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Abstract: Heterosis utilization is very important in hybrid seed production. An AL-type cytoplasmic
male sterile (CMS) line has been used in wheat-hybrid seed production, but its sterility mechanism
has not been explored. In the present study, we sequenced and verified the candidate CMS gene
in the AL-type sterile line (AL18A) and its maintainer line (AL18B). In the late uni-nucleate stage,
the tapetum cells of AL18A showed delayed programmed cell death (PCD) and termination of
microspore at the bi-nucleate stage. As compared to AL18B, the AL18A line produced 100% aborted
pollens. The mitochondrial genomes of AL18A and AL18B were sequenced using the next generation
sequencing such as Hiseq and PacBio. It was found that the mitochondrial genome of AL18A had
99% similarity with that of Triticum timopheevii, AL18B was identical to that of Triticum aestivum cv.
Chinese Yumai. Based on transmembrane structure prediction, 12 orfs were selected as candidate
CMS genes, including a previously suggested orf256. Only the lines harboring 07279 showed sterility
in the transgenic Arabidopsis system, indicating that 07279 is the CMS gene in the AL-type wheat CMS
lines. These results provide a theoretical basis and data support to further analyze the mechanism of
AL-type cytoplasmic male sterility in wheat.

Keywords: AL18A; T-CMS; tapetum PCD; mitochondrial genome; 01279

1. Introduction

Plant cytoplasmic male sterility (CMS) is a maternally inherited trait maintaining
female fertility but producing abortive pollen. CMS is widespread among plants and widely
used to produce hybrids with significant heterosis [1]. CMS is usually associated with
chimeric open reading frames (ORF) caused by mitochondrial genome reorganization [2—4].
In many cases, pollen fertility of the CMS plants can be restored by corresponding nuclear-
encoded fertility restorer genes which indicate that CMS is an ideal model system to
study nuclear-cytoplasmic gene interaction [5]. Much progress has been made in the
molecular mechanism of CMS and fertility restoration in plants. Many novel chimeric
mitochondrial genes have been identified and are responsible for CMS through a variety
of mechanisms (such as orf79/orfH79/WA352 from rice, urfl3/orf355 from maize, pcf from
petunia, 01224 /orf222 from rapeseed, etc.) [3,6-13]. The fertility restoring genes are present
in the nucleus, and most of them are triangular pentapeptide repeat (PPR) proteins (such
as Rfla and Rf1b to orf79 in rice, Rf-PPR592 to pcf in petunia, etc.) [8,14].
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There are three main types of CMS in wheat, i.e., CMS-T, CMS-K, and CMS-V [15]. Orf256,
located upstream of COXI, might be the sterility gene in the CMS-T type plants [16,17]. Eight
restorer genes (Rf1-Rf8) for CMS-T type have been mapped on Chromosome 1A, 1B, 2D, 5D,
6B, 6D, 7B, and 7D; and five (Rf1, Rf2, Rf4, Rf5, Rf7) of them originated from T. timopheevi [18].
Rf1 and Rf3 of CMS-T type can cleave the mitochondrial gene 0rf279 and restore fertility in
transgenic wheat [19]. There are large repetitive units in the mitochondrial genome of the
CMS-K type line; however, the maintainer line is similar to the Chinese Spring wheat [20].
CMS-AL, another type of male sterility derived from the F, of Bainong 71-22 x Xinong 73
(36) 9-1-16, produced 100% sterile pollens; and its restorer, Bainong 86T2026, has strong
restoring ability controlled by a single dominant gene. 99AR144-1 can restore the fertility
of AL18A, studies have shown one major QTL (Chr1B) and one minor QTL (Chr5A) in
99AR144-1 [21]. AL18A is an excellent sterile line with a certain angle of glume opening,
stigma partly exposed, and strong vitality and long duration. The natural outcrossing rate
of AL18A is 65.02%, which is good for hybrid seeds production [22]. Using the AL-type
CMS line AL18A, a wheat hybrid line Xindong 43 has been produced [23]. Their cytoplasm
was believed to be originated from the common wheat variety “Huixianhong”, however,
the molecular genetic mechanism of this CMS line is still not clear. In the present study,
we sequenced the mitochondrial genomes of AL18A and its maintainer line AL18B and
identified the candidate genes for AL-type CMS in wheat. Our results provide further
insight to elaborate the mechanism of AL-type CMS in wheat, and the CMS gene could
be used to design molecular markers to facilitate the application of AL18A in heterosis
utilization and breeding in wheat.

2. Results
2.1. The Wheat AL-CMS Line AL18A Is the Typical Sterile Type

The seed setting rate of the AL18A was calculated to confirm its sterility. Selfing
of AL18A produced no seed; however, an AL18A x AL18B cross showed a 90% seed
set (Figure S1). The pollens of AL18A were abortive, but the pistils were normal. By
I,-KI staining, it was found that the mature pollens of AL18A were smaller and lighter
as compared to that of AL18B. Scanning electron microscope (SEM) was used to examine
the inner and outer walls of anthers and pollen grains from AL18A and AL18B. Results
revealed that the pollen grains of AL18A were shriveled and shrunken; however, no
significant difference was detected between the inner walls of the anthers from AL18A and
AL18B, respectively (Figure 1A). The earliest abnormal anther of AL18A was observed
through the paraffin sectioning at the monocyte vacuole stage. The tapetum cells of
AL18A also had delayed cell collapse compared to AL18B (Figure 1B). The pollen grains
of AL18A showed abnormal nuclear division and light color staining at the bi-nucleate
stage, which might have seized its development because of which the tri- nucleate stage
was not detected (Figure 1C). These results suggested that the AL18A showed a typical
type of pollen abortion.

