S5) and it will provide a
possibility to utilize the greater hybrid vigor in polyploidy rice. In the present work, we obtained at least 20
independently regenerated transgenic lines of TMS5 and TMS9-1 after the transformation, respectively (Additional
�le 17: Figure S6; Additional �le 18: Figure S7). The mutant lines were grown in the �eld, and the T2 mutants were
sequenced.
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In this study, we selected one homozygous mutant, named nt-tms5-1 and its sequencing results indicate that it
carried the sequence deletion that was predicted to lead to an amino acid change (Additional �le 17: Figure S6). We
grew the plants in August at an LD and under high temperature conditions to verify their pollen fertility. Both nt-tms5-
1 and its wild type showed marked differences in anther, panicle and pollens (Fig. 8). Pollen fertility in TMS5 knock-
out lines (nt-tms5-1) showed higher pollen sterility, and its value was notably reduced compared with that of its wild
type (Fig. 8). The statistical analysis results demonstrated that the pollen fertility value of nt-tms5-1 was much lower
than that of its wild type. Moreover, Whole-mount eosin B-staining confocal laser scanning microscopy (WE-CLSM)
analysis of anther in nt-tms5-1 veri�ed that the number of normal pollen was obviously decreased compared with
that of the wild type (Fig. 8).

Anther development was investigated further for nt-tms5-1 and its wild type H1. The results indicate that the anther
development process of nt-tms5-1 was similar to its wild type (Fig. 8). Anther development in nt-tms5-1 was
primarily divided into eight differential stages: pollen mother cell formation, meiosis, the early, middle, and late
microspore stages, and the early bicellular, late bicellular and mature pollen stages. In the wild type, a four-layer
anther wall (from the outside to the inside: epidermis, endothecium layer, middle layer, and tapetum) was generated
at the pollen mother cell formation stage. No obvious defects were found between the WT and nt-tms5-1 anthers in
the formation of PMCs. During pollen mother cell (PMC) meiosis, the PMCs underwent meiosis, and normally formed
dyads with cell plates in the WT and nt-tms5-1 were clearly observed (Fig. 8). Subsequently, dyads also formed in nt-
tms5-1, and no abnormalities were found in this stage (Fig. 8). Thereafter, the microspores of WT underwent
vacuolation and mitosis to form mature pollen with spherical or elliptical shapes (Fig. 8). In contrast, the
microspores of nt-tms5-1 degraded further after the late microspore stage and completely disappeared at the mature
pollen stage, which resulted in an empty anther locule (Fig. 8). All of these results suggest that the lack of TMS5 also
causes the defects in the microspores as well abnormal pollen in the neo-tetraploid rice during the pollen
development.

To further investigate how TMS5 works in regulating the pollen development process of neo-tetraploid rice, 10 genes
were selected to analyse their gene expression levels in nt-tms5-1 and its wild type (Fig. 9a). We conducted the qRT-
PCR analysis to detect the nine transcripts of these genes in both nt-tms5-1 and its wild type (Fig. 9b). In this study,
the expression levels of the nine genes were shown to be differentially expressed between nt-tms5-1 and its wild
type. For example, four genes, LOC_Os04g50600, LOC_Os04g32930, LOC_Os03g40110, and LOC_Os04g59600, were
downregulated in the meiosis stage in nt-tms5-1 compared to their levels in the wild type. Five genes, including
LOC_Os06g43690, LOC_Os03g13160, LOC_Os03g05720, LOC_Os09g30486 and LOC_Os04g46310, were upregulated
in meiosis in nt-tms5-1 compared to those of the wild type. These results verify that TMS5 have strong interaction
with other genes and knockout of TMS5 could also down regulation of other genes in neo-tetraploid rice.

Discussion
Signi�cant phenotypic variation exists in the neo-tetraploid rice compared with its two parents

Autotetraploid rice is a new germplasm resource derived from diploid rice by chromosome doubling. Abundant
advantages, such as a stronger stem, wider leaf and bigger grains, exist in the autotetraploid rice compared to those
of its diploid counterparts (Tu et al. 2007; Wu et al. 2013; Wu et al. 2014). Agronomic traits in autotetraploid rice
demonstrate signi�cant potential to improve the rice biomass yield (Tu et al. 2007; Shahid et al. 2011; Wu et al.
2013). However, lower fertility of autotetraploid rice is still an important issue for utilizing its potential vigour. It took
us more than twenty years to generate the neo-tetraploid rice, and we found that it was one type of the stable
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autotetraploid rice lines derived from the progeny of autotetraploid rice (Guo et al. 2017; Bei et al. 2019). In our
previous analysis, we proposed that neo-tetraploid rice have higher fertility and hybrid vigour, which could overcome
the low fertility of autotetraploid rice (Guo et al. 2017; Bei et al. 2019). Therefore, it is of greater value to evaluate the
phenotypic variation of the neo-tetraploid rice compared with its two parents.

