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Abstract 

Background Mitochondria are organelles within eukaryotic cells that are central to the metabolic processes of cel-
lular respiration and ATP production. However, the evolution of mitochondrial genomes (mitogenomes) in plants is 
virtually unknown compared to animal mitogenomes or plant plastids, due to complex structural variation and long 
stretches of repetitive DNA making accurate genome assembly more challenging. Comparing the structural and 
sequence differences of organellar genomes within and between sorghum species is an essential step in understand-
ing evolutionary processes such as organellar sequence transfer to the nuclear genome as well as improving agro-
nomic traits in sorghum related to cellular metabolism.

Results Here, we assembled seven sorghum mitochondrial and plastid genomes and resolved reticulated mitog-
enome structures with multilinked relationships that could be grouped into three structural conformations that differ 
in the content of repeats and genes by contig. The grouping of these mitogenome structural types reflects the two 
domestication events for sorghum in east and west Africa.

Conclusions We report seven mitogenomes of sorghum from different cultivars and wild sources. The assembly 
method used here will be helpful in resolving complex genomic structures in other plant species. Our findings 
give new insights into the structure of sorghum mitogenomes that provides an important foundation for future 
research into the improvement of sorghum traits related to cellular respiration, cytonuclear incompatibly, and disease 
resistance.
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Background
Mitochondria and plastid in plant cells are thought to 
have evolved from α-proteobacteria and cyanobacteria 
subsumed by eukaryotic ancestors in at least two endos-
ymbiosis events and made progressively less autonomous 
through gene transfer with the host cell nucleus [1–4]. 
Like other aerobic eukaryotes, plant mitochondria con-
tain a genome (mitogenome) that encodes important 
components of the electron transport chain (ETC) and 
controls the expression of these genes [5–7]. But unlike 
animals in which many mitogenomes have been assem-
bled and annotated, fewer complete plant mitogenomes 
are available, limiting our understanding of plant cellu-
lar evolution [8]. Moreover, unlike most animals, plant 
mitogenomes can vary greatly in size and structure as 
seen in the mitogenomes of Silene latifolia at 0.25  Mb 
and Larix sibirica at 11.7  Mb [8–11]. Additionally, the 
master circle model applicable to most animal mitog-
enomes does not explain the structure found in many 
plant species with linear, branched chain, or multiple 
circular architectures resolved from numerous lineages 
[12–14]. Such structural complexity underlies the lack 
of completed mitogenomes available in public reposi-
tories. The persistence of mitochondria and plastids in 
plant cells has resulted in a codependent asymmetric 
pattern where organellar DNA is targeted to the nucleus 
while gene products are targeted to the organelles from 
the nucleus [15]. The evidence of ongoing bombard-
ment of the nucleus by organellar DNA has been found 
in the many nuclear mitochondrial DNAs (NUMTs) and 
nuclear plastid DNAs (NUPTs) [16]. Although most orga-
nelle-derived nuclear DNA is considered inactive, there is 
evidence that some of the transferred DNA is transcribed 
in plant species from studies in rice and cotton [17]. Such 
transferred fragments are expected to affect nuclear 
genome evolution in a number of ways including possi-
ble infertility through cytonuclear incompatibility [18]. 
Moreover, studies of mitogenome structure in plants are 
mainly conducted in model species, such as Arabidop-
sis thaliana, Oryza sativa (rice), and Zea mays (maize), 
limiting the application of generalizable inferences about 
the evolution and function for plant mitogenomes. As 
such a greater diversity of plant lineages, including within 
species comparisons, should be studied to improve our 
understanding of plant mitogenomes.

Sorghum (Sorghum bicolor) is the fifth most impor-
tant cereal crop worldwide in terms of production and 
area planted [19]. Sorghum has attracted much atten-
tion in recent years as a crop with great potential to 
address global food security challenges, because it is a 
C4 species well adapted to semi-arid and arid environ-
ments [19, 20]. Recently, genome research on sorghum 

has yielded a reference genome [21], the establishment 
of mutant libraries, gene expression maps, identifica-
tion of many of the key loci and genes controlling agro-
nomic and adaptive traits, and a pangenome resolved 
from 13 diverse accessions of Sorghum [22–32]. How-
ever, much of this genomic data has yet to be applied 
to rigorous breeding and gene editing projects in 
the development of improved sorghum cultivars. An 
important gap in the genomic knowledge for sorghum 
appears in the limited number of studies related to 
organelle evolution, structure, and function, especially 
as pertains to agronomic trait improvement. The study 
of plant organellar genomes is applicable to numerous 
agronomic traits. For example, abnormal development 
of chloroplasts has been shown to result in incomplete 
development of grains, resulting in reduced yield and 
quality [33], while mitochondria are known to be an 
integral part of disease and cold resistance [34, 35]. In 
sorghum the mitogenome is known to contribute to 
the widely used A1 cytoplasmic male sterility system, 
which has great economic impact [36–39]. Despite the 
importance of organelles in plant survival and improve-
ment of agronomic traits, mitogenome assembly and 
comparison of multiple sorghum individuals has yet to 
be completed.

Within the Sorghum genus few organellar genome 
resources are publicly available to study the above evo-
lutionary phenomena with only four plastid genomes 
(plastomes) [40, 41] and one simplified master circle 
mitogenome, assembled from short read next gen-
eration sequencing data (NCBI accession number: 
NC_008360.1). To improve genomic studies in the 
important staple crop sorghum, the mitogenomes and 
plastomes from six S. bicolor accessions, and one closely 
related species, S. propinquum, were assembled from 
long-read sequence data. Unlike most of the published 
simplified master circle mitochondrial structures, retic-
ulate mitochondrial conformations with multiple junc-
tions were resolved here, with junctions further verified 
with PCR experiments. With the assembled organel-
lar genomes, comparisons between domesticated and 
wild sorghum were made to assess whether any loci 
or structural arrangements could be associated with 
domestication. Furthermore, we quantified and char-
acterized organellar sequence transfer to the nucleus 
between the different sorghum accessions. This study 
not only improves our understanding of sorghum orga-
nellar genome structure and evolution but also provides 
a basis for the improvement of cultivars through selec-
tion of organelles associated with important agronomic 
traits such as cold and disease resistance, management 
of cytoplasmic male sterility, and improved yield.



Page 3 of 17Zhang et al. BMC Plant Biology           (2023) 23:91  

Results
Sorghum organellar genomes
To obtain a more comprehensive understanding of the 
mitogenome of sorghum, results from different sequenc-
ing (short Illumina reads and long PacBio CLR reads) 
and assembly methods were combined to assemble the 
mitogenomes of seven sorghum accessions. The total 
size of these seven mitogenomes ranged from 395,604 bp 
to 444,835 bp, which is similar to most other land plant 
mitogenomes assembled thus far. The average read cov-
erage for each accession was ~ 83x (Table  1), except for 
R931945-2–2 which was only 45.8x (Fig. 1a). The mitog-
enomes were divided into three types based on struc-
ture which were 417 kbp (Type I), 395 kbp (Type II), 
and 444 kbp (Type III) in length. Type I included acces-
sions IS929, IS8525, R931945-2–2, S369, type II IS19953 
and PI525695, and type III PI536008 (Fig. 1a-c). The GC 
content of the seven mitogenomes varied from 43.69 to 
43.73%, which is also similar to the previously published 
mitogenome for sorghum at 43.7% (Table  1). Although 
there were differences in contig size and number among 
the three mitogenome types, in all genomes 32 protein-
coding genes (PCGs) were annotated, which included 
complex I (NADH Dehydrogenase Subunits, nad1, nad2, 
nad3, nad4, nad4L, nad5, nad6, nad7, nad9), complex 
III (Cytochrome bc1 Complex Subunits, cob), Complex 
IV (Cytochrome c Oxidase Subunits, cox1, cox2 and 
cox3), Complex V (ATP Synthase Subunits, atp1, atp4, 
atp6, atp8, and atp9), cytochrome c maturation proteins 
(ccmB, ccmC, ccmFc, and ccmFn), ribosomal proteins 
(rps1, rps2, rps3, rps4, rps7, rps12, rps13, and rpl16), and 
other proteins (mttB, and matR). Among the protein cod-
ing genes (PCGs), eight genes contained introns, three of 
which (ccmFC, cox2, and rps3) contained one intron, and 
five others (nad1, nad2, nad4, nad5, and nad7) contained 
two or more introns. The exons of nad1, nad2, and nad5 
either occurred at distant positions in a long contig or 
were split between multiple contigs.