2.2. Mitochondrial Genome of Wheat AL18A and AL18B

To explore the CMS genes in AL18A, we sequenced the mitochondrial genomes of
AL18A and AL18B using Hiseq (next generation sequencing) and PacBio (single-molecule,
real-time sequencing) sequencing technology. The Hiseq technology generated the clean
data of 4116 MB and 5469 MB for AL18A and AL18B, respectively (Table 1). The length of
subreads for AL18A ranged from 5000 to 15,000 bp, with an average of 7960 bp, and for
AL18B, the read length ranged from 5000 to 10,000 bp, with an average length of 7467 bp,
respectively (Table 2). After de novo assembly, the mitochondrial genome AL18A and
AL18B were 442,712 and 452,491 bp in length, respectively. Mitochondrial DNA (mtDNA)
sequence of AL18B was similar to T. triticum cv. Chinese Yumai (Figure 2B) and of AL18A
was similar to T. timopheevi (Figure 2A), however, 102 SNPs and InDels were found between
the later.
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Figure 1. Comparison of anther and pollen grains of AL18B and AL18A. (A), (a,d) Mature pollen grains of AL18B and
AL18A stained with I,-KI (Scale bar: 200 um); (b,e) Mature pollen grains of AL18B and AL18A (Scale bar: 300 um);
(cf) Tapetal cell surface-localized orbicule (Or) structures of AL18B and AL18A (Scale bars: 10 um). (B), (h,ij) Paraffin
sections of early-uninucleate, later-uninucleate, and binucleate stage of AL18B. (k,1,m) Paraffin sections of early-uninucleate,
later-uninucleate, and binucleate stage of AL18A (Scale bars: 10 um). (C), (0-q) Carmine acetate dyeing of pollen in
uninucleate, early-binucleate, and later- binucleate stage of AL18B. (r-t) Carmine acetate dyeing of pollen in uninucleate,
early-binucleate, and later- binucleate stage of AL18A, red arrows indicate nucleus. (Scale bars: 30 um).
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Table 1. Illumina PE sequencing data statistics of AL18A and AL18B.

Sample ID Insert Size Raw Data Clean Data Reads Clean Data Clean Data Clean Data
P (bp) (Mb) (Mb) Length (bp) GC (%) 020 (%) Q30 (%)
AL18A 450 4325 4116 (150:150) 48.15 97.75 93.22
AL18B 430 5806 5469 (150:150) 45.82 98.59 95.45
Table 2. PacBio sequencing data statistics of AL18A and AL18B.
Sample Subreads Subreads Subreads Largest Subreads N50 Subreads N90 Subreads Average
ID Number Bases (bp) Length (bp) Length (bp) Length (bp) Length (bp)
AL18A 10,307 82,044,853 21,253 9924 5003 7960
AL18B 44,802 134,889,953 21,302 7467 909 3011
A
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Figure 2. Comparison of mitochondrial DNA between AL18A and Triticum timopheevii (A), AL18B
and Chinese Yumai (B). (A) The abscissa represents the mitochondrial DNA sequence of AL18A, and
the ordinate represents the mitochondrial DNA sequence of Triticum timopheevii. (B) The abscissa
represents the mitochondrial DNA sequence of AL18B, and the ordinate represents the mitochondrial
DNA sequence of Chinese Yumai.

The flanking regions of the polymorphic sites were sequenced by sanger technology to
validate the variations in the mitochondrial genome. As a result, the mitochondrial genome
of AL18B was refined to 452,526 bp, consistent with that of Chinese Yumai, and AL18A was
refined to 442,573 bp, similar but not identical to T. timopheevi (443,419 bp), respectively.
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Fragmenting the mitochondrial genome of AL18A and T. timopheevi into two large sections,
i.e., 1-21,521 bp and 21,428-442,573 bp for AL18A, and 1-21,518 bp and 22,310-443,419 bp for
T. timopheevi, increased their sequence similarity up to 99%. These results predict that the
mitochondria of the wheat AL-type CMS line may have derived from T. timopheevi, and the
AL18A belongs to T-type CMS line.

2.3. The Mitochondrial Genome Composition of AL18A and AL18B

The coding and non-coding genes of the verified mitochondrial genomes of AL18A
and AL18B were predicted and assembled into a circular mitochondrial genome (Figure 3).
The GC content of AL18A and AL18B was similar to the other wheat varieties, i.e., 44.34%
and 44.35%, respectively. Comparative analysis of the three genomes revealed that AL18A
and T. timopheevi, had same number of coding genes whereas, AL18B has two copies of
atp6 and atp8, and missing one copy of ccmc-p, cobA, cox2a-p, rplé-p, and rpl2-p (Table 3).
Analysis of the non-coding genes revealed that AL18A had four Met-tRNA and no Ala-
tRNA while T. timopheevi had three Met-tRNA and one Ala-tRNA. In AL18B, there were two
Lys-tRNA and two GIn-tRNA, but no Leu-tRNA and Ile-tRNA, whereas AL18A had two
Leu-tRNA and one Ile-tRNA (Table 4).

ALI8A

452,526 bp 442,573 bp

Figure 3. Circle map of AL18B (A) and AL18A (B) mitochondrial genome. Genes on the forward and reverse strands
are presented on the outside and inside of the circle, respectively. The two gray layers represent the GC content in the
mitochondrial genome.

