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Physiological male sterility induced by the chemical hybridizing agent (CHA) overcomes

problems of maintenance of sterile lines and restorers. However, the mechanism of sterility is

unclear. The process of tapetum of CHA-treated ‘Xi’nong 2611’ at uninucleate, binucleate and

trinucleate were compared with control to determine if tapetum varying differently during de-

velopmental stages. Tapetal degradation in CHA-treated ‘Xi’nong 2611’ began at late

uninucleate stage, somewhat earlier than control plants. Cytological observations indicated

that the gradual degradation of the tapetum in CHA-treated ‘Xi’nong 2611’ was initiated and

terminated earlier than in the control. These findings implied that CHA-induced male sterility

was related to abnormally early tapetal degradation. In order to indicate the role of the SKP1

gene in fertility/sterility in wheat, its expression was assessed in anthers at uninucleate,

binucleate and trinucleate stages. SKP1 expression was reduced in the later developmental

stages, and there was an obvious decrease from the uninucleate to trinucleate stages. Higher

expression of the SKP1 gene occurred in ‘Xi’nong 2611’ compared to CHA-treated ‘Xi’nong

2611’. This implied that SKP1 gene expression was inhibited during the fertility transforma-

tion process and was related to transformation from fertility to sterility. Moreover, the results

from this study suggest that SKP1 plays an essential role of conducting fertility in physiologi-

cal male sterility.
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Introduction

Male sterility is widely used in plants like maize, rice, tobacco oilseed rape, and to a much

lower extent, wheat. However, the establishment and maintenance of male sterile lines

(CMS) by the traditional method of sterile lines and maintainer lines is very difficult in
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wheat (Li et al. 2006). Physiological male sterility induced by chemical hybridizing agents

(CHA) overcomes these difficulties and has significant potential as a tool in research and

hybrid production. One aspect of the effect of CHAs is their possible interaction with

SKP1, a core component of SCF type E3 ubiquitin ligases.

The ubiquitin (Ub)/26S proteasome pathway is a key regulatory mechanism control-

ling protein turnover. It is responsible for selective degradation of most intracellular pro-

teins by ubiquitination (Smalle and Vierstra 2004). Three key enzymes are involved:

Ub-activating enzyme (E1), Ub-conjugating enzyme (E2) and Ub-protein ligases (E3)

(Hershko et al. 1983; Bai et al. 1996; Hellmann and Estelle 2002). Among the E3 families,

SCF protein is a major class and its action is well understood (Chai et al. 2011). The F-box

protein performs the crucial role of conferring specificity to the complex for appropriate

targets (Hershko and Ciechanover 1998; Pickart 2001; Gagne et al. 2002). S-phase

kinase-associated protein 1 (SKP1) functions as an adaptor protein connects cullin and

F-box proteins. SKP1 plays crucial roles in cell-cycle progression, transcriptional regula-

tion, flower formation, signal transduction, and many other cellular processes (Stone and

Callins 2007; Santner and Estelle 2010; Wang and Deng 2011; Hong et al. 2013).

SKP1 genes have been isolated from many different species. Twenty-one SKP1-like

genes were identified in Arabidopsis and thirty-one were identified in rice (Farras et al.

2001; Gagne et al. 2002; Risseeuw et al. 2003; Sasaki et al. 2003; Kong et al. 2004, 2007;

Chai et al. 2010). Since the crucial role of SKP1 gene and sterility and no studies had pre-

viously demonstrated interactions between SKP1 gene and physiological male sterility in-

duced by CHAs, therefore, determining the action of SKP1 gene and elucidating their po-

tential role might reveal the mechanism of male sterility in wheat and the effects of CHAs

in disrupting that process.

Materials and Methods

Plant materials

The study was conducted on October 5 of 2010 at Northwest A&F University, Shaanxi.

‘Xi’nong 2611’, is an early-maturing hard white, semi-dwarf winter cultivar, was planted

in the field at a rate to achieve 34,000 plants ha–1. Paired plots of 2.0 m × 2.5 m in three rep-

lications were sprayed with CHA, the plants sprayed with water were as the control. Nor-

mal crop husbandry measures were taken including three nitrogen fertilizations and pre-

and post-emergence herbicide applications. The fungicide treatment was included to con-

trol leaf and ear diseases.