In the present work, one of newly developed neo-tetraploid rice lines, named Huaduo 1 (H1), which has been
registered for PVP in China, was used. We analysed the phenotypic variation of H1 and detected that three of the
seven primary agronomic traits, including the plant height, seed set ratio and 1000-grain weight, varied signi�cantly
compared to those of the two parents. Notably, the seed set ratio in the neo-tetraploid rice can reach >80%, which is
much higher than that of its two parents. These obvious phenotypic variations were similar to the other type of neo-
tetraploid rice (Bei et al. 2019) and show great potential for the utilization of H1. Additionally, we also evaluated the
heterosis and gene interaction effect using Taichung 65-4x and its pollen sterility near-isogenic lines and found that
the seed set ratio of the hybrids can reach to more than 80%. These results show the signi�cant potential that H1
may have given the neutral genes for pollen fertility that could overcome the sterility of hybrids. The neutral genes
could overcome the hybrid’s sterility caused by the multi-pollen sterility loci interactions in autotetraploid rice hybrids
(Wu et al. 2017; Chen et al. 2019).

Pollen fertility was thought to be the important factor for determining production in autotetraploid rice. Abnormal
meiotic chromosome behaviour, microtubules or interactions of pollen sterility-related genes were the primary
reasons leading to pollen abortion in autotetraploid rice (He et al. 2011; Wu et al. 2014; Li et al. 2018). Therefore, we
observed the chromosome behaviour of PMCs to detect the genetic variations between neo-tetraploid rice and its
parents. The results indicate that the percentage of abnormalities in PMCs was higher in T44-4x and T45-4x
compared with that in the neo-tetraploid rice. For example, the percentages of abnormal cells in T44-4x is 52.14,
15.05, 3.96, 23.10, 52.14 and 12.12% in Metaphase І, Anaphase І, Telophase І, Metaphase II, Anaphase II and
Telophase II, respectively. In contrast, the percentages of abnormal cells in H1 were much lower than those of its two
parents. Additionally, one interesting phenomenon was found in the con�guration of the neo-tetraploid rice at the
diakinesis stage. The con�guration in neo-tetraploid rice was primarily bivalent and quadrivalent and showed
signi�cant differences from its two parents. All of these results indicate that neo-tetraploid rice shows obvious
variation and a higher percentage of fertility than its two parents.

Upregulation of pollen fertility genes plays is critical for high pollen fertility in neo-tetraploid rice

Neo-tetraploid rice exhibit higher fertility and greater heterosis than those of the autotetraploid rice lines (Guo et al.
2017; Bei et al. 2019); however, there are still limitations to understanding the high fertility mechanism of neo-
tetraploid rice. To understand the regulatory mechanism of high fertility in neo-tetraploid rice, we combined the re-
sequencing and RNA-sequencing analysis to analyse the genomic and transcriptional variations between neo-
tetraploid rice and its two parents. Using the transcriptome analysis pro�le, we identi�ed a total of 1479 DEGs that
showed at least a 2-fold change in neo-tetraploid rice compared with its two parents. Gene ontology (GO) analysis
was conducted to annotate the up- and downregulated genes that were differentially expressed in neo-tetraploid rice
and its parents in this study. The GO enrichment classi�cation indicated that differentially expressed genes in the
cellular component, molecular function and biological process categories showed signi�cant variations. We found
that up-regulated differentially expressed genes were mainly involved in the response process, pollen development
and transcription regulator activity.

Meiosis is an important process, where errors can result in low fertility in autotetraploid rice. Meiosis-related and
pollen fertility genes were frequently detected to be downregulated, and this was thought to be the primary cause of
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the lower pollen fertility in autotetraploid rice (Wu et al. 2014; Wu et al. 2017; Wu et al. 2019). Compared with
autotetraploid rice, pollen fertility and seed set of neo-tetraploid rice were much higher and exhibited normality (Guo
et al. 2017; Bei et al. 2019). We speculated that some important pollen fertility-related genes may be expressed
normally again or upregulated in neo-tetraploid rice when compared with autotetraploid rice. Therefore, we focused
on differentially expressed genes that were upregulated in neo-tetraploid rice compared with autotetraploid rice.

In the present work, we combined our results with the pollen fertility genes detected by previous analyses (Fujita et
al. 2010; Deveshwar et al. 2011; Hollister et al. 2012; Yant et al. 2013; Wu et al. 2014; Wright et al. 2015; Wu et al.
2015). A total of 240 pollen fertility genes were detected and found to be upregulated in neo-tetraploid rice compared
with its two parents. Notably, 93 pollen fertility genes were detected in Wu et al. (2014), and 22 pollen fertility genes
showed a similar tendency as those by Guo et al. (2017). These results verify our transcriptome analysis data and
indicate that pollen fertility genes play an important role in neo-tetraploid rice. Moreover, pollen fertility genes in the
neo-tetraploid rice of H1 were found to involve a strong network based on the predicated protein-protein interaction
analysis.

