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Abstract Cytoplasmic male sterility (CMS), which is a

maternally inherited trait and controlled by novel chimeric

genes in the mitochondrial genome, plays a pivotal role in

the production of hybrid seed. In cotton, no PCR-based

marker has been developed to discriminate CMS-D8 (from

Gossypium trilobum) from its normal Upland cotton (AD1,

Gossypium hirsutum) cytoplasm. The objective of the

current study was to develop PCR-based single nucleotide

polymorphic (SNP) markers from mitochondrial genes for

the CMS-D8 cytoplasm. DNA sequence variation in

mitochondrial genes involved in the oxidative phosphory-

lation chain including ATP synthase subunit 1, 4, 6, 8 and 9,

and cytochrome c oxidase 1, 2 and 3 subunits were identi-

fied by comparing CMS-D8, its isogenic maintainer and

restorer lines on the same nuclear genetic background. An

allelic specific PCR (AS-PCR) was utilized for SNP typing

by incorporating artificial mismatched nucleotides into the

third or fourth base from the 30 terminus in both the specific

and nonspecific primers. The result indicated that the

method modifying allele-specific primers was successful in

obtaining eight SNP markers out of eight SNPs using eight

primer pairs to discriminate two alleles between AD1 and

CMS-D8 cytoplasms. Two of the SNPs for atp1 and cox1

could also be used in combination to discriminate between

CMS-D8 and CMS-D2 cytoplasms. Additionally, a PCR-

based marker from a nine nucleotide insertion–deletion

(InDel) sequence (AATTGTTTT) at the 59–67 bp positions

from the start codon of atp6, which is present in the CMS

and restorer lines with the D8 cytoplasm but absent in the

maintainer line with the AD1 cytoplasm, was also devel-

oped. A SNP marker for two nucleotide substitutions (AA in

AD1 cytoplasm to CT in CMS-D8 cytoplasm) in the intron

(1,506 bp) of cox2 gene was also developed. These PCR-

based SNP markers should be useful in discriminating

CMS-D8 and AD1 cytoplasms, or those with CMS-D2

cytoplasm as a rapid, simple, inexpensive, and reliable

genotyping tool to assist hybrid cotton breeding.

Introduction

The acquisition of a new cytoplasmic male sterile (CMS)

line and the introduction of its characteristics into breeding

programs are very important to the development of com-

mercial hybrid cultivars. As an initial key step in hybrid
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breeding, identification of cytoplasmic types is usually

done by a time-consuming progeny test. However,

molecular markers capable of distinguishing mitochondrial

genotypes (mitotypes) at the DNA level enable breeders to

save time and effort, and PCR-based DNA markers have

been developed for this purpose in many crops.

In Upland cotton (Gossypium hirsutum, AD1), two CMS

systems, CMS-D2 and CMS-D8, were developed by intro-

ducing cytoplasm from two wild diploid species Gossypium

harknessii (D2-2) and Gossypium trilobum (D8), respec-

tively (Meyer 1975; Stewart 1992). Two nuclear encoded Rf

genes were also introduced from the two diploid species for

the two different CMS cytoplasms, i.e., Rf1 from CMS-D2-2

(Weaver and Weaver 1977) and Rf2 from CMS-D8 (Wang

et al. 2007, 2009; Zhang and Stewart 2001a, b, 2004). Using

seven mtDNA gene probes and five restriction enzymes,

Wang et al. (2010) demonstrated that restriction fragment

length polymorphic (RFLP) markers using atp1 and atp6

genes as probes can distinguish the three cytoplasms, i.e.,

CMS-D2, CMS-D8 and AD1 cytoplasm. Wu et al. (2011)

further used 10 mitochondrial gene-specific probes (atpA,

atp6, atp9, cob, cox1, cox2, cox3, nad3, nad6 and nad9) to

perform a RFLP analysis and identified three probes (atpA,

cox3, and nad6) that showed polymorphic patterns to dis-

criminate the CMS-D2 and its isogenic maintainer line with

the AD1 cytoplasm. After further comparing the sequences

of the three genes between the two cytoplasms, they iden-

tified 1–2 single nucleotide replacement within the three

genes. However, they were unable to develop any single

nucleotide polymorphic (SNP) markers except for a

sequence characterized amplified region (SCAR) marker

based on an insertion downstream of the atpA gene. Most

recently, Zhang et al. (2012) reported that both CMS line

P30A (most likely CMS-D2 cytoplasm) and its maintainer

with normal AD1 cytoplasm contained an intact and a

truncated copy of atpA but with sequence variation, which

allowed the development of a SCAR and a simple sequence

repeat (SSR) marker from the two copies, respectively. Up

to now, no PCR-based markers have been reported for the

CMS-D8 system.