2.4. CMS Candidate Genes of AL1§A

Previously, it has been reported that mitochondrial CMS genes are produced by
recombination of repetitive sequences, which have the characteristics of chimerism and co
transcription [8,12]. Further, 523 and 526 orfs, longer than 200 bp, were predicted in the
mitochondrial genomes of AL18A and AL18B, respectively. After removing the repetitive
orfs, comparative analysis disclosed 58 orfs specific to AL18A (Figure 4). Transcriptomic
analysis of 58 AL18A specific orfs revealed that 45 of them were explicitly expressed in
the anther tissue of the male-sterile line and distributed on 13 locations of the AL18A
mitochondrial genome. Trans-membrane structure analysis revealed that out of 45, only
11 orfs contained the transmembrane structure (Table 5), which hence were assumed to be
the candidate CMS genes for AL18A.
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Table 3. Comparison of coding genes in different mitochondrial genomes.
Functional AL1SA .Triticum B AL1SB Functional ALISA .Triticum B AL1SB
Category timopheevii Category timopheevii
atpl atpl atpl nadl nadl nadl
atp4 atp4 atp4 nad2 nad2 nad2
atpb atpb atp6-1 nad3 nad3 nad3
Complex V atp6-2 nad4 nad4 nad4
atp8 atp8-1 atp8-1 Complex I nad4L nad4L nad4L
atp8-p atp8-p atp8-2 nadb nadb nadb
atp9 atp9 atp9 nad6 nadé6 nad6
ccmB ccmB ccmB nad7 nad7 nad7
ccmC-1 ccmC-1 ccmC nad9 nad9 nad9
Cytochtome
¢ biogenesis ccmC-p ccmC-p rpll6 rpll6 rpll6
ccmFC ccmFC ccemFC rpll6-p rpll6-p
ccmFN ccmFN ccmFN rpl2-p rpl2-p
cobA cobA rpl5 rpl5 rpl5
cobB cobB cobB rpsl rpsl rpsl
Complex 111 cox1 cox1 cox1 Ribosomal rps12 rps12 rps12
&IV cox2 cox2 cox2 proteins rps13 rps13 rpl3
cox2a-p cox2a-p rps19-p rps19-p rps19-p
cox3 cox3 cox3 rps2 rps2 rps2
matR matR matR rps3 rps3 rps3
others mttB mttB mttB rps4 rps4 rps4
rps7 rps7 rps7
Table 4. Comparison of noncoding genes in different mitochondrial genomes.
Functional AL1SA .Tri ticum B AL1SB Functional AL1SA .Tri ticum B AL1SB
Category timopheevii Category timopheevii
rrnl8-1 rrnl8-1 rrnl8-1 Asn Asn Asn
rrnl8-2 rrnl8-2 rrnl8-2 Met Met Met
rrn18-3 rrnl8-3 rrn18-3 Trp Trp Trp
rrn26-1 rrn26-1 rrn26-1 Met Met Met
rRNAs rrn26-2 rrn26-2 rrn26-2 Asp Asp Asp
rrn26-p Met Met Met
rrnd-1 rrnd-1 rrnd-1 Ser Ser Ser
rrnb-2 rrnb-2 rrn5-2 Phe Phe Phe
rrnd-3 rrn5-3 rrnd-3 (RNA Ser Ser Ser
Cys Cys Cys (amino acid) Asp Asp Asp
Pro Pro Pro Tyr Tyr Tyr
GIn GIn GIn His His His
Lys Lys Lys Met Met
tRNAs Gln GIn Gln Lys
(amino acid) Glu Glu Glu GIn
Lys Lys Lys Leu Leu
Met Met Met Leu Leu
Pro Pro Pro Ala
Ser Ser Ser Ile Ile

Expression of candidate orfs were evaluated in the F; hybrids of a cross between
AL18A and a restorer line 9AR144-1 (AL18A x 99AR144-1). Results showed that all the
candidate orfs were expressive in the presence of a restorer gene (Figure 5). As a female
parent, AL18A was also crossed with wheat varieties Liangxing 99, Taishan 23, Zhongmai
895, Zhengmai 9045, and KN199, resulting in sterile F; hybrids. These results indicated that
the male parents did not contain the restorer gene, which hence could be used as AL18A
maintainer lines. Nine out of 11 candidate genes (except orf66 and orf124) were expressive
in the F; generations of all the five crosses.
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Figure 4. Venn diagram showing the mutual overlaps of orfs in the AL18B and AL18A.

Table 5. Description of eleven orfs containing transmembrane domains in AL18A.

Number orf Start End Direction Size (bp) Description

1 orf376 170,465 171,595 + 1131 Ribosomal protein 52
2 orf279 111,818 112,657 — 840 ATP synthase subunit 8
3 orf232 296,072 296,770 - 699

4 orf139 295,683 296,102 - 420 Hypothetical protein
5 orf129 112,174 112,563 — 390 orf143 (mitochondrion)
6 orf124 156,900 157,274 — 375

7 orf103 207,567 207,878 + 312

8 orf85 156,879 157,136 + 258

9 orf83 296,477 296,728 + 252

10 orf74 25,285 25,509 + 225

11 orf66 23,773 23,973 + 201

M 1S 1F 2S 2F 3S 3F 4S 4F 5S 5F 6S 6F 7S 7F 85 8F 9S 9F 10S 10F 11S 11F

Figure 5. Transcription detection of 11 candidate orfs in AL18A and F;. M, molecular marker, from bottom to the upper,
200, 500, 800, 1200, 2000, 3000, 4500 bp, respectively; 1-11 represented 11 candidate orfs (orf376, orf279, orf232, orf139, orf129,
orf124, orf103, orf85, orf83, orf74, and orf66) in AL18A and F; (AL18A x 99AR144-1), S represents AL18A, and F represents F;
(AL18A x 99AR144-1).