The plastome size across the seven sorghum accessions 
was very similar, varying from 140,753 to 140,820  bp 
(Fig.  2). Using plastome size the accessions can be cat-
egorized into two groups containing IS929 (140,753 bp), 
IS8525 (140,753 bp), R931945-2–2 (140,754 bp) and S369 
(140,753  bp) with the second group containing IS19953 
(140,820  bp), PI525695 (140,819  bp), and PI536008 
(140,820  bp) (Fig.  2; Suppl. Table  1). This grouping of 
plastome sizes mirrors the grouping of mitogenomes by 
contig number. All of the assembled plastomes contained 
104 unique genes, including 76 protein coding genes, 
24 tRNA, and four rRNA, with the IR region contain-
ing seven protein coding genes, 8 tRNA and four rRNA, 
with 10 PCGs containing introns, two of these (rps12 
and ycf3) have more than one intron. The GC content of 

the assembled plastomes varied from 38.7–38.9% (Fig. 2; 
Suppl. Table 1). Overall, the length of the plastomes has 
diverged among the different subspecies of sorghum, as 
with the mitogenomes.

Diversity of mitogenome structure and sequence 
in sorghum
To determine the variability in structure between differ-
ent sorghum mitogenomes, we employed a novel strat-
egy. First, we used next-generation sequencing data to 
de novo assemble the mitogenome, filtering mitochon-
drial sequences as ‘baits’ to extract CLR long reads. The 
long reads were assembled using two methods after self-
correction, the first method employed the software Flye 
which uses a repeat graph assembly algorithm for assem-
bling long-read data and can provide unique and stable 
contigs. The second software SPAdes uses a DeBruijn-
graph (DBG) assembly algorithm to break long reads into 
segments of different lengths according to differences 
in k-mer values, a connection network of short contigs 
are assembled according to the overlapping relation-
ship between k-mers. Lastly, stable contigs obtained by 
Flye were mapped to the connection network obtained 
by SPAdes to determine the final genome structure. Sor-
ghum mitogenome structure was obtained after three 
iterations of assembly (Table  1). In the first assembly 
iteration, the mitogenome conformation varied greatly 
in different accessions, however a high degree of contig 
consistency was found among IS929, IS8525, R931945-
2–2 and S369, in which IS8525 and S369 had the same 
structural arrangements (Suppl. Figure  1). In the sec-
ond iteration, all the data were used, and the assembly 
results differed in contig number and connection from 
the first iteration. This suggests that third-generation 
assembly algorithms might tend to disassemble com-
plex mitochondrial structures into more simple arrange-
ments through overlapping relationships between long 
reads (Suppl. Figure 2). In the third iteration of assembly, 
SPAdes was used to assemble long reads which provided 
a more complete structural resolution given the way in 
which long reads are treated as k-mer fragments (Fig. 1). 
From these results the best final assembly strategy is to 
obtain stable contigs by using software for third-genera-
tion sequencing data with CLR data, and then determine 
structural connections between contigs by comparing 
these contigs with the results generated from  SPAdes 
(Suppl. Figure 3).

In addition, the continuity of contigs can be used as a 
reference for doubling repeat sequences and confirming 
the connection of the two ends of the repeat sequence 
(Suppl. Figure 3). Each structural variant was confirmed 
by comparison of the three assembly methods men-
tioned above (Fig.  1a-c; Suppl. Figure  1–3). From this, 



Page 4 of 17Zhang et al. BMC Plant Biology           (2023) 23:91 

Ta
bl

e1
 I

te
ra

tiv
e 

as
se

m
bl

y 
m

et
ho

ds
 fo

r s
ev

en
 m

ito
ge

no
m

es
 o

f s
or

gh
um

A
cc

es
si

on
Li

ne
ag

e
Cu

lti
va

r
O

ri
gi

n
Ra

w
 C

LR
 

da
ta

/G
bp

M
ap

pe
d 

CL
R 

da
ta

/M
bp

Se
lf-

Co
rr

ec
te

d 
CL

R 
da

ta
/M

bp
A

ss
em

bl
er

Co
nt

ig
s 

nu
m

be
r

Le
ng

th
 o

f 
Co

nt
ig

s/
bp

Le
ng

th
 o

f 
Po

lis
he

d 
Co

nt
ig

s/
bp

G
C%

IS
92

9
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

D
ur

ra
Su

da
n

10
23

8
42

Fl
ye

-m
et

a
9

41
6,

82
1

N
on

e
43

.7
1

IS
85

25
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

Ka
fir

Et
hi

op
ia

10
20

9
35

Fl
ye

-m
et

a
8

44
0,

02
4

N
on

e
43

.7
9

R9
31

94
5-

2–
2

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
Co

m
pl

ex
A

us
tr

al
ia

10
11

8
26

Fl
ye

-m
et

a
9

41
5,

57
3

N
on

e
43

.7

S3
69

S.
 p

ro
pi

nq
uu

m
W

ild
 re

la
tiv

e
Ph

ili
pp

in
es

10
13

4
36

Fl
ye

-m
et

a
8

43
9,

97
9

N
on

e
43

.7
9

IS
19

95
3

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

Si
er

ra
 L

eo
ne

10
28

5
43

Fl
ye

-m
et

a
8

39
4,

50
2

N
on

e
43

.7
2

PI
52

56
95

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

M
al

i
10

24
9

42
Fl

ye
-m

et
a

2
43

4,
84

9
N

on
e

43
.8

5

PI
53

60
08

S.
 b

ic
ol

or
 s

sp
. v

er
tic

ill
ifl

or
um

W
ild

 p
ro

ge
ni

to
r

Ca
m

er
oo

n
10

17
7

38
Fl

ye
-m

et
a

6
46

3,
22

6
N

on
e

43
.8

2

IS
92

9
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

D
ur

ra
Su

da
n

41
40

2
47

Fl
ye

-m
et

a
6

44
0,

02
2

N
on

e
43

.7
9

IS
85

25
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

Ka
fir

Et
hi

op
ia

55
39

5
40

Fl
ye

-m
et

a
5

44
0,

02
4

N
on

e
43

.7
9

R9
31

94
5-

2–
2

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
Co

m
pl

ex
A

us
tr

al
ia

10
11

8
26

Fl
ye

-m
et

a
9

41
5,

57
3

N
on

e
43

.7

S3
69

S.
 p

ro
pi

nq
uu

m
W

ild
 re

la
tiv

e
Ph

ili
pp

in
es

26
22

7
49

Fl
ye

-m
et

a
5

44
9,

18
4

N
on

e
43

.7
1

IS
19

95
3

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

Si
er

ra
 L

eo
ne

24
40

7
50

Fl
ye

-m
et

a
6

39
4,

51
3

N
on

e
43

.7
2

PI
52

56
95

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

M
al

i
24

36
8

44
Fl

ye
-m

et
a

2
43

4,
84

7
N

on
e

43
.8

5

PI
53

60
08

S.
 b

ic
ol

or
 s

sp
. v

er
tic

ill
ifl

or
um

W
ild

 p
ro

ge
ni

to
r

Ca
m

er
oo

n
40

34
3

44
Fl

ye
-m

et
a

6
44

3,
70

6
N

on
e

43
.7

1

IS
92

9
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

D
ur

ra
Su

da
n

41
40

2
47

SP
A

de
s

9
41

7,
60

6
41

7,
66

9
43

.7
1

IS
85

25
S.

 b
ic

ol
or

 s
sp

. b
ic

ol
or

Ka
fir

Et
hi

op
ia

55
39

5
40

SP
A

de
s

9
41

7,
54

4
41

7,
64

8
43

.7
1

R9
31

94
5-

2–
2

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
Co

m
pl

ex
A

us
tr

al
ia

10
11

8
26

SP
A

de
s

9
41

7,
17

8
41

7,
26

2
43

.7

S3
69

S.
 p

ro
pi

nq
uu

m
W

ild
 re

la
tiv

e
Ph

ili
pp

in
es

26
22

7
49

SP
A

de
s

9
41

7,
60

3
41

7,
64

8
43

.7
1

IS
19

95
3

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

Si
er

ra
 L

eo
ne

24
40

7
50

SP
A

de
s

6
39

5,
55

5
39

5,
62

1
43

.7
2

PI
52

56
95

S.
 b

ic
ol

or
 s

sp
. b

ic
ol

or
M

ar
ga

rit
ife

ru
m

M
al

i
24

36
8

44
SP

A
de

s
6

39
5,

55
6

39
5,

60
4

43
.7

3

PI
53

60
08

S.
 b

ic
ol

or
 s

sp
. v

er
tic

ill
ifl

or
um

W
ild

 p
ro

ge
ni

to
r

Ca
m

er
oo

n
40

34
3

44
SP

A
de

s
6

44
4,

77
0

44
4,

83
5

43
.6

9



Page 5 of 17Zhang et al. BMC Plant Biology           (2023) 23:91  

the seven mitogenomes were divided into three types 
with nine or six contigs for each type. The first type 
includes accessions IS929, IS8525, S369 with the same 

structural arrangements and R931945-2–2, which dif-
fered from these by possessing two different contig link-
ages. The second structural type includes IS19953 and 