The SNP marker system has become the marker system

of choice in recent years, as they are most abundant in a

genome. Of many SNP typing methods (Sobrino et al.

2005), the allele-specific PCR method utilizes allele-spe-

cific PCR primers, which correspond to the site of the

SNPs. In this method, one allele-specific primer is perfectly

compatible with one allele, and another primer mismatches

with the DNA template at the 30 end (Hayashi et al. 2004).

Since the allele-specific primer preferentially amplifies the

corresponding allele, this phenomenon causes PCR prod-

ucts with the nonspecific allele primer to be obtained with

much lower amplification efficiency than properly matched

termini. This PCR system with DNA polymerase results in

SNPs straightforwardly typed by the presence or absence of

PCR-amplified products on an ordinary agarose gel elec-

trophoresis (Hayashi et al. 2004). Although the allele-

specific PCR method has not been extensively utilized

because single allele mismatch at the 30 end of the primer is

usually not satisfactory to completely discriminate two

alleles, allele-specific PCR development has been recently

conducted by modifying primer sequences to increase

specificity for allele discrimination (Kwok et al. 1990;

Drenkard et al. 2000; Hayashi et al. 2004).

In this study, we followed the PCR-based allele dis-

crimination strategies developed by Hayashi et al. (2004) to

distinguish the two different cytoplasms (CMS-D8 and

AD1) using mitochondrial genes in cotton. SNPs in mito-

chondrial genes involved in the oxidative phosphorylation

chain including genes encoding ATP synthase subunit 1, 4

and 8 (atp1, atp4 and atp8) and cytochrome c oxidase 1, 2

and 3 subunits (cox1, cox2 and cox3) were identified in

CMS-D8, and maintainer lines on the same nuclear genetic

background, 8518. SNPs and InDel in mitochondrial genes

were employed to discriminate the different cytoplasmic

types by a simple PCR with allele-specific modified

primers and PCR products were confirmed by the regular

agarose-based electrophoresis.

Materials and methods

Plant materials and total DNA extraction

Cotton plants from three lines, 8518 (a B line with normal

fertile AD1 cytoplasm and homozygous non-functional

recessive fertility restorer genes rf2rf2), D8CMS8518 (an A

line with CMS-D8 cytoplasm and homozygous non-func-

tional recessive fertility restorer genes rf2rf2), and D8R8518

(an R line for CMS-D8 with the CMS-D8 cytoplasm and

homozygous functional dominant fertility restorer genes

Rf2Rf2), were grown in the greenhouse, New Mexico State

University, Las Cruces, NM, USA. One folded or newly

unfolded young leaf each from 5 to 10 plants from each

genotype was collected and pooled in a 1.5 ml tube and

stored at -80 �C until use. Total DNA was isolated using a

quick CTAB method (Zhang and Stewart 2000). The pres-

ence and integrity of genomic DNA was confirmed by

1.0 % agarose gel and quantified using DU 530 UV/VIS

spectrophotometer (Beckman Coulter, Brea, CA, USA).

PCR, cloning, sequencing and multiple sequence

alignment

Mitochondrial gene sequences including atp1, atp4, atp6,

atp8, atp9, cox1, cox2 and cox3 were amplified using a

high-fidelity DNA polymerase by primers for each gene
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(Table 1; Fig. 1). The PCR products were purified using

the QIAquick PCR Purification kit (Qiagen, Valencia, CA,

USA) and cloned using pGEM-T Easy vector system

(Promega, Madison, WI, USA). Eight clones from each

gene fragment were sequenced by ElimBiopharm (Hay-

ward, CA, USA; http://www.elimbio.com/dna_sequencing.

htm). Multiple sequence alignment (http://www.ebi.ac.uk/

Tools/msa/clustalw2/) using ClustalW was utilized to

estimate the percentage of identity match sequences

between clones from each gene and among sequences from

the three genotypes (8518, D8CMS8518, and D8R8518).

