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(accounting for 6.77% of the mitochondrial genome 
sequences) were identified. Additionally, 12 mitotype-spe-
cific markers were developed based on the mitochondrial 
genome-specific sequences in order to distinguish among 
these different mitotypes. Cytoplasms of 570 different 
inbred lines collected across scientific research institutes 
in China were identified using the MSS markers developed 
in our study. In addition to confirming the accuracy of the 
cytoplasmic identification, we also identified mitotypes that 
have not been reported in Brassica napus. Our study may 
provide guidance for the classification of different mito-
types in B. napus breeding.

Keywords  Mitotype-specific sequence · Mitochondria · 
MAS (marker-assisted selection) · Brassica · Brassica 
napus

Introduction

Plant mitochondria have several important roles, including 
providing a location for cell respiration and ATP-synthesiz-
ing machinery and regulating cellular oxidative stress, pro-
grammed cell death, and even male sterility. Manipulation 
of mitochondrial function may lead to enhanced tolerance to 
both biotic and abiotic stresses (Hossain et  al. 2012; Jones 
et al. 2007; Livaja et al. 2008; Taylor et al. 2009). Since the 
sequencing of the first mitochondrial genome of the model 
plant Arabidopsis thaliana (Unseld et al. 1997), researchers 
have made great progress in mitochondrial genome sequenc-
ing and identified different mitotypes in various crop plants, 
such as in rice, maize, Brassica, etc., (Chang et  al. 2011; 
Horn et al. 2014; Hu et al. 2014; Touzet and Meyer 2014). 
Moreover, identification and efficient use of these different 
mitotypes, particularly cytoplasmic male sterility (CMS) 
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mitotypes are crucial. Collinear block sequences are the 
sequences of collinear homologous segments among two or 
more genomes due to recombination and sequences gain and 
loss. Extensive rearrangement in the mitochondrial genomes 
accounts for the vast majority of mitotype-specific sequences 
(MSSs) (Havey 2001). Even in the same plant species, large 
amounts of different specific mitochondrial DNA (mtDNA) 
had been detected (Xie et al. 2014). Handa (2003) compared 
rapeseed and Arabidopsis mitochondrial genomes and found 
that large parts of mitochondrial genomes in higher plants 
are species specific. Multiple reorganizations of genome 
structure occurred during the evolution of higher plants 
(Sugiyama et al. 2005). Molecular markers were developed 
for the classification of diverse germplasms and found two 
different normal mitotypes in radishes (Kim et  al. 2007). 
The mitochondrial genomes of ogu CMS lines were shown 
to be highly rearranged, with one large repeat and multiple 
short repeats, when compared with the normal-type genomes 
(Tanaka et  al. 2012). Comparative analysis of the mtDNA 
of several angiosperms, including wheat, rice, maize, A. 
thaliana, and rapeseed, showed that non-coding sequences 
of higher plants had undergone multiple reorganizations 
events during the evolution of mtDNA in higher plants (Liu 
et  al. 2011). Novel mitochondrial genomic rearrangements 
unique to the CW-CMS cytoplasm have been found when 
compared to the Nipponbare (Oryza sativa L. ssp.japonica) 
mitochondrial genome in rice (Fujii et al. 2010). Mitotype-
specific sequence (MSS) markers have been used to differen-
tiate different cytoplasms, even the gametophytic CMS and 
sporophytic CMS lines in rice (Xie et  al. 2014). Sequence 
characterized amplified region (SCAR) markers have also 
been used to identify S-cytoplasms in pepper plants (Ji et al. 
2014).

The allotetraploid Brassica napus (genome AACC), 
which is one of the world’s most important oilseed 
crops has two progenitor species, B. rapa (Asian cab-
bage or turnip, genome AA) and B. oleracea (Mediter-
ranean cabbage, genome CC) (Nagaharu 1935). And 
recent studies have described the complete genomes of B. 
rapa (Wang et al. 2011), B. oleracea (Liu et al. 2014), B. 
napus (Chalhoub 2014) and B. juncea (Yang et al. 2016). 
Additionally, many different mitotypes (autoplasmic and 
alloplasmic cytoplasms) have been reported in B. napus, 
including pol CMS (Tanaka 1998), ogu CMS (Ogura 
1968), nap CMS (Thompson 1972), tour CMS (Rawat 
and Anand 1979), Moricandia arvensis CMS (Bhat et al. 
2006), Nsa CMS (Hu et  al. 2003), and hau CMS (Wan 
et  al. 2008) etc. To date, the mitochondrial genome of 
nap (Handa 2003) and pol CMS (Chen et  al. 2011) had 
been sequenced by Sanger sequencing. And the mitotypes 
of cam (B. rapa) (Chang et  al. 2011), ole (B. oleracea) 
(Chang et  al. 2011), ogura CMS (Tanaka et  al. 2012), 
Ogura-cms-cybrid (oguC) (Wang et al. 2012), hau CMS 

