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The thermo-sensitive genic male sterility (TGMS) line SP2S is a spontaneous rapeseed

mutation with several traits that are favorable for the production of two-line hybrids.

To uncover the key cellular events and genetic regulation associated with TGMS

expression, a combined study using cytological observation, transcriptome profiling,

and gene expression analysis was conducted for SP2S and its near-isogenic line

SP2F grown under warm conditions. Asynchronous microsporocyte meiosis and

abnormal tapetal plastids and elaioplasts were demonstrated in the anther of SP2S.

The tetrad microspore did not undergo mitosis before the cytoplasm degenerated.

Delayed degradation of the tetrad wall, which led to tetrad microspore aggregation,

resulted in postponement of sexine (outer layer of pollen exine) formation and sexine

fusion in the tetrad. The nexine (foot layer of exine) was also absent. The delay of

tetrad wall degradation and abnormality of the exine structure suggested that the

defective tapetum lost important functions. Based on transcriptomic comparisons

between young flower buds of SP2S and SP2F plants, a total of 465 differentially

expressed transcripts (DETs) were identified, including 303 up-regulated DETs and 162

down-regulated DETs in SP2S. Several genes encoding small RNA degrading nuclease

2, small RNA 2′-O-methyltransferase, thioredoxin reductase 2, regulatory subunit A alpha

isoform of serine/threonine-protein phosphatase 2A, glycine rich protein 1A, transcription

factor bHLH25, leucine-rich repeat receptor kinase At3g14840 like, and fasciclin-like

arabinogalactan proteins FLA19 and FLA20 were greatly depressed in SP2S.

Interestingly, a POLLENLESS3-LIKE 2 gene encoding the Arabidopsis MS5 homologous

protein, which is necessary for microsporocyte meiosis, was down-regulated in

SP2S. Other genes that were up-regulated in SP2S encoded glucanase A6,

ethylene-responsive transcription factor 1A-like, pollen-specific SF3, stress-associated

endoplasmic reticulum protein 2, WRKY transcription factors and pentatricopeptide

repeat (PPR) protein At1g07590. The tapetum-development-related genes, including

BnEMS1, BnDYT1, and BnAMS, were slightly up-regulated in 3-mm-long flower

buds or their anthers, and their downstream genes, BnMS1 and BnMYB80,
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FIGURE 5 | A network of protein-protein interactions based on analysis of the DETs. The scheme was drawn using the STRING software. The gene names were listed

in Dataset S1. Genes are showed as nodes and interactions are presented as edges.

sequence of POLLENLESS3-LIKE 2 should contain a long
mutation zone in SP2S and will be very interesting for future
study.

Fourteen other important DETs listed in Tables 2, 3 were
also chosen for gene expression analysis via real-time PCR.
The results showed that, in small buds, the relative expression
levels of all of the selected DETs were in line with the DGE
profiling data (Figure 6), although the expression patterns
of these genes changed with sample age (Figure 6). In
general, expression of genes encoding the regulatory subunit
alpha isoform of serine/threonine-protein phosphatase 2A
(PP2AA1), bHLH25, thioredoxin reductase 2-like (NTR2),
small RNA degrading nuclease 2-like (SDN2), leucine-rich
repeat receptor protein kinase (LRR-RK), phosphoinositide

phospholipase C1, ABC transporter E1, small RNA 2′-O-
methyltransferase, GRP1A, and MADS-box FLC5 were down-
regulated. Four selected DETs that were up-regulated in
SP2S encode pollen-specific protein SF3, probable transcription
factor WRKY70, glucanases A6, and glucan endo-1,3-beta-
glucosidase-like (LOC103873744). The other two selected DETs
encode ethylene-responsive transcription factor 1A-like and
pentatricopeptide repeat-containing protein (PPR) At1g07590
showed increased expression in the anther of 3-mm-long
buds (Figure 6). We also found that some genes well-
known to encode transcription factors that are involved in
stress-response and defense, including WRKY40, WRKY46,
WRKY53,WRKYDQ209287.1, andNAC67 were up-regulated. In
addition, the transcription factor genesMYB4, signal recognition
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FIGURE 6 | Relative expression of key differentially expressed transcripts in different tissues of SP2S compared to SP2F. Values were estimated from 2−11CT values

in qRT-PCR. The expression differences among different tissues at a confidence level of 95% were indicated by letters (i.e., a, b, c) and the standard deviation for each

sample with three replicates was indicated by error bars.
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FIGURE 7 | Profile of PCR amplified in SP2F (F1–F5) and SP2S (S1–S5) of four pairs of primers designed for Pollenless3-like 2. M, DNA marker.