The translated protein sequences for these mitochondrial

genes, i.e., atp1, 4, 6, 8 and 9, and cox1, 2 and 3 were also

compared. Sequence variations among the three cotton

genotypes were identified by conducting ClustalW and

manually checking sequence differences among the geno-

types (Supplementary Figs. 1 and 2). Here, the DNA

sequences for atp1 and cox1 from D2RB418, an R line for

CMS-D2 with CMS-D2 cytoplasm and homozygous

functional dominant fertility restorer genes Rf1Rf1, were

obtained from a separate study using different primers

(Wang 2008) and used in the alignment for a comparative

analysis to confirm the discriminatory power of SNPs

among the three cytoplasms (AD1, D2 and D8).

Primer designing

SNPs and insertion–deletions (InDels) were detected by

comparing consensus sequences for the same gene among the

four genotypes. Primers for confirmation of the SNPs and

InDels were then designed by the utilization of Primer3

(Integrated DNA Technologies; http://www.idtdna.com).

The allele and InDel specific primers were used for the

amplification of specific mitochondrial genes, i.e. atp1, atp4,

atp6 and atp8, and cox1, cox2 and cox3 by the use of regular

PCR for the development of allele-specific markers and

InDel markers to discriminate the two different cytoplasms

(AD1 and D8) or the three cytoplasms (AD1, D8 and D2).

The primer information is listed in Table 2. Both allele-

specific and nonspecific forward primers have an artificial

mismatch within four bases of the 30 terminus. Reverse

primers are commonly designed for both allele-specific and

nonspecific primers. As a comparison, primer sequences used

in primer extension are listed in Supplementary Table 1.

PCR amplification and gel electrophoresis

To verify the SNPs and InDels, DNA from 8518 (with

fertile AD1 cytoplasm) and D8CMS8518 (with sterile

CMS-D8 cytoplasm) was used without using D8R81518

since both D8CMS8518 and D8R8518 share the same

CMS-D8 cytoplasm and had the same DNA sequences

when the eight mtDNA genes were sequenced. SNPs in

8518, D8CMS8518, D8R8518 and D2RB418 (Wang 2008)

were also identified and employed for confirmation of the

sequence variations. A total of 25 ll PCR reaction con-

tained 2.5 ng of genomic DNA, 0.125 U Taq polymerase

Table 1 Original primers for

amplification of genomic DNA

in mitochondrial genes

Gene Forward Reverse

atp1 F1:TAGAGCTCATCTTTGTCAGCGGCA R1:CCTTTCACACCGCTCGCAAATTCA

F2:AGCTGCGGAACTCACGACTCTATT R2:GCATCAGGTTCCATCTTTCTTTCG

atp4 F:GGCGGGAAGAAGTGGCATTTAGAA R:TGCTGCTATTCCATCTATTTGTGC

atp6 F1:NTCGASTWTSGWGTT R1:GCGGTAGCTAAACCAGCGATAGCA

F2:TTCTCCCATGCTTTCCGTTGGTCA R2:AGTGGGACTCCTGCGGGTAATAAA

F3:AGATCGTAGAAACATGAGCTTGTGA R3:ATGCTTGGCAATCCTTGGTAGAGC

F4:GCAGGAGTCCCACTACCCTTAGCACCTT R4:WGTGNAGWANCANAGA

atp8 F:TCTTCTGGTTATGCCTTCTCCTCT R:AGATTATGCTTCCTTGCCCGTGTG

atp9 F:AACGATGCAATAGCTTCGGTTAGAGC R:AAATCAATGGGTGCAGGAGCTG

cox1 F:AGCAGGAGGACTTTGTACCATCCA R:TATGCCGGCGATGATAGGTGGATT

cox2 F1:AATSAGTCTCTCTTTRTTTBKGGGG R1:TGGCTGGATCTACTACTACCTCGT

F2:CACAATTTCTCCTTGTGATGCAGCGG R2:CCTAGGAACAGCTTCTACGACGAT

F3:TACGAGCTGAAAGGCTCCCATACT R3:TACTGTATACGGTCGAGCTGGCTT

cox3 F:GGGAATAACCGAACCACGTCTACA R:TCCATGGCCTATTTCGGGTTCACT

Fig. 1 The locations and schematic amplified length of primer

combinations designed for amplifying the full length of atp1, 6 and

cox2 and their 30 and 50 UTR regions in both genomic DNA templetes
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(Promega, Madison, WI, USA), 5 ll of 5 9 PCR buffer,

25 mM of MgCl2, 10 mM of dNTPs, and 11.875 ll of

deionized water. The primers used in the PCR reaction were

2.5 ll of both forward gene-specific primer (5 lM) and

reverse primer (5 lM). The PCR amplification program

consisted of 30 s, 94 �C denaturing step; a 30 s, 52–60 �C

annealing step; a 1 min, 72 �C elongation step; in 27–30

cycles. Finally, 7 min, 72 �C final elongation step was

conducted. The PCR products were separated by electro-

phoresis using 2.0 % agarose gels in 1 9 TBE buffer.