(Heng et al. 2014) and ole (B. oleracea L. var. botrytis) 
(Grewe et  al. 2014) have been sequenced through next 
generation sequencing technology. The cytoplasms of pol 
CMS (Tanaka 1998) and ogu CMS (Ogura 1968) are the 
most widely used cytoplasms in Brassicaceae. Addition-
ally, the hau CMS cytoplasm is a newly identified cyto-
plasm that has been characterized in B. juncea and trans-
ferred to B. napus (Wan et  al. 2008). The ole mitotype 
(Chang et al. 2011) is the largest because of the presence 
of a duplication of a 141.8-kb segment. But the ole (B. 
oleracea L. var. botrytis) mitochondrial genomes was dif-
ferent from it may be due to size and structure variable 
among B. oleracea (Grewe et al. 2014). Till now, molec-
ular markers had been used widely to distinguish differ-
ent cytoplasms in Brassica crops. It was very useful for 
sterility identification needed in breeding program for F1 
hybrid development and can also be used to identify the 
materials with unknown mitotypes. PCR markers based 
on different CMS causative genes had been developed 
for rapidly identifying cytoplasm in B. napus (Zhao et al. 
2010). But with the number of cytoplasms increased, 
numbers of MSS markers can be usefully applied to 
Brassica breeding. However, no comprehensive analy-
sis of MSSs based on sequenced mitochondrial genome 
sequences in B. napus has been performed to date.

Collinear block sequences and MSSs were found 
after comparatively analyzed 6 sequenced mitochondrial 
genomes in Brassica. Additionally, MSS markers were 
developed to distinguish among the six sequenced mito-
chondrial genomes. Using these MSS markers, we identi-
fied mitotypes of 533 lines through analysis of 570 inbred 
lines and found some lines that may possess new cyto-
plasms not previously reported in B. napus.

Materials and methods

Plant materials

The plant materials analyzed in our study are listed in 
Table  1. Among them, Wester was a nap cytoplasm 

Table 1   Plant materials representing six different mitochondrial 
genomes used for mitotype-specific marker development in B. napus

Materials Cytoplasm type Male fertility

Wester (B. napus) nap MF
Suzhongqing (B. cam) cam MF
08C717 (B. ole) ole MF
6-100A (B. napus) pol CMS MS
6-101A (B. napus) oguC CMS MS
6-102A (B. napus) hau CMS MS
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donor; Suzhongqing and 08C717 harbored the cam 
and ole mitotypes sequenced by Chang et  al. (2011); 
6-100A, 6-101A, and 6-102A were pol CMS, Ogura-
cms-cybrid (oguC), and hau CMS mitotype donors, 
respectively. The mitotype of 14RA1 was ogu CMS 
from R. sativus. OguC CMS was also named as ogu-
INRA CMS in B. napus. Detailed information on the 
570 inbred lines used in our study is listed in Table S2. 
These materials were planted from September 2014 to 
May 2015 in the research fields, located at Huazhong 
Agricultural University (Wuhan, China, latitude 30°N, 
longitude 114°E).

Isolation of mitochondrial DNA and total genomic DNA

Highly purified mitochondria were isolated based on dis-
continuous percoll gradient centrifugation according to 
the method reported by Heng et al. (2014). Total genomic 
DNA and mtDNA were extracted from the fresh leaves of 
different plants by the CTAB method (Doyle 1990).

Comparative analysis of the six sequenced 
mitochondrial genomes in Brassica napus

Six sequences of mitochondrial genomes were down-
loaded from GenBank, EMBL and the DDBJ Database. 
The accession numbers of these analyzed mitochon-
drial genomes are listed in Table  2. pol CMS (accession 
no. FR715249), ogu CMS (accession no. AB694744), 
hau CMS (accession no. KF736092) and nap (accession 
no. AP006444) exhibited the CMS mitotype, while the 
other two lines were fertility line, i.e., cam (accession no. 
JF920285) and ole (accession no. JF920286). But the nap 
mitotype only exhibits male sterility in the “Bronowski” 
background (L’Homme et  al. 1997). Progressive Mauve 
(Darling et al. 2010) and BLASTN (Altschul et al. 1990) 
with e value cutoffs at 1e−5 were used for multiple align-
ments among the six sequenced B. napus mitochondrial 
genomes. MSSs larger than 100  bp that were not shared 
by all of the six sequenced mitochondrial genomes were 
extracted for further analysis.