CHA spray

SQ-1, is a patented CHA used for hybrid wheat production, was provided by the Key labo-

ratory of Crop Heterosis of Shaanxi, College of Agronomy Northwest A&F University. A

hand-pumped back-pack sprayer was used for spraying. The SQ-1 at 5 kg/ha was applied

at Feekes growth stage 8.5 (Liu et al. 2003). In order to see the performance of CHA, 2%
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iodine-potassium iodide (KI-I2) was used to test pollen fertility at anthesis. Twenty heads

in each plot were bagged prior to anthesis to prevent fertilization by other plants as control.

Plant and light microscropy of anther sections

The uninucleate stage co-incides with when awns are less than 1 cm emerged from the flag

leaf sheath; the binucleate stage is when spikes are just completely out of flag leaf sheath;

and the trinucleate stage occurs before pollen dissemination. Staged anthers were sampled

according to certain external forms of plants we mentioned. Microspores of staged sam-

ples were further assured after stained with 5 µg/ml 4’, 6-diamidino-2-phenylindole

(DAPI) observed with an optical microscope (Nikon ECLIPSE E600, Japan).

Paraffin section for anthers

Spikes at the uninucleate, binucleate and trinucleate stages were fixed in formalin–acetic

acid–alcohol (FAA) for 1–3 days at room temperature before being stored in 70% alcohol

at 4 °C. Anthers were removed from the fixed spikes, embedded in paraffin, and sliced

into 12 µm transverse sections, which were stained with safranin O-fast green prior to ob-

servations being made on tapetal development.

DNA and RNA extraction and cDNA synthesis

Total genomic DNA was isolated (Murray and Thompson 1980) from fresh anthers that

were assured by both external forms identification and microscope observation. RNA was

extracted using TRIzol reagent (Invitrogen, Changsha). Before reverse transcription, total

RNA was treated with RNase-free DNase I (Takara, Shanghai) at 37 °C for 30 min to re-

move DNA contamination. First-strand cDNA was synthesized from total RNA using

oligo-(dT) 18 primer and reverse transcriptase (RT) SuperScript (Takara, Dalian). Second

strand cDNA was synthesized using 10 U DNA polymerase I (Takara, Dalian) and 3 U

RNase H (Takara, Dalian). The resulting double-stranded cDNA was purified by phe-

nol–chloroform extraction and ethanol precipitation, and re-suspended in a final volume

of 40 µl ddH2O (Ba et al. 2014). Approximately one quarter of this volume was placed on

an agarose gel. Once confirmed as acceptable with an expected smear between 100 bp and

4,000 bp the cDNA was stored at 20 °C.

SKP1 gene cloning and primer design for PCR

In order to obtain the full sequence of the SKP1 gene from CHA-treated ‘Xi’nong 2611’,

primer sets were designed from the NCBI database (http://www.ncbi.nlm.nih.gov/). PCR

was performed with specific primers (forward: 5’-CGCGACTAGAGTTTCCTCGC

TAGG-3’ and reverse: 5’-ACGATTAAGATTCAGTTTGACAAGT-3’) from a binuc-

leate stage anther; 25 µl of the reaction mixture, 0.5 µl of Taq enzyme, 3.75 µl of cDNA,

2.5 µl of forward primer, 2.5 µl of reverse prime and 15.75 µl of ddH2O. The PCR cycling

conditions consisted of 35 cycles of 94 °C for 3 min, at 94 °C for 30 s, and then 55 °C for

30 s, and 72 °C for 10 min. Amplification products were cloned into the Amp/X-gal/IPTG

vector at 37 °C, centrifuged at 150 r/min for 15 h and then sequenced. Sequencing results
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(conducted by Sunbiotech co, Beijing, China) were compared in the NCBI database

(http://www.ncbi.nlm.nih.gov/).