Results

Sequence differences between AD1 and D8 cytoplasms

An assembled DNA, cDNA and protein contig sequences

based on eight clones sequenced from each mtDNA gene

and each genotype were submitted to NCBI under accession

ID KC149532 to KC149552. Genomic DNA (gDNA) and

protein sequence alignments among the three isogenic

genotypes (D8CMS8518, D8R8518, and 8518) are shown

in Supplementary Figs. 1 and 2. The gDNA sequence

alignments among those with D2RB418 in only atp1, atp6

and cox1, cox2 and cox3 are also included for a comparative

analysis. SNPs due to the cytoplasmic differences between

AD1 and D8 were identified in the mitochondrial genes

atp1, atp4 and atp8, and cox1, cox2, and cox3 (Table 3).

Furthermore, SNPs among AD1, D8 and D2 were discov-

ered in atp1 and cox1 (Table 3). No SNPs in the partially

sequenced atp9 were detected between AD1 and D8 cyto-

plasms, although SNP may be present in the region where

the sequencing of this gene was not performed in this study.

As indicated in Table 3, the 50 UTR region of atp1

has two consecutive nucleotide polymorphisms between

the CMS/restorer (CMS-D8 cytoplasm) lines and the

Table 2 Modified allele-specific and InDel markers used to discriminate the different cytoplasms in this study

Gene SNP

alleles

Specific

cytoplasm(s)

Primer sequences (50–30) Length

(nt)

GC

(%)

Tm

(�C)

Product

size(bp)

atp1_50 R: GACCACTCGACCGATCTCATCCACTT 26 53.8 61.6 143

CG AD1 F1: CGGCATTCCTCCTTGACTCTAAAGTCG 27 51.9 60.6

AA D8 F2: CGGCATTCCTCCTTGACTCTAAAGTAA 27 44.4 58.2

atp4 R: TTAGGCGCACAGCGTGCCATTGGTAA 26 53.8 64.8 145

C AD1 F1: CTATTCAGGAAGAATCGCAGCAAGTC 26 46.2 57.6

T D8 F2: CTATTCAGGAAGAATCGCAGCAAGTT 26 42.3 57.3

atp8 R: GCCACTTATTTCTCCGAAACAAGAGA 26 42.3 57.1 183

C AD1 F1: GGGAACAACATCCGGCGC 18 66.7 59.9

A D8 F2: GGGAACAACATCCGGCGA 18 61.1 58.1

cox1 R: TGTACCATCCATTCCAGTGTGGTTGA 26 46.2 59.9 112

C AD1 F1: GTTGTTTCTTCGTGGTCGTAACACTC 26 46.2 57.9

A D8 F2: GTTGTTTCTTCGTGGTCGTAACACTA 26 42.3 57

cox2 R: CGGCGAGTCGGAACATGTACGAATAT 26 50 60.4 146

AA AD1 F1: TATGAGTCCGGGAAGCCTGGAAGCAA 26 53.8 63.5

CT D8 F2: TATGAGTCCGGGAAGCCTGGAAGCCT 26 57.7 65

cox3 R: TGTACGACTTTGGTATGATGTCCTTCCA 28 42.9 59.2 105

C AD1 F1: ACTTCTCAGTTTGGGCCTCATATGTC 26 46.2 58.5

A D8 F2: ACTTCTCAGTTTGGGCCTCATATGTA 26 42.3 57.6

atp1_30 R: TCTAAAAGTGATTGTAGTAATTGAGGT 27 25.9 51.8 128

T AD1&D2 F1: AAACAAATTCTAGTCATTTATGCTTCT 27 25.9 52

A D8 F2: AAACAAATTCTAGTCATTTATGCTTCA 27 29.6 52.4

cox1 R: ATGGTGAACAAAAAGATGAACCCTACA 27 48.1 60.5 122

A D2 F1: ATGATCATAGCTGTCCCCACTGGACTA 27 51.9 61.4

C AD1&D8 F2: ATGATCATAGCTGTCCCCACTGGACTC 27 37 56.9

atp6 InDel F:TAAACTATAGTTTTTCACTACTCGTACAG

TGAAAATGAAGTCTCTCCT

48 33.3 62.2 158(D8)