Development of MSS markers and PCR amplification

Mitotype-specific sequences (MSS) markers were devel-
oped based on the extracted MSSs in the specific regions. 
MSS primers were designed with Primer 3 (Untergasser 
et  al. 2012). WebSNAPER (http://pga.mgh.harvard.edu/
cgi-bin/snap3/websnaper3.cgi) was used to develop single 
nucleotide polymorphism (SNP) markers specific to the 
ole cytoplasm. Detailed information of the MSS markers is 
listed in Table S3. PCR was performed in a total reaction 
volume of 10 μL, including 0.2 mM dNTP mix, 1 unit Taq 
DNA polymerase, 2.0 mM MgCl2, 2 μL of 10× Taq buffer 
with (NH4)2SO4, and 0.5 μM of each primer, (Sangon Bio-
tech, China). The PCR protocol was as follows: 94 °C for 
5 min; 25 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C 
for 60 s; and a final extension at 72 °C for 10 min. The PCR 
products were detected by electrophoresis on 1% agarose 
gels, followed by staining with ethidium bromide.

Results

Characterization of the six sequenced mitochondrial 
genomes in B. napus

The genome sizes of the six sequenced mitochondrial 
genomes varied from 219,747 bp in cam to 360,271 bp in 
ole, with the gene number ranging from 54 in both cam 
and nap to 95 in ole (Table 2). Collinear block sequences 
identified among the six sequenced mitochondrial genomes 
in B. napus are shown in Fig. 1. The homology sequences 
between cam and pol CMS genomes were 98%, suggesting 
that they shared the most collinear block sequences among 
these six mitochondrial genomes. Apart from the 4.5-Kb 
CMS-associated region in pol CMS, the cam and pol CMS 
mitochondrial genomes are the most collinear of these six 
mitochondrial genomes (L’Homme et al. 1997). The simi-
larity reached 96% when comparing the nap genome with 
either the cam or pol CMS genome sequences. The lowest 
were 80–83% similar between nap mitochondrial genome 
and the alloplasmic mitochondrial genomes of ogu CMS 
and hau CMS. The ogu CMS and hau CMS both had large 

Table 2   Analysis of six 
mitochondrial genome 
sequences in B. napus

Mitotype Size (bp) Gene content Material GenBank AN References

nap 221,853 54 Wester AP006444 Handa (2003)
cam 219,747 54 Suzhouqing JF920285 Chang et al. (2011)
ole 360,271 95 08C717 JF920286 Chang et al. (2011)
pol CMS 223,412 55 NH12A FR715249 Chen et al. (2011)
hau CMS 247,903 63 6-102A KF736092 Heng et al. (2014)
Ogu CMS 258,426 61 MS-Gensuke AB694744 Tanaka et al. (2012)

http://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.cgi
http://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.cgi
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rearrangements when compared with other mitochondrial 
genomes sequenced in B. napus. These values are in good 
agreement with the phylogenetic relationship among these 
six mitochondrial genomes (Heng et al. 2014).

Identification of MSSs among these different 
mitochondrial genomes used in Brassica napus

In addition to the collinear block sequences identified in 
these six mitochondrial genomes, the MSSs (>100  bp) 
not shared by all six mitochondrial genomes were also 
extracted using Progressive Mauve and BLASTN. Detailed 
information of these MSSs is given in Fig. 2 and Table S1. 
In total, we identified 90 MSSs (from MSS1 to MSS90) 
ranging from 101 to 9981  bp over all six mitochondrial 
genomes, with a total size of 103,756  bp. Among these, 
five MSSs (MSS1–MSS5) were unique to nap mitochon-
drial genomes, MSS8 and MSS9 were unique to pol CMS 
mitochondrial genomes, 13 MSSs (MSS10–MSS22) were 
specific to ogu CMS mitochondrial genomes, 9 MSSs 
(MSS23–MSS31) were specific to hau CMS mitochon-
drial genomes and MSS7, which was developed by Web-
SNAPER, was specific to the ole mitochondrial genome. 
The other MSSs were shared by more than two different 
mitotypes. There was no MSS for the cam cytoplasm and 
only MSS6 was shared by cam and pol CMS mitotypes. 
And 13 MSSs (MSS32–MSS44) were shared by the allo-
plasmic cytoplasm (ogu CMS and hau CMS), 6 MSSs 

(MSS60–MSS65) were shared by nap, cam, ole, and pol 
CMS cytoplasms. The number of MSSs from ogu CMS 
and hau CMS mitotypes was apparently increased com-
pared with that of other mitotypes.