Among these pollen fertility genes, ten pollen fertility related genes, including LOC_Os01g16810, LOC_Os02g12290,
LOC_Os04g53760, LOC_Os04g37960, LOC_Os09g27620, LOC_Os03g12414, LOC_Os06g49840, LOC_Os07g39220,
LOC_Os07g30240 and LOC_Os10g35180, encoded the meiosis-related proteins that are mainly involved in the rice
pollen development process. Notably, several genes have been functionally analysed or predicted that show a
relationship in pollen development. Notably, three genes, CSA (LOC_Os01g16810), TMS5 (LOC_Os02g12290) and
TMS9-1 (LOC_Os09g27620), are pollen fertility-related genes that are responsive to temperature. CSA
(LOC_Os01g16810) is a MYB family transcription factor that encodes a MYB protein domain, which plays an
important role in the pollen development process. TMS5 (LOC_Os02g12290) is a nuclear ribonuclease Z that
processes the mRNAs of three ubiquitin fusion ribosomal protein L40 (UbL40) genes into multiple fragments, which
could result in pollen sterility under low temperature. TMS9-1 (LOC_Os09g27620) is a male sterility gene that
responsive to the temperature (Qi et al. 2014). All of these results indicate that up-regulation of pollen fertility genes
plays an important role in the high fertility of neo-tetraploid rice.

Environmentally sensitive genic male sterility (EGMS) likely regulates pollen fertility in neo-tetraploid rice

High pollen fertility is a primary characteristic of neo-tetraploid rice; therefore, it is of great value to understand the
mechanism of its higher pollen fertility. With the advantage of effective tools such as CRISPR/Cas9 technology, we
are given the opportunity to knock out important fertility-related genes. To date, there is no information regarding the
effect of knocking out important fertility genes in neo-tetraploid rice. In the present work, we detected three
environmentally sensitive genic male sterile genes, CSA (LOC_Os01g16810), TMS5 (LOC_Os02g12290) and TMS9-1
(LOC_Os09g27620), that were upregulated in neo-tetraploid rice compared with its two parents. We proposed that
pollen fertility-related genes may be upregulated or normally expressed in neo-tetraploid rice compared with those of
the autotetraploid rice. Therefore, we selected two important genes, TMS5, and TMS9-1 to verify our speculation in
neo-tetraploid rice. TMS5 is an important photoperiod- and thermo-sensitive gene that can lead to the TGMS trait
through a loss of RNase ZS1 function (Zhou et al. 2014). TMS9-1 is a male sterility gene that responsive to the
temperature (Qi et al. 2014).

From this study, we obtained a homozygous mutant of TMS5 and TMS9-1. Our results indicated that both nt-tms5-1
and nt-tms9-1 exhibited marked differences in anther, panicle and pollen compared with its wild type. Moreover, we
focused on pollen fertility and pollen development experienced differential variation during the pollen development
stage in nt-tms5-1. TMS5 also has similar results and exhibited pollen sterility under the conditions of a long day. As
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TMS5 is an important photoperiod- and thermo-sensitive gene, this method also provides the possibility for boosting
the development of excellent pollen sterility lines or revealing the mechanism of high pollen fertility in neo-tetraploid
rice. In the future, better yield and quality can also be developed by editing important pollen fertility genes for fertility
and disease at the same time in neo-tetraploid rice in the appropriate genetic background.

Conclusions
In the present study, we found that upregulation of pollen fertility genes plays an important role in neo-tetraploid rice.
Our results provide strong evidence that the upregulation of pollen fertility genes results in high fertility of neo-
tetraploid rice using cytological and transcriptome analysis. Differentially expressed genes, including 240
upregulated pollen fertility genes, can be used as candidate genes to reveal the mechanism of high pollen fertility in
neo-tetraploid rice in the future.

Methods
Plant material

Three materials, including the H1 and its two parent (T44-4x and T45-4x), were used in this study. T44-4x and T45-4x
are autotetraploid rice, and produced by arti�cial polyploidization with colchicine. H1 was the high pollen fertility
material derived from the hybrid crosses from T44-4x and T45-4x and then self-crossed for more than 15
generations. All of these materials were planted under the natural conditions at the experimental farm of South
China Agricultural University (SCAU) and standard practices followed the recommendations for the area.

Analysis of agronomic traits and heterosis

To detect the genetic variation of neo-tetraploid rice and its two parent, total eight agronomic traits were selected to
detect the phenotypic variation, i.e. plant height (PH, cm), panicle length (PL, cm), effective panicles number (EPN),
panicle length (PL, cm), total number of grains per plant (TGP), 1000-grain weight (GWT, g) and seed set ratio (SS =
(number of �lled grains/total number of grains) × 100). These traits were detected according to our previous study
(Wu et al. 2013).

Heterosis analysis was conducted to evaluate the heterosis level of H1, total 13 differential parents crossed with the
H1 and F1 hybrid. High-parent heterosis (HPH) and mid-parent heterosis (MPH) were estimated by the following
formula: HPH = (F1 − HP)/HP × 100%, and MPH = (F1 − MP)/MP × 100%, where F1 is the performance of �rst �lial
generation (hybrid), HP is the performance of the best parent, and MP is the average performance of two parents.

Pollen fertility, chromosome behavior observation

Pollen fertility of H1 and its two parents was observed according to our previous study with minor modi�cations
(Shahid et al. 2013). More than 1000 pollen grains were calculated for pollen fertility under a microscope (Motic
BA200).