It is reported that 0rf256 might be the CMS gene in T-type CMS lines [17], which can
also be the case for AL18A. Amplifying with PCR primers which located in the upstream
of orf256 and downstream of cox1 of AL18A mitochondrial genome, produced two PCR
bands. Sequencing and multiple alignment revealed the absence of 0rf256 upstream of cox1
in one of the sequences, while the other one was consistent with T. timopheevi, i.e., presence
of orf256 upstream of cox1. The chemical dose effect may cause this phenomenon in the
plant mitochondrial genome, i.e., there were many kinds of mitochondrial DNA molecules
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in AL18A. In addition, the expression of 0rf256 was also detected in AL18A by RT-PCR.
Therefore, we considered 07256 as a candidate gene, and its function was verified through
the Arabidopsis transgenic system.

2.5. Functional Analysis of CMS Candidate Genes of AL18A

From AL18A, 12 candidate gene constructs were developed to study their function in
the Arabidopsis transgenic system. The plant vector pCambial300-221, driven by CaM V35S
promoter and connected with a signal peptide from rice fertility restoring gene Rf1b, was
used to target the mitochondria. Transgenic vectors were constructed both with 105 and
315 bp mitochondrial signal peptides, respectively.

The fertility of the transgenic plants containing the 315 bp of Rf1b as a mitochondrial
signal peptide was not affected (Table 6). Additionally, 80% of the transgenic plants
harboring the orf66, orf83, orf85, orf103, orf124, orf129, orf139, orf256, orf232, orf279, and
orf376 construct had more than 50% seed setting rate, implying these orfs has no role in
sterility. The orf74 construct significantly lowered fertility at the early developmental stages
as 50% of the transgenics had less than 50% seed set; however, the fertility was gradually
regained until maturity. Therefore, the function of orf/4 needed to be reconsidered.

Table 6. Phenotypic study of transgenic Arabidopsis thaliana containing 315 bp mitochondrial signal
peptide of Rf1b.

Candidate Number of Seed Setting Rate of T1 Plant (%)

orfs T1 Plants >90 51-90 11-50 1-10

CK-Rf1b 9 9 (100%)
0rf66 32 26 (81%) 4 (13%) 2 (6%)
orf74 28 8 (29%) 6 (21%) 7 (25%) 7 (25%)
0rf85 26 24 (92%) 1 (4%) 1 (4%)
0rf103 51 39 (76%) 2 (4%) 5 (10%) 5 (10%)
01279 49 39 (80%) 2 (4%) 6 (12%) 2 (4%)
orf129 38 37 (97%) 1 (3%)
orf139 37 32 (87%) 2 (5%) 3 (8%)
0rf83 36 33 (92%) 3 (8%)
011232 14 14 (100%)
orfl124 16 13 (82%) 1 (6%) 2 (12%)
0rf376 67 64 (96%) 2 (3%) 1 (1%)
01256 57 55 (96%) 2 (4%)

Fertility of the transgenic plants harboring the 07f279 and 105 bp of Rf1b as mito-
chondrial signal peptide were significantly reduced as 43% were almost sterile, 33% were
partially fertile, and 24% were fully fertile (Table 7). Vegetative growth of transgenic plants
was similar to wild-type plants; however, at the reproductive stage, the transgenic plants
showed longer petiole, more prominent calyx, delayed floral degeneration, less pollen,
lower pollen germination rate (Table 8, Figure S2), and abnormal pod development. The
vegetative and reproductive growth of transgenic plants containing the o256, previously
considered as T-type CMS gene in wheat, was similar to that of wild-type plants, indicating
that orf256 is not related to sterility (Figure 6). Fertility of transgenics harboring orf74, orf83,
0rf376, orf139, orf124, orf66, orf103, 0rf232, orf129, and orf83 was more than 87%, indicating
these genes were not related to sterility.

ORF279 contained two transmembrane domains (Figure 7A). Its function was an-
notated as an ATP synthase subunit 8 gene. ATP8 contained a transmembrane domain
(Figure 7B). Compared to the protein sequences of ATP8 and ORF279, the first 96 amino
acids of them were identical, and the first transmembrane domain of ORF279 was consis-
tent with ATP8. It was speculated that ORF279 may affect the normal function of ATP8
and mitochondrial ATP synthesis.
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Table 7. Phenotypic study of transgenic Arabidopsis thaliana containing 105 bp mitochondrial signal

peptide of Rf1b.
Candi Number of T1 Seed Setting Rate of T1 Plant (%)
andidate orfs
Plants 1-50 51-90 >90
orf279 61 26 (43%) 20 (33%) 15 (24%)
orf74 36 1 (3%) 2 (6%) 33 (91%)
orf83 36 36 (100%)
orf256 57 3 (5%) 54 (95%)
orf376 53 3 (6%) 3 (6%) 47 (88%)
orf139 28 28 (100%)
orf124 36 36 (100%)
orf66 53 1 (2%) 2 (4%) 50 (94%)
orf103 60 1 (2%) 1(2%) 58 (96%)
orf232 23 1 (4%) 2 (9%) 20 (87%)
orf129 19 1 (5%) 18 (95%)
orf85 32 2 (6%) 30 (94%)

Table 8. Pollen germination rate of transgenic plants.

. Flower Number Pollen Germination Rate (%)
Candidate orfs
of T1 Plants <30 30-60 >60
orf279 122 50 (41%) 38 (31%) 34 (28%)
orf74 72 2 (3%) 4 (6%) 66 (91%)
orf83 72 2 (3%) 70 (97%)
orf256 114 6 (5%) 2 (2%) 106 (93%)

orf256

orf279

orf279

Figure 6. Phenotype of wild-type, 0rf256 and orf279 transgenic plants. (A) Transgenic plants;
(B) siliques; (C) pollen germination rate, scale bar is 200 um.
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Figure 7. Transmembrane domain prediction of 0rf279 (A) and atp8 (B).

