
752

Introduction

Wheat (Triticum aestivum L.) is the most widely planted 
and important food crop throughout the world. Heterosis 
can be exploited to increase the crop yield and it has been 
utilized widely in cross-pollinating crops (Duvick 1999). 
Hybrid maize and rice make tremendous contributions to 
the global food supply, but hybrid wheat has still not con-
tributed significantly to worldwide wheat production (Dong 
et al. 2012, Edwards 2001, Zhou and Wang 2008). At pres-
ent, two-line breeding systems for wheat are being studied, 
which depend on thermo/photoperiod-sensitive genic and 
cytoplasmic male sterility, to assess their potential use in 
hybrid wheat breeding. Indeed, two-line breeding systems 
can facilitate crop breeding and provide an effective alterna-
tive to the cytoplasmic male-sterile (CMS) system for hy-
brid seed production (Murai 2001, Sun et al. 2001). The 
currently available thermo/photoperiod-sensitive male- 
sterile lines include D2 (male-sterile at a photoperiod ≥15 h) 
(Murai 1998, Murai et al. 2008), C49S (male-sterile at a 

temperature ≤12.5°C) (Yang et al. 1998), ES (male-sterile at 
a photoperiod ≤11.5 h) (Zhou and He 1996), 337S (male- 
sterile at short day lengths plus low temperatures, or long 
day lengths plus high temperatures) (Rong et al. 2001), 
BNY-S (male-sterile at ≤10°C) (Xing et al. 2003), BS20 
(male-sterile at ≤12°C) (Li et al. 2006a), BS210 (male- 
sterile at short day lengths plus low temperatures) (Zhang et 
al. 2007a), BNS (male-sterile at ≤11.4°C) (Li et al. 2009a), 
K78S (male-sterile at photoperiods ≤14.6°C) (Li et al. 
2009b), and XN291S (male-sterile at long day lengths plus 
high temperatures) (Dong et al. 2012). However, it is been 
shown that these lines have limited applicability due to the 
narrow ranges of their fertility-restoring germplasm, lower 
critical male-sterility temperatures, and shorter critical 
male-sterility photoperiods.

Therefore, a thermo-sensitive cytoplasmic male-sterile 
(TCMS) line, KTM3315A, was developed using a novel 
breeding method, where its thermo-sensitive fertility de-
pends on the recessive nuclear gene rfv1

m from the 1BS 
chromosome of Triticum macha (He et al. 2008). According 
to our previous study, KTM3315A is completely male ster-
ile at temperatures <18°C during Zadoks growth stages 
(GS) 45 to 52 and it is capable of producing self-pollinated 
seeds when the temperature exceeds 20°C during this 
growth period. KTM3315A performs well in practical 
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hybrid wheat breeding and it is possible to produce its seeds 
in great quantities. Therefore, the TCMS-dependent two-
line breeding system is likely to be adopted widely in hybrid 
wheat production. The development of TCMS wheat lines 
shows that there is great potential for producing hybrid 
wheat seed on a commercial scale. 

In flowering plants, the development of the male gameto-
phyte occurs in the anther, and it is a highly programmed 
and elaborate process. Pollen abortion can be classified ac-
cording to four types: typical abortion, spherical abortion, 
stainable abortion, and pollen-free. The formation of fertile 
pollen in anther locules depends on nutritional contributions 
from the surrounding sporophytic tissues, which comprise 
four somatic layers from the exterior to interior, i.e., the 
epidermis, endothecium, middle layer, and tapetum. The 
tapetum is a layer of metabolically active sporophytic cells 
that surrounds the microspores within the anther (Sanders 
et al. 1999), which plays an important role in pollen devel-
opment by supplying nutrients to support pollen maturation 
as well as providing enzymes and materials for pollen wall 
biosynthesis (Wilson and Yang 2004). During pollen matu-
ration, the tapetum degenerates through a highly regulated 
process of programmed cell death (PCD). The premature or 
abrogated PCD of tapetal cells disrupts the supply of these 
nutrients to microspores, thereby resulting in sterile pollen 
(Kawanabe et al. 2006, Ku et al. 2003, Varnier et al. 2005). 
It is known that male sterility is associated with premature 
tapetal PCD, which has been described in CHA-SQ-1- 
induced male sterile wheat (Wang et al. 2015) as well as 
PET1-CMS in sunflower (Balk and Leaver 2001). However, 
little is known about tapetal and pollen development in 
TCMS line KTM3315A under different fertility conditions.

In this study, we investigated the characteristics of the 
TCMS line KTM3315A, where we compared the morpho-
logical changes in normal fertile anthers and male sterile 
anthers from TCMS line KTM3315A plants at different de-
velopmental stages using light microscopy, fluorescent mi-
croscopy, scanning (SEM) and transmission electron micros
copy (TEM), and 4′,6-diamidino-2-phenylindole (DAPI) 
staining. We found that the TCMS line KTM3315A exhibit-
ed premature tapetal PCD, thereby resulting in the failure to 
form mature pollen grains. We fully elucidated the process 
of premature PCD in the anther tapetum.