The meiosis chromosome behaviour experiment was performed according to Wu et al. (2014). To observe the
chromosome behaviour in the meiosis process, samples were collected from the shoots of rice plants with -2 to 2 cm
between their �ag leaf cushion and the second-to-last leaf cushion. Then, the samples were �xed in Carnoy’s
solution (ethanol:acetic acid, 3:1 v/v) for at least 24 h and washed using 95% and 80% ethanol for ~30 min each.
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Finally, they were washed and kept in 70% ethanol at 4°C until observation. The meiosis chromosome behaviour and
meiosis stage divisions were observed according procedures described by He et al. (2011a) and Wu et al. (2014).

DNA library construction, massive re-sequencing, and validation analysis

Genomic DNA of three materials, H1, T44-4x and T45-4x, were extracted from fresh leaves according to the
procedure described by Chen et al. (2018). Sequencing libraries were constructed from genomic DNA of neo-
tetraploid rice and its two parents and sequenced on an Illumina HiSeqTM2500 according to the manufacturer’s
instructions. Whole genome re-sequencing analysis was performed by Biomarker Technologies (Beijing, China) with
an average coverage of approximately 45× in each material. The sequencing reads were aligned to the japonica
Nipponbare reference genome using BWA software. Identi�cation of polymorphic sites, including SNPs and indel
analyses, between neo-tetraploid rice and its two parents was performed with GATK software tools. SNPs and indel
annotations were performed using SnpEff software.

Polymerase chain reaction (PCR) was conducted to verify the re-sequencing results using the genomic DNA of neo-
tetraploid rice and its two parents as templates. Important polymorphic DNA of pollen fertility-related genes were
selected in this study. Primers were designed using Primer Premier 5.0 software, and the product length ranged from
400 to 800 bp (Additional �le 19: Table S12a). The whole PCR program was 94 °C for 5 min followed by 35 cycles of
95 °C for 45 s, 55 °C for 45 s, and 72°C for 1 min, and a �nal extension at 72°C for 5 min. The PCR products were
sequenced, and sequence variations were detected using BioEdit software.

Sample preparation, RNA extraction, RNA-sequencing, and qRT-PCR veri�cation

Anthers from pre-meiotic to prophase I of meiosis stage were con�rmed by �uorescence microscope. All samples
(H1, T44-4x and T45-4x) were collected in three biological replicates and stored at -80℃ until RNA extraction. Total
RNA of each sample was extracted using Trizol reagent (Invitrogen, CA, USA) following the manufacturer’s
procedure. The quantity and purity of total RNA were analysis by Bioanalyzer 2100 and RNA 6000 Nano Lab Chip Kit
(Agilent, CA, USA) with RIN number > 7.0. RNA-sequencing library preparation was carried out according to the
manufacturer’s protocol and performed on the Illumina HiSeqTM2500 by Biomarker Technologies (Beijing, China).
Genes with FC≥2 (fold change) and FDR≤0.01 were chosen for the t-test, and genes with P values<0.05 were
chosen for further analysis. After selected the differentially expressed genes, cluster analysis and GO enrichment
analysis were conducted using the Cluster 3.0 software and agriGO (Du et al. 2010). Venny software was used to
identify the overlapped differentially expressed genes in different samples
(http://bioinfogp.cnb.csic.es/tools/venny/).

Real-time qRT-PCR analysis was conducted to examine the expression patterns of neo-tetraploid rice and its two
parents. Total twelve candidate genes were selected and used to validate the transcriptome data using the same
RNA samples of RNA-sequencing (Additional �le 19: Table S12b). Reverse transcription reaction was done was done
using the Roche Transcriptor First Strand cDNA Synthesis kit. The qRT-PCRs experiment was performed on the
Lightcycler480 system (Roche) using the Advanced SYBR Green Supermix Kit (Bio-RAD). The qRT-PCR cycles were
using the following reaction conditions: 95°C for 30s, 40 cycles of 95°C denaturation for 5s and 58°C annealing and
extension for 20s. All qRT-PCR reactions were performed in triplicate, and the results were calculated using the 2-ΔΔCt

method. Rice ubiquitin gene used as an internal control to normalize the expression levels. Each PCR reaction
repeated three times.

Generation and mutation detection of mutant plants in neo-tetraploid rice
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We used the CRISPR-Cas9 binary vector pC1300-cas9 to knock out TMS5 and TMS9-1 obtained the nt-tms5-1 and nt-
tms9-1 mutant. The knockout lines derived from H1 using the CRISPR/cas9 technique and  construct was introduced
to EHA105 and then transformed into H1 to generate the nt-tms5-1 and nt-tms9-1 mutant line. We extracted the
genomic DNA from transformants, and the genomic DNA was sequenced for mutant identi�cation. The PCR
products (500-800 bp) were sequenced and identi�ed using the De-generate Sequence Decoding method. Mutations
were identi�ed by comparing the amplicon sequences derived from putative transgenic and pC1300-cas9 templates.