R: GCCAAGGCCAAGACAAACATTTTGAAA 27 40.7 59.1 149(AD1)

Both allele-specific and nonspecific forward primers have an artificial mismatch within four bases of the 30 terminus. Bold font nucleotide

indicates functional SNP. Underlined nucleotide represent mismatched base. For primer sequences, ‘‘R’’ indicates reverse primer and ‘‘F’’

represents for forward primer
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maintainer line (AD1 cytoplasm). The CMS/restorer lines

possess two adenines (AA) and the maintainer line has a

cytosine and a guanine (CG) in these positions. Addition-

ally, atp1 has one nucleotide polymorphism which is an

adenine in the D8 (CMS/restorer lines) cytoplasm at the

1,365 nt position from the start codon ATG and a thymine

in the AD1 (maintainer line) and D2 (restorer line) cyto-

plasm at the same position (Table 3, Supplementary

Fig. 1).

The atp4 gene has a thymine in the CMS/restorer lines

at the 181 nt position from the 50 primer although the

maintainer line possesses a cytosine at this position (Sup-

plementary Fig. 1 and Table 3).

In atp6, no SNP between AD1 and D8, including full

sequence of coding region and non-coding region, was

detected. However, nine nucleotide insertion-deletion

(InDel) sequences, i.e. ‘‘AATTGTTTT’’ at the 59–67 bp

positions from the start codon of atp6 of the CMS and

restorer lines with the D8 cytoplasm were inserted, while

this sequence was not detected in the maintainer line with

the AD1 cytoplasm (Supplementary Fig. 1 and Table 4).

In atp8, an adenine at the 134 nt position from the 50

primer is present in the CMS/restorer lines, but a cytosine

exists in the maintainer line at the identical position. This

SNP causes amino acid alteration from arginine (aga) to

isoleucine (atc) in the CMS/restorer lines (Supplementary

Fig. 1 and Table 3).

In the partially sequenced atp9 with 170 bp, neither SNP

nor InDel between AD1 and D8 cytoplasm was identified

(Supplementary Fig. 1). The atp9 gene generally possesses

shorter nucleotide sequences ranging from 200 to 300 bp in

plants (Giegé and Brennicke 1999).

In cox1, the CMS/restorer lines contain an adenine at the

1,210 nt position from the 50 primer, but the maintainer line

possesses a cytosine (Supplementary Fig. 1 and Table 3).

Furthermore, the D2 restorer line D2RB418 with the D2

cytoplasm possesses an adenine at the position of 742 nt

from the 50 primer based on the AD1 and D8 sequences,

while the other three lines with AD1 or D8 cytoplasm

contain a cytosine at the position (Table 3). It appears that

the mtDNA from the D2 cytoplasm possessed more

sequence variations from the AD1 and D8 cytoplasms

(Supplementary Fig. 1).

The sequence of the cotton cox2 gene contains two

exons, 700 bp of the upstream region and 83 bp of the

downstream region, separated by a 1,506 bp intron region.

This length of intron in cotton is relatively larger than that

of many other plant species. The two exons do not show

any sequence variation between AD1 and D8 cytoplasm,

while in the intron region (1,506 bp), the CMS/restorer

lines have two consecutive nucleotides, a cytosine and a

thymine at the 1,427 and 1,428 positions from the start

codon, but the maintainer line has two consecutive

adenines in the same positions (Supplementary Fig. 1 and

Table 3).

In cox3, the D8CMS/restorer lines have an adenine at

the 113 nt position from the 50 primer, but the maintainer

line has a cytosine in the same position, resulting in amino

acid alteration from isoleucine in the CMS/restorer lines to

leucine in the maintainer line (Supplementary Fig. 1 and

Table 3).

Development of single nucleotide polymorphic (SNP)

and InDel markers

SNP genotyping was first conducted using primer exten-

sion method (Supplementary Fig. 3). Almost all the primer

pairs yielded monomorphic fragments of the same sizes,

indicating that this method in designing primers (only one

or two consecutive nucleotide mismatch in the 30 terminus

of primers, see Supplementary Table 1) failed in efficiently

detecting the SNPs.