Development of MSS markers to distinguish different 
mitotypes in B. napus

Here, based on the identified MSSs, MSS markers were 
developed to identify and differentiate different cytoplasms 
in B. napus. Some MSSs for different mitotypes were cho-
sen randomly, and a total of 12 MSS markers were devel-
oped. Detailed information on these MSS markers is shown 
in Table  S3. MSS2 and MSS4 were specific to the nap 
cytoplasm; MSS6 was specific to the cam and pol CMS 
cytoplasm; MSS7 was specific to the ole cytoplasm; MSS8 
and MSS9 were specific to the pol CMS; MSS13, MSS14 
and MSS21 were specific to the ogu CMS; MSS26 was 
specific to the hau CMS; MSS61 was detected in the nap, 
cam, ole, and pol CMS mitotypes and MSS67 was detected 
in the nap and pol CMS mitotypes.

Next, 12 MSS markers were used to distinguish among 
the known mitotypes shown in Table  1. The mitochon-
drial genomes from Wester, Suzhongqing, 08C717, 
and 6-102A were the reference mitochondrial genomes 
sequences of the nap, cam, ole, and hau CMS mitotypes. 
6-100A and 6-101A (pol CMS and oguC CMS lines) were 
used as CMS lines by breeders in B. napus. Validation of 

Fig. 1   Collinear block sequences identified among the six sequenced 
mitochondrial genomes in Brassica. Mauve visualization of locally 
collinear block sequences identified among the six sequenced mito-
chondrial genomes (including: nap, cam, pol CMS, ole, hau CMS 
and ogu CMS) in Brassicas. The 141.8 kb segment from 173,638 to 
315,446 bp in ole mitochondrial genome was deleted for the reason 

that Tandem repeats >10  kb in total length without an anchor are 
ignored during this alignment by MAUVE. And contiguously colored 
region is a locally collinear block (LCB) region without rearrange-
ment of homologous sequence. Lines between genomes trace each 
orthologous LCB through every genome. LCBs in reverse orientation 
to the reference genome (nap) are shown below the line



905Plant Cell Rep (2017) 36:901–909	

1 3

these 12 MSS markers in mtDNAs extracted from fresh 
leaves of the known six mitotypes are shown in Fig.  3. 
Interestingly, marker specific to the nap cytoplasm (i.e., 
MSS2 and MSS4) could be amplified in oguC CMS B. 
napus. And MSS61 and MSS67 could also be amplified 
in the oguC CMS in B. napus. To validate the specificity 
of MSS2 and MSS4, the DNA of the oguC CMS cyto-
plasm from B. napus was replaced with ogu CMS DNA 
from Raphanus sativus and the nap cytoplasm-specific 
marker orf222 developed by Wei et al. (2005) and Zhao 
et  al. (2010) were used to test the MSS markers in the 
nap cytoplasm. When ogu CMS DNA from R. sativus 
was used as a template, all the three markers (orf222, 
MSS2 and MSS4) were specific to the nap cytoplasm 
(Fig.  4). This result confirmed the specificity of these 
MSS markers to the nap mitochondrial genome. Other 
MSS markers were consistent with the MSSs showed in 
Fig. 2 and Table S1. When the mtDNA of different mito-
types was replaced with total DNA, PCR pattern of these 
MSS markers were identical. Thus, these MSS markers 
developed in our study could be used to identify and dif-
ferentiate different mitotypes in Brassica.

Identification of mitotypes in 570 different inbred lines

Six MSS markers were chosen to identify 570 different 
inbred lines which are representing a diverse cytoplasm 
background in China. As showed in Fig.  3, MSS4 was 
specific to the nap cytoplasms, MSS6 was specific to the 
cam and pol CMS cytoplasm, MSS7 was specific to the 
ole cytoplasm, MSS8 was specific to the pol CMS cyto-
plasm, MSS13 was specific to the ogu CMS cytoplasm, 
and MSS26 was specific to the hau CMS cytoplasm. MSS4 
combined with MSS13 can distinguish nap and oguC CMS 
cytoplasm effectively.

Among the 570 inbred lines tested in our study, 356 
inbred lines possessed the nap cytoplasm, 102 inbred lines 
possessed the pol CMS cytoplasm, 52 inbred lines pos-
sessed the cam cytoplasm, 15 inbred lines possessed the 
oguC CMS cytoplasm, five inbred lines possessed the ole 
cytoplasm, and three inbred lines possessed the hau CMS 
cytoplasm (Table 3 and Table S2). Additionally, the cyto-
plasm types of 37 inbred lines did not belong to any of the 
six mitotypes when identified using these MSS markers. 
These results confirmed the accuracy of the MSS markers 
developed in our study.