particle (SRP), and stress-associated endoplasmic reticulum 2-
like as well as three genes for subunit 37 of the probable
mediator of RNA polymerase II (heat shock protein 70
family) were also up-regulated in SP2S. Some genes maybe
co-expressed with the TGMS gene or regulated by TGMS
directly/indirectly.

Expression Analysis of Nine Key Tapetum
Preferential Genes
Expression of nine key genes (Zhou et al., 2012) that are
crucial for tapetum development was also detected by qRT-
PCR. Expression differences in the 1-mm small buds were
difficult to detect (Figure 8), which may explain why there were
no DETs found by DGE tag profiling. The upstream genes,
including BnSPL, BnTPD1, and BnROXY2, were not affected in
TGMS SP2S, except that BnEMS1 was up-regulated (Figure 8)
in middle and large buds. Three key genes, including BnTDF1,
BnAMS, and BnDYT1, which control the later stage of tapetal
development, were also slightly up-regulated in 3-mm-long buds
or anthers. Surprisingly, expression of BnMS1 and BnMYB80,
whose proteins influence callose dissolution and exine formation
indirectly by regulating tapetum development (Vizcay-Barrena
and Wilson, 2006; Zhang et al., 2007), were greatly up-regulated
in 3-mm-long floral buds (Figure 8) that correspond well to
difficult dissolution of tetrad wall and delayed formation of exine.

DISCUSSION

Asynchronous Meiosis Leads to Abnormal
Tetrad Microspores
Using cytological observation, we focused on several key events
in male sterility and narrowed the window for transcriptome
sampling. As a supplement to our previous microscopic
observation, the electron microscopic study and microsporocyte
staining helped to elucidate the detailed cellular events associated
with TGMS SP2S. The phenotype of anther abortion in
SP2S showed characteristics of both asynchronous meiosis
of microsporocytes and “fat tapetum” (Sanders et al., 1999),
different from other male sterilities reported in rapeseed (Dun
et al., 2011; Xin et al., 2016). Several meiosis-specific gene sub-
networks, such as the transition from mitosis to meiosis (RNA

polymerase, double-stranded RNA binding, ribonucleoprotein),
homologous pairing and synapsis, meiotic replication and
chromosome structure control (Flap endonuclease), and
meiotic progression, have been identified (Aya et al., 2011;
Sharma and Nayyar, 2016). A model has been proposed
in which meiotic progression in Arabidopsis pollen mother
cells is driven by unidentified cyclins and cyclin-dependent
kinase activity that is modulated by regulatory interactions
between THREE DIVISION MUTANT1 (TDM1/MS5),
TARDY ASYNCHRONOUS MEIOSIS (TAM/CYCA1;2), and
SUPPRESSOR WITH MORPHOGENETIC EFFECTS ON
GENITALIA7 (SMG7) (Bulankova et al., 2010). TDM1 is a
tetratricopeptide repeat domain-containing protein that involves
the regulation of cell division after male meiosis II to facilitate
exit from meiosis and transition to G1 (Ross et al., 1997). The
POLLENLESS3-LIKE2 gene, which is conserved in SP2F but
partially absent in SP2S, is the homolog of the TDM1/MS5
gene in Arabidopsis. The Arabidopsis ms5-2 mutant also
showed a phenotype of environmentally sensitive male sterility,
chromatin recondensation and stretching after meiosis II and
was characterized by a dense microtubule network connecting
haploid nuclei in the tetrad stage, which rearranged into four
bipolar spindles as chromatids recondensed, as if haploid nuclei
entered a third meiotic division (Glover et al., 1998). Although,
we did not find a third cell division phenomenon in SP2S, there
was abnormal regulation of some meiosis-specific genes, which
led to asynchronous meiosis. Except for abnormal meiosis,
the tetrad microspores of SP2S seemed undergo no mitosis,
suggesting that TGMS might affect the completion of mitosis.
This also intimated the involvement of more cell cycle related
genes, for instance, down-regulation of PP2AA1, which encodes
a 65 KD regulatory subunit alpha isoform of Serine/threonine-
protein phosphatase 2A is required for proper chromosome
segregation and centromeric localization in mitosis (Zhou et al.,
2004).