In this study, we aimed to delimit the critical stages and 
cytological features of fertility conversion in TCMS lines. 
Furthermore, we obtained cytological insights into the 
mechanism that links PCD and male sterility at the cellular 
level.

Materials and Methods

Plant materials 
The materials utilized in this study comprised the follow-

ing. (1) KTP3314A and KTM3315A, which are two TCMS 
lines with Aegilops kotschyi cytoplasm. KTP3314A is a 
conventionally bred Ae. kotschyi cytoplasmic male-sterile 

line that carries the thermo-sensitive gene rfv1
sp from the 

1BS chromosome of Triticum spelta, which is characterized 
by later maturity (247 d, where “d” is defined as days after 
sowing) and greater plant height (114 cm) (Song et al. 
2013). KTM3315A was bred by crossing KTP3314A with 
the elite wheat fertility line TM3315B (which carries the 
thermo-sensitive gene rfv1

m from 1BS chromosome of 
T. macha L.) and it is characterized by early maturity (237 d) 
and dwarf plants (51 cm) (Fig. 1, Supplemental Figs. 1, 2), 
and thus its application was more promising than that of 
KTP3314A (He et al. 2008). (2) K3315A, a CMS line, was 
employed as the control. K3315A contains Ae. kotschyi cyto
plasm and a wheat-rye 1BL/1RS translocation, but it lacks 
the restorer gene on 1BS due to the presence (occurrence) of 
the 1RS translocation, and thus this line is completely male 
sterile but with normal growth. The seeds for (1) were 
self-pollinated seeds and the seeds for (2) were backcrossed 
seeds obtained with its maintainer line 3315B. All of these 
materials were provided by the Northwest A&F University 
in Yangling, Shanxi, China.

Fertility evaluation of thermo-sensitive male sterility by 
the tiller regeneration technique

To develop an advanced thermo-sensitive male sterile 
wheat line, the existing wheat thermo-sensitive male sterile 
line was crossed by wheat cultivars with good performance, 
Tiller regeneration from the male sterile plants (F2 or 
BC2F1) screened above was performed as follows (Figs. 2, 
3): one spike from one young tiller on each of the individual 
plants with completely sterile anthers was bagged to con-
firm sterility at anthesis. The main stems and other early 
tillers were removed from these plants after anthesis. The 
plants were then fertilized and irrigated to promote the for-
mation of secondary tillers during the period with fertile 
temperature conditions. The spikes on the newly formed 
secondary tillers were bagged prior to anthesis. Mature seeds 
were harvested from the bagged spikes of the secondary 

Fig. 1.	 Breeding model of the TCMS line, where rfv1
sp and rfv1

m are 
a pair of alleles. For the K-CMS gene, rfv1

sp and rfv1
m are sensitive to 

temperature (He et al. 2008, Song et al. 2013).
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tillers and the tillers were allowed to continue selfing until 
they exhibited stable fertility in the following year.

Fertility changes in KTM3315A in different wheat zones 
of China

During the regular wheat growing season, KTM3315A 
was sown at the following five wheat zones of China 
(Fig. 4): Yangling and Longxian (34°91′N, 106°86′E), and 
Shijiazhuang (37°53′N, 114°30′E) in the wheat production 
zone located in Yellow and Huai River valleys Facultative 
Wheat Zone; Yuanmou (25°14′N, 108°08′E) and Guiyang 
(26°35′N, 106°42′E) in the wheat production zone located 
in Southern Autumn-Sown Spring Wheat Zone; Wuwei 
(37°55′N, 102°39′E) and Huzhu (36°49′N, 101°95′E) in the 
Northwestern Spring Wheat Zone; and Yi’an (47°88′N, 
125°03′E) in the Northeastern Spring Wheat Zone. 
KTM3315A was also planted in these locations at later 

dates during 2010–2012 to determine whether the plants 
could set seeds at higher than normal temperatures, as well 
as to identify the optimum region for producing hybrid 
seeds of KTM3315A. After ripening, the seed setting rate 
(%) in KTM3315A was estimated based on the seed-setting 
rates of the first and second florets among all the spikelets 
from the bagged spikes of each plant. The results were ana-
lyzed by Duncan’s new multiple-range test using SAS 6.0 
(SAS Institute, Cary, NC, USA).

Critical growth stages for thermo-sensitivity in the TCMS 
line KTM3315A

In October 2011, the K-type thermo-sensitive male-sterile 
wheat line KTM3315A and the non-thermo-sensitive male 
sterile wheat line K3315A were planted in pots (in 14 pots 
coded as A, B …M, N, and 1, 2 …13 and 14, respectively). 
The pots were 30 cm high and 30 cm in diameter. Topsoil 
was used to fill these pots and seven seeds of KTM3315A or 
K3315A were then sown in each of the pots. The pots were 
kept at the Irrigation Station of the Northwest A&F Univer-
sity and managed according to standard field wheat produc-
tion practices. In 2012, when half of the potted plants began 
to joint (April 3), they were moved into a growth chamber, 
which was programmed with a day/night light period of 
13/11 h and a day/night temperature of 22°C/20°C, with a 
light intensity of 10000 Lux. The last potted plants were 
treated when they entered the flowering stage on May 2. 
The method used is described in the following.