Fig. 2   Distribution of MSSs 
among six mitochondrial 
genomes in Brassica. The 
gray and white boxes indicate 
the analyzed mitochondrial 
sequences that are with or with-
out MSS. All MSS are larger 
than 100 bp
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Discussion

To date, more than nine different mitotypes have been 
reported in B. napus, the normal mitotypes confer male fer-
tility in a normal environment include cam, and ole (Chang 
et al. 2011) cytoplasms. CMS mitotypes, which is associ-
ated with male sterility, include pol CMS (Tanaka 1998), 
ogu CMS (Ogura 1968), nap (Thompson 1972), tour CMS 
(Rawat and Anand 1979), Moricandia arvensis CMS (Bhat 
et  al. 2006), Nsa CMS (Hu et  al. 2003), hau CMS (Wan 
et al. 2008), etc. With the development of next-generation 
sequencing technology, an increased number of mitochon-
drial genomes has been reported in plants, particularly in 
Brassica. To date, more than six different mitotypes mainly 
used in B. napus have been sequenced (Table 2). However, 
few MSS primers have been developed; orf222 (specific 
for the nap cytoplasm), orf224 (specific for the pol CMS 
cytoplasm), orf138 (specific for the ogu CMS) (Zhao et al. 
2010) have been widely used in cruciferous crops to dis-
tinguish different cytoplasms, particularly CMS lines. 
Mitotype-specific open reading frames (ORFs) have been 
used to develop molecular markers to discriminate differ-
ent mitotypes between the hau CMS line and its iso-nuclear 
maintainer line in B. juncea by simple PCR amplification 

(Heng et al. 2014). However, with the increased number of 
different cytoplasms identified and used in B. napus, these 
MSS markers may not have the capacity to distinguish dif-
ferent cytoplasms effectively.

In this study, through comparative analysis of the 
sequenced mitochondrial genomes used in B. napus, we 
analyzed collinear block sequences and 90 MSSs of these 
mitochondrial genomes. More MSSs were detected in 
alloplasmic cytoplasms (ogu CMS and hau CMS) than 
autoplasmic cytoplasm (nap, cam, pol CMS, and ole cyto-
plasm). The mitochondrial genomes from alloplasmic 
cytoplasms exhibited more diversity when compared with 
mitochondrial genomes from autoplasmic cytoplasms. 
Theoretically, all of the 90 MSSs can be used to develop 
different MSS markers to identify and distinguish differ-
ent mitotypes in B. napus. The oguC CMS in B. napus is 
an alloplasmic cytoplasm that originated from R. sativus 
by protoplast fusion (Pelletier et al. 1983), is a heterogene-
ously composed mitochondrial genome (Wang et al. 2012). 
The MSS markers for the nap cytoplasm could also be 
detected in the oguC CMS line of B. napus in our study. 
Although the co-amplification of nap mitotype-specific 
markers and ogu CMS mitotype-specific markers in the 
oguC CMS background, it does not affect these MSS mark-
ers used in our study to discriminate different mitotypes in 
B. napus. Either MSS2 or MSS4 combined with MSS13, 

Fig. 3   Pooled PCR products of different MSSs markers. Six mito-
type-specific lines were used to confirm the effective of Different 
MSSs markers. The mtDNA from Wester (nap), Suzhongqing (cam), 
08C717 (ole), 6-100A (pol CMS), 6-101A (oguC CMS) and 6-102A 
(hau CMS) were used to distinguish different MSSs markers

Fig. 4   Validation of the nap cytoplasm-specific MSS markers. 
orf222 (a), MSS2 (b), MSS4 (c) were markers specific to nap cyto-
plasm. a 1–6 were mitochondrial DNA of nap (B. napus), cam (B. 
rapa), ole (B. oleracea), pol CMS (B. napus), ogu CMS (R. sativus) 
and hau CMS (B. napus) mitotype. b 1–6 were mitochondrial DNA 
of nap (B. napus), cam (B. rapa), ole (B. oleracea), pol CMS (B. 
napus), oguC CMS (B. napus) and hau CMS (B. napus) mitotype
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MSS14 and MSS21 can distinguish nap and oguC CMS 
cytoplasm effectively.

Six MSS markers were used to identify and distinguish 
among 570 inbred lines collected from different scientific 
research institutes in China. Our work showed that the 
nap cytoplasm was the most prevalent cytoplasm used in 
B. napus and that most hybrid lines used in China pos-
sessed the pol CMS system. These results were consistent 
with previous results reported by Handa (2007) and Zhao 
(2010). The ole cytoplasm was identified in only five inbred 
lines, three of which were resynthesized rapeseed lines 
using B. oleracea as the female parent. Besides the cyto-
plasm types identified in B. napus in this study, the cyto-
plasm types of some inbred lines could not be detected by 
MSS markers or by the markers reported by Zhao (2010). 
Thus, the cytoplasms of these inbred lines may have not 
been reported previously. No2127 is a resynthesized 
rapeseed line derived from an interspecific hybridization 
between B. oleracea var. alboglabra Bailey and B. rapa 
var. Yellow Sarson (Chen et  al. 2010). However, MSS7, 
specific to the ole line, was not detected in this inbred line. 
The sequence and structure of B. oleracea mitochondrial 
genome sequenced by Grewe et  al. (2014) disagreed with 
a previous assembly reported by Chang et al. (2011). There 
may be more than two cytoplasms present in B. oleracea. 
Among the 37 unidentified inbred lines, there were uniden-
tified cytoplasms existing in them.