Fig. 1 Mitogenome structure from seven sorghum accessions generated using Bandage. a type I genomes with 9 contigs from accession IS929, 
IS8525, S369 and R931945-2–2, among which R931945-2–2 possessed two contigs with differences in linkage. The nine contigs of IS929 were 
mapped to all the type I genomes, and the coloring indicates their correspondence in each genome. b type II genomes with six contigs from 
IS19953 and PI525695. The coloring of the contigs indicates the correspondence of the six contigs of IS19953 with those in PI525695. c type III 
genome with six contigs, from PI536008. d PCR amplification to verify all 12 linkages of the type I conformation in IS929. The numbers above each 
lane of the gel refer to linkages spanned by the primers in respect to the contig
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PI525695, and the third PI536008 (Fig. 1a-c). Contig con-
nections were further verified by designing PCR prim-
ers from IS929 to confirm that the expected length from 
the assembly matched the PCR product length (Suppl. 
Table  2). The results from this test produced bands for 
all 12 connections, although bands from ctg6-7 and 
ctg9-8 were relatively faint (Fig. 1d; Suppl. Figure 19). The 
assembly depth of ctg7 and ctg8 was also lower than that 
of other contigs, suggesting that the two contigs exist in 

a minor conformation of the mitochondrial genome. The 
accessions IS929, IS19953, and PI536008 were selected to 
represent each structural type in collinearity analysis. All 
the contigs of IS929 were highly collinear with the other 
two accession with an alignment length greater than 5 
kbp. Despite high levels of collinearity, the distributional 
complexity of the collinearity segments on the con-
tigs between the three conformations shows high levels 
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of diversity in sequence orientation within the species 
(Fig. 3).

Two contigs with lengths of 7,361  bp (ctg8) and 
9,577  bp (ctg7) in the type I genomes and a 1,995  bp 
contig (ctg6) in the type II genomes were found to be 
without any functional genes. The depth of the two gene-
free contigs in the type I genomes is lower than the sur-
rounding contigs and may be part of secondary structural 
formation, while the depth of the gene-free contig in 
the type II genomes is much higher than the surround-
ing contigs and may be involved with mediation of 
genomic recombination (Fig.  1a-c). Furthermore, a 12.4 
kbp repeat annotated in the sorghum reference mitog-
enome (NC_008360.1) is at a cross position in the type 
I and III genomes with twice the depth, while this 12.4 
kbp fragment in the type II genomes is part of a longer 
contig (Suppl. Figure 13). Repeats annotated to the refer-
ence genome are also present in the various contigs with 
multi-linked relationships in the type I genomes, suggest-
ing that such sequences are often treated as repetitive 
fragments in a master circle resolution of genome struc-
ture but may serve as linkages in a reticulate concept of 
genome structure (Suppl. Figure 14–16).

To further quantify organellar genomic structure 
within sorghum, repeats were annotated and compared 
across accessions. The mitogenomes and plastome con-
tain three types of repeats: Forward (F), Palindromic 
(P), and Reverse (R). The number of repeats in the sor-
ghum mitogenome and plastome are less frequent with 
increasing size (Fig. 4a, 4b; Suppl. Figure 5–12). Patterns 
of repeat abundance and location in the mitogenomes 
roughly aligned with genome structural type, where the 
mitogenomes from the same structural type had the 
same pattern of repeat sequence location in most con-
tigs (Fig. 4a; Suppl. Figure 5–11). By contrast most of the 
repeat sequences in the plastomes were located in the 
same position in all seven plastomes (Suppl. Figure 12). 
Patterns of repeat abundance are less clearly associated 
with mitochondrial genome type in the plastome as they 
can be categorized into two groups containing IS929, 
IS8525, R931945-2–2, and S369 in one group, and the 
second containing IS19953, PI525695, and PI536008 
(Fig.  4b; Suppl. Figure  5–12). The abundance of SSRs is 
relatively uniform in both plastomes and mitochondrial 
genomes except in the case of A/T motifs where the 
numbers vary more between accessions especially in 

Fig. 3 Collinearity between three sorghum mitogenomes sorted by contig. Collinear segments less than 5 kbp in length are not shown
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plastomes (Fig.  4c and d). Moreover, the SSR diversity 
between plastomes and mitogenomes is markedly differ-
ent with only A/T and C/G motifs present in plastomes 
and several different dinucleotide types present in the 
mitogenomes in addition to the A/T motif (Fig. 4c and d).

In the comparative analysis of the protein-coding gene 
sequences of mitogenomes, the CDSs of IS929, IS8525, 
and S369, were identically grouped by shared SNPs while 
IS19953, PI525695, and PI536008 were similarly grouped. 
The grouping of mitogenomes by CDS SNPs was exact 

Fig. 4 Repeat sequences of sorghum organellar genomes. a Mitogenome repeats identified with REPuter include F (forward repeats), R (reversed 
repeats), and P (palindromic repeats); b: Plastome repeats identified with REPuter include F, P, and R repeats; c: The SSRs identified from sorghum 
mitogenomes; d: The SSRs identified from sorghum plastomes
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in all cases except in R9319545-2–2 which grouped with 
type I genomes at all loci except for a shared SNP in nad6 
where it grouped with types II and III. Only four genes 
(atp9, cox2, nad4, and nad6) possess SNPs in the seven 
mitogenomes (Suppl. Table 3). The grouping of sorghum 
accessions by CDS SNPs generally matches genome 
structural type, with type I differentiated from types 
II and III wherein the largest structural differences are 
found. Given that R9319545-2–2 is an elite breeding line 
resulting from a complex parental pedigree, intermediacy 
in CDS SNP grouping is an expected outcome. A simi-
lar pattern separating mitogenome type I from II and III 
is also found among the SNPs in the plastome data yet 
many more SNPs were found (18 SNPs across 10 genes). 
The plastome data for R9319545-2–2 is similar to the 
mitogenome data where three of the CDS SNPs group 
this accession with type II and III genomes while most of 
the rest of the SNPs group it with the type I genomes (as 
well as two autapomorphic SNPs in R9319545-2–2).

Sequence transfer from organellar genomes to the nuclear 
genome
Intracellular sequence transfers occur frequently and 
continuously from organellar genomes to the nuclear 
genomes and are key to understanding intracellu-
lar intergenomic coevolution [16]. To investigate the 
patterns of intracellular sequence transfers in differ-
ent sorghum accessions, the frequency and destina-
tion of sequence transfers from organellar genomes to 
nuclear genomes were quantified. To do this the seven 
sorghum organellar genomes assembled here were 
searched against the corresponding published nuclear 
genomes. The results showed that the vast majority of 
transferred sequences had a similarity of 90% or greater 
to the sequences of origin in organelles (84.4–87.5% 
from mitogenome, 76.1–82% from plastome) (Fig.  5a 
and b). The number of NUPTs is more than that of 
NUMTs in the 80–89% identity range, whereas they 
are similar in the 90–100% identity at the 100–199 bp 
lengths, but in all other length categories NUPTs 
are more abundant (Fig.  5a and b). The abundance of 
NUPTs and NUMTs appears to be proportional to the 
size of the insert with larger inserts occurring less fre-
quently. That said several very large inserts greater than 
30 kbp in length were found, with the longest NUMT 
and NUPT sequences being 98 kbp in PI536008 and 
33 kbp in IS8525, respectively. The number of NUMTs 
and NUPTs in S369 was noticeably smaller than that of 
other accessions, which may be related to the low pro-
portion (58%) of anchoring scaffolds to chromosomes 
for this nuclear genome assembly. Overall, the high 

abundance of transfer sequences with a sequence iden-
tity of 90–100% indicates that the organelle sequence 
transfer to the nucleus is a continuously ongoing pro-
cess (Fig. 5a and b).