Two KTM3315A planted pots (Pots A and B) and two 

Fig. 2.	 Breeding model of the TCMS/GMS line, where TCMS/
TGMS line is a cytoplasmic/genic thermo-sensitive male sterile line, 
and B line is its Maintainer line. Gene rf trf t (r tr t) is sensitive to tem-
perature, and S represent male sterile cytoplasm.

Fig. 3.	 Breeding model of the TCMS/GMS line, where TCMS/
TGMS line is a cytoplasmic/genic thermo-sensitive male sterile line, 
and F line is its restoration line. Gene rf trf t (r tr t) is sensitive to tem-
perature, and S represent male sterile cytoplasm.

Fig. 4.	 Wheat zones of China. I Northern Spring Wheat Zone, II 
Northern Winter Wheat Zone, III Middle and Low Yangtze Valleys 
Autumn-Sown Spring Wheat Zone, IV Northeastern Spring Wheat 
Zone, VI Southwestern Autumn-Sown Spring Wheat Zone, VII Yellow 
and Huai River valleys Facultative Wheat Zone, VIII Qinghai-Tibetan 
plateau Spring-Winter Wheat Zone, IX Northwestern Spring Wheat 
Zone, X Southern Autumn-Sown Spring Wheat Zone, XI Xinjiang 
Winter-Spring Zone. ①Yangling, ②Longxian, ③Shijiazhuang, ④ 
Yuanmou, ⑤Guiyang, ⑥Wuwei, ⑦Huzhu, ⑧Yi’an.
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K3315A planted pots (Pots 1 and 2) were used as the growth 
chamber controls, which were moved into the growth cham-
ber and subjected to cytological investigation between April 
3 and May 2 (Supplemental Table 1). In addition, two 
KTM3315A planted pots (Pots M and N) and two K3315A 
planted pots (Pots 13 and 14) were used as the field controls, 
which were not moved into the growth chamber. Each of the 
other pots of KTM3315A and K3315A were moved sepa-
rately into the growth chamber only once and they were 
kept there for three days, i.e., Pots C and 3, D and 4…, L 
and 12 (10 times in total). All of the potted plants from the 
different lines were treated under the day and night light 
period and temperature regimes described above, and then 
moved back to their original sites where they continued to 
grow. Before and after they were treated, the plants were 
examined and evaluated in terms of their growth, where 
they were tagged with their growth stages. The spikes of 
these plants were bagged before they flowered and their 
selfed seed setting percentages were examined when they 
ripened. Anther development was determined as described 
by Ba et al. (2014) and Zhang et al. (2013).

Phenotypic characterization and cytological observations
Photographs of plant materials were obtained using a 

Nikon E995 digital camera (Nikon, Tokyo, Japan) mounted 
on a Motic K400 dissecting microscope (Preiser Scientific, 
Louisville, KY, USA). The different anther development 
stages were identified by staining with 1% acetocarmine 
and the chromosomes were analyzed by staining with 
DAPI. To evaluate the viability of mature pollen grains, 
dehiscent anthers from mature flowers were stained using 
I2-KI (1 g iodine and 3 g potassium iodide in 100 mL water) 
(Chang et al. 2009). To obtain semi-thin sections, anthers 
were prefixed and embedded at various stages, and trans-
verse sections measuring 1 μm were placed onto slides and 
then stained with toluidine blue. The anthers and micro-
spores were analyzed by SEM, as described by Zhang et al. 
(2007b), and observed with a JSM-6360LV scanning elec-
tron microscope (JEOL, Tokyo, Japan). Anthers at various 
developmental stages were fixed, embedded, and stained for 
TEM, as described previously (Cheng et al. 2013). Observa-
tions and image capture were performed with a JEM-1230 
transmission electron microscope (JEOL).

Results 

Development and fertility changes in KTM3315A in differ-
ent wheat zones of China

In order to optimize the conventional breeding system 
for the K-type TCMS (K-TCMS) lines (Song et al. 2013), 
we developed a novel seed production system for the TCMS 
line KTM3315A (Fig. 1, Supplemental Figs. 1, 2) based on 
the requirements of the K-TCMS wheat line. The system 
was operated as follows. In 2004, the TCMS line KTP3314A 
(rfv1

sprfv1
sp Ae. kotschyi cytoplasm) planted in the regular 

wheat growing season was backcrossed directly with an 

elite wheat line (TM3315B) as the recurrent parent, and 
then early maturing, dwarf male-sterile plants were screened 
from the BC2F1 generation.