The AS-PCR was then used to develop PCR-based SNP

markers (Table 1; Fig. 2a, c). This PCR-based SNP marker

development was accomplished by modifying allele-spe-

cific and nonspecific primers. The artificial mismatched

bases (T to C or C to A) different from genomic DNA

Table 3 Single nucleotide polymorphisms (SNPs) among three

cytoplasms, i.e., AD1 (maintainer), D8 (CMS/restorer) and D2

(restorer) cytoplasms

Gene DNA pos aa pos AD1 D8 D2

atp1 5–4? 2? CG AA

1365 455 A (gcT) A (gcA) A (gcT)

atp4 182 60 F (ttC) F (ttT)

atp8 134 44 S (agC) R (agA)

cox1 742 247 I (atC) I (atC) I (atA)

1,210 403 I (atC) I (atA)

cox2 1,427 A C

1,428 A T

cox3 113 38 L (Ctc) I (Atc)

The SNP in cox2 is intron region, and atp1 is 50 UTR region. Pos
indicates ‘‘position’’. aa represents for ‘‘amino acid’’. Bold nucleo-

tides indicate the SNPs. In the coding regions, codon sequences and

amino acids are displayed

Table 4 InDels in atp6

Gene DNA pos aa pos D8 DNA pos aa pos AD1

atp6 59–60 20 K(aaa) a

61–63 21 L(ttg)

64–66 22 F(ttt)

67 23 S(tcc) 58–60 20 T(acc)

Red letters show the inclusion of nine nucleotides in only D8 cyto-

plasm (CMS and Restorer)
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sequences were incorporated into the third or fourth posi-

tion from the 30 end of the primers of both the specific and

nonspecific primers. Eight out of eight SNPs (100 %) using

eight primer pairs for the two cytoplasms, AD1 (8518) and

D8 (CMS8518), or three cytoplasms, AD1 (8518), D8

(CMS8518/restorer8518) and D2 (restorer B418) cyto-

plasms were successfully discriminated between two dif-

ferent alleles by utilizing artificially mismatched primers

on the agarose-based electrophoresis (Fig. 2a, c). One

InDel identified in the downstream region of atp6 was also

discriminated (Fig. 2b).

For atp1, the SNP observed in the 30 region of atp1 was

discriminated using allele 1 and 2 specific primers with

three cytoplasms, composed of AD1 (maintainer line) and

D2 (restorer line) cytoplasms with allele 1 (thymine) and

D8 (CMS/restorer lines) cytoplasm with allele 2 (adenine)

(Fig. 2c). This position is located at the 1,365th nucleotides

downstream (455th amino acid) from the start codon

(Table 3). The SNP was tested using four cotton genotypes.

Products in allele 1 with AD1 and D2 cytoplasms and in

allele 2 with D8 cytoplasm were successfully amplified and

discriminated (Fig. 2c), as expected.

Additionally, The two consecutive nucleotide polymor-

phisms between AD1 and D8 cytoplasm in the 50 UTR

region of atp1 gene were located at the five and four

nucleotide upstream from the start codon and are composed

of two consecutive adenines (allele 2) in the CMS/restorer

lines, while cytosine and guanine nucleotides (allele 1) are

present in the maintainer line (Table 3). The maintainer

8518 with the AD1 cytoplasm had amplifications using

only allele 1 specific primers; however, there is no

amplification observed in allele 2 in this genotype.

D8CMS8518 with the D8 cytoplasm had amplification in

only allele 2, and no amplification was detected in allele 1

(Fig. 2a), as expected.

For atp4, the SNP between allele 1 (cytosine) in main-

tainer line and allele 2 (thymine) in CMS/restorer lines are

detected at the position of 182 nt from the primer position

at the 50 end of sequenced length (Table 3). 8518 with AD1

cytoplasm has an intense band observed in allele 1, while

there is no amplification detection in allele 2. D8CMS8518

had no bands in allele 1, and this banding pattern in allele 2

were observed (Fig. 2a), as expected.

The InDel phenomenon in atp6 was verified by agarose-

based electrophoresis (Fig. 2b).

For atp8, the SNP containing allele 1 (cytosine) in

maintainer line and allele 2 (adenine) in D8 CMS/restorer

lines at the 134 nt (44th aa) downstream from the primer

position at the 50 end of sequenced length are identified

(Table 3). This alteration of one nucleotide at the 44th aa

position causes serine into arginine. Maintainer line with

AD1 cytoplasm amplified only allele 1 specific cytoplasm;

however, D8CMS8518 with the D8 cytoplasm had

amplifications using allele 2 specific primers, but the

amplification of allele 1 was not detected (Fig. 2a).