Abnormal Tapetum Affect Microgamete
Development
In most cases, the critical male gametophytic stage that is most
sensitive to abiotic stress often coincides with the meiosis to
microspore transition stage (Parish et al., 2012; De Storme and
Geelen, 2014). Both the anther ultrastructure and transcriptome
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TABLE 4 | Information of the primers designed for POLLENLESS3-LIKE2.

Primer name Sequence of left primer Sequence of right primer Product size Nucleotide position from ATG codon

PL32-1198 CTCCATTGACTCTCCCCAAA CACAACTCAACATTCCCATTGT 1198 −21 to 1,176

PL32-262 GCCATAGTGATGAAGCAGCAA AGGCTCTTGGGTTTAGACAGG 1088 240 to 1,328

PL32-Promoter CGGACGTTAATTTTGGGTGT GATACCGAGAGGCTTTGCAG 1747 −1,701 to 46

PL32-Tail CACCGGACAACAACAAGATG ACCCACACTCCATTGCTTTC 654 742 to 1,396

FIGURE 8 | Relative expression level of nine key genes crucial for microsporocyte and tapetum development in different tissues of SP2S compared to SP2F. Values

were estimated from 2−11Ct values in qRT-PCR. Expression differences among different tissues were indicated by letters a, b c, and d at a confidence level of 95%,

and the standard deviation for each sample with three replicates was indicated by error bars. These genes were homologous to Arabidopsis SPOROCYTELESS (SPL),

EXCESS MICROSPOROCYTES 1 (EMS1), CC-TYPE GLUTAREDOXINS1 (ROXY2), TAPETAL DETERMINANT 1 (TPD1), DYSFUNCTIONAL TAPETUM (DYT1),

TAPETUM DEVELOPMENTAND FUNCTION1 (TDF1), ABORTED MICROSPORES (AMS), MALE STERILITY1 (MS1), and MYB80, respectively. MS1 and MYB80 were

highly up-regulated.

profile showed remarkable changes in SP2S in responding to
moderate heat stress at this stage. Upon exposure to heat stress,
anthers typically show premature disappearance of the tapetum,
together with severe alterations in microspore development, as
in barley (Abiko et al., 2005), TGMS rice (Ku et al., 2003; Shi

et al., 2003), and rapeseed reverse TGMS (Yu et al., 2016).
During normal male gametogenesis, when the tapetum becomes
secretory, it is strongly metabolically active and serves as a
nutritive source by providing essential elements and energy to
neighboring microspores and enzymes to release of microspores
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from the meiotic tetrad and cell wall components to construct
the pollen exine layer, such as sporopollenin (Ariizumi and
Toriyama, 2011). Once the tapetum transition is blocked, tapetal
cells become enlarged and abnormally vacuolated, followed
by aberrant microspore separation and abnormal pollen-wall
development (Abiko et al., 2005; Ariizumi and Toriyama, 2011;
Parish et al., 2012). The extreme vacuolated tapetal cells in SP2S
indicated a halt or slowing of the transition to a secretory-type
tapetum and attenuated or partially lost some tapetal functions
that provide essential materials for microspore development.