Tiller regeneration from the male sterile plants screened 
above was performed as follows: one spike from one young 
tiller on each of the individual plants with completely sterile 
anthers was bagged at the end of April (during the last 10 
days when the average daily temperature was 17°C) follow-
ing anthesis to confirm sterility. The main stems and other 
early tillers were removed from these plants on May 4 when 
the average temperature was approximately 21°C. The 
plants were then fertilized and irrigated to promote the for-
mation of secondary tillers during the period with higher 
average temperatures (23°C) in the early summer. The 
spikes on the newly formed secondary tillers were bagged 
prior to anthesis. Mature seeds were harvested from the 
bagged spikes of the secondary tillers and the tillers were 
allowed to continue selfing until they exhibited stable fertil-
ity in the following year. In 2008, an earlier mature and 
dwarf TCMS line, KTM3315A, was bred in the same man-
ner. Compared with the conventional breeding system for 
hybrid wheat, this system had the advantages of simplifying 
and shortening the breeding process.

To investigate fertility changes in different wheat zones 
of China, we planted the line KTM3315A in the regions 
where it was planted during previous related trials. Table 1 
shows that KTM3315A had a seed setting rate of zero in 
these regions during the regular wheat-growing season, but 
the rate was above 50% when it was planted in Guiyang, 
Yangling, and Longxian during the spring and summer. 
These results indicate that KTM3315A was completely 
male-sterile under conventional wheat-growing conditions, 
but it became male fertile and could produce seeds by self- 
pollination when it was planted in the typical hotter condi-
tions of spring and summer.

Crucial growth stages for fertility conversion by temperature
For the plants in pots M and N containing KTM3315A 

and pots 13 and 14 containing K3315A, which were not 
treated under the different day and night light period plus 
temperature regimes from the jointing stage until the flow-
ering stage, the fertility of the plants did not vary when the 
average daily temperature ranged among 13.88–19.63°C in 
the field, where their selfed seed setting rates were zero. For 
the KTM3315A plants planted pots (Pots A and B) between 
April 3 and May 2, the seed setting rates ranged from 37.8% 
to 55.7%, but zero for K3315A (Pots 1 and 2) (Table 2). 
The temperature sensitivity of line KTM3315A was further 
verified by this study.

The seed setting rates of the plants from the two male 
sterile lines treated with the different day and night light 
periods and temperature regimes during specific growth 
stages indicated that KTM3315A did not convert to male fer
tility before the meiotic prophase of its pollen mother cells 
(PMCs). The seed setting rates in this line varied greatly 
from 6.7% to 54.5% between the PMC meiosis phase and 
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early uninucleate phase, which indicates that the growing 
period between PMC meiosis and the early uninucleate 
phase is probably the crucial growing period for transforma-
tion to male fertility. By contrast, when the line was treated 
with different day and night light periods and temperature 
regimes at the growth stages after meiosis, the selfed seed 
setting rate was unchanged, i.e., it was equal to zero from 
the medium uninucleate phase to the medium binucleate 
phase, thereby indicating that this line did not convert to 
male fertility during the growing period between the two 
medium phases. The seed setting rate of this line varied 
greatly among 14.3–60.7% from the late binucleate phase to 

the late trinucleate phase, which indicates that its fertility 
increased. The seed setting rate of this line was zero after 
the trinucleate phase, thereby indicating that the late binu-
cleate phase to the trinucleate phase was a second important 
thermo-sensitive stage for transformation from male sterili-
ty to fertility. When K3315A was treated under different day 
and night light periods and temperature regimes in the field 
or the growth chamber, its fertility was stable and always 
equal to zero, which further indicated that KTM3315A pos-
sessed thermo-sensitive male sterility. After treatment under 
the different day and night light periods of 13/11 h and tem-
peratures of 22°C/20°C in the other growth stages, the seed 
setting percentage was zero for KTM3315A, thereby indi-
cating that this line exhibited stable male sterility during 
these growth stages, i.e., this line was still unable to become 
fertile even at the temperatures required for fertility. Thus, 
we showed that the fertility of KTM3315A was thermo- 
sensitive during two growth stages: one between PMC mei-
osis and the early uninucleate phase (Zadocks GS 41–49), 
and another between the late binucleate phase and trinucle-
ate phase (GS 58–59), which is about 10 days under natural 
conditions (Table 3, Supplemental Table 1). Morphologi-
cal analyses showed that the fertility of wheat was thermo- 
sensitive for 3–9 days before heading and for 3–6 days be-
fore flowering (Supplemental Figs. 3, 4).

