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Abstract. Pentatricopeptide repeat (PPR) gene family plays an essential role in the regulation of plant growth and organelle gene
expression. Some PPR genes are related to fertility restoration in plant, but there is no detailed information in Gossypium. In the
present study, we identified 482 and 433 PPR homologues in Gossypium raimondii (D5 ) and G. arboreum (A2 ) genomes, respectively.
Most PPR homologues showed an even distribution on the whole chromosomes. Given an evolutionary analysis to PPR genes from
G. raimondii (D5 ), G. arboreum (A2 ) and G. hirsutum genomes, eight PPR genes were clustered together with restoring genes of other
species. Most cotton PPR genes were qualified with no intron, high proportion of α-helix and classical tertiary structure of PPR
protein. Based on bioinformatics analyses, eight PPR genes were targeted in mitochondrion, encoding typical P subfamily protein
with protein binding activity and organelle RNA metabolism in function. Further verified by RNA-seq and quantitative real-time
PCR (qRT-PCR) analyses, two PPR candidate genes, Gorai.005G0470 (D5 ) and Cotton_A_08373 (A2 ), were upregulated in fertile
line than sterile line. These results reveal new insights into PPR gene evolution in Gossypium.
Keywords. Gossypium; PPR gene family; phylogenetic analysis; cytoplasmic male sterility; restorer gene.

Introduction
The cotton genus, Gossypium, is home to the most
important fibre crop plants in the world, with four of the
∼53 species cultivated, two diploid and two allotetraploid.
The genus originated ∼5−10 million years ago (Mya),
subsequently diversifying into ∼46 diploid species (allocated into eight monophyletic genome groups, designated
A–G and K) and seven allotetraploid species (Wendel
and Grover 2015; Chen et al. 2016, 2017c; Gallagher
et al. 2017). Allopolyploid Gossypium is the result of the
transoceanic dispersal of an A-genome species (resembling
G. arboreum, A2 ), which subsequently hybridized with a

native D-genome species (resembling G. raimondii, D5 ) in
the New World and experienced chromosome doubling
(Wendel 1989; Chen et al. 2017a, b).
Heterosis is widely exploited in crop plants to increase
yield potential of production and improve quality, using
three-lines (sterile line, maintainer line and restoring line)
to develop hybrid cotton (Bentolila et al. 2002). It is well
known that fertility of plants is codetermined by mitochondrial and nuclear genes (Dewey et al. 1987; Schnable
and Wise 1998; Carlsson et al. 2008; Galtier 2011; Suzuki
et al. 2013). Most nuclear restoring genes were reported
as homologues of pentatricopeptide repeat (PPR) gene
family, such as Rf-PPR592 in petunia (Bentolila et al.

Nan Zhao and Yumei Wang contributed equally to this work.

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12041-018-0993-x) contains supplementary material, which is available to authorized users.

1083

1084

Nan Zhao et al.