3. Discussion
3.1. Mitochondrial Origin of AL-Type Cytoplasmic Male Sterile Line AL18A

In the 1990s, Wang et al. bred a cytoplasmic male sterile line AL18A [24]. Its cy-
toplasm was derived from a common wheat variety, ‘Huixianhong’, so they thought its
mitochondrial genome should be similar to common wheat. By sequencing the mitochon-
drial genome of AL18A, we found that the mitochondrial genome of AL18A is almost
identical to that of T. timopheevi, but significantly different from common wheat. Therefore,
we believe that the mitochondrial genome of AL18A may be derived from T. timopheevi
and belongs to T-CMS. There is some evidence that AL18A belongs to T-CMS. For example,
Wang observed AL-type and other wheat CMS lines by scanning electron microscope and
found that most mature pollen grains of AL-type male sterile lines were shrunk, and a
few were plump, and the pollen sterility was 100%. Almost all the mature pollen grains
of T-type male sterile lines were also shrunk, indicating that the AL-type and T-type CMS
have similar pollen abortion phenotypes [24]. Jiang (2002) found that Q-type, T-type,
and AL-type CMS lines of wheat have similar restoration and maintenance relationship,
which may be the same kind of male sterile lines [25]. In conclusion, AL18A and T-CMS
have the same morphology of sterile pollen grains, the same restoration and maintenance
relationship, and a similar mitochondrial genome. Therefore, we conclude that AL18A
belongs to T-CMS, and its mitochondria is from T. timopheevi.

3.2. The Male Sterile Gene of AL18A Is orf279

Early studies suggested that the candidate gene of T-CMS was orf256. The protein
encoded by 07256 existed in T-CMS line, and the expression of 0rf256 changed in different
nuclear backgrounds [16,26]. We also tried to verify the function of 07256 in transgenic
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Arabidopsis and found that ORF256 had no role in sterility (Figure 6. However, orf279 from
the mitochondrial genome of AL18A led to male sterility in Arabidopsis, with longer petiole,
more prominent calyx, delayed floral degeneration, shorter pod, lower pollen number, and
germination rate. Recently, Australian scientists found that two fertility restoring genes Rf1
and Rf3 of T-CMS can bind to the mRNA of 0rf279 in vitro and cleave to restore fertility. In
contrast, the mRNA of 0rf256 is not affected [19]. Therefore, 0rf256 is not a CMS gene of
T-CMS, while orf279 might be the CMS gene of T-CMS.

3.3. Fertility Restoring Genes in 9AR144-1

The fertility restoring genes RfI (Chr1A) and Rf3 (Chr1B) bind to the mRNA of orf279
and degrade it [19]. However, the expression of orf279 in the F1 of AL18A x 99AR144-1
indicated that the restorer line 9AR144-1 harbored a different restorer gene. Liu (2010)
reported that in 9AR144-1, fertility restoration was controlled by two major genes residing
on Chr2A and ChrlB [27]. In contrast, the restorer gene RfI and Rf3 are on ChrlA and
Chr1B, respectively, indicating a different restorer gene in 9 AR144-1.

3.4. Tapetal PCD and Male Sterility

The timely PCD of tapetum is very important for pollen development [28]. Luo (2013)
reported that the abortion of WA-CMS in rice was caused by the advance of PCD in tapetum.
The male-sterile protein WA352 inhibits the scavenging effect of COX11 on reactive oxygen
species, resulting in the explosion of ROS in mitochondria and the release of cytochrome
C. The cytochrome C eventually led to the advanced programmed cell death in tapetum,
resulting in the abnormal nutrient absorption of pollen grains and its abortion [3]. In this
study, we found that the earliest abnormal period of AL18A anther development compared
with AL18B was the uni-nucleate stage, which showed delayed cell collapse in tapetum,
indicating a delayed PCD in the tapetum. Further research is needed to understand the
relationship between delayed PCD and ROS level and the effect of ROS in tapetum through
a specific mechanism.

3.5. The Importance of Mitochondrial Signal Peptide in Functional Verification of CMS Gene

In this study, the first 315 and 105 bp of Rf1b from rice were used as mitochondrial
targeting signal peptides. The transgenic Arabidopsis of orf279 with 105 bp of signal peptide
showed evident sterility. Rf1b is a PPR restorer gene that has 506 amino acids. The first
315 bp of Rf1b, encoding the first 23 amino acids as the putative mitochondrial signal
peptide, the first PPR repeat (53—-81 amino acids), and part of the second PPR repeat (92-105
amino acids), may affect the function of ORF279 protein. However, the first 105 bp of Rf1b
only encodes the putative signal peptide sequence and does not contain the PPR repeat
sequence, so it may target the mitochondria without affecting the function of ORF279.

4. Materials and Methods
4.1. Plant Materials

Wheat (Triticum aestivum L.) cytoplasmic male sterile line AL18A, maintainer line
AL18B, and a restorer line 9 AR144-1 were kindly provided by professor Xiaoming Tian
of the Xinjiang Academy of Agricultural Reclamation Sciences. Other wheat cultivars
(KN199, Zhongmai 895, Taishan 23, and Liangxing 99) and Arabidopsis thaliana (Col-0) were
provided by the State Key Laboratory of Plant Cell and Chromosomal Engineering.