Morphological features of the TCMS line KTM3315A
Based on morphological landmarks or cellular events 

visible by light microscopy and according to a previous 
classification of anther development (Ba et al. 2014, Zhang 
et al. 2013), we assigned wheat anther development to five 

Table 1.	 Seed setting rates by KTM3315A and the average daily temperatures (Tm) and the average daily day length (Lm) during GS 37–60 at the 
eight planting locations

Wheat production zones Planting location Sowing date Lm (h) Tm (°C) Seed setting ratea (%)
Yellow and Huai River valleys 
Facultative Wheat Zone

Yangling, Shaanxi Oct. 5, 2010 13.20 16.20 0D

Oct. 6, 2011 13.45 16.55 0D

Feb. 28, 2011 13.52 22.42 60.1 ± 7.32A

Feb. 27, 2012 13.50 23.70 66.8 ± 8.57A

Longxian, Shaanxi Jul. 10, 2010 14.15 21.85 59.9 ± 7.86A

Jul. 11, 2011 14.17 23.56 56.6 ± 10.21B

Jun. 28, 2012 14.18 22.78 50.8 ± 9.01B

Shijiazhuang, Hebei Oct. 7, 2010 13.38 17.10 0D

Oct. 8, 2011 13.42 17.70 0D

Northwestern Spring Wheat Zone Wuwei, Gansu Apr. 6, 2010 14.60 15.73 0D

Apr. 13, 2011 14.70 16.56 0D

Huzhu, Qinhai Apr. 15, 2010 14.55 16.10 0D

Apr. 20, 2011 14.60 16.67 0D

Northeastern Spring Wheat Zone Yi’an, Heilongjiang Apr. 5, 2010 15.68 16.42 0D

Apr. 6, 2011 15.70 16.78 0D

Southern Autumn-Sown Spring 
Wheat Zone

Yuanmou,Yunnan Nov. 9, 2010 10.31 16.56 0D

Nov. 7, 2011 10.22 17.10 0D

Guiyang, Guizhou Nov. 8, 2010 10.60 14.01 0D

Nov. 9, 2011 12.63 14.25 0D

Jul. 10, 2011 12.71 22.90 41.5 ± 9.65C

Jul. 20, 2012 12.80 23.50 64.2 ± 8.58A

a	Data represent the means ± SD based on three replicates in eight independent experiments. The selfed seed setting rates for KTM3315A with the 
same superscripts do not differ significantly (p = 0.01) according to Duncan’s new multiple range test.

Table 2.	 Seed setting percentages by KTM3315A and K3315A from 
April 3 to May 2 after treatment under the day/night light period of 
13/11 h and day/night temperatures of 22°C/20°C

Material Codea Anther developmental stage Seed setting 
rateb (%)April 3 May 2

KTM3315A A1 PMC Milky maturity 37.8 ± 1.42
A2 PMC Mealy maturity 41.2 ± 4.13

K3315A 11 PMC Milky maturity 0
12 PMC – 0

KTM3315A B1 PMC Milky maturity 55.7 ± 4.37
B2 PMC Milky maturity 46.2 ± 3.39

K3315A 21 PMC Milky maturity 0
22 PMC Milky maturity 0

a	Two evenly growing plants were selected from different pots and 
designated as plants 1 and 2, where their full identification codes 
were A1, A2/11, 12, B1, B2/21 and 22. –: no observations made; 
PMC: pollen mother cell.

b	Data represent the means ± SD based on the five plants each pot.
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stages. The anthers of sterile plants appeared to be normal 
during the first few stages (Fig. 5A–5D, 5F–5I). However, 
at the trinucleate stage, unlike the fertile plants with mature 
pollen, the pollen of the sterile plants could not be fully 
stained with 2% I2-KI, which demonstrated that the pollen 
was abortive and the pollen abortion type was stainable 
abortion (Fig. 6C, 6D). The anthers from fertile plants were 
fully plump and bright yellow. The upper and lower ends 
were slightly forked, with normal cracking and the shedding 
of loose powdery pollen (Figs. 5J, 6F). The anthers from 
sterile plants were light in color, empty, and flat. Anther 
wall cracking was not evident, and some sterile anthers 
were bent and tapered at the upper end, forked slightly at the 
base (Figs. 5E, 6E), and the anthers shed little or no pollen 

when mature. Moreover, the plant pistils in the TCMS line 
KTM3315A exhibited normal development (Fig. 5) and 
they were able to produce normal seeds when hybridized 
with fertile pollen. To obtain a more detailed understanding 
of the abnormalities in the sterile plant anthers during the 
trinucleate stage, we used SEM to study the outer epidermal 
surfaces of the anther patterns (Fig. 6A, 6B, 6G–6N). The 
outer epidermal cells of the anthers appeared to be smaller 
than those in fertile plant cells (Fig. 6G, 6H) and they were 
more irregular in shape (Fig. 6I, 6J). At the trinucleate 

Table 3.	 Seed setting rates by the thermo-sensitive male sterile line KTM3315A when treated at a day/night light period of 13/11 h and day/night 
temperature of 22°C/20°C

Treatment date Codea Anther developmental stage Seed setting rateb 
(%)Before treatment with light and temperature After treatment with light and temperature

April 3–6 C1 Pollen mother cell Meiotic prophase I 0
C2 Pollen mother cell Meiotic late I 0