2002; Koizuka et al. 2003; Gillman et al. 2007), Rfo in
cytoplasmic male-sterility (CMS)-Ogura radish (Brown
et al. 2003; Desloire et al. 2003; Koizuka et al. 2003) and
another tightly linked restoring gene RsRf (Wang et al.
2013); similarly, PPR-like Rf genes were also identified,
such as Rf1 in CMS-BT rice (Kazama and Toriyama 2003;
Akagi et al. 2004; Komori et al. 2004; Wang et al. 2006),
Rf5 in the CMS-HL rice (Hu et al. 2012), Rf3 in CMSS maize (Zabala et al. 1997), and PPR13 in A1 sorghum
(candidate gene of Rf1) (Klein et al. 2005). In addition,
there exist restoring genes encoding nonPPR proteins,
such as Rf2 in CMS-T maize (Cui et al. 1996; Liu et al.
2001), Rf2 in CMS-LD rice (Itabashi et al. 2011), Rf17 in
CMS-CW rice (Fujii and Toriyama 2009), Rf1(bvORF20)
in sugar beet (Matsuhira et al. 2012).
PPR genes consist of a series of similar
contiguous-arrangement PPR motifs with 35 degenerate
amino acids, some of which are very conservative (Small
and Peeters 2000), and evolved from earlier tetratricopeptide repeat (TPR) ancestors (Barkan and Small 2014). PPR
genes are widespread in plants (Lurin et al. 2004; Wang
et al. 2006), and their families have a significant influence on the plant organellar genome evolution, especially
organelle-specific RNA metabolism (Germain et al. 2013).
PPR gene families are divided into two subfamilies, the
PLS and P subfamilies. P subfamily has only P (classic PPR
motifs, with degenerate 35-amino-acid repeat) motifs, and
the PLS subfamily contains characteristic triplets of P, L
(long motif, with a length of 36 amino acids), and S (short
motif, with a length of 31 amino acids) motifs. The PLS
subfamily itself is subdivided into four groups: PLS group,
group E, E+ group and DYW group (Lurin et al. 2004).
Most PPR genes do not contain intron (Lurin et al. 2004)
and encode organelle-targeting peptides in N-terminus
(Lurin et al. 2004). PPR gene functions are mainly focussed
on four aspects: (i) to regulate the expression of chloroplast
and mitochondrial genes, such as HCF152 in A. thaliana
(Meierhoff et al. 2003; Nakamura et al. 2003); (ii) to participate in plant-specific RNA metabolism (mainly PPR
genes of PLS subfamily), such as CRR4 in Arabidopsis
thaliana (Hashimoto et al. 2003; Howell et al. 2007); (iii)
to regulate the embryonic development of higher plants,
such as CRR4 in A. thaliana (Cushing et al. 2005); and (iv)
to affect the fertility restoration of CMS in plants, such
as Rf1 in Oryza sativa (Wang et al. 2006). Compared with
other kinds of PPR genes, these PPR genes that serve as
restoring genes usually cluster together with some homologous sequences (also known as Rf-like or RFL genes),
which leads to a unique way of dynamic evolution (Geddy
and Brown 2007; O’Toole et al. 2008; Fujii et al. 2011).
The CMS line of cotton with G. harknessii
sterile cytoplasm (CMS-D2-2 ) is sporophyte sterile, which
is restored by a single dominant gene, Rf1 (Zhang and
Stewart 2004). Rf1 is located on chromosome 19 (Li et al.
2007), namely, LGD08 linkage group in Dt subgenome
(chromosome D05) (Wang et al. 2009). The latest

association between the chromosomes of allotetraploid
cotton and that of diploid G. raimondii pointed out that
chromosome 19 (chromosome D05) of allotetraploid cotton corresponding to chromosome 9 of G. raimondii (Zhao
et al. 2012; Zhang et al. 2014). Then, a Rf1 candidate gene,
Cotton_D_gene_10013437, showed nine nucleotide insertion in 3 UTR and a single-nucleotide polymorphism in
restoring line compared to non-restoring lines (Wu et al.
2014). Until now, the restorer genes for CMS in plants are
mainly obtained through map-based cloning, and some
progresses have been made in screening molecular markers associated with cotton restoring genes and mapping.
With the high-throughput biological data springing up,
it may turn out to be a feasible method to explore the
fertility restorer genes of cotton CMS by whole genome
and transcriptome sequencing combined with bioinformatics analysis. Taken the close relationship to Rf genes
in other species, PPR gene families were identified in
G. arboreum (A2 ) and G. raimondii (D5 ) genomes. From
an evolutionary perspective, we further obtain some candidate cotton PPR genes that cluster with Rf-PPR genes
in other species. In addition, we analysed the evolutionary
pressure, functional annotation, subfamily classification
and subcellular localization of these PPR genes. Last,
the differential expression of PPR candidate genes was
analysed in the sterile and fertile cotton materials using
RNA-seq transcriptome data and qRT-PCR validation.
We expect the results will lay the foundation for further
researches on the molecular mechanisms of interaction
between restorer gene and CMS-D2 cytoplasm in cotton.

Materials and methods
Plant materials

In this experiment we used G. harknessii CMS line 2074A,
G. hirsutum CMS line 2074S, their maintainer 2074B, and
two different fertile F1 hybrids derived from both CMS
lines with restorer line E5903 as plant materials (Li et al.
2013). 2074A, a CMS line with G. harknessii (D2-2 ) malesterile cytoplasm, was bred by backcrossing the original
sterile line DES-HAMS277 (Meyer 1975) more than 20
generations with upland cotton cultivar ‘2074B’ (Lei et al.
2013). 2074S, a CMS line with G. hirsutum (AD1 ) malesterile cytoplasm, was derived from hybridizing line X658
with G. hirsutum L. (AD1 ) and backcrossing for 17 generations. 2074B, the maintainer of 2074A and 2074S with
G. hirsutum fertile cytoplasm, a cultivar of upland cotton
‘Sumian 20’. E5903, a nuclear restorer line with normal
nuclear and normal fertile G. harknessii cytoplasm, originated from DES-HAF277 (Meyer 1975) by inbreeding for
more than 30 generations. F1 , fertile F1 generations materials were generated from hybridizing CMS line 2074A and
2074S with restorer line E5903 (FA, 2074A × E5903; FS,
2074S × E5903).