To investigate which regions from the organelles are 
more frequently transferred into the nuclear genome, 
the length of the transferred fragments from different 
regions (CDS and non-CDS) of the mitogenome and 
plastome were summed and the proportion of each type 
calculated for each accession. We found that the total 
length of NUMTs was greater than those of NUPTs 
except in S369 (Fig. 5c and d). However, transfers from 
CDSs had a higher proportion among NUPTs (4.6–8.2% 
for mitogenome, 38.3–46.2% for plastome) (Fig. 5c and 
d). In addition, the location in the nuclear genome of 
NUMTs and NUPTs differed by accession, chromosome, 
and location in the chromosome. For instance, NUMTs 
in most accessions consist of a roughly uniform per-
centage of chromosomes whereas NUMTs in IS19953 
and PI536008 make up a disproportionate percentage 
of chromosomes 1 and 10 respectively (Fig. 6). Patterns 
of asymmetric NUMT insertion are also apparent when 
insertion location is parsed by categories such as exon 
and intron. In some sorghum accessions the proportion 
of NUMTs and NUPTs is similar, such as in the target-
ing of exons in chromosome 5 in IS8525 where NUMTs 
and NUPTs exceed 0.4%. However, in some cases 
NUMT and NUPT targeting appears decoupled such as 
in IS929, where NUMTs make up nearly 0.4% of exons 
in chromosome 1, whereas NUPTs account for less than 
0.1% of exons in the same chromosome (Fig. 6). Overall, 
NUMTs and NUPTs appear to target certain locations 
in the nuclear genome that differ by accession.

Finally, the patterning of GC content in and around 
NUMTs and NUPTs was quantified to assess differ-
ences between accessions and insert types. The results 
indicate that the GC content of NUMTs and NUPTs 
is higher in sequences with 90–100% similarity to the 
organellar sequences of origin than those with 80–89% 
similarity. This is in line with expectations for the 
higher GC content found among plastomes and mitog-
enomes (Suppl. Figure  17). Similarly, the GC content 
among NUMTs was higher on average than NUPTs 
which is also expected given the higher GC content of 
mitogenomes over plastomes. (Suppl. Figure  17). The 
GC content around longer NUMTs and NUPTs was 
found to fluctuate more between accessions and might 
be related to differences in the nuclear genome related 
to larger inserts or might come about because of 
greater difficulty in determining the insert boundaries 
for larger inserts and thus including some of the insert 
as flanking sequence. (Suppl. Figure 18).
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Discussion
Diversity in sorghum mitogenomes
Land plant mitogenomes have undergone dramatic 
structural changes during co-evolution in the host 
after endosymbiosis, while plastome structure remains 
strongly conserved with low levels of sequence dupli-
cation. This complex structure of plant mitogenomes 
poses a great challenge for accurate genome assem-
bly [42–44]. Out of over 300 published mitogenomes, 
most are assigned a simplified circular structure and 
lack information on the structural diversity thought to 
occur in many mitogenomes [8]. The structures found 
among plant mitogenomes have been complex, and 
include polycyclic chromosomes, linear branches, and 

radial structures. Much of this diversity in structure is 
thought to be the result of repeat mediated recombi-
nation [45]. In addition, the structure of mitogenomes 
can change dynamically within a lineage or individual. 
For example, the structure of mitogenomes in Vigna 
radiata is linear in cold-treated seeds but rosette 
shaped in seeds that have not undergone cold treat-
ment [46]. Thus, many previous studies assembling the 
mitogenome into a simplified master circled confor-
mation fail to elucidate the secondary structures often 
present. Given this we present several different struc-
tural arrangements of the sorghum mitogenome based 
on iterative assembly procedures which had only pre-
viously been presented as a master circle structure in 

Fig. 5 Distribution of inserts by size and type of sorghum organelle sequences transferred to the nucleus. a Number and length of NUMTs by 
accession (panels are separated by percent similarity to origin); b: Number and length of NUPTs by accession (panels are separated by percent 
similarity to origin); c: Total length and source sequence type of NUMTs; d: Total length and source sequence type of NUPTs. Percentages in the 
lower panels refer to CDS inserts contribution to the total length of all inserts
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Fig. 6 Nuclear genome locations of transferred sequences from organellar origins. a: The locations of NUMTs. b: The locations of NUPTs. 
Abbreviations for nuclear genome regions are Chr: Chromosome; inter: intergenic regions; mRNA: genic regions; exon: exon regions; intron: intron 
regions. The vertical axis represents the percentage of the length of the region into which transferred sequences reside made up of NUPTs or 
NUMTs
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order to help guide evolutionary and functional genom-
ics studies in the future.

In this study, we try to preserve a variety of contig 
linkages between stable contigs and guide the simplifi-
cation of assembly results with complex network con-
nection relationships given in DeBruijn-graph (DBG) 
assembly algorithm software by using reliable contigs 
information provided by software using a repeat graph 
assembly algorithm. The final mitogenome assem-
bly presented here is resolved as a branched network 
structure composed of several contigs which are con-
nected. In this study, the structure of seven accessions 
is divided into three types based on size and struc-
tural arrangement. The first set includes accessions 
IS929, IS8525, R931945-2–2, and S369, the second 
includes IS19953, PI525695, and the third PI536008. 
The inferred linkages in the mitogenome where fur-
ther confirmed with PCR, using primers designed from 
the genome sequence of IS929 (Fig. 1a and d). In addi-
tion, PCR amplification experiments were performed 
in PI525695 (Type II) and PI536008 (Type III) with the 
12 pairs of primers designed from IS929. The shared 
priming sequences in IS929 produced bands of the 
expected length in PI525695 (Supplementary Fig.  4a) 
and PI536008  (Supplementary Fig.  4b) when verified 
by PCR (red in Supplementary Fig.  4a), except ctg7-4 
in PI525695. However, those connections unique to 
IS929 did not produce visible bands in PI525695 and 
PI536008 confirming our assembled genomic struc-
tures. Interestingly, some of the cultivated S. bicolor 
ssp. bicolor accessions (IS929, IS8525) share the same 
mitogenome structure with the wild species S. propin-
quum (S369), while the wild progenitor subspecies (S. 
bicolor ssp. verticilliflorum; PI536008) possesses a type 
III genome structure. The two guinea margaritiferum 
accessions (IS19953, PI525695), which represent the 
second domestication event from West Arica, both 
possess a type II genome structure. It is possible that 
mitogenome structure could be associated with certain 
domesticated traits, but further work is needed to con-
firm this possible relationship (Fig.  1a-c). In addition, 
the contigs of the final conformation in IS19953 can be 
well connected in the de novo assembled network con-
formation of the PI536008 when using the NGS data, 
indicating that the mitogenome of PI536008 might be 
the same as IS19953 in the second conformation. How-
ever, differences in size and structure of mitochondrial 
sequences in the assembled mitogenomes presented 
here may in part be due to the limitations of existing 
software, which need to be further refined for spe-
cifically resolving the complex arrangements of plant 
mitogenomes [47]. Overall, the classification results of 
sorghum mitogenomes and plastomes were consistent.

Organellar sequence transfer to the nucleus
Extant plant mitochondria and plastids contain far fewer 
genes than their ancestors, reflecting the migration of 
genes from organelles to the nucleus [48–52]. The trans-
fer of genetic material from organelles to the nucleus has 
been unceasing through time and has mainly involved 
the transfer of non-functional DNA [53]. Although many 
recent organelle-derived sequences are inactive or non-
functional, exceptions exist, and some of these functional 
transfers have had implications for cellular metabolism 
and genomic evolution [17]. In the analysis of organelle 
transfers into the nucleus, we observed a 90–100% iden-
tity for most of the transferred sequences, indicating that 
the transfer of these sequences has been sustained and 
has occurred up to the present. Moreover, these newly 
transferred sequences still maintain a GC content simi-
lar to that of the source organellar genome, indicating 
that these fragments retain the structure of the original 
sequence, while the transferred sequences with 80–89% 
identity have a lower GC content than both the source 
genome and the nuclear genome, suggesting that these 
transferred fragments may undergo alternative fates than 
the surrounding nuclear genomic DNA, including dif-
fering rates of elimination, mutation, rearrangement, 
fragmentation, or proliferation (Suppl. Figure  17–18). 
Previous studies regarding plastid and mitochondrial 
DNA insertions in the nucleus (NUPTs and NUMTs) 
found patterns of asymmetric deposition [54]. Here too, 
we found differing rates of deposition for NUMTs and 
NUPTs as a function of percent of the region in which 
the transfers reside and the accession that was exam-
ined which could be the result of both assembly qual-
ity and biological processes. Therefore, future studies 
should explore how organellar transfers in sorghum 
could be involved with tolerance to environmental stress 
and potentially how this process could be harnessed 
to improve cultivars to withstand adverse growing 
conditions.