April 6–9 D1 Pollen mother cell Meiosis anaphase I 0
D2 Meiotic prophase I Tetrad 6.7 ± 2.36

April 9–12 E1 Metaphase I Early uninucleate 26.9 ± 7.58
E2 Meiotic prophase I Early uninucleate 39.5 ± 6.87

April 12–15 F1 Meiotic Late I Medium uninucleate 30.8 ± 5.63
F2 Early uninucleate Late uninucleate 0

April 15–18 G1 Tetrad Late uninucleate 54.5 ± 2.63
G2 Medium uninucleate Early binucleate 0

April 18–21 H1 Early uninucleate Early binucleate 0
H2 Late uninucleate Early binucleate 0

April 21–24 I1 Early binucleate Late binucleate 60.7 ± 3.12
I2 Late binucleate Trinucleate 14.3 ± 6.58

April 24–27 J1 Medium uninucleate Trinucleate 57.1 ± 8.45
J2 Trinucleate Mature 0

April 27–30 K1 Trinucleate Mature pollen grains 0
K2 Late trinucleate Mature pollen grains 0

April 30–May 2 L1 Late trinucleate Mature pollen grains 0
L2 Trinucleate Mature pollen grains 0

April 3–May 2 M1 Pollen mother cell Mature pollen grains 0
M2 Pollen mother cell Mature pollen grains 0

April 3–May 2 N1 Pollen mother cell Mature pollen grains 0
N2 Pollen mother cell Mature pollen grains 0

a	The plants in Pots M and N were placed in the field and they received no light and temperature treatments. The plants in the two pots were 
tagged as M1 and M2, and N1 and N2, respectively.

b	Data represent the means ± SD based on the all same developmental spikes during treatment.

Fig. 5.	 Comparison of the stamens and pistils in sterile (A to E) and 
fertile wheat plants (F to J). A and F, tetrad stage; B and G, early uni-
nucleate stage; C and H, later uninucleate stage; D and I, binucleate 
stage; E and J, trinucleate stage. Scale bars are 0.5 mm in A to J.

Fig. 6.	 Comparison of scanning electron micrograph observations, 
I2-KI staining, and anther morphology in sterile (A, C, E, G, I, K, and 
M) and fertile (B, D, F, H, J, L, and N) wheat plants at the trinucleate 
stage. A, B, E, and F, anther; C and D, I2-KI staining; G, H, I, and J, 
outer epidermal cells; K, L, M, and N, trinucleate cells. Scale bars are 
0.5 mm in A and B; 50 μm in C to F; 100 μm in G, H, K, and L; 10 μm 
in I to J; and 30 μm in M and N.
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stage, the fertile cells were rounded and plump, whereas the 
sterile cells appeared to be deformed and shrunken (Fig. 6K, 
6L, 6M, 6N). These results indicate that the TCMS line 
KTM3315A exhibited major impacts on anther develop-
ment, and that male fertility conversion could be induced.

DAPI-staining analysis of microspore development in the 
TCMS line KTM3315A 

We also investigated the development of the microspores 
of sterile plants and fertile plants by fluorescence microsco-
py (Fig. 7). At entry into the meiotic cycle, the microsporo-
cytes of the fertile and sterile plants appeared to exhibit 
normal development, where they underwent meiosis to gen-
erate tetrads of haploid microspores, but abnormal micro-
spore chromosome behaviour was observed in the sterile 
plants (Fig. 7I–7P). At the early uninucleate stage, there 
were no significant differences between the fertile and ster-
ile plants (Fig. 7R, 7W). At the later uninucleate stage, all 
of the microspores appeared to have germination apertures 
and they were round, where they also contained a very large 
vacuole with an increased microspore volume. The nucleus 
was displaced to the opposite side to the germination aper-
ture in fertile plants (Fig. 7X), whereas cell development 
was obviously abnormal in the sterile plants (Fig. 7S). The 
microspores continued to increase in volume and they be-
gan to accumulate nutrients. They possessed dense cyto-
plasm and two distinct nuclei were visible in the fertile 
plants (Fig. 7Y), whereas the cell and nucleus had abnormal 
shapes at the binucleate stage in the sterile plants (Fig. 7T). 
At the trinucleate stage, the mature pollen grain contained 
two sperm nuclei and a vegetative nucleus in the fertile 

plants (Fig. 7Z), whereas the cell shape and cell nuclei were 
not normal at this stage in the sterile plants (Fig. 7U). More-
over, SEM analysis further confirmed that the sterile plants 
exhibited a completely misshapen and shrunken extine pat-
tern (Fig. 6K, 6L, 6M, 6N).