Semi-thin section, WE-CLSM analysis, and expression analysis of TMS5 plants in neo-tetraploid rice

Samples of nt-tms5-1 mutant and its wild type were �xed in FAA solution for 48 h. After being washed in 50%
ethanol several times, the samples were dehydrated in a series of ethanol solutions and then embedded by a Leica
7022 historesin embedding kit (Leica, Nussloch, Germany) according to the manufacturer’s instructions. The
embedded samples were further sectioned using the Leica RM2235 manual rotary microtome, stained with 1%
toluidine blue O and sealed with neutral balsam.

WE-CLSM analysis was used to detect the phenotypic variation of H1 and nt-tms5-1. Anthers and mature pollens
were stained using a small drop of 10 mg/L eosin B (C20H6N2O9Br2Na2, FW 624.1, a tissue stain for cell granules
and nucleoli) solution (dissolved in 4% sucrose) on a glass slide. After 10 min, the glass slide was covered with a
slide cover and scanned under a Leica SP2 laser scanning confocal microscope (Leica Microsystems, Heidelberg,
Germany). The detailed procedures have been described previously (Zeng et al. 2007).

Abbreviations
PMCs: Pollen mother cells; PVP: Protection for New Varieties of Plants; DEGs: Differentially expressed genes; SNPs:
Single-nucleotide polymorphisms; Indels: Insertions/deletions; H1: Huaduo1; GO: Gene ontology; WE-CLSM: Whole-
mount eosin B-staining confocal laser scanning microscopy; UbL40: Ubiquitin fusion ribosomal protein L40; EGMS:
Environmentally sensitive genic male sterility; PH: Plant height; PL: Panicle length; EPN: Effective panicles number;
TGP: Total number of grains per plant; SS: Seed set ratio; HPH: High-parent heterosis; MPH: Mid-parent heterosis;
PCR: Polymerase chain reaction.

Declarations
Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and materials

All data supporting the conclusions described here are provided in tables, �gures, and additional �les.

Competing interests  

The authors have declared that no competing interests exist.



Page 13/24

Funding

This work was supported by the NSFC to XD Liu (31571625), the Guangzhou Science and Technology Key Program
to XD Liu (201707020015), the Guangdong Science and Technology Program to JW Wu (2018A030313644), the
Featured Innovation Project of Guangdong Education Department to JW Wu (2019) , “Molecular mechanism of E3
ubiquitin ligase NTPS1 in rice pollen development”, Guangdong Science and Technology Program to JW Wu (2019, )
and the Guangdong Province Key Research and Development Program (2018B020202012).

Author Contributions

XDL conceived and designed the experiments. JWW, YMC and XDL wrote the paper. JWW, YMC, LH, YC, HY, ZJL, LX,
HZ and ZXC performed the experiments and analyzed the data. XDL and JWW developed Huaduo1. All authors read
and approved the �nal manuscript.

Acknowledgments

The authors were grateful to Ms. Shuhong Yu, Dr. Lan Wang and other lab members for assistance.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional a�liations.

Author Details

State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, Guangdong Provincial Key
Laboratory of Plant Molecular Breeding, Guangdong Laboratory for Lingnan Modern Agriculture, College of
Agriculture, South China Agricultural University, Guangzhou 510642, China.

References
Aya K, Suzuki G, Suwabe K, Hobo T, Takahashi H, Shiono K, Yano K, Tsutsumi N, Nakazono M, Nagamura Y (2011).
Comprehensive network analysis of anther-expressed genes in rice by the combination of 33 laser microdissection
and 143 spatiotemporal microarrays. PLoS One 6:e26162.

Bei XJ, Shahid MQ, Wu JW, Chen ZX, Wang L, Liu XD (2019) Re-sequencing and transcriptome analysis reveal rich
DNA variations and differential expressions of fertility-related genes in neo-tetraploid rice. PLOS One 14: e0214953.
doi.org/10.1371/journal.pone.0214953.

Bingham ET, Groose RW, Wood�eld DR, Kidwell KK (1994) Complementary gene interactions in alfalfa are greater in
autotetraploids than diploids. Crop Sci 34:823-829.

Comai L (2005) The advantages and disadvantages of being polyploid. Nat Rev Genet 6:836-846.

Chen L, Shahid MQ, Wu JW, Chen ZX, Liu XD, (2018) Cytological and transcriptome analyses reveal abrupt gene
expression for meiosis and saccharide metabolisms that associated with pollen abortion in autotetraploid rice. Mol
Genet Genomics 3:1-14.

Chen L, Yuan Y, Wu JW, Chen ZX, Wang L, Shahid MQ, Liu XD (2019) Carbohydrate metabolism and fertility related
genes high expression levels promote heterosis in autotetraploid rice harboring double neutral genes. Rice 12:34.



Page 14/24

Deveshwar P, Bovill WD, Sharma R, Able JA, Kapoor S (2011) Analysis of anther transcriptomes to identify genes
contributing to meiosis and male gametophyte development in rice. BMC Plant Biol 11:78.

Doyle JJ, Flagel LE, Paterson AH, Rapp RA, Soltis DE, Soltis PS, Wendel JF (2008) Evolutionary genetics of genome
merger and doubling in plants. Genetics 42:443-461

Du Z, Zhou X, Ling Y, Zhang Z, Su Z (2010) AgriGO: A GO analysis toolkit for the agricultural community. Nucleic
Acids Res 38:64-70.