Later Degradation of the Tetrad Wall Leads
to Exine Fusion
Several studies have observed clamped, tetrad-shaped spores in
heat-stressed male gametogenesis in Arabidopsis, the cause of
which was hypothesized to be persistence of tetrad wall (Kim
et al., 2001; Rhee et al., 2003; De Storme and Geelen, 2014).
Our present results also showed that delayed degradation of
tetrad wall (callose wall and/or primary cell wall microsporocyte)
led to aggregated microspores in SP2S and sexine fusion.
The abnormal exine, including nexine absence and sexine
fusion, reported in this study is the first case reported in
Brassica species. As it contains callose, cellulose and pectin,
the tetrad wall should be dissolved by several tapetum
enzymes, including beta-1,3-glucanase and polygalacturonase
(Rhee et al., 2003; Li and Wu, 2012). Our transcriptomic
profiling and real-time PCR results showed that glucanase
A6, three transcripts (comp52020_c1_seq1, comp52644_c0_seq1,
and comp452_c0_seq1) encoding beta-1,3-glucosidase, and the
QRT3 gene (comp64567_c0_seq1) encoding polygalacturonase
were obviously up-regulated. In addition, both microscopic and
ultramicroscopic observations demonstrated abnormal callose
layer surrounding tetrad microspores and even pollen (Yu
et al., 2015). Similarly, the Arabidopsis cdm1 mutant also led
to incomplete degradation of callose layer and greatly up-
regulated A6 and MYB80, but down-regulated callose synthase
gene CalS5 and CalS12 (Lu et al., 2014). Their results suggested
a contradiction between reduced accumulation and delayed
degradation of callose. Expression of AtMYB80 and A6 was
thought to be activated precociously (Lu et al., 2014), somehow
affecting the expression of CalS5 and CalS12 and leading to
reduced callose accumulation. It seemed that up-regulation of
glucanase genes may not always mean quick degradation of
callose wall. It should be noted that the dynamic balance process
between callose accumulation and dissolution was affected by at
least three factors: the amount of callose degradation enzymes,
the structure and components of tetrad wall, and the synthesis
rate of cell wall materials. In fact, increased expression of cellulose
synthase A catalytic subunit, cellulose synthase D2, and callose
synthase gene GSL2/CalS5, GSL10/CalS9, and GSL12/CalS3, was
found in SP2S in another study by our group (unpublished).
Thus, the requirement for elevated expression of the five genes
encoding callose wall degradation enzymes indicated difficulty
or delay in tetrad wall degradation. The delay of tetrad wall
degradation in SP2S maybe resulted from an imbalance between
synthesis and degradation of the callose, cellulose, or pectin.

The pollen exine pattern appeared to be dependent on at
least three major developmental processes: primexine formation,
callose wall formation, and sporopollenin deposition (Ariizumi
and Toriyama, 2011). Sporopollenin is synthesized via catalytic
enzyme reactions in the tapetum, and both the primexine and
callose walls provide an efficient substructure for sporopollenin
deposition (Ariizumi and Toriyama, 2011). Thus, the abnormal
primexine and callose walls in SP2S will also affect exine
formation. AtMYB80 (Zhang et al., 2007) and MS1 (Vizcay-
Barrena andWilson, 2006) play important roles in the regulation
of callose dissolution and primexine formation, respectively.
Expression of BnMYB80, BnMS1, and beta-1,3-glucanase A6 was
abruptly up-regulated at the later microspore stage in SP2S,
suggesting abnormalities of callose dissolution and sporopollenin
secretion. However, the formation of sexine on the aborted
microspore suggested that tapetum could synthesize some
sporopollenin before it degenerated.

Moreover, secretion of such materials from abnormal tapetal
cells, including lipid compounds and AGPs, also affected the
formation of exine, as indicated by the lack of pollen nexine and
abnormal tapetal plastids and elaioplasts in SP2S. In cruciferous
plants, two specific organelles—elaioplasts and tapetosomes—
play a central role in accumulating the components of the
pollen coat (Suzuki et al., 2013). Sexine is predominantly
composed of sporopollenin, which consists of fatty acid
derivatives and phenolic compounds, while nexine is composed
of arabinogalactan proteins (AGPs) (Li and Wu, 2012), which
appear to be regulated by the tapetal AT-HOOK protein (Lou
et al., 2014). The lack of nexine in SP2S suggested depletion of
some genes for AGPs synthesis.We found down-regulation of the
fasciclin-like arabinogalactan proteins FLA19 and FLA20, which
are a subclass of arabinogalactan proteins (AGPs) that have, in
addition to predicted AGP-like glycosylated regions, putative cell
adhesion domains known as fasciclin domains (Li andWu, 2012).
Thus, the function of FLA19 and FLA20 in SP2S requires further
study. Nevertheless, the lack of nexine may not be the main
reason formicrospore abortion because it occurred at a later stage
of microspore degeneration.