Real-time PCR analysis

Real-time PCR was performed with a CFX96 Real-time PCR System (Bio-Rad, Shang-

hai). The target gene products were amplified with primers (forward: 5’-ACCTGCC

AGACTGTTGCT-3’ and reverse: 5’-CCGACACCACCTCATAGA-3’) designed ac-

cording to 18S rRNA from wheat (GenBank: AY049040 http://www.ncbi.nlm.

nih.gov/nuccore/AY049040). The primers for the target gene were diluted in the SYBR

Premix Ex Taq (Takara, Dalian) and 20 µl of each sample was subjected to RT-PCR in

three replications. The reaction mix was added to each well at 95 °C for 30 s and 95 °C for

5 s, and then 40 cycles of 60 °C for 30 s and 72 °C for 40 s. Data for SKP1 gene expression

were collected at 60 °C for each cycle. Output data were analyzed with DPS 7.5 according

to F =10
� � �C /A C /AT,T T T R R�

(Zhang et al. 2005).

Results

Light microscopy of anther sections

To be sure that the anthers came from the expected developmental stages from

CHA-treated and control plants were stained with 5 µg/mL DAPI and checked microscop-

ically after external forms identification. The observation showed there was no significant

difference in staged anthers observations between the CHA-treated and control, but the

stages were confirmed as appropriate for DNA extraction.

Pollen fertility assessed on mature pollen stained with 2% KI-I2

In order to visualize the effect of SQ-1 plants was assessed by 2% KI-I2 staining at

anthesis. Pollen from the CHA-treated plants lacked staining (Fig. 1a), whereas pollen

from the control was dark blue-black (Fig. 1b). This comparison showed there was no

starch in pollen produced by CHA-treated plants and therefore the SQ-1 functioned well

on sterility induction.

Degradation of the tapetum

Our results indicated tapetal difference existed between CHA-treated and control at the

uninucleate stage. At the late uninucleate stage, enhanced cytoplasmic activity caused a

large central vacuole that gradually forced the nuclear to the side of the cell. The process

exacerbated the tapetal pre-degradation in CHA-treated plants. Obviously CHA-treated

underwent tapetal degradation in advance at late uninucleate (Fig. 2a, 2d) due to less

tapetal cells in CHA-treated ‘Xi’nong 2611’ comparing with the normal tapetum. Total

disappearance of tapetum indicated degradation was completed at the binucleate stage in

both CHA-treated and control plants (Fig. 2b, 2e). There was no tapetum existed in

binucleate and trinucleate (Fig. 2c, 2f). The completion of the process occurred earlier in

CHA-treated plants than the control.
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Figure 1. Mature pollen stained with 2% KI-I2. a, CHA-treated ‘Xi’nong 2611’;

b, Water-treated ‘Xi’nong 2611’

Figure 2. Cross-sections of anthers from male fertile and sterile ‘Xi’nong 2611’ plants.

a–c, Normal tapetal development; d–f, abnormal tapetal development in CHA-treated plants;

a and d, uninucleate stage; b and e, binucleate stage; c and f, trinucleate stage.

Arrows with Ta: Tapetum; Nu: Nuclear; Po: Pollen



RNA purification and cDNA amplification

RNA purification was confirmed by two clear bands of 28S and 18S. cDNA amplification

was conducted after dispersed bands were observed in 2% agarose gel electrophoresis

separation detection. A full-length cDNA of the SKP1 gene was identified in the NCBI da-

tabase. As expected there was no difference between CHA-treated and control plants. The

identified gene was 852 bp, and contained a 527 bp open reading frame (ORF) encoding a

peptide of 175 amino acids with an isoeletric point of 4.18. The coding region was the

same as published, but some differences in the non-coding region. A difference at No. 475

base occurred as a C in the control, but a G in CHA-treated plant. Besides that, bases were

completely the same. The SKP1 protein was confirmed as non-specific binding sites ex-

isted due to base difference according to NCBI database. It also confirmed that the cloned

gene was SKP1.