Fujita M, Horiuchi Y, Ueda Y, Mizuta Y, Kubo T, Yano K, Yamaki S, Tsuda K, Nagata T, Niihama M, Kato H, Kikuchi S,
Hamada K, Mochizuki T, Ishimizu T, Iwai H, Tsutsumi N, Kurata N (2010) Rice expression atlas in reproductive
development. Plant Cell Physiol 51:2060-2081.

Ghaleb MAA, Li C, Shahid, MQ, Yu H, Liang JH, Chen RX, Wu JW, Liu XD (2020) Heterosis analysis and underlying
molecular regulatory mechanism in a wide-compatible neo-tetraploid rice line with long panicles. BMC Plant Biol
20:83.

Guo HB, Mendrikahy JN, Xie L, Deng J, Lu ZJ, Wu JW, Li X, Shahid MQ, Liu XD (2017) Transcriptome analysis of neo-
tetraploid rice reveals speci�c differential gene expressions associated with fertility and heterosis. Sci Rep-UK
7:40139.

He JH, Shahid MQ, Chen ZX, Chen XA, Liu XD, Lu YG (2011a) Abnormal PMC microtubule distribution pattern and
chromosome behavior resulted in low pollen fertility of an intersubspeci�c autotetraploid rice hybrid. Plant Syst and
Evol 291:257-265. doi:10.1007/s00606-010-0386-y

He JH, Shahid MQ, Li YJ, Guo HB, Cheng XA, Liu XD, Lu YG (2011b) Allelic interaction of F1 pollen sterility loci and
abnormal chromosome behavior caused pollen sterility in intersubspeci�c autotetraploid rice hybrids. J Exp Bot
62:4433-4445. doi:10.1093/jxb/err098

Hollister JD, Arnold BJ, Svedin E, Xue KS, Dilkes BP, Bomblies K (2012) Genetic adaptation associated with genome-
doubling in autotetraploid Arabidopsis arenosa. PLoS Genet 8:e1003093. doi:10.1371/journal.pgen.1003093

Li X, Shahid MQ, Xia J, Lu Z, Fang N, Wang L, Wu JW, Chen ZX, Liu XD (2017) Analysis of small RNAs revealed
differential expressions during pollen and embryo sac development in autotetraploid rice. BMC Genomics 18:129.

Li X, Yu H. Jiao YM, Shahid MQ, Wu JW, Liu XD (2018) Genome-wide analysis of DNA polymorphisms, the
methylome and transcriptome revealed that multiple factors are associated with low pollen fertility in autotetraploid
rice. PLoS One 13: e0201854. doi.org/10.1371/journal.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 25:402-408.

Masterson J (1994) Stomatal size in fossil plants: Evidence for polyploidy in majority of angiosperms. Science
264:421-424.

Marhold K, Lihová J (2006) Polyploidy, hybridization and reticulate evolution: lessons from the Brassicaceae. Plant
Syst Evol 259:143-174.

Parisod C, Holderegger R, Brochmann C (2010) Evolutionary consequences of autopolyploidy. New Phytol 186:5-17.



Page 15/24

Qi YB, Liu QL, Zhang L, Mao BZ, Yan DW, Jin QS, He ZH (2014) Fine mapping and candidate gene analysis of the
novel thermo-sensitive genic male sterility tms9-1 gene in rice. Theor Appl Genet 127:1173-1182.

Shahid MQ, Sun JF, Wei CM, Zhang P, Liu XD (2010) Studies on the abnormality of embryo sac and pollen fertlity in
autoterploid rice during different growing seasons. Pak J Bot 42:7-19.

Shahid MQ, Liu GF, Li JQ, Naeem M, Liu XD (2011) Heterosis and gene action study of agronomic traits in diploid
and autotetraploid rice. Acta Agriculturae Scandinavica Section B–Soil and Plant Science 61:23-32.

Shahid MQ, Xu HM, Lin SQ, Chen ZX, Naeem M, Li YJ, Liu XD (2012) Genetic analysis and hybrid vigor study of grain
yield and other quantitative traits in autotetraploid rice. Pak J Bot 44:237-246.

Shahid MQ, Li YJ, Saleem MF, Naeem M, Wei CM, Liu XD (2013) Yield and yield components in autotetraploid and
diploid rice genotypes (indica and japonica) sown in early and late seasons. J Crop Sci 7:632-641.

Tu SB, Luan L, Liu YH, Long WB, Kong FL, He T, Xu QF, Yan WG, Yu MQ, (2007) Production and heterosis analysis of
rice autotetraploid hybrids. Crop Sci 47:2356-2363.