Other Genes Involved in Anther Abortion of
SP2S
Many genes controlling stamen and pollen development have
been identified, and their specific roles have been characterized
(Ma, 2005; Aya et al., 2011; Zhu et al., 2011; Sharma and
Nayyar, 2016). For higher plants, environment-sensitive male
sterilities are difficult to decipher due to complex gene-
environment interactions and phenotypic variation. Numerous
studies have attempted to map the genes associated with TGMS
or photoperiod-sensitive genic male sterility (PGMS), but only
a few, in species with simple genomes, have been successfully
cloned (Ding et al., 2012; Zhou et al., 2014; Fan et al., 2016).
These studies in rice suggest that abnormal degradation and
accumulation of some RNAs, for examples, UbL40 mRNA, long
non-coding RNA and small-interfering RNA, play important
roles in the occurrence of TGMS and PGMS (Ding et al., 2012;
Zhou et al., 2014; Fan et al., 2016). Our DGE profiling provided
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FIGURE 9 | A scheme of genetic networks in TGMS SP2S. The functional network of TGMS in tapetum and microspore development in B. napus based on the

analysis of differentially expressed transcripts and gene information from Arabidopsis.

a snapshot of the complex transcriptional network that operates
TGMS. However, it is difficult to anchor the trigger of the male
sterility gene itself by this means, although global differential
expression between themale sterile mutant andwild type is useful
to unveil genes associated with anther abortion. Fortunately,
the aberrant genetic regulation in SP2S corresponded well
to abnormal behaviors, including asynchronous meiosis of
microsporocyte, delayed dissolution of the tetrad wall, a fused
sexine, and premature breakdown of the fat tapetum. This
knowledge is useful to narrow the scope of interesting DETs and
genes.

Some down-regulated DETs, such as bHLH25, thioredoxin
reductase 2-like, SDN2, Small RNA 2′-O-methyltransferase,
Phosphoinositide phospholipase C1, ABC transporter E1, LRR-
RK, and GRP1A-like genes, merit further study. We determined
the possible functions of these proteins based on annotations
in Uniprot (http://www.uniprot.org). For example, bHLH 25
is specifically expressed in flowers and is induced by ethylene
and jasmonic acid treatments. Thioredoxin reductase 2-like
is a mitochondrial enzyme that catalyses the reduction of
thioredoxin and is implicated in defense against oxidative
stress. Small RNA-degrading nuclease 2 (SDN2) has 3′–
5′ exonuclease activity that degrades single-stranded small
RNAs. Small RNA 2′-O-methyltransferase protects the 3′-end
of sRNAs from uridylation activity and is involved in plant
development through its role in small RNA processing. The
ABC transporter E1 is an ATP-binding cassette and utilizes
the energy of ATP binding and hydrolysis to transport various
substrates across cellular membranes. GRP1A performs RNA
chaperone functions during the cold adaptation process and
may play a general role in circadian phenomena associated
with meristematic tissue. Phosphoinositide phospholipase C1

catalyses themajority of myo-inositol synthesis required for plant
growth and development, acts as a repressor of programmed
cell death and protects plant cells against cell death under high
light intensity or long days. At3g14840-like protein belongs
to the LRR-RK family, which may work in defense response
or anther development (Zhao et al., 2002). Thus, reduced
expression of these important genes in floral buds would affect
microsporogenesis, which is very sensitive to various abiotic
stress.

Moreover, accumulation of harmful wastes as in rice (Zhou
et al., 2014) and up-regulation of key genes are also useful
for searching for candidate genes. Three genes were up-
regulated, including those encoding pollen-specific protein SF3,
which has the potential to function as an actin filament
bundling protein, glucanase (glucan endo-1,3-beta-glucosidase),
and transcription factor WRKY family member, which is
a frequently occurring elicitor-responsive cis-acting element.
The other two up-regulated genes include ethylene-responsive
transcription factor 1A-like, which acts as a transcriptional
activator involved in the regulation of gene expression by stress
factors, and pentatricopeptide repeat-containing protein (PPR)
At1g07590, which has an unknown function. PPRs are involved
in many post-transcriptional processes, such as splicing, editing,
processing and translation within organelles, and some PPRs are
well known as plant restorers-of-fertility (Delannoy et al., 2007).