Expression of the SKP1 gene at the three anther developmental stages in CHA-treated

and control showed that the SKP1 gene expression level was lower in later developmental

stages, and there was an obvious decrease in the process from uninucleate to trinucleate

stage. Higher expression of the SKP1 gene was observed in control, with lower and even

no expression in CHA-treated plants indicating that SKP1 expression was inhibited during

the process of transformation from fertility to sterility (Fig. 3).
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Figure 3. Relative expression of SKP1 gene in CHA-treated and control ‘Xi’nong 2611’
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Discussion

Previous studies proved that CHA acts on a key developmental pathway leading to pollen

sterility (Aarts et al. 1997; Taylor et al. 1998). We used the CHA SQ-1, which was a key

aspect of this study to induce male sterility in wheat cultivar ‘Xi’nong 2611’. Because of

its high performance in sterility induction SQ-1 has been used in hybrid wheat production

and hybrid cultivars have been released in China. It induces high levels of male sterility

without bad effect on wheat plants. The rate of male sterility induced by SQ-1 is 95% to

100%, and the hybrid seed setting rate is over 85% (Cheng et al. 2004).

Tapetal cells in the anther wall surrounding the developing pollen provide essential nu-

trients. The development and degradation of the tapetum is associated with pollen growth.

Tapetal disruption in the developmental pathway is a key factor leading to pollen sterility

(Aarts et al. 1997; Taylor et al. 1998).

In this study, we confirmed that the gradual degradation of the tapetum in CHA-treated

‘Xi’nong 2611’ was initiated earlier than in the control. Cytological observations implied

that CHA-induced male sterility was related to abnormally early tapetal degradation. The

reason for tapetum pre-degradation is not known. Previous studies similarly reported the

tapetum of un-functional anther induced by SQ-1 occurs at late uninucleate stage till early

binucleate stage (Sheng et al. 2011). These results further proved that CHA-induced phys-

iological male sterility was related to early degradation of the tapetum.

SKP1 plays crucial roles in cell-cycle progression, transcriptional regulation, flower

formation, signal transduction, and many other cellular processes (Stone and Callins

2007; Santner and Estelle 2010; Wang and Deng 2011; Hong et al. 2013). Takahashi et al.

(2004) found that Arabidopsis SKP1 genes (ASK1) was expressed in pollen. Drouaud et al.

(2000) showed that ASK1 played an important role in male and female gamete develop-

ment. The ASK1 gene is required for the separation of homologous chromosomes during

male meiosis I and for male fertility (Yang et al. 1999). ASK1 and ASK2 are expressed

preferentially in dividing cells, whereas nine ASKs are expressed in male gametophytes

post-meiotically, indicating that they may have a role in male gametophyte development

(Marrocco et al. 2003; Zhao et al. 2003a, 2003b). SKP1-related proteins control signal

transduction for specific degradation of target proteins and formation of complexes with

other proteins (Takahashi et al. 2004). The latest research showed that alteration of

polyubiquitinated proteins is associated with male sterility in wheat and the differentially

expressed polyubiquitinated proteins are mainly related to carbohydrate and energy me-

tabolism, photosynthesis, protein metabolism, transcription, cytoskeleton-associated pro-

teins, and microspore development (Liu et al. 2014). We therefore hypothesised that the

SKP1 gene is related to fertility. However, due to the limited information about SKP genes

in wheat, there is limited information on fertility in wheat as well. It was important to

study the behavior of tapetal cells and SKP1 gene expression patterns in order to gain clues

on the mechanism of male sterility. In order to better understand the relationship of SKP1

gene and fertility, we examined SKP1 expression in anthers at the uninuleate, binucleate

and trinucleate stages. SKP1 gene expression studies showed that decreased, or possibly

no expression, occurred during the developmental process in CHA-treated ‘Xi’nong
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2611’ compared to the control. This indicated that the SKP1 gene was down-regulated in

conjunction with tapetal degeneration during the period of transformation from fertility to

sterility. Moreover, it plays an essential role of conducting fertility transformation in phys-

iological male sterility. However, our results did not clarify whether reduced expression of

SKP1 is the cause of sterility. Further work on SKP1 gene silencing or SKP1 gene knock-

out mutation is needed to better understand the expression of the SKP1 gene and hence its

role in production of normal pollen fertility.
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