4.2. Scanning of Wheat Anthers Using a Scanning Electron Microscope

Anther and pollen samples of AL18A and AL18B were prepared according to Nguyen
and Harbison (2017) and scanned with a scanning electron microscope (Hitachi S-3000N &
Quorum PP3000T) [29].
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4.3. Extraction of Plant Mitochondrial DNA

Two-weeks-old, etiolated seedlings of AL18A and AL18B were used to isolate the
mitochondria following the published protocol [20,30]. Mitochondrial fractions were
collected by differential centrifugation and incubated with DNase I for one hour in ice to
eliminate the linear DNA. The mitochondrial samples further purified by discontinuous
sucrose density gradient centrifugation (1.2 M /1.6 M/2.0 M) were carefully collected from
the 1.6 M /1.2 M interface and washed with 0.4 M sucrose solution. The fraction was
finally lysed in 2% Sarkosyl for mitochondrial DNA (mtDNA) extraction, followed by
phenol-chloroform extraction and ethanol precipitation.

4.4. Mitochondrial Genome Sequencing Analysis

The mtDNA of AL18A and AL18B (accession number MW846284 and MW846283,
respectively) were sequenced at Mega genomics Co. LID, and the sequenced reads
were assembled using the software package SOAPdenovo (v2.04)/SPAdes-3.10.1 on a
PC/UNIX platform. The mitochondrial sequences were annotated with AUGUSTUS
(http:/ /bioinf.uni-greifswald.de/augustus/, accessed on 22 May 2021) and tRNA genes
and their secondary structures were identified using RNAmmer-1.2 and tRNAscan-SEv1.3.1.
The Pairwise BLAST program on our local server was used for comparison between AL18A
mtDNA and AL18B mtDNA and the mitochondrial genome of Triticum timopheevii, with an
E-value cutoff at 0.001. A database search was executed using the nucleotide BLAST net-
work service (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=
BlastSearch&LINK_LOC=blasthome, accessed on 22 May 2021) with default parameters.
Alignments were obtained using MultiPipMaker, a web-based tool for genomic sequence
alignments (http:/ /bio.cse.psu.edu/pipmaker, accessed on 22 May 2021) [31,32]. The an-
notated AL18A mtDNA genomic sequence was used as a reference genome and compared
with mtDNA sequences from AL18B (T. aestivum).

4.5. Vector Construction and Genetic Transformation of Arabidopsis thaliana

The PCR primers with a restriction site overhang were designed from the conserved
domain region of the target genes. The PCR products were transformed into E. coli after
being ligated into pCambia1300-121 vector by double restriction enzyme digestion and the
positive clones were screened on Kanamycin selectable LB plates. The positive constructs
were transformed in Arabidopsis (Col-0) using the floral dip method [33]. Ty seeds were
screened on a selectable (Hygromycin) % MS media. After two weeks, the transgenic
seedlings were shifted in soil medium (1:1) and grown at 23 °C, 16:8 h photoperiod
until maturity.

4.6. Pollen Germination Experiment of Arabidopsis thaliana

The pollen germination of Arabidopsis thaliana was studied according to Hirsche et al.
(2017) [34].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22126388 /51, Figure S1: Seeds setting of AL18A, AL18B and F; (AL18A x AL18B), Figure
S2: Pollen germination rate of WT, transgenic plants of orf256 and orf279, respectively.

Author Contributions: Material, M.H., J.S., X.L. and D.L.; methodology, M.H. and L.S.; formal
analysis, M.H. and W.L.; writing—original draft preparation, W.Y. and M.H.; writing—review and
editing, W.Y,, M.S. and A.Z.; supervision, W.Y., and A.Z.; funding acquisition, W.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R and D Program of China (2016YFD0100804).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.


http://bioinf.uni-greifswald.de/augustus/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://bio.cse.psu.edu/pipmaker
https://www.mdpi.com/article/10.3390/ijms22126388/s1
https://www.mdpi.com/article/10.3390/ijms22126388/s1

Int. J. Mol. Sci. 2021, 22, 6388 13 of 14

Acknowledgments: The authors are grateful to all lab members for their useful suggestions, support,
and encouragement. We thank Xiaoming Tian and Yingbin Nie for their providing the seeds of
AL18A, AL18B and 99AR144-1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, L;; Liu, Y.-G. Male Sterility and Fertility Restoration in Crops. Annu. Rev. Plant Biol. 2014, 65, 579-606. [CrossRef]

2. Ivanov, M.K,; Dymshits, G.M. Cytoplasmic male sterility and restoration of pollen fertility in higher plants. Russ. J. Genet. 2007,
43, 354-368. [CrossRef]

3. Luo, D, Xu, H; Liu, Z,; Guo, J.; Li, H,; Chen, L.; Fang, C.; Zhang, Q.; Bai, M.; Yao, N.; et al. A detrimental mitochondrial-nuclear
interaction causes cytoplasmic male sterility in rice. Nat. Genet. 2013, 45, 573-577. [CrossRef] [PubMed]

4. Schnable, P.S.; Wise, R.P. The molecular basis of cytoplasmic male sterility and fertility restoration. Trends Plant Sci. 1998, 3,
175-180. [CrossRef]

5. Hanson, M.R,; Bentolila, S. Interactions of mitochondrial and nuclear genes that affect male gametophyte development. Plant Cell
2004, 16, S154-5169. [CrossRef] [PubMed]

6. L'Homme, Y;; Stahl, R.J.; Li, X.-Q.; Hameed, A.; Brown, G.G. Brassica nap cytoplasmic male sterility is associated with expression
of a mtDNA region containing a chimeric gene similar to the pol CMS-associated orf224 gene. Curr. Genet. 1997, 31, 325-335.
[CrossRef] [PubMed]

7. Nivison, H.T; Sutton, C.A.; Wilson, R.K.; Hanson, M.R. Sequencing, processing, and localization of the petunia CMS-associated
mitochondrial protein. Plant ]. 1994, 5, 613-623. [CrossRef]