From our data, the most prevalent cytoplasms in B. 
napus were the nap and pol CMS mitotypes, accounting 
for 62.46 and 17.89% of the inbred lines surveyed in our 
study, respectively. However, the ole, ogu CMS, and hau 
CMS cytoplasms in B. napus have not been widely used in 
China. Therefore, it is important to broaden the cytoplasm 
resources used for B. napus breeding. Recently, the hau 
CMS non-heading Chinese cabbage was obtained by inter-
specific crosses between hau CMS line of B. juncea and B. 
rapa. Three different mitochondrial genes specific mark-
ers had been used to distinguish hau CMS cytoplasm with 
pol CMS and ogu CMS cytoplasm in B. rapa (Heng et al. 

2015). These MSS markers developed in our study may be 
used to identify different mitotype in them. It can be use-
fully applied to other Brassica crops breeding. With next-
generation sequencing technology, an increasing number of 
uncharacterized mitochondrial genomes will be sequenced, 
and more MSS markers will need to be developed and used 
to for application in the identification and differentiate dif-
ferent mitotypes in B. napus. Such newly developed MSS 
markers will not only contribute to identifying different 
mitotype variations within and among Brassica species, but 
also provide convenience for breeding based on MAS. The 
results of the current study have demonstrated an efficient 
method for identification of different cytoplasms used in B. 
napus.

Author contribution statement  SH, FC, ZY, CW, 
and KH carried out the experiments and performed the 
sequence analysis. SH analyzed the data and wrote the 
manuscript. JW, BY, CM, JT and PS contributed new rea-
gents, materials, analysis tools and helped draft the manu-
script. JS and TF designed the experiments and directed the 
manuscript writing. All authors read and approved the final 
manuscript.

Acknowledgements  We sincerely thank Professor Rongzhan Guan 
for his kindly provide the seeds and mtDNAs of Suzhongqing (B. 
rapa) and B. oleracea. This research was financially supported by the 
National Natural Science Foundation of China (NSFC Grant Number 
31271761), the National Key Research and Development Program 
of China (Grant Number 2016YFD0101300), the Program for Mod-
ern Agricultural Industrial Technology System (nycytx-00501) and 
Nanhu Scholars Program for Young Scholars of XYNU.

Compliance with ethical standards 

Conflict of interest  The authors declared that they have no conflict 
of interests.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic 
local alignment search tool. J Mol Biol 215:403–410

Bhat SR, Vijayan P, Ashutosh, Dwivedi KK, Prakash S (2006) Diplo-
taxis erucoides—induced cytoplasmic male sterility in Brassica 
juncea is rescued by the Moricandia arvensis restorer: genetic 
and molecular analyses. Plant Breed 125:150–155

Chalhoub B (2014) Early allopolyploid evolution in the post-neolithic 
Brassica napus oilseed genome (vol 348, 1260782, 2014). Sci-
ence 345:1255–1255

Chang S, Yang T, Du T, Huang Y, Chen J, Yan J, He J, Guan R (2011) 
Mitochondrial genome sequencing helps show the evolution-
ary mechanism of mitochondrial genome formation in Brassica. 
BMC Genom 12:497

Chen BY, Heneen WK, Jönsson R (2010) Independent inheritance of 
erucic acid content and flower colour in the C-genome of Bras-
sica napus L. Plant Breed 100:147–149

Table 3   Classification and distribution of mitotypes among 570 B. 
napus inbred lines

Cytoplasm type Number Percentage (%)

nap 356 62.46
cam 52 9.12
ole 5 0.88
pol CMS 102 17.89
oguC CMS 15 2.63
hau CMS 3 0.53
Unknown 37 6.49
Total 570 100.00



908	 Plant Cell Rep (2017) 36:901–909

1 3

Chen J, Guan R, Chang S, Xing H (2011) Substoichiometrically dif-
ferent mitotypes coexist in mitochondrial genomes of Brassica 
napus L. PloS One 6:e17662

Darling AE, Mau B, Perna NT (2010) progressiveMauve: multiple 
genome alignment with gene gain, loss and rearrangement. PloS 
One 5:e11147

Doyle J (1990) Isolation of plant DNA from fresh tissue. Focus 
12:13–15

Fujii S, Kazama T, Yamada M, Toriyama K (2010) Discovery of 
global genomic re-organization based on comparison of two 
newly sequenced rice mitochondrial genomes with cytoplasmic 
male sterility-related genes. BMC Genom 11:209