Development of the tapetum in the TCMS line KTM3315A
To further investigate cytological structural defects, we 

performed a detailed examination of anther development in 
sterile plants and fertile plants using light microscopy and 
TEM (Fig. 8). At the tetrad stage, the tapetal cells of the 
fertile plants and sterile plants were significantly larger than 
those at any other stage, and they were contained within an 
agglomerate that could not be disaggregated. The cells pos-
sessed dense cytoplasm and they could be deeply stained 
with toluidine blue O (Fig. 8A, 8F, 8K, 8P). In addition, the 
middle layer had a band-like shape. There were no obvious 
differences in anther cellular morphology in the fertile and 
sterile plants. Normal epidermis, endothecium, middle lay-
er, and tapetum were found in both the fertile and sterile 
plants (Fig. 8A, 8F, 8K, 8P). During the early uninucleate 
stage, the fertile plant tapetal cells remained relatively thick 
and their cytoplasm stained strongly in the fertile plants 
(Fig. 8G, 8Q). By contrast, the tapetum became narrower in 
the sterile plants and began to degenerate (Fig. 8B, 8L). 
Moreover, the middle layers became very thin and they 
were still clearly visible in both the fertile and sterile plants 
(Fig. 8B, 8G, 8L, 8Q). The middle layers were barely visi-
ble in both the fertile and sterile plants until the later uni
nucleate stage (Fig. 8C, 8H, 8M, 8R). In the fertile plants, 
the tapetum began to degenerate to form a hill-like shape, 

Fig. 7.	 DAPI staining showing microspore development in sterile (A 
to H and Q to U) and fertile (I to P and V to Z) wheat plants. A, Abnor-
mal metaphase I, scattered chromosomes. B, Metaphase I, laggard 
chromosomes. C, Anaphase I, laggard chromosomes. D, Telophase I, 
abnormal dyad without the flat cell plate. E, Prophase II, abnormal 
micronucleus in cell. F, Anaphase II, laggard chromosomes. G, abnor-
mal meiosis II, chromosomes separated asynchronous. H, Abnormal 
tetrad with different size. I, Metaphase I. J, Anaphase I. K, Telophase I. 
L, Prophase II. M, Metaphase II. N, Anaphase II. O, Telophase II. P, 
Tetrad stage. Q and V, Tetrad stage. R and W, Early uninucleate stage. 
S and X, Later uninucleate stage. T and Y, Binucleate stage. U and Z, 
Trinucleate stage. Scale bars are 10 μm in A to P and 50 μm in Q to Z.

Fig. 8.	 Development of anthers in sterile (A to E and K to O) and 
fertile (F to J and P to T) wheat plants. A, F, K, and P, Tetrad stage. 
B, G, L, Q, and R, Early uninucleate stage. C, H, M, and R, Later 
uninucleate stage. D, I, N, and S, Binucleate stage. E, J, O, and T, 
Trinucleate stage. E, En, ML, T, Tds, and Msp indicate the epidermis, 
endothecium, middle layer, tapetum, and tetrads, respectively. Scale 
bars are 50 μm in A to J and 2 μm in K to T.
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but most of the tapetal cells still had a nuclear contour and 
relatively abundant cytoplasm in the fertile plants (Fig. 8H, 
8R). These processes are crucial for supplying nutrition to 
the developing microspores. By contrast, in the sterile 
plants, the tapetal cells continued to degrade to yield an out-
line that was almost imperceptible, and they produced se-
verely abnormal microspores with a typical falcate shape 
(Fig. 8C, 8M). At the binucleate stage, the epidermis and 
endothecium became thin in the fertile plants, and the ta-
petal cells remained relatively thick with an integral shape 
(Fig. 8I, 8S). However, the tapetal cells disintegrated into 
debris in the sterile plants (Fig. 8D, 8N). At the trinucleate 
stage, the tapetal cell outlines remained clear in the fertile 
plants, although the anther wall layers were thinner (Fig. 8J, 
8T), where this helped the mature pollen grains to be re-
leased via anther dehiscence to pollinate female gameto-
phytes. However, although the tapetum was fully degraded 
and invisible in the sterile plants (Fig. 8E, 8O), the epider-
mis and endothecium were thicker than normal at this stage 
(Fig. 8O, 8T). These observations suggest that the sterile 
plants developed defects during tapetal degeneration, which 
also affected microspore development.

Discussion

Hybrids are now the predominant forms of many crop varie-
ties or cultivars. However, at present, no practical cost- 
effective seed production system has been developed and 
implemented for hybrid wheat. As a result, the adoption of 
hybrid wheat is limited to a small niche market due to the 
complexity of hybrid wheat breeding, the strict temperature 
and day length requirements for hybrid seed production 
(Luo et al. 1998), and unstable male sterility (Murai and 
Tsunewaki 1993). Therefore, the most efficient way to ad-
dress these problems is to simplify the breeding process for 
hybrid wheat.