A Working Model for TGMS That Affect
Tapetal Differentiation and Development
The genetic network for key genes that impact tapetal
differentiation and development of Arabidopsis have now been
characterized, and some are down-regulated in a certain male
sterility (Ma, 2005; Aya et al., 2011; Zhu et al., 2011; Sharma
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and Nayyar, 2016). The earliest genes required for Arabidopsis
cell division and differentiation into anther include SPL, EMS1,
TPD1, and ROXY2. Arabidopsis ems1 mutant anthers have
excess microsporocytes, but no tapetal layer and male meiotic
cytokinesis, resulting in the failure of tetrad microspores (Zhao
et al., 2002).AMS andDYT1 affect the later stages of development
during tapetal maturation (Aya et al., 2011; Zhu et al., 2011;
Sharma and Nayyar, 2016). At the final stage, MS1 and MYB80
are required for exine formation because MS1 is involved in
tapetal secretion and the exine structure and MYB80 regulates
glucanase A6 transcription during callose dissolution (Vizcay-
Barrena and Wilson, 2006; Zhang et al., 2007; Aya et al.,
2011; Sharma and Nayyar, 2016). Many previous studies have
suggested that down-regulation or knock-down of these genes
leads to various male sterilities. However, both genetic regulation
and cytological characterization of TGMS SP2S are different
from these male sterilities. We found that expression of some
tapetum-preferential genes was up-regulated, except for BnSPL,
BnTPD1, and BnROXY2. Up-regulation of BnEMS1 in SP2S may
be caused by unknown TGMS genes that may affect tapetum
formation, suggesting that TGMS genes may play an upstream
regulatory role in normal tapetum development. Up-regulation
of BnMYB80, BnMS1, and the tapetum marker gene glucanase
A6 was in line with the abnormal tapetal function of control
callose dissolution and exine formation, as in the Arabidopsis
cdm1 (CALLOSE DEFECTIVE MICROSPORE1) mutant (Lu
et al., 2014). It is possible that TGMS genes can regulate
tapetum-necessary genes, such as BnEMS1, BnAMS, BnDYT1,
BnMYB80, BnMS1, and beta-glucanase A6. Further experiments
are needed to test whether these genes are direct targets of
TGMS and/or other key proteins for tapetal development and
function.

Therefore, based on the results of these cytological and
transcriptional analyses, a simple working model of TGMS
male sterility in rapeseed was established (Figure 9). It is
likely that the TGMS genes in SP2S affect key proteins
that are required for microsporocyte meiosis and tapetum
development. For example, BnEMS1, BnDYT1, and BnAMS
resulted in defective tapetal cells during the microsporocyte
stage. Up-regulation of BnMYB80, BnMS1, and Glucanase A6
compensated for the delay of tetrad wall degradation and
sexine formation by additional beta-glucanase and other related
genes. However, the nexine was absent due to the shortage of
AGPs.

CONCLUSION

In summary, the results of cytological observation
indicated that expression of TGMS in the SP2S line
may be caused asynchronous meiosis of microsporocytes
and premature breakdown of the fat tapetum. The
aberrant transcriptional regulation in SP2S may disrupt
the coordination of developmental and metabolic
processes, resulting in defective tapetal cells and abnormal
microspores. To our knowledge, this is the first investigation
combining cytological and transcriptomic comparisons

of temperature-induced male sterility in rapeseed. The
ultrastructural abnormalities and altered gene expression
in SP2S provided clues about TGMS genes for further
study.
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Figure S1 | Flowers of near isogenic line SP2F and SP2S.

Figure S2 | Heatmap of clustering of six samples and top 100 DETs. Heat maps

showed top 100 DETs with log10 (RPKM+1) scale. Color intensities (from green to

red shading) increased with elevated expression level, as indicated at upper left.

F1, F2, F3, and S1, S2, S3 indicated different biological replicates of two groups

of samples.

Table S1 | Quality appraisal of digital gene expression tag profiling reads in the six

samples.

Dataset S1 | Differentially expressed transcripts (DETs) between SP2S and SP2F.

A total of 465 DETs, including 303 up-regulated and 162 down-regulated in SP2S

were listed in this dataset. DETs were selected with false discovery rate

(FDR) ≤ 0.05 and fold change ≥2. Count number, RPKM value, fold change, gene

sequence, GO terms, KEGG pathway, and Blast hits are shown.

Dataset S2 | Result of GO term enrichment corresponding to differentially

expressed transcripts of sample SP2S vs. SP2F. S gene is a significant gene by

Fisher’s exact test; TS gene is total significant genes; B gene is a gene in the

pathway; TB gene is the total genes tested.
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