Grewe F, Edger PP, Keren I, Sultan L, Pires JC, Ostersetzer-Biran O, 
Mower JP (2014) Comparative analysis of 11 Brassicales mito-
chondrial genomes and the mitochondrial transcriptome of Bras-
sica oleracea. Mitochondrion 19:135–143

Handa H (2003) The complete nucleotide sequence and RNA edit-
ing content of the mitochondrial genome of rapeseed (Brassica 
napus L.): comparative analysis of the mitochondrial genomes of 
rapeseed and Arabidopsis thaliana. Nucleic Acids Res 31:5907

Handa H (2007) Investigation of the origin and transmission of linear 
mitochondrial plasmid based on phylogenetic analysis in Japa-
nese rapeseed varieties. Genome (National Research Council 
Canada) 50:234

Heng S, Wei C, Jing B, Wan Z, Wen J, Yi B, Ma C, Tu J, Fu T, Shen J 
(2014) Comparative analysis of mitochondrial genomes between 
the hau cytoplasmic male sterility (CMS) line and its iso-nuclear 
maintainer line in Brassica juncea to reveal the origin of the 
CMS-associated gene orf288. BMC Genom 15:322

Heng S, Shi D, Hu Z, Huang T, Li J, Liu L, Xia C, Yuan Z, Xu Y, 
Fu T (2015) Characterization and classification of one new cyto-
plasmic male sterility (CMS) line based on morphological, cyto-
logical and molecular markers in non-heading Chinese cabbage 
(Brassica rapa L.). Plant Cell Rep 34:1529–1537

Horn R, Gupta KJ, Colombo N (2014) Mitochondrion role in 
molecular basis of cytoplasmic male sterility. Mitochondrion 
19:198–205

Hossain Z, Nouri MZ, Komatsu S (2012) Plant cell organelle prot-
eomics in response to abiotic stress. J Proteome Res 11:37–48

Hu Q, Yun-Chang LI, Mei DS, Fang XP, Hansen LN, Andersen SB 
(2003) Establishment and Identification of cytoplasmic male ste-
rility in Brassica napus by intergeneric somatic hybridization. J 
Integr Agric 2:1321–1328

Hu J, Huang W, Huang Q, Qin X, Yu C, Wang L, Li S, Zhu R, Zhu 
Y (2014) Mitochondria and cytoplasmic male sterility in plants. 
Mitochondrion 19:282–288

Ji JJ, Huang W, Yin YX, Li Z, Gong ZH (2014) Development of a 
SCAR marker for early identification of S-cytoplasm based on 
mitochondrial SRAP analysis in pepper (Capsicum annuum L.). 
Mol Breed 33:679–690

Jones AM, Thomas V, Bennett MH, Mansfield J, Grant M (2007) 
Modifications to the Arabidopsis defense proteome occur prior 
to significant transcriptional change in response to inoculation 
with Pseudomonas syringae. Plant Physiol 142:1603–1620

Kim S, Lim H, Park S, Cho KH, Sung SK, Oh DG, Kim KT (2007) 
Identification of a novel mitochondrial genome type and devel-
opment of molecular markers for cytoplasm classification in rad-
ish (Raphanus sativus L.). Theor Appl Genet 115:1137–1145

L’Homme Y, Stahl RJ, Li XQ, Hameed A, Brown GG (1997) Bras-
sica 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 31:325–335

Lilly JW, Havey MJ (2001) Small, repetitive DNAs contribute sig-
nificantly to the expanded mitochondrial genome of cucumber. 
Genetics 159:317

Liu H, Cui P, Zhan K, Lin Q, Zhuo G, Guo X, Ding F, Yang W, Liu 
D, Hu S, Yu J, Zhang A (2011) Comparative analysis of mito-
chondrial genomes between a wheat K-type cytoplasmic male 
sterility (CMS) line and its maintainer line. BMC Genom 12:163

Liu S, Liu Y, Yang X, Tong C, Edwards D, Parkin IAP, Zhao M, Ma 
J, Yu J, Huang S (2014) The Brassica oleracea genome reveals 
the asymmetrical evolution of polyploidgenomes. Nat Commun 
5:3930–3930

Livaja M, Palmieri MC, Von RU, Durner J (2008) The effect of the 
bacterial effector protein harpin on transcriptional profile and 
mitochondrial proteins of Arabidopsis thaliana. J Proteom 
71:148–159

Nagaharu U (1935) Genome analysis in Brassica with special ref-
erence to the experimental formation of B. napus and peculiar 
mode of fertilization. Jpn J Bot 7:389–452