Coevolution of mitogenome structure and sequence 
in sorghum
Plant mitochondrial DNA has been described as evolving 
rapidly in structure, but very slowly in coding sequence 
[55]. Numerous studies on the evolution of the cod-
ing sequences have confirmed the extremely low rate of 
nucleotide substitutions in plant mitogenome CDSs rela-
tive to other eukaryotic organelles [56–58]. When com-
paring the CDSs of sorghum mitogenomes, we found 
that only four of 32 genes (nad4, nad6, atp9, and cox2) 
had a single SNP difference between accessions, which 
splits the accessions into two groups based on shared 
SNPs. However, R931945-2–2 is intermediate between 
the groups as it clusters with type I genomes on all but 
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one SNP (nad6) where it clusters with type II and III 
genomes. This outlier status for R931945-2–2 is further 
confirmed in the plastome CDS data where it often shares 
SNPs with type I genomes but occasionally shares SNPs 
with type II and III genomes as well as possessing unique 
SNPs. Structurally R931945-2–2 differs from other type I 
genomes in the fusion of two contigs (ctg4 and ctg5) that 
were resolved separately in other type I genomes and the 
presence of an additional contig (ctg8, 8900  bp) (Fig.  1; 
Suppl. Table  3-4). In addition, repeat sequence abun-
dance provides a means to separate the different genome 
types especially the longer repeats in the mitogenome 
(Fig. 4). The R931945-2–2 accession is an elite breeding 
line developed from a pre-breeding program in Australia 
and is referred to as a ‘complex’ cultivar in Tao et al. 2021 
reflecting its complex pedigree [59]. As such the unique 
mitogenome structure and intermediacy of SNPs in this 
accession may have come about from extensive hetero-
plasmy associated with breeding between diverse line-
ages [60, 61]. In addition, the grouping of structural types 
and SNP diversity among mitogenomes appears to match 
the two origins for sorghum in east and west Africa [59]. 
The type I genomes contain cultivars from East Africa 
and a closely related wild species (S. propinquum, S369) 
suggesting that there may be a relationship between cul-
tivars and wild relatives, such as hybridization and intro-
gression, while the type II genomes represent the second 
domestication event in West Africa.

Conclusion
Before this publication only one simplified master cir-
cle reference mitogenome assembled using NGS data 
and four plastomes were publicly available for sorghum. 
Here, we assembled the reticular mitogenomes of S. pro-
pinquum (S369) and six accessions of S. bicolor (IS929, 
IS8525, R931945-2–2, IS19953, PI525695, PI536008) 
from different cultivars and wild sources with long PacBio 
CLR reads and NGS data. The resolution of reticular 
mitogenomes improves our understanding of organellar 
genome structure in sorghum and provides a template for 
further research into questions such as how gene func-
tion could be mediated by different structural confor-
mations. In the use of long PacBio CLR reads and NGS 
data for mitogenome assembly, we propose that by using 
the reliable contigs information provided by a repeat 
graph assembly algorithm to guide the assembly results 
with complex contigs provided by a DBG algorithm will 
be helpful in resolving complex genomic structures in 
other plant species. We found inter-sequence differences 
between sorghum accessions discovered using the collin-
earity of mitogenome sequences, as well as SNPs in the 
CDSs in both mitogenomes and plastomes. Such data 
will be useful in screening phenotypes associated with a 

given genomic and/or nucleotide feature for later use in 
breeding and cultivar improvement. Analysis of NUMTs 
and NUPTs in the nuclear genome showed that most 
of the transferred sequences were recent and short in 
length with differences in nuclear genome deposition by 
genomic region and accession. This pattern of differential 
deposition into the nuclear genome should be followed-
up on to gain a better understanding of how such trans-
fers were involved with the domestication process and 
could be utilized in the future for cultivar improvement.

Methods
Samples
A total of seven sorghum accessions (Table  1) were 
selected from Tao et  al. and its corresponding Illumina 
and PacBio CLR reads were downloaded from the pro-
ject CNP0001440 in the China National GeneBank 
database (https:// db. cngb. org) [32]. The assembly and 
annotation information of the seven sorghum genomes 
were obtained from SORGHUMBASE [32].

Genome assembly and annotation
Organelle genome assembly was completed using the 
method of mitogenome assembly from Hong et  al. [13]. 
In the first step, ~ 8 Gbp of short reads were randomly 
extracted from the Illumina data of seven sorghum 
genomes, and SPAdes v3.15.2 [62] was used to generate a 
draft mitochondrial genome, with the parameter settings 
‘-careful -k 21,51,71,91,101 -cov-cutoff auto’. Blast v2.2.21 
[63] in Bandage v 0.8.1 [64] was used to align the pub-
lished sorghum mitogenome (NCBI accession number: 
NC_008360.1) and the reference plastome (NCBI accession 
number: NC_008602.1) onto seven mitochondrial and plas-
tid drafts respectively. The 3.2Mbp of contigs for the mitog-
enomes were further extracted as ‘baits’. Subsequently, in 
the second step approximately 10 Gbp of PacBio CLR reads 
were randomly extracted for each of the seven sorghum 
genomes. The mitochondrial contigs obtained in the first 
step were used as baits to extract a total 118 of Mbp–285 
Mbp mitochondrial CLR reads for each sorghum accession 
by Blastn v2.11.0 + [63] with the parameter settings ‘-evalue 
1e-6’. These were further corrected by the correct subrou-
tine in NextDenovo v2.4.0 (https:// github. com/ Nexto mics/ 
NextD enovo), and finally 26 Mbp–43 Mbp of self-corrected 
CLR reads were obtained. Flye-meta v2.8.3-b1695 [65] was 
used to assemble the seven mitogenomes with self-cor-
rected CLR reads, and two to nine mitochondrial contigs 
in the range of 386 kbp to 453 kbp were obtained. In order 
to obtain more mitochondrial data, the pipeline used in 
the second step was repeated, but in the third step all CLR 
reads from seven sorghum accessions were used to select 
CLR mitochondrial reads, with 118 Mbp–445 Mbp of reads 
obtained. Then the correct subroutine in NextDenovo v2.4.0 

https://db.cngb.org
https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
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(https:// github. com/ Nexto mics/ NextD enovo) was also used 
to obtain 26–53 Mbp self-corrected CLR reads. Flye-meta 
v2.8.3-b1695 [65] was used to assemble the seven mitoge-
nomes with self-corrected CLR reads, and two to nine mito-
chondrial contigs in the range of 394 kbp to 440 kbp were 
obtained. In step four, SPAdes v3.15.2 [62] was used for de 
novo assembly of seven mitogenomes by self-corrected CLR 
reads that were obtained in step three, with the parameter 
settings ‘-careful -k 21,51,71,91,101 -cov-cutoff auto -phred-
offset 33’. Bandage v0.8.1 [64] was used to remove non-
mitochondrial sequences in the reticular assembly results of 
the obtained mitogenomes, and then the embedded Blastn 
v2.11.0 + [63] was used to compare the mitochondrial con-
tigs obtained in step two to the clean reticular assembly with 
a total of six or nine contigs per mitogenome with sizes from 
396–445 kbp. Pilon v1.23 [66] was used for three rounds of 
polishing with Illumina reads from which a final mitochon-
drial assembly was obtained.

For the chloroplast genome assembly, the chloro-
plast graph was extracted and then manually assem-
bled into the final circular structure from the de novo 
assembly results of the Illumina reads mentioned above 
with Bandage v0.8.1 [64], based on the reference chlo-
roplast genome of S. bicolor (NCBI accession number: 
NC_008602.1).

The online tool GeSeq (https:// chlor obox. mpimp- 
golm. mpg. de/ geseq. html) [67] was used to annotate the 
contents for each contig of each mitochondrial genome, 
based on the reference mitochondrial genome of S. 
bicolor (NCBI accession number: NC_008360.1). For the 
parts of genes annotated into different contigs, we spliced 
and annotated them manually. The chloroplast genome 
was also annotated by the GeSeq (https:// chlor obox. 
mpimp- golm. mpg. de/ geseq. html) [67] and PGA [68] 
software, by using the reference chloroplast genome of S. 
bicolor (NCBI accession number: NC_008602.1).

PCR amplification to confirm mitochondria genome 
structure
Bandage v0.8.1 [64] was used to merge contigs with 
pairwise connections and generate a single connected 
sequence, based on the mitogenome conformation 
resolved for IS929. Then Primer Premier 6 (Premier 
Biosoft Interpairs, Palo Alto, CA) was used to design 
primers in the range of 0.5–2 kbp on both sides of each 
linkage site for each linkage variant. The DNA isolated 
from young leaf tissue of S. bicolor ssp. bicolor (IS929) 
was used to conduct PCR verification. PCR amplifica-
tion products that crossed linkage sites were then used 
to verify each linkage relationship (Suppl. Table 2). PCRs 
were performed in volumes of 20 uL consisting of 1 uL 
template DNA, 0.4 uL 2.5 mM dNTP, 2 uL 10 × EasyTaq® 
Buffer (TransGen), 0.2 uL 500U EasyTaq® DNA 

Polymerase (TransGen), 0.2uL 100uM  forward primer, 
0.2uL 100uM reverse primer, and 16 uL  ddH2O. Ther-
mocycling conditions were 95℃ denaturation for three 
minutes, followed by 35 cycles each including 95℃ dena-
turation for 30 s, 60 ~ 61.5 ℃ annealing for 30 s (60 ℃ for 
ctg9-8; 60.5 ℃ for ctg1-5, 2–4, 3–5, 4–1, 6–3, 6–7, 7–4, 
8–6, 9–4, 9–5; 61.5 ℃ for ctg6-2), and 72℃ extension 
for three minutes. Following the 35 cycles a final 5-min 
extension step at 72℃ was conducted. The PCR products 
were assessed for length using a 1.5% agarose gel run at 
100 V for 25 min and compared to an 8 kbp ladder.