8. Wang, Z,; Zou, Y,; Li, X.; Zhang, Q.; Chen, L.; Wu, H; Su, D.; Chen, Y.; Guo, ].; Luo, D.; et al. Cytoplasmic Male Sterility of Rice
with Boro II Cytoplasm Is Caused by a Cytotoxic Peptide and Is Restored by Two Related PPR Motif Genes via Distinct Modes of
mRNA Silencing. Plant Cell 2006, 18, 676-687. [CrossRef]

9.  Wise, R.P; Fliss, A.E,; Pring, D.R.; Gengenbach, B.G. urf13-T of T cytoplasm maize mitochondria encodes a 13 kD polypeptide.
Plant Mol. Biol. 1987, 9, 121-126. [CrossRef] [PubMed]

10. Wise, R.P; Dill, C.L,; Schnable, P. Mutator-Induced Mutations of the Rfl Nuclear Fertility Restorer of T-Cytoplasm Maize Alter
the Accumulation of T-Urf13 Mitochondrial Transcripts. Genetics 1996, 143, 1383-1394. [CrossRef]

11.  Wolf-Litman, O.; Soferman, O.; Tabib, Y.; Izhar, S. Interaction of the mitochondrial S-Pcf locus for cytoplasmic male sterility
in Petunia with multiple fertility-restoration genes in somatic hybrid plants. Theor. Appl. Genet. 1992, 84, 829-834. [CrossRef]
[PubMed]

12. Wang, K,; Gao, F; Ji, Y;; Liu, Y;; Dan, Z.; Yang, P.; Zhu, Y.; Li, S. ORFH79 impairs mitochondrial function via interaction with
a subunit of electron transport chain complex III in Honglian cytoplasmic male sterile rice. New Phytol. 2013, 198, 408—418.
[CrossRef] [PubMed]

13. Xiao, S.; Zang, J.; Pei, Y.; Liu, J.; Liu, J.; Song, W.; Shi, Z.; Su, A.; Zhao, ].; Chen, H. Activation of Mitochondrial orf355 Gene
Expression by a Nuclear-Encoded DREB Transcription Factor Causes Cytoplasmic Male Sterility in Maize. Mol. Plant 2020, 13,
1270-1283. [CrossRef] [PubMed]

14. Bentolila, S.; Alfonso, A.A; HansonM, R. A pentatricopep tide repeat containing gene restores fertility to cytoplasmic male sterile
plants. Proc. Natl. Acad. Sci. USA 2002, 99, 10887-10892. [CrossRef]

15. Sun, L; Yao, F; Li, C.; Li, L.; Liu, B.; Gao, Q. RAPD analysing of CMS-T, K, V mtDNAs and cloning of mtDNA fragments
associated with CMS-K in wheat. Acta Agron. Sin. 2001, 27, 144-148.

16. Song, J.; Hedgcoth, C. A chimeric gene (orf256) is expressed as protein only in cytoplasmic male-sterile lines of wheat. Plant Mol.
Biol. 1994, 26, 535-539. [CrossRef]

17.  Hedgcoth, C.; El-Shehawi, A.M.; Wei, P.; Clarkson, M.; Tamalis, D. A chimeric open reading frame associated with cytoplasmic
male sterility in alloplasmic wheat with Triticum timopheevi mitochondria is present in several Triticum and Aegilops species,
barley, and rye. Curr. Genet. 2002, 41, 357-366. [CrossRef]

18. Gupta, PK,; Balyan, H.S.; Gahlaut, V.; Saripalli, G.; Pal, B.; Basnet, B.R.; Joshi, A K. Hybrid wheat: Past, present and future. Theor.
Appl. Genet. 2019, 132, 2463-2483. [CrossRef]

19. Melonek, J.; Duarte, J.; Martin, J.; Beuf, L.; Murigneux, A.; Varenne, P; Comadran, ].; Specel, S.; Levadoux, S.; Bernath-Levin, K.; et al.
The genetic basis of cytoplasmic male sterility and fertility restoration in wheat. Nat. Commun. 2021, 12, 1-14. [CrossRef]

20. Liu, H,; Cui, P; Zhan, K;; Lin, Q.; Zhuo, G.; Guoyin, Z.; Ding, E; Yang, W,; Liu, D.; Hu, S.; et al. Comparative analysis of
mitochondrial genomes between a wheat K-type cytoplasmic male sterility (CMS) line and its maintainer line. BMC Genom. 2011,
12, 163. [CrossRef]

21. Gui, A;Nie, Y,; Ma, L.; Xu, H.; Li, R;; Liu, X,; Kong, D.; Zhang, X.; Mu, P. Mapping QTLs of fertility restoring genes for AL-type
male sterility line AL18A in wheat. J. Triticeae Crop. 2017, 37, 1-6.

22. Nie, Y,; Kong, D.; Cui, F; Sang, W.; Mu, P.; Xu, H.; Tian, X. Study on the outcross rate of wheat AL type cytoplasmic male sterile
lines. J. N. Am. Agric. 2018, 46, 1-6.