PPR gene evolution in Gossypium species
Identification of PPR gene family and chromosome localization
analysis

The genome sequences, coding sequence (CDS) and
amino acid sequences of G. raimondii, G. arboreum and
G. hirsutum were downloaded from Phytozome (http://
www.phytozome.net/) and Cotton Genome Project (CGP)
(http://cgp.genomics.org.cn/), respectively. To identify
members of the PPR protein family in the genome assembly of Gossypium, all available PPR domain sequences
from the Pfam database (http://pfam.xfam.org) were collected and used for the development of a hidden Markov
model (HMM) profile matrix using the hmmbuild programme of the HMMER package (v3.1b1, http://hmmer.
org). This HMM profile matrix was used to identify members of the PPR family in cotton. Amino acid sequences
obtained from these high-quality genomic drafts of the
G. raimondii, G. arboreum and G. hirsutum genome
sequences (Paterson et al. 2012; Li et al. 2014; Zhang
et al. 2015). Sequences containing 10 or more P-class PPR
motifs were retained for further analyses, as a previous
study has shown that RFL genes are primarily comprised
of tandem arrays of 15 to 20 PPR motifs (Fujii et al. 2011).
The location of PPR genes on chromosomes were determined by local BLAST (Altschul et al. 1990).
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files were converted to PAML files using software DAMBE
(Xia and Xie 2001). Nonsynonymous substitution rate
(dN ) (Jore et al. 2011), synonymous substitution rate (dS )
and the value of dN /dS were calculated using yn00 program
in PAML (Yang and Nielsen 2000). Gene ontology (GO)
annotations were carried out by agriGO (http://bioinfo.
cau.edu.cn/agriGO/analysis.php). Taking cotton genome
locus (phytozome) as reference, we conducted function
annotation to corresponding PPR genes in
G. raimondii (D5 ) genome by singular enrichment analysis
(SEA) and adopted hypergeometric statistical test method
and Yekutieli (FDR under dependency) multi-test adjustment method. Significant level was set to 0.05.
GO annotation and subcellular localization analysis

GO annotation of PPR genes were completed by blast2go.
First, the CDS sequences of PPR candidate genes were
aligned with nr database, and then annotated. Cut-off of
E value was set to 1e-6. The subcellular localization were
predicted using TargetP 1.1 Server (http://www.cbs.dtu.dk/
services/TargetP/), Predotar (https://urgi.versailles.inra.fr/
predotar/predotar.html) and ProtComp v. 9.0 (http://
linux1.softberry.com/berry.phtml).

Phylogenetic analysis

Subfamily analysis

The amino acid sequences of six Rf-PPR genes from five
plant species (rapeseed (PPR_B_L1), radish (Rfo_PPR
B), Arabidopsis (RPF1), petunia (Rf_PPR592), rice (Rf1a
and Rf1b)) were downloaded from NCBI database. We
separately performed 26 single-chromosome phylogenetic
analyses of PPR protein genes in G. raimondii (D5 ) and
G. arboreum (A2 ) genomes with six Rf-PPR genes mentioned above using amino acid sequences. The resulting
PPR genes on each chromosome of D5 and A2 that
clustered with those six confirmed Rf-PPR genes were subsequently used to conduct a comprehensive analysis with
six Rf-PPR genes as well as 15 G. hirsutum (AD1 ) PPR protein sequences retrieved from the NCBI database. As an
important supplement, PPR genes predicted on chromosome D05 in G. hirsutum (AD1 ) genome were also used for
a single-chromosome phylogenetic analysis. First, amino
acid sequences were aligned by MAFFT (Katoh and Standley 2013), and setting the default parameters. Then, the
phylogenetic trees were built based on GTR + G +R
model by maximum likelihood method using MEGA 5.05
(Tamura et al. 2011), setting the bootstrap value to 1000
repeats.

PPR domains analysis of PPR genes were developed based
on HMMER matrix (defined on seven conserved domains
of PPR gene family in Arabidopsis: P, L, L2, S, E, E+ and
DYW) using hidden markov model (HMM) in software
HMMER3.0 (Mistry et al. 2013). Subsequently, each PPR
sequence was analyzed artificially for its arrangement of
PPR motifs. E value was set to less than e-10 in hmmsearch.