Sequence alignment of protein-coding genes
The CDS of the 32 mitochondrial and 76 chloroplast 
PCGs for each accession were extracted and aligned for 
each gene using MAFFT v7.490 for SNP identification 
[69, 70]. These alignments were used to detect and group 
differences among the different sorghum accessions.

Analysis of intracellular transfers
Blastn v2.11.0 + [63] was used to identify transfer events 
from organelles to the nuclear genome with the fil-
ter parameter ‘identity greater than 80% and alignment 
length greater than 100  bp’. These results were further 
divided into two datasets: 80–89% and 90–100% similarity 
to a known organelle sequence to represent older (more 
mutations) and newer (fewer mutations) transfers respec-
tively. In addition, each dataset was further divided into 
different length categories of 100–199  bp, 200–299  bp, 
300–399 bp, 400–499 bp, 500–599 bp, 600–699 bp, 700–
799 bp, 800–899 bp, 900–999 bp, and 1000 bp and above. 
BEDtools v2.30.0 [71] was used to annotate organelle 
transfer locations in the nuclear genome and their distri-
bution patterns in different chromosomes and genomic 
regions (i.e. exon, intron, intergenic, mRNA) based on the 
annotation file of the nuclear genome. The transfer frag-
ment and the 5’ and 3’ flanking sequences (100–499  bp, 
500–1000 bp, and above 1000 bp) were extracted and cal-
culated for GC content. The program ggplot2 v3.3.6 [72] 
was used for visualization.

Repeat sequence detection
Four dispersed repeat sequence types were assessed for 
both organelles of seven sorghum accessions. The repeat 
types, F (forward), P (palindrome), R (reverse), and C 
(complement) were detected using REPuter [73] with 
default parameters. The location of the three type repeats 
in the organelle genomes were plotted using the online 
website tool MG2C_v2.1 [74]. The MISA software [75] 
was used to identify simple sequence repeats (SSRs) with 
10, 6, 5, 5, 5, and 5 repeat units set as minimum thresh-
olds for mono-, di-, tri-, tetra-, penta-, and hexa-motifs 
respectively.

https://github.com/Nextomics/NextDenovo
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html
https://chlorobox.mpimp-golm.mpg.de/geseq.html


Page 15 of 17Zhang et al. BMC Plant Biology           (2023) 23:91  

Abbreviations
Mitogenomes  Mitochondrial genomes
plastomes  Plastid genomes
ETC  Electron transport chain
NUMTs  Nuclear mitochondrial DNAs
NUPTs  Nuclear plastid DNAs
CMS  Cytoplasmic male sterility
LSC  Large single copy region
SSC  Small single copy region
IR  Inverted repeats
PCGs  Protein-coding genes
SSRs  Simple sequence repeats
CDSs  Coding sequences
DBG  DeBruijn-graph
NCBI  National Center for Biotechnology Information

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 023- 04104-2.

Additional file 1: Supplementary Table 1. Genome contents of plasto-
mes assembled in this study. Supplementary Table 2. The primer designs 
to confirm the 12 connections of the Type I conformation in IS929. Sup-
plementary Table 3. SNPs in the CDSs of sorghum mitogenomes. Sup-
plementary Table 4. SNPs in the CDSs of sorghum plastomes.

Additional file 2: Supplementary Fig. 1. Mitogenome structure of 
seven sorghum accessions whenusing 10G of CLR data. Supplemen-
tary Fig. 2. Mitogenome structure of seven sorghum accessions when 
using all available CLR data. Supplementary Fig. 3. Example of the 
final mitogenome conformation process. The conformation is from the 
mitogenome assembled by SPAdes using corrected CLR reads of IS929, 
the color-coded portion is contig-01 of IS929 assembled by Flye using 
10G CLR, which were compared to the conformation, from red to pink, 
representing the continuity of the contig. Supplementary Fig. 4. PCR 
amplification to check the 12 linkages of IS929(Type I) in PI525695(Type 
II) and PI536008(Type III). The colors and labels in a and b show the same 
connections of contigs of IS929 in PI525695 and PI536008. The red marked 
labels in c are corresponding to the connections in a and b. Supple-
mentary Fig. 5. The location of forward repeats(F), reversed repeats(R) 
and P palindromic repeats(P) in the contig-01 of seven sorghum 
mitogenomes. Supplementary Fig. 6. The location of forward repeats 
(F), reversed repeats (R) and P palindromic repeats (P) in the contig-02 of 
seven sorghum mitogenomes. Supplementary Fig. 7. The location of 
forward repeats (F), reversed repeats (R) and P palindromic repeats (P) in 
the contig-03 of seven sorghum mitogenomes. Supplementary Fig. 8. 
The location of forwardrepeats (F), reversed repeats (R) and P palindromic 
repeats (P) in the contig-04 of seven sorghum mitogenomes. Supple-
mentary Fig. 9. The location of forward repeats (F), reversed repeats 
(R) and P palindromic repeats (P) in the contig-05 of seven sorghum 
mitogenomes. Supplementary Fig. 10. The location of forward repeats 
(F), reversed repeats (R) and P palindromic repeats (P) in the contig-06 of 
seven sorghum mitogenomes. Supplementary Fig. 12. The location of 
forward repeats (F), reversed repeats(R) and P palindromic repeats (P) in 
seven sorghum plastid genomes. Supplementary Fig. 13. Location of a 
12.4 kbp repeat sequence from sorghum reference genome NC_008360.1 
in each of three structural types. Supplementary Fig. 14. Location of a 
3.6 kbp repeat sequence from sorghum reference genome NC_008360.1 
in each of three structural types. Supplementary Fig. 15. Location of a 
4 kbp repeat sequence from sorghum reference genome NC_008360.1 
in each of three structural types. Supplementary Fig. 16. Location of a 
33 kbp repeat sequence from sorghum reference genome NC_008360.1 
in each of three structural types. Supplementary Fig. 17. GC content 
of fragments transferred from sorghum organelles to the nucleus. a: GC 
content of NUMTs with different levels of sequence identity; b: GC content 
of NUPTs with different levels of sequence identity. Supplementary 
Fig. 18. The GC content of transfer fragment flanking sequences a: The 

GC content of NUMT flanking sequences. b: The GC content of NUPT 
flanking sequences. Supplementary Fig. 19. The full-length original gel 
of Figure 1d. 

Acknowledgements
Not applicable.

Authors’ contributions
WZ and LT conceived the study; SZ assembled and annotated the mitog-
enome and carried out the comparative analysis; SZ, XL, JW, WH and SK 
analyzed the structural and sequence of plastid genomes. SZ, WZ, YT, LT, XL, 
JW and SK discussed the results; SZ, WZ, LT wrote the manuscript; WZ, LT, 
YD, YT, EM, DJ, AC, and RK revised the paper. All authors approved the final 
manuscript.

Funding
This work was supported by the Science, Technology, and Innovation 
Commission of Shenzhen Municipality (RCYX20200714114538196), the 
National Natural Science Foundation of China (31970244 and 32170238) 
and the Chinese Academy of Agricultural Sciences Elite Youth Program 
(110243160001007) to Zhiqiang Wu.

Availability of data and materials
The mitogenome and plastome sequences supporting the conclusions of this 
article are available in GenBank (https:// www. ncbi. nlm. nih. gov/) with acces-
sion numbers: OP474086-OP474139 for mitogenome, OP474079-OP474085 
for plastome.

Declarations

Ethics approval and consent to participate
Plant materials used in this study were planted in the green house of the 
University of Queensland. All methods were carried out in accordance with 
relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 September 2022   Accepted: 6 February 2023

References
 1. Martin WF, Garg S, Zimorski V. Endosymbiotic theories for eukaryote 

origin. Philos Trans R Soc Lond B Biol Sci. 2015;370:20140330.
 2. Sagan L. On the origin of mitosing cells. J Theor Biol. 1967;14:255–71.
 3. Eme L, Spang A, Lombard J, Stairs CW, Ettema TJG. Archaea and the 

origin of eukaryotes. Nat Rev Microbiol. 2018;16:120.
 4. Sato N. Origin and evolution of plastids: Genomic view on the unifica-

tion and diversity of plastids. In: the structure and function of plastids. 
Edited by Wise RR, Hoober JK. Dordrecht: Springer Netherlands.  
2006;23:75–102.