23. Nie, Y; Tian, X,; Han, X.; Xu, H.; Mu, P,; Sang, W.; Cui, F; Xiang, J.; Zhou, B. New hybrid wheat variety with high yield and good

quality, Xindong 43. . Triticeae Crop. 2014, 34, 1450.


http://doi.org/10.1146/annurev-arplant-050213-040119
http://doi.org/10.1134/S1022795407040023
http://doi.org/10.1038/ng.2570
http://www.ncbi.nlm.nih.gov/pubmed/23502780
http://doi.org/10.1016/S1360-1385(98)01235-7
http://doi.org/10.1105/tpc.015966
http://www.ncbi.nlm.nih.gov/pubmed/15131248
http://doi.org/10.1007/s002940050212
http://www.ncbi.nlm.nih.gov/pubmed/9108140
http://doi.org/10.1111/j.1365-313X.1994.00613.x
http://doi.org/10.1105/tpc.105.038240
http://doi.org/10.1007/BF00015644
http://www.ncbi.nlm.nih.gov/pubmed/24276901
http://doi.org/10.1093/genetics/143.3.1383
http://doi.org/10.1007/BF00227392
http://www.ncbi.nlm.nih.gov/pubmed/24201482
http://doi.org/10.1111/nph.12180
http://www.ncbi.nlm.nih.gov/pubmed/23437825
http://doi.org/10.1016/j.molp.2020.07.002
http://www.ncbi.nlm.nih.gov/pubmed/32629120
http://doi.org/10.1073/pnas.102301599
http://doi.org/10.1007/BF00039566
http://doi.org/10.1007/s00294-002-0315-x
http://doi.org/10.1007/s00122-019-03397-y
http://doi.org/10.1038/s41467-021-21225-0
http://doi.org/10.1186/1471-2164-12-163

Int. J. Mol. Sci. 2021, 22, 6388 14 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang, S.; Zhang, L.; Wang, Q.; Hang, X.; Kang, M. Scanning electronic microscope observations on pollens of AL- and other type
male-sterile lines of wheat. J. South China Agric. Univ. 1992, S1, 43-45.

Jiang, H. Comparison of restoring and maintaining characteristic among Q-, AL- and T-type wheat male sterile lines. J. Sichuan
Agric. Univ. 2002, 20, 198-199.

Song, J.; Hedgcoth, C. Influence of nuclear background on transcription of a chimeric gene (orf256) and coxI in fertile and
cytoplasmic male sterile wheats. Genome 1994, 37, 203-209. [CrossRef]

Liu, X. Genetic Analysis and Molecular Markers of the Fertility Restoration Gene on AL-Type Cytoplasmic Male-Sterility in
Wheat. Master’s Thesis, Xinjiang Shihezi, Shihezi University, Xinjiang, China, 1 June 2010.

Yu, ].; Zhang, D. Molecular Control of Redox Homoeostasis in Specifying the Cell Identity of Tapetal and Microsporocyte Cells in
Rice. Rice 2019, 12, 1-9. [CrossRef]

Nguyen, ].N.T.; Harbison, A.M. Scanning Electron Microscopy Sample Preparation and Imaging. In Breast Cancer; Espina, V., Ed.;
Humana Press: New York, NY, USA, 2017; Volume 1606.

Sugiyama, Y.; Watase, Y.; Nagase, M.; Makita, N.; Yagura, S.; Hirai, A.; Sugiura, M. The complete nucleotide sequence and
multipartite organization of the tobacco mitochondrial genome: Comparative analysis of mitochondrial genomes in higher plants.
Mol. Genet. Genom. 2004, 272, 603-615. [CrossRef]

Schwartz, S.; Zhang, Z.; Frazer, K.A.; Smit, A.; Riemer, C.; Bouck, J.; Gibbs, R.; Hardison, R.; Miller, W. PipMaker: A web server
for aligning two genomic DNA sequences. Genome Res. 2000, 10, 577-586. [CrossRef]

Schwartz, S.; Elnitski, L.; Li, M.; Weirauch, M.; Riemer, C.; Smit, A.; Program, N.C.S.; Green, E.D.; Hardison, R.C.; Miller, W.
MultiPipMaker and supporting tools: Alignments and analysis of multiple genomic DNA sequences. Nucleic Acids Res. 2003, 31,
3518-3524. [CrossRef]

Clough, S.J.; Bent, A.F. Floral dip: A simplified method forAgrobacterium-mediated transformation of Arabidopsis thaliana.
Plant ]. 1998, 16, 735-743. [CrossRef] [PubMed]

Hirsche, J.; Garcia Fernandez, ].M.; Stabentheiner, E.; Grofikinsky, D.K.; Roitsch, T. Differential Effects of Carbohydrates on
Arabidopsis Pollen Germination. Plant Cell Physiol. 2017, 58, 691-701. [CrossRef] [PubMed]


http://doi.org/10.1139/g94-028
http://doi.org/10.1186/s12284-019-0300-3
http://doi.org/10.1007/s00438-004-1075-8
http://doi.org/10.1101/gr.10.4.577
http://doi.org/10.1093/nar/gkg579
http://doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079
http://doi.org/10.1093/pcp/pcx020
http://www.ncbi.nlm.nih.gov/pubmed/28339807

	Introduction 
	Results 
	The Wheat AL-CMS Line AL18A Is the Typical Sterile Type 
	Mitochondrial Genome of Wheat AL18A and AL18B 
	The Mitochondrial Genome Composition of AL18A and AL18B 
	CMS Candidate Genes of AL18A 
	Functional Analysis of CMS Candidate Genes of AL18A 

	Discussion 
	Mitochondrial Origin of AL-Type Cytoplasmic Male Sterile Line AL18A 
	The Male Sterile Gene of AL18A Is orf279 
	Fertility Restoring Genes in 99AR144-1 
	Tapetal PCD and Male Sterility 
	The Importance of Mitochondrial Signal Peptide in Functional Verification of CMS Gene 

	Materials and Methods 
	Plant Materials 
	Scanning of Wheat Anthers Using a Scanning Electron Microscope 
	Extraction of Plant Mitochondrial DNA 
	Mitochondrial Genome Sequencing Analysis 
	Vector Construction and Genetic Transformation of Arabidopsis thaliana 
	Pollen Germination Experiment of Arabidopsis thaliana 

	References