In this study, we evaluated a two-line breeding system 
that depends on thermo-sensitive cytoplasmic male sterility. 
In this system, the male-sterile line KTM3315A, which was 
developed by a tiller regeneration technique, was readily 
maintained as sterile by self-pollination under conditions 
that allowed it to be fertile, and its selfed seed setting rate 
was above 50%. An important requirement for the success 
of hybrid wheat breeding programs is to screen for specific 
regions where higher temperatures prevail during GS 41–
58, thereby ensuring high seed fertility. In China, we found 
that Guiyang in Guizhou, as well as Yangling and Longxian 
in Shaanxi satisfied this requirement when wheat was plant-
ed in these locations during spring and summer. Large 
amounts of KTM3315A seed could be produced in these 
three locations and they could be employed as male-sterile 
parents in other wheat producing regions.

Another important requirement for the success of a hy-
brid wheat breeding program is stable male sterility. Thus, it 
is necessary to employ a TCMS system for hybrid wheat 
breeding to develop a TCMS line that is completely male 

sterile under low temperature conditions. Therefore, we de-
veloped a TCMS wheat line, KTM3315A, which is com-
pletely male sterile at low temperatures. This line can be 
employed directly in breeding and hybrid wheat seed pro-
duction in the winter and spring wheat production zones 
located in northern China, as well as in the winter wheat 
production zones located in Yunnan and Guizhou in China. 
As a consequence, the TCMS-dependent two-line breed 
system is more likely to be adopted widely for hybrid wheat 
production, thereby helping to reduce the imbalance be-
tween grain supply and demand. In addition, the most chal-
lenging problems during hybrid wheat seed production are 
low efficiency and the high production costs of hybrid seed, 
probably because male-sterile plants produce seeds in small 
quantities and they cannot be planted far from pollinator 
plants (D’Souza 1970, Lelley 1966). Indeed, male pollina-
tors that disperse pollen should be planted close to sterile 
female lines so the latter can set seeds in great quantities. 
Hybrid wheat should allow the parental lines to be planted 
with their mixed seeds. The outcrossing frequency of the 
male-sterile lines will increase when a mixed seed produc-
tion system (MSPS) (Supplemental Fig. 5) for hybrid 
wheat is employed compared with the conventional seed 
production system (CSPS) for hybrid wheat, where the male 
and female lines must be planted in alternate rows (Kempe 
and Gils 2011, Kim et al. 2007). We obtained similar results 
where the mean outcrossing frequency of the TCMS line 
was 68.03% under MSPS using hybrid wheat and 36.17% 
under CSPS (Supplemental Fig. 6) using hybrid wheat. In 
fact, MSPS increased the outcrossing frequencies of TCMS 
lines as well as the actual areas where the lines can be 
grown, but more importantly this method is simple to apply. 
In addition, in areas where a MSPS for hybrid wheat is 
adopted, when the restorer plants grow as high as the corre-
sponding hybrid progeny plants and they disperse pollen, 
they are allowed to remain and they are harvested along 
with the hybrid F1 seed of the TCMS lines when both of 
them ripen, thereby increasing the yield of hybrid seeds. 
The application of MSPS for hybrid wheat using the two-
line breeding system showed that MSPS is capable of sim-
plifying the hybrid wheat seed production process, and the 
outcrossing frequency is increased due to the short distances 
between the TCMS and pollinator lines. Given these find-
ings, we consider that the TCMS-dependent two-line breed-
ing system should have a wide range of applications in hy-
brid wheat production.

The tapetum plays a vital secretory role during the devel-
opment of microspores into pollen grains because it pro-
vides enzymes that facilitate the release of microspores 
from tetrads, nutrients for pollen development, and pollen 
wall components (Varnier et al. 2005). The premature or 
aborted death of tapetal cells disrupts the supply of nutrients 
to the microspores, thereby leading to male sterility (Li et 
al. 2011a, 2011b). Recently, there have been many reports 
that male sterility is associated with disrupted tapetal 
development and degeneration (Ahmadikhah and Karlov 
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2006, Li et al. 2006b, Luo et al. 2013, Zhang et al. 2010). 
Studies have also demonstrated that selective tapetal de-
struction can lead to pollen abortion (Cho et al. 2001, Lee 
et al. 2003). Moreover, in transgenic tobacco, premature 
callose wall degeneration causes male sterility (Worrall et 
al. 1992). It is known that male sterility is associated with 
premature tapetal PCD, which has been described in the 
Honglian CMS line of rice (Li et al. 2004) and in TAZ1- 
silenced plants (Kapoor et al. 2002), and these results were 
confirmed by our study. In addition, it has been demonstrat-
ed that tapetum-specific genes control tapetal development 
and affect pollen development, such as CEP1 (Zhang et al. 
2014) and PR10 (Hsu et al. 2014). According to the results 
of the present study, we consider that the TCMS line 
KTM3315A undergoes early uninucleate abortion, which 
causes premature tapetal PCD and thus male sterility. Pre-
mature PCD of the tapetum is the main cause of pollen abor-
tion. However, the molecular level regulation of tapetum 
PCD in plants remains poorly understood. In the present 
study, we obtained insights that may facilitate further inves-
tigations, which should explore the molecular mechanism 
that underlies anther degeneration.
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