 5. Levings CSr, Pring DR. Restriction endonuclease analysis of mitochondrial 
DNA from normal and Texas cytoplasmic male-sterile maize. Science. 
1976;193(4248):158–60.

 6. Brennicke A, Leaver CJ. Mitochondrial genome organization and expres-
sion in plants. In: In encyclopedia of life sciences. 2007. https:// doi. org/ 10. 
1002/ 97804 70015 902. a0003 825.

 7. Moller IM, Rasmusson AG, Van Aken O. Plant mitochondria - past, present 
and future. Plant J. 2021;108(4):912–59.

 8. Wu Z, Liao X, Zhang X, Tembrock L, Broz A. Genomic architectural varia-
tion of plant mitochondria – a review of multichromosomal structuring. J 
Syst Evol. 2020;60:160–8.

https://doi.org/10.1186/s12870-023-04104-2
https://doi.org/10.1186/s12870-023-04104-2
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1002/9780470015902.a0003825
https://doi.org/10.1002/9780470015902.a0003825


Page 16 of 17Zhang et al. BMC Plant Biology           (2023) 23:91 

 9. Sloan DB, Alverson AJ, Storchová H, Palmer JD, Taylor DR. Extensive loss of 
translational genes in the structurally dynamic mitochondrial genome of 
the angiosperm Silene latifolia. BMC Evol Biol. 2010;10:274.

 10. Sloan DB, Alverson AJ, Chuckalovcak JP, Wu M, McCauley DE, Palmer 
JD, et al. Rapid evolution of enormous, multichromosomal genomes in 
flowering plant mitochondria with exceptionally high mutation rates. 
PLoS Biol. 2012;10(1):e1001241.

 11. Putintseva YA, Bondar EI, Simonov EP, Sharov VV, Oreshkova NV, Kuzmin 
DA, et al. Siberian larch (Larix sibirica Ledeb) mitochondrial genome 
assembled using both short and long nucleotide sequence reads is cur-
rently the largest known mitogenome. BMC Genom. 2020;21(1):654.

 12. Wu Z, Cuthbert JM, Taylor DR, Sloan DB. The massive mitochondrial 
genome of the angiosperm Silene noctiflora is evolving by gain or loss of 
entire chromosomes. Proc Natl Acad Sci USA. 2015;112(33):10185–91.

 13. Hong Z, Liao X, Ye Y, Zhang N, Yang Z, Zhu W, et al. A complete mito-
chondrial genome for fragrant Chinese rosewood (Dalbergia odorif-
era, Fabaceae) with comparative analyses of genome structure and 
intergenomic sequence transfers. BMC Genom. 2021;22(1):672.

 14. Sloan DB. One ring to rule them all? Genome sequencing provides new 
insights into the “master circle” model of plant mitochondrial DNA struc-
ture. New Phytol. 2013;200(4):978–85.

 15. Sloan DB, Warren JM, Williams AM, Wu Z, Abdel-Ghany SE, Chicco 
AJ, et al. Cytonuclear integration and co-evolution. Nat Rev Genet. 
2018;19(10):635–48.

 16. Zhang GJ, Dong R, Lan LN, Li SF, Gao WJ, Niu HX. Nuclear integrants of 
organellar DNA contribute to genome structure and evolution in plants. 
Int J Mol Sci. 2020;21(3):707.

 17. Zhao N, Grover CE, Chen Z, Wendel JF, Hua J. Intergenomic gene transfer 
in diploid and allopolyploid Gossypium. BMC Plant Biol. 2019;19(1):492.

 18. Choi KS, Park S. Complete plastid and mitochondrial genomes of Aegine-
tia indica reveal intracellular gene transfer (IGT), horizontal gene transfer 
(HGT), and cytoplasmic male sterility (CMS). Int J Mol Sci. 2021;22(11):6143.

 19. Hao H, Li Z, Leng C, Lu C, Luo H, Liu Y, et al. Sorghum breeding in 
the genomic era: opportunities and challenges. Theor Appl Genet. 
2021;134(7):1899–924.

 20. Wang X, Gowik U, Tang H, Bowers JE, Westhoff P, Paterson AH. Compara-
tive genomic analysis of C4 photosynthetic pathway evolution in grasses. 
Genome Biol. 2009;10(6):R68.

 21. Xin Z, Wang M, Cuevas HE, Chen J, Harrison M, Pugh NA, et al. Sorghum 
genetic, genomic, and breeding resources. Planta. 2021;254(6):114.

 22. Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach 
H, et al. The Sorghum bicolor genome and the diversification of grasses. 
Nature. 2009;457(7229):551–6.

 23. Casa A, Pressoir G, Brown P, Mitchell S, Rooney W, Tuinstra M, et al. Com-
munity resources and strategies for association mapping in sorghum. 
Crop Sci. 2008;48:30–40.

 24. Upadhyaya H, Pundir P, Dwivedi S, Laxmipathi Gowda C, Reddy V, Sube S. 
Developing a mini core collection of sorghum for diversified utilization of 
germplasm. Crop Sci. 2009;49:1769–80.

 25. Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD, et al. 
Population genomic and genome-wide association studies of agrocli-
matic traits in sorghum. Proc Natl Acad Sci USA. 2013;110(2):453–8.

 26. Shakoor N, Nair R, Crasta O, Morris G, Feltus A, Kresovich S. A Sorghum 
bicolor expression atlas reveals dynamic genotype-specific expression 
profiles for vegetative tissues of grain, sweet and bioenergy sorghums. 
BMC Plant Biol. 2014;14:35.

 27. Makita Y, Shimada S, Kawashima M, Kondou-Kuriyama T, Toyoda T, Matsui 
M. MOROKOSHI: transcriptome database in Sorghum bicolor. Plant Cell 
Physiol. 2015;56(1):e6.

 28. Jiao Y, Burke J, Chopra R, Burow G, Chen J, Wang B, et al. A sorghum 
mutant resource as an efficient platform for gene discovery in grasses. 
Plant Cell. 2016;28(7):1551–62.

 29. Xin Z, Wang ML, Barkley NA, Burow G, Franks C, Pederson G, et al. Applying 
genotyping (TILLING) and phenotyping analyses to elucidate gene func-
tion in a chemically induced sorghum mutant population. BMC Plant Biol. 
2008;8:103.

 30. Addo-Quaye C, Tuinstra M, Carraro N, Weil C, Dilkes BP. Whole-genome 
sequence accuracy is improved by replication in a population of muta-
genized sorghum. GE Genes Genom Genet. 2018;8(3):1079–94.

 31. Tao Y, Zhao X, Wang X, Hathorn A, Hunt C, Cruickshank AW, et al. Large-
scale GWAS in sorghum reveals common genetic control of grain size 
among cereals. Plant Biotechnol J. 2020;18(4):1093–105.

 32. Tao Y, Luo H, Xu J, Cruickshank A, Zhao X, Teng F, et al. Extensive variation 
within the pan-genome of cultivated and wild sorghum. Nat Plants. 
2021;7(6):766–73.

 33. Deyong R, Wei X, Qianqun X, Jiang H, Li Z, Guangheng Z, et al. LSL1 
controls cell death and grain production through stabilizing chloroplast 
in rice. Sci China Life Sci. 2022;65:2148.

 34. Kerbler SM, Taylor NL, Millar AH. Cold sensitivity of mitochondrial ATP 
synthase restricts oxidative phosphorylation in Arabidopsis thaliana. New 
Phytol. 2019;221(4):1776–88.

 35. Wang J, Xu G, Ning Y, Wang X, Wang GL. Mitochondrial functions in plant 
immunity. Trends Plant Sci. 2022;27:1360–85.

 36. Hanson MR, Conde MF: Functioning and Variation of Cytoplasmic 
genomes: lessons from cytoplasmic–nuclear interactions affecting male 
fertility in plants. in: international review of cytology. Edited by Bourne 
GH, Danielli JF, Jeon KW, vol. 94: Academic Press; 1985;94:213–67.

 37. Tang HV, Chang R, Pring DR. Cosegregation of single genes associated 
with fertility restoration and transcript processing of sorghum mitochon-
drial orf107 and urf209. Genetics. 1998;150(1):383–91.