Ogura H (1968) Studies on the new male-sterility in Japanese radish, 
with special reference to the utilization of this sterility towerds 
the practical raising of hybrid seeds. Mem Fac Agric Kagoshima 
Univ 6:39–78

Pelletier G, Primard C, Vedel F, Chetrit P, Remy R, Rousselle, Renard 
M (1983) Intergeneric cytoplasmic hybridization in Cruciferae 
by protoplast fusion. Mol Gen Genom 191:244–250

Rawat DS, Anand IJ (1979) Male sterility in Indian mustard. Indian J 
Genet Plant Breed 39:412–414

Sugiyama Y, Watase Y, Nagase M, Makita N, Yagura S, Hirai A, 
Sugiura M (2005) The complete nucleotide sequence and multi-
partite organization of the tobacco mitochondrial genome: com-
parative analysis of mitochondrial genomes in higher plants. Mol 
Genet Genom 272:603–615

Tanaka K (1998) Agricultural research in a centrally planned econ-
omy: the case of rapeseed Research in the People’s Republic of 
China (PRC). Asian J Soc Sci 26:69–92

Tanaka Y, Tsuda M, Yasumoto K, Yamagishi H, Terachi T (2012) A 
complete mitochondrial genome sequence of Ogura-type male-
sterile cytoplasm and its comparative analysis with that of nor-
mal cytoplasm in radish (Raphanus sativus L.). BMC Genomics 
13:352

Taylor NL, Tan YF, Jacoby RP, Millar AH (2009) Abiotic environ-
mental stress induced changes in the Arabidopsis thaliana chlo-
roplast, mitochondria and peroxisome proteomes. J Proteom 
72:367–378

Thompson KF (1972) Cytoplasmic male-sterility in oil-seed rape. 
Heredity 29:253–257

Touzet P, Meyer EH (2014) Cytoplasmic male sterility and mitochon-
drial metabolism in plants. Mitochondrion 19:166–171

Unseld M, Marienfeld JR, Brandt P, Brennicke A (1997) The mito-
chondrial genome of Arabidopsis thaliana contains 57 genes in 
366,924 nucleotides. Nat Genet 15:57

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm 
M, Rozen SG (2012) Primer3–new capabilities and interfaces. 
Nucleic Acids Res 40:e115

Wan Z, Jing B, Tu J, Ma C, Shen J, Yi B, Wen J, Huang T, Wang 
X, Fu T (2008) Genetic characterization of a new cytoplasmic 
male sterility system (hau) in Brassica juncea and its transfer to 
B. napus. Theor Appl Genet 116:355–362

Wang X, Wang H, Wang J, Sun R, Wu J, Liu S et  al (2011) The 
genome of the mesopolyploid crop species Brassica rapa. Nat 
Genet 43:1035–1039

Wang J, Jiang J, Li X, Li A, Zhang Y, Guan R, Wang Y (2012) 
Complete sequence of heterogenous-composition mitochon-
drial genome (Brassica napus) and its exogenous source. BMC 
Genomics 13:675

Wei WL, Wang HZ, Liu GH (2005) Molecular Identification of the 
Sterile Cytoplasm of NCa of a Cytoplasmic Male Sterile Line in 
Rapeseed (Brassica napus L.). Sci Agric Sin 38:1965–1972



909Plant Cell Rep (2017) 36:901–909	

1 3

Xie H, Wang J, Qian M, Li N, Zhu Y, Li S (2014) Mitotype-specific 
sequences related to cytoplasmic male sterility in Oryza species. 
Mol Breed 33:803–811

Yang J, Liu D, Wang X, Ji C, Feng C, Liu B, Hu Z, Sheng C, Pental 
D, Ju Y (2016) The genome sequence of allopolyploid Brassica 
juncea and analysis of differential homoeolog gene expression 
influencing selection. Nat Genet 48:1225–1232

Zhao HX, Li ZJ, Hu SW, Sun GL, Chang JJ, Zhang ZH (2010) 
Identification of cytoplasm types in rapeseed (Brassica napus 
L.) accessions by a multiplex PCR assay. Theor Appl Genet 
121:643–650


	Identification of different cytoplasms based on newly developed mitotype-specific markers for marker-assisted selection breeding in Brassica napus L.
	Abstract 
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials
	Isolation of mitochondrial DNA and total genomic DNA
	Comparative analysis of the six sequenced mitochondrial genomes in Brassica napus
	Development of MSS markers and PCR amplification

	Results
	Characterization of the six sequenced mitochondrial genomes in B. napus
	Identification of MSSs among these different mitochondrial genomes used in Brassica napus
	Development of MSS markers to distinguish different mitotypes in B. napus
	Identification of mitotypes in 570 different inbred lines

	Discussion
	Acknowledgements 
	References