Wright KM, Arnold B, Xue K, Šurinová M, O'Connell J, Bomblies K (2015) Selection on meiosis genes in diploid and
tetraploid Arabidopsis arenosa. Mol Biol and Evol 32:944-955. doi:10.1186/1471-2164-11-338

Wu JW, Hu CY, Shahid MQ, Guo HB, Zeng YX, Liu XD, Lu YG (2013) Analysis on genetic  diversi�cation and heterosis
in autotetraploid rice. SpringerPlus 2:1-12. doi:10.1186/2193-1801-2-439

Wu JW, Shahid MQ, Guo HB, Yin W, Chen ZX, Wang L, Liu XD, Lu YG (2014) Comparative cytological and
transcriptomic analysis of pollen development in autotetraploid and diploid rice. Plant Reprod 27:181-196.
doi:10.1007/s00497-014-0250-2

Wu JW, Shahid MQ, Chen L, Chen ZX, Wang L, Liu XD, Lu YG (2015) Polyploidy enhances F1 pollen sterility loci
interactions that increase meiosis abnormalities and pollen sterility in autotetraploid rice. Plant Physiol 169:2700-
2717. doi:10.1104/pp.15.00791

Wu JW, Chen L, Shahid MQ, Chen MY, Dong QL, Li JR, Xu XX, Liu XD (2017) Pervasive interactions of Sa and Sb loci
cause high pollen sterility and abrupt changes in gene expression during meiosis that could be overcome by double
neutral genes in autotetraploid rice. Rice 10:49.

Wu JW, Shahid MQ, Chen MY, Li X, Li JR, Xu XS, Du SS, Liu XD (2019) Cytological and transcriptome analysis reveal
that interaction at Sb pollen sterility locus cause down-regulation of important meiosis-related genes associated with
high pollen sterility in autotetraploid rice hybrids. Plant Physiology and Biochemistry 141:73-82

Yant L, Hollister JD, Wright KM, Arnold BJ, Higgins JD, Franklin FCH, Bomblies K (2013) Meiotic

adaptation to genome duplication in Arabidopsis arenosa. Curr Biol 23:2151.

Yu Z, Haage K, Streit VE, Gierl A, Ruiz RA (2009) A large number of tetraploid Arabidopsis thaliana  

  lines, generated by a rapid strategy, reveal high stability of neo-tetraploids during consecutive

  generations. Theor Appl Genet 118:1107-1119.



Page 16/24

Zeng YX, Hu CY, Lu YG, Li JQ, Liu XD (2007) Diversity of abnormal embryo sacs in indica/japonica hybrids in rice
demonstrated by confocal microscopy of ovaries. Plant Breeding 126:574-580

Zhou H, He M, Li J, Chen L, Huang ZF, Zheng SY, Zhu LY, Ni ED, Jiang DG, Zhao BR, Zhuang CX (2016) Development
of commercial thermo-sensitive genic male sterile rice accelerates hybrid rice breeding using the CRISPR/Cas9-
mediated TMS5 editing system. Sci Rep 6:37395.

Zhou H, Zhou M, Yang YZ, Li J, Zhu LY, Jiang DG, Dong JF, Liu QJ, Gu LF, Zhou LY, Feng MJ, Qin P, Hu X C, Song CL,
Shi JF, Song XW, Ni ED, Wu XJ, Deng QY, Liu ZL, Chen MS, Liu YG, Cao XF, Zhuang CX (2014) RNase ZS1 processes
UbL40 mRNAs and controls thermosensitive genic male sterility in rice. Nature Communications 5:4884.

Tables
Table 1 Pollen fertility of neo-tetraploid rice and its parents

Material name   Pollen fertility
(%±SE)

Typical aborted
pollens
(%±SE)

Stained aborted
pollens (%±SE)

Small pollens
(%±SE)

T45-4x   54.10±3.81 8.18±0.72 37.26±3.92 0.46±0.12
T44-4x   57.66±2.78 15.08±1.56 23.07±1.98 4.19±0.51**

H1   95.62±0.34** 3.16±0.34** 0.60±0.13** 0.62±0.12

Note: ** indicated significant difference existed in pollen fertility between neo-tetraploid rice and its parents from zero at P < 0.01.
 

Table 2 Genetic variation in agronomic traits of neo-tetraploid rice and their parents

Seasons Material
name

PH
(%±SE)

EPN
(%±SE)

PL
(%±SE)

FG
(%±SE)

TGP
(%±SE)

SS
(%±SE)

GWT
(%±SE)

Late
season

T45-4x 94.40±1.19** 3.40±0.27** 25.97±0.60 63.27±4.78 120.90±9.17* 53.27±2.34** 30.74±1.39*

  T44-4x 78.10±1.58** 5.65±0.44 23.53±0.33 15.58±1.41** 55.89±1.94* 26.45±1.88** 31.39±0.46

  H1 104.40±0.93 6.60±0.40 25.46±0.52 66.34±4.63 87.02±6.34 76.46±1.43 35.44±0.34
Early
season

T45-4x 117.70±0.64** 4.45±0.28 31.74±0.46** 40.26±1.33** 132.38±4.05 30.80±0.97** 30.82±1.04**

  T44-4x 96.05±0.46** 5.85±0.27* 28.81±0.34 30.17±0.65** 77.90±0.55** 39.16±7.16** 33.74±0.49