 38. Schnable PS, Wise RP. The molecular basis of cytoplasmic male sterility 
and fertility restoration. Trends Plant Sci. 1998;3(5):175–80.

 39. Stephens JC, Holland RF. Cytoplasmic male-sterility for hybrid sorghum 
seed production1. Agron J. 1954;46:20–3.

 40. Song Y, Chen Y, Lv J, Xu J, Zhu S, Li M. Comparative chloroplast genomes 
of sorghum species: Sequence divergence and phylogenetic relation-
ships. Biomed Res Int. 2019;2019:5046958.

 41. Saski C, Lee SB, Fjellheim S, Guda C, Jansen RK, Luo H, et al. Complete 
chloroplast genome sequences of Hordeum vulgare, Sorghum bicolor 
and Agrostis stolonifera, and comparative analyses with other grass 
genomes. Theor Appl Genet. 2007;115(4):571–90.

 42. Straub S, Fishbein M, Livshultz T, Foster Z, Parks M, Weitemier K, et al. 
Building a model: developing genomic resources for common milkweed 
(Asclepias syriaca) with low coverage genome sequencing. BMC Genom. 
2011;12:211.

 43. Zhang T, Zhang X, Hu S, Yu J. An efficient procedure for plant organellar 
genome assembly, based on whole genome data from the 454 GS FLX 
sequencing platform. Plant Methods. 2011;7:38.

 44. Sloan D, Triant D, Forrester N, Bergner L, Wu M, Taylor D. A recurring syn-
drome of accelerated plastid genome evolution in the angiosperm tribe 
Sileneae (Caryophyllaceae). Mol Phylogenet Evol. 2013;72:82–9.

 45. Wu Z, Sloan DB. Recombination and intraspecific polymorphism for 
the presence and absence of entire chromosomes in mitochondrial 
genomes. Heredity. 2019;122(5):647–59.

 46. Cheng N, Lo YS, Ansari MI, Ho KC, Jeng ST, Lin NS, et al. Correlation 
between mtDNA complexity and mtDNA replication mode in develop-
ing cotyledon mitochondria during mung bean seed germination. New 
Phytol. 2017;213(2):751–63.

 47. Wenchuang H, Kunli X, Caijin C, Jie W, Zhiqiang W. Master graph: an 
essential integrated assembly model for the plant mitogenome based on 
a graph-based framework. Brief Bioinform. 2023;24(1):bbac522. https:// 
doi. org/ 10. 1093/ bib/ bbac5 22.

 48. Lee CP, Millar AH. The plant mitochondrial transportome: Balanc-
ing metabolic demands with energetic constraints. Trends Plant Sci. 
2016;21(8):662–76.

 49. Schwartz RM, Dayhoff MO. Origins of prokaryotes, eukaryotes, mitochon-
dria, and chloroplasts. Science. 1978;199(4327):395–403.

 50. Roger AJ, Muñoz-Gómez SA, Kamikawa R. The origin and diversification 
of mitochondria. Curr Biol. 2017;27(21):R1177–92.

 51. Wu Z, Sloan DB, Brown CW, Rosenblueth M, Palmer JD, Ong HC. Mito-
chondrial retroprocessing promoted functional transfers of rpl5 to the 
nucleus in grasses. Mol Biol Evol. 2017;34(9):2340–54.

 52. Kan SL, Shen TT, Ran JH, Wang XQ. Both Conifer II and Gnetales are char-
acterized by a high frequency of ancient mitochondrial gene transfer to 
the nuclear genome. BMC Biol. 2021;19(1):146.

 53. Leister D, Kleine T. Role of intercompartmental DNA transfer in producing 
genetic diversity. Int Rev Cell Mol Biol. 2011;291:73–114.

 54. Michalovova M, Vyskot B, Kejnovsky E. Analysis of plastid and mitochon-
drial DNA insertions in the nucleus (NUPTs and NUMTs) of six plant 

https://doi.org/10.1093/bib/bbac522
https://doi.org/10.1093/bib/bbac522


Page 17 of 17Zhang et al. BMC Plant Biology           (2023) 23:91  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

species: size, relative age and chromosomal localization. Heredity (Edinb). 
2013;111(4):314–20.

 55. Palmer JD, Herbon LA. Plant mitochondrial DNA evolves rapidly in struc-
ture, but slowly in sequence. J Mol Evol. 1988;28(1–2):87–97.

 56. Zhu A, Guo W, Jain K, Mower J. Unprecedented heterogeneity in the 
synonymous substitution rate within a plant genome. Mol Biol Evol. 
2014;31:1228–36.

 57. Drouin G, Daoud H, Xia J. Relative rates of synonymous substitutions in 
the mitochondrial, chloroplast and nuclear genomes of seed plants. Mol 
Phylogenet Evol. 2008;49(3):827–31.

 58. Kan S, Liao X, Wu Z. The roles of mutation and selection acting on mito-
chondrial genomes inferred from intraspecific variation in seed plants. 
GENES-BASEL. 2022;13(6):1036.

 59. Venkateswaran K, Elangovan M, Sivaraj N. Chapter 2 - Origin, domestica-
tion and diffusion of Sorghum bicolor. In: Aruna C, Visarada KBRS, Bhat BV, 
editors. Breeding Sorghum for Diverse End Uses. Tonapi VA: Woodhead 
Publishing; 2019. p. 15–31.

 60. McCauley D. Paternal leakage, heteroplasmy, and the evolution of plant 
mitochondrial genomes. New Phytol. 2013;200:966–77.

 61. Woloszynska M. Heteroplasmy and stoichiometric complexity of plant 
mitochondrial genomes—though this be madness, yet there’s method 
in’t. J Exp Bot. 2009;61(3):657–71.

 62. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. Using 
SPAdes de novo assembler. Curr Protoc Bioinformatics. 2020;70(1):e102.

 63. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. 
BLAST+: architecture and applications. BMC Bioinform. 2009;10:421.

 64. Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive visualization of 
de novo genome assemblies. Bioinformatics. 2015;31(20):3350–2.

 65. Kolmogorov M, Bickhart DM, Behsaz B, Gurevich A, Rayko M, Shin SB, 
et al. metaFlye: scalable long-read metagenome assembly using repeat 
graphs. Nat Methods. 2020;17(11):1103–10.

 66. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, et al. 
Pilon: an integrated tool for comprehensive microbial variant detection 
and genome assembly improvement. PLoS ONE. 2014;9(11):e112963.

 67. Tillich M, Lehwark P, Pellizzer T, Ulbricht-Jones ES, Fischer A, Bock R, et al. 
GeSeq – versatile and accurate annotation of organelle genomes. Nucleic 
Acids Res. 2017;45(W1):W6–11.

 68. Qu X-J, Moore MJ, Li D-Z, Yi T-S. PGA: a software package for rapid, 
accurate, and flexible batch annotation of plastomes. Plant Methods. 
2019;15(1):50.

 69. Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol Biol Evol. 
2013;30(4):772–80.

 70. Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid 
multiple sequence alignment based on fast fourier transform. Nucleic 
Acids Res. 2002;30(14):3059–66.

 71. Quinlan AR. BEDTools: The Swiss-army tool for genome feature analysis. 
Curr Protoc Bioinformatics. 2014;47:11.2.1-34.

 72. Villanueva RA, Chen Z. ggplot2 Elegant graphics for data (2nd ed.) analy-
sis. Meas Interdiscip Res Perspect. 2019;17:160–7.

 73. Kurtz S, Choudhuri JV, Ohlebusch E, Schleiermacher C, Stoye J, Giegerich 
R. REPuter: the manifold applications of repeat analysis on a genomic 
scale. Nucleic Acids Res. 2001;29(22):4633–42.

 74. Chao J, Li Z, Sun Y, Aluko OO, Wu X, Wang Q, et al. MG2C: a user-friendly 
online tool for drawing genetic maps. Mol Horticulture. 2021;1(1):1.

 75. Beier S, Thiel T, Münch T, Scholz U, Mascher M. MISA-web: a web server for 
microsatellite prediction. Bioinformatics. 2017;33(16):2583–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Variation in mitogenome structural conformation in wild and cultivated lineages of sorghum corresponds with domestication history and plastome evolution
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Sorghum organellar genomes
	Diversity of mitogenome structure and sequence in sorghum
	Sequence transfer from organellar genomes to the nuclear genome

	Discussion
	Diversity in sorghum mitogenomes
	Organellar sequence transfer to the nucleus
	Coevolution of mitogenome structure and sequence in sorghum

	Conclusion
	Methods
	Samples
	Genome assembly and annotation
	PCR amplification to confirm mitochondria genome structure
	Sequence alignment of protein-coding genes
	Analysis of intracellular transfers
	Repeat sequence detection

	Acknowledgements
	References