In cox1, the sequence variation was also utilized to

develop a SNP marker using the two genotypes. The SNP

is located at the 1,210 nt (403th aa) downstream from the

primer position at the 50 end of sequenced length in this

gene, and composed of allele 1 (cytosine) in maintainer

line and allele 2 (adenine) in CMS/restorer lines (Table 3).

8518 with AD1 cytoplasm was amplified by using allele 1

specific primer, while the amplification in allele 2 was not

detected. D8CMS8518 was amplified using allele 2 specific

primers, as expected. This result is identical to other genes,

Fig. 2 The SNP markers and an InDel marker detected in mitochon-

drial genes. a SNP markers based on the presence or absence of each

PCR product was analyzed on 2 % agarose gels. b InDel marker

discriminated based on the insertion/deletion of nine nucleotides in

atp6. The InDel is also confirmed by 2 % of agarose gel. Five

genotypes on ST474 or 8518 nuclear background composed of either

AD1 or D8 cytoplasms were used to discriminate different alleles.

c The SNP markers developed to discriminate three cytoplasms, i.e.,

AD1, D8 and D2
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such as atp1 30, atp1 50, atp4 and atp8, and cox1, cox2 and

cox3 (Fig. 2a). Furthermore, adenine at the 742 nt (247th

aa) from the 50 primer of the sequences in D2 cytoplasm is

present, while cytosine in both AD1 and D8 is present at

the position (Table 3). B418 with D2 cytoplasm was

amplified in allele 1, while 8518 with AD1 cytoplasm and

CMS/restorer with D8 cytoplasm were intensely amplified

in allele 2, resulting in the allele discrimination of D2 from

AD1 to D8 (Fig. 2c).

In cox2, SNP at the two consecutive positions, 1,427 and

1,428 nt from the start codon in an intron region of this

gene consists of allele 1 (two adenines) in maintainer line

and allele 2 (a cytosine and a thymine) in CMS/restorer

lines (Table 3). 8518 with AD1 cytoplasm was amplified in

allele 1 as the rest of the genes were also amplified in the

same allele 1 (maintainer line). D8CMS8518 with D8

cytoplasm was also amplified in the corresponding allele 2

as other genes were amplified in allele 2 (Fig. 2a).

In cox3, the SNP, which is located at the 113 nt (38th

aa) downstream from the primer position at the 50 end of

the sequenced length, was utilized for the gene amplifica-

tion and can discriminate two different alleles between

AD1 and D8 cytoplasms using two genotypes including

8518 with AD1 cytoplasm, and D8CMS8518 with D8

cytoplasm (Fig. 2a). Allele 1 is composed of a cytosine in

the maintainer line and allele 2 consists of an adenine in the

CMS/restorer lines (Table 3). In 8518 with AD1 cyto-

plasm, the amplification in allele 1 was detected, while

there is no band in allele 2. In D8CMS8518 with D8

cytoplasm, the amplification in allele 2 was identified while

the amplification in allele 1 was not observed.

Therefore, all eight SNPs and an InDel detected in

mitochondrial genes were discriminated between AD1 and

D8 cytoplasms. Two of them (T/A alleles for atp1_30 and

A/C alleles for cox1; Table 2) can be used together to dis-

tinguish among the three cytoplasms, i.e., AD1, D8 and D2.

Discussion

Primer extension method was first tested for its discrimi-

nation power between two alleles in mitochondrial genes

between CMS-D8 and AD1 cytoplasms in this study. The

result showed that the primer extension method using two

different primers which are distinguishable based on only

one 30 nucleotide bases of the primer sequences could not

discriminate two alleles due to the amplification of two

alleles in most of the genes (Supplementary Fig. 3). This

result indicates that only one nucleotide mismatch at the 30

allele position of the primers is not sufficient to discrimi-

nate two alleles, as similar results were also reported in

cotton by Pang et al. (2012). The one nucleotide mismatch

could not inhibit the start of PCR, indicating that additional

nucleotide mismatch is required to inhibit PCR from the 30

end of the nonspecific primers. The modified AS-PCR,

incorporating additional mismatch base in the last four

bases from the 30 end of a primer, obtained satisfactory

results in this study.