  H1 124.45±0.84 4.95±0.22 28.09±0.24 92.75±3.57 120.41±4.23 76.55±0.84 33.86±0.29

*, ** Significantly different from zero at P < 0.05 and P < 0.01, respectively. 
PH = plant height, EPN = effective panicles number, PL = panicle length, FG = Filled grains, TGP = total number of grains per
plant, GWT = 1000-grain weight and SS = seed set ratio.
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Additional �le 3: Table S3. Frequency of abnormal chromosome behaviors in neo-tetraploid rice and its parents
during the Meiosis I.
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during the Meiosis II.
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Figure 1

Breeding procedure and phenotype of neo-tetraploid rice and its parent. a Breeding procedure of neo-tetraploid rice,
Huaduo1 (H1). b Morphologies of whole plant between neo-tetraploid rice, and its two parents. c-e Grain size of H1,
and its two parents. f-h pollen grains stained with I2-KI in H1 and its two parents. i-k Comparison of the pollen
fertility (i), seed set ratio (j) and plant height (k) between H1 and its two parents.
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Figure 2

Chromosome behaviors and chromosome con�gurations in H1 and its parents during PMC meiosis (×3000). a
Zygotene. b Diakinesis. c Diakinesis. d Metaphase I. e Anaphase I. f Telophase I. g Prophase II. h Metaphase II. i
Anaphase II. j Telophase II. k Tetrad stage. l Diakinesis, 24 II. m Diakinesis, 12 IV. n Diakinesis, 7 IV+ 10II. o
Diakinesis, 9 IV+ 6II. p Diakinesis, univalent (arrow). Bars = 10 μm.
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Figure 3

Frequency of PMCs in H1 compared with its parents at the meiosis stage. a Frequency of normal cells and main type
of abnormal cells at Metaphase I. b Frequency of normal cells and main type of abnormal cells at Anaphase I. c
Frequency of normal cells and main type of abnormal cells at Telophase I. d Frequency of normal cells and main
type of abnormal cells at Metaphase II. e Frequency of normal cells and main type of abnormal cells at Anaphase II.
f Frequency of normal cells and main type of abnormal cells at Telophase II.

Figure 4
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Number and distribution of SNPs and Indels detected on the rice chromosomes. a Number of SNPs on each rice
chromosome derived from T44-4x, T45-4x and Non-parents. b Total number of SNPs detected on each rice
chromosome derived from T44-4x, T45-4x and Non-parents.

Figure 5

Differentially expressed genes in neo-tetraploid rice detected by Re-sequencing and RNA-sequencing analysis
compared to its two parents. a Venn diagram of differentially expressed genes in neo-tetraploid rice detected by Re-
sequencing and RNA-sequencing analysis. b Number of differentially expressed genes in neo-tetraploid rice. c
Expression patterns of different groups in neo-tetraploid rice and its two parents. Red and green colors indicate up-
and down-regulated genes, respectively.
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Figure 6

Expression patterns of genes may be involved in meiosis and microspore development. a Expression patterns of
meiosis genes. b Expression patterns of the 12 known tapetum-related genes. c Expression patterns of the 12 known
pollen fertility genes.
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Figure 7

The distribution of up-regulated genes involved in meiosis process and anther speci�c in neo-tetraploid rice
comparative with its two parents.

Figure 8

Phenotypic comparison and developing rice anthers between nt-tms5-1 and its wild type (WT) in neo-tetraploid rice.
a and b Floral organs between the wild type and nt-tms5-1 after removed the lemma. Bars = 1 mm. c and d Anthers
between the wild type and nt-tms5-1 using the WE-CLSM analysis. Bars = 100 μm. e and f Comparison of the panicle
between the wild type and nt-tms5-1. g and h Pollen grains stained with 1% I2-KI solution showing mature pollen
grains in WT and typical abortion of mature pollen grains in nt-tms5-1. Bars = 100 μm. i and j Pollen grains stained
with 10 mg/L eosin B solution showing mature pollen grains in WT and typical abortion of mature pollen grains in
nt-tms5-1. Bars = 50 μm. k to p Semi-thin sections of wild type anthers. k meiosis stage; l meiosis stage; m, meiosis
stage; n meiosis stage; o late bicellular stage; p mature pollen stage. q to v Semi-thin sections of nt-tms5-1 anthers. q
pre-meiotic interphase; r meiosis stage; s meiosis stage; t single microspore stage; u late bicellular; v mature pollen
stage. E, En, M and T indicate the epidermis, endothecium, middle layer and tapetum, respectively. Bars = 50 μm.

Figure 9

Veri�cation of the predicated TMS5 regulation network during the pollen development process in nt-tms5-1 and its
wild type. a Predicted protein-protein interaction network of TMS5 gene. b to j Quantitative real-time PCR (qRT-PCR)
con�rmation of the regulation network difference between the nt-tms5-1 and its wild type using the qRT-PCR
analysis. b, c, d and f, indicated lower gene expression level in nt-tms5-1 compared with its wild type. e, g, h, i and j,
indicated higher gene expression level in nt-tms5-1 compared with its wild type. PMA, indicated the pre-meiosis
stage. MA, indicated the meiosis stage. SCP, indicated single microspore stage.
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