Among many markers developed, the PCR-based SNP

marker system has been prevalent as a rapid, simple,

inexpensive, and reliable genotyping of SNPs (Newton

et al. 1989). SNPs are known as the simplest and essential

genetic variation and recognized as the most conventional

tool for development of DNA markers (Westermeier et al.

2009). Small insertions–deletions (InDels) are also acces-

sible for many plant species including important crops such

as rice (Nasu et al. 2002; Feltus et al. 2004; Monna et al.

2006) and maize (Bhattramakki et al. 2002; Batley et al.

2003; Bi et al. 2006). The PCR-based SNP marker system

is genotyped on the basis of the presence or absence of an

amplified product, which demonstrates the presence of a

specific allele or vice versa.

SNPs are an outstanding way to obtain high-quality

markers useful for a quick identification of single base

differences within the genome (Cooper et al. 1985; Ciar-

miello et al. 2011). Therefore, SNPs are the most used

molecular markers recently because of their highest abun-

dance in the genome. The PCR-based marker method

makes it possible for different cytoplasm types to be dis-

criminated using a simple agarose electrophoresis. The

PCR method, termed allele-specific PCR (AS-PCR), which

is also recognized as allele-specific primer extension, has

high specificity, repeatability and sensitivity for identifying

cytoplasm type. AS-PCR is based on the formation of

matched or mismatched primer-template formation. This

PCR-based molecular marker system apparently abolishes

the necessity to conduct phenotyping of the same breeding

lines in multiple locations. Dominant markers selectively

identify and amplify target SNP alleles from genomic DNA

in a single step by including two allele-specific primers and

one common primer in mitochondrial genes (Chen et al.

2010). Cotton breeders could now apply AS-PCR markers

to select the desired traits with specific cytoplasm in their

breeding lines based on cytoplasmic differences.

In cotton, SNP identification has been scarce compared

to other crops such as soybean and maize, due to the lower

efficiency for discriminating between genome-specific

polymorphism and locus-specific polymorphism. Wu et al.

(2011) utilized CMS cotton with D2 cytoplasm from

G. harknessii in comparison with its isogenic maintainer

line with AD1 cytoplasm to investigate sequence differ-

ences in the atp1 gene. They discovered two nucleotide

differences at the 50 untranslated region (50UTR), -4 and

-5 positions upstream of ATG codon, which is identical to

our research results in terms of nucleotide differences

between AD1 and D8 cytoplasm. This indicates that D2-2
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and D8 cytoplasms are closer to one another than to the

AD1 cytoplasm, which makes it more difficult to develop

discriminating mtDNA markers between the two CMS

(D2-2 and D8) cytoplasms.

In the present study, the practical goal was to develop

more reliable and economical molecular markers to dis-

tinguish cytoplasm types of cotton to assist the hybrid

cotton breeding process. SNPs between AD1 and D8

cytoplasms in mitochondrial genes, atp1, atp4, and atp8 and

cox1 and cox2 and cox3, and among AD1, D8 and D2

cytoplasms in atp1 and cox1 were identified and PCR-based

SNP markers have been successfully developed for the first

time. We followed the PCR-based innovative SNP marker

method of Hayashi et al. (2004), which proved to be simple,

rapid and reliable. SNPs were detected simply by using

allele-specific PCR primers, which have the corresponding

30 terminal nucleotide for one allele and mismatch nucleo-

tide for the other allele. As described by Hayashi et al.

(2004), we incorporated artificial mismatched nucleotides

into the third or fourth bases from the 30 terminus in both the

specific and nonspecific primers. Although several high-

throughput genotyping of SNPs have been developed for

genotyping of SNPs, they are still expensive and necessitate

some specific instruments. SNP genotyping by simple

PCR reaction employing allele-specific PCR requires only

a simple electrophoresis-based assay, which is easily

obtainable in any molecular biology lab and is also useful

for many purposes which do not need genome-wide SNP

markers. This is the first comprehensive effort to utilize

mitochondrial gene-specific primers to perform PCR-based

marker development for identifying cytoplasm types in

mitochondria genes atp1, atp4, atp6, atp8, and cox1, cox2

and cox3. All allele-specific primers in mitochondrial genes

successfully discriminated cytoplasm differences between

AD1 and D8 cytoplasms, and among AD1, D8 and D2

cytoplasms. As the number of cytoplasm types increases,

more PCR-based markers will be needed.
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