Selective constraints analysis

Homologous PPR genes pairs in G. raimondii (D5 ) and
G. arboreum (A2 ) genomes were acquired using BLAST
alignment with the highest identity. The alignment FASTA

RNA-seq and qRT-PCR analyses

RNA-seq data of young buds in CMS line 2074A,
maintainer line 2074B and fertile material (FA) F1 (2074A
× E5903 (restoring line)) (unpublished) were used to analyze the expression of PPR genes. The expression were
estimated using RPKM (reads per kb of exon model per
million mapped reads) values. The diagram was drawn
through gplots package in R.
Total RNA of young buds were extracted using
improved cetyltrimethyl ammonium bromide and surfactants sodium dodecyl sulfate (CTAB-SDS) method
in six cotton species: the CMS lines 2074A and 2074S,
their maintainer line 2074B, restorer line E5903, fertile
hybrid material F1 (FA, 2074A × E5903; FS, 2074S ×
E5903). Genomic DNA digestion and reverse transcription were carried on using PrimeScript RT reagent kit
with gDNA Eraser (perfect real time) RR047A (TaKaRa).
The primers used for qRT-PCR were designed by Primer
Premier 5, and synthesized by Sangon Biotech (table 1
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in electronic supplementary material at http://www.ias.ac.
in/jgenet/). Real-time PCR experiments were carried out
using SYBR Premix Ex Taq II (Tli RNaseH Plus) RR820A
kit (TaKaRa) by Applied Biosystems 7500 Real-Time PCR
System. The procedure contained three stages: stage 1,
95◦ C, 30 s, 1 repeats; stage 2: 95◦ C, 5 s, 60◦ C, 35 s, 40
repeats; stage 3: 95◦ C, 15 s, 60◦ C, 1 min, 95◦ C, 35 s, 1
repeats. Taking cotton housekeeping genes UBQ7 as internal control, we analysed the relative expression of eight
PPR candidate genes using 2−Ct method. Each sample
is repeated thrice.

Results and discussion
Identification and chromosome distribution of PPR gene family

Totally 482 and 433 PPR genes from G. raimondii (D5 )
and G. arboreum (A2 ) were identified by genome-wide
analyses (table 1). The distribution of PPR genes varied among 13 chromosomes in G. raimondii (D5 ) and
G. arboreum (A2 ) genomes, respectively. The maximum
numbers of PPR genes were 75 and 49 on a single chromosome of G. raimondii (D5 ) and G. arboreum (A2 ), and
located on chromosomes 9 and 6, respectively (figure 1).
While the chromosomes 3 and 2 contained the least PPR
genes in G. raimondii (D5 ) and G. arboreum (A2 ) genomes,
respectively, which were 20 and 18 (figure 1). PPR genes
in two cotton species were evenly distributed, which had
been observed in Arabidopsis 5 chromosomes (Aubourg
et al. 2000; Lurin et al. 2004). However, some PPR gene

Figure 1. Distribution of number of PPR genes on chromosomes in G. raimondii (D5 ) and G. arboreum (A2 ) genomes. The
number of PPR genes on 13 chromosomes in G. raimondii (D5 )
is denoted by ‘’, while that of G. arboreum (A2 ) is marked by
‘+’. Apart from PPR genes on 13 chromosomes, there were also
few other PPR genes whose chromosome location had not been
identified, denoted by ‘others’.

clustered on some chromosomes, such as chromosomes 4,
5, 6 and 10 in G. raimondii (D5 ) genome, as well as chromosomes 4 and 5 in G. arboreum (A2 ) genome. These clustered
PPR genes are typically involved in the Rf loci as had been
observed in other plants (Bentolila et al. 2002; Brown et al.
2003; Giancola et al. 2003; Komori et al. 2004; Wang et al.
2006).

Table 1. Identification of PPR gene family in D5 and A2 genomes of Gossypiuma .
Chromosomeb
Chr01
Chr02
Chr03
Chr04
Chr05
Chr06
Chr07
Chr08
Chr09
Chr10
Chr11
Chr12
Chr13
Total no.c

G. raimondii
No. of PPR locus
No. of PPR motif
35
30
20
29
40
37
45
48
75
32
32
26
33
482

210
229
195
241
306
299
244
271
799
235
349
221
244
3843

G. arboreum
No. of PPR locus
No. of PPR motif
32
18
26
33
27
49
25
33
34
31
42
39
30
433d

149
218
154
172
157
225
148
218
191
155
231
205
144
2367

a Number of PPR genes in D and A genomes was ‘clean’ data suffered from two filter processing.
5
2
b The chromosome and the number (in italics) labelled with a double underline represented the location

of the maximum number of PPR locus and the maximum. While the chromosome and the number
labelled with a single underline indicated the location of the minimum number of PPR locus and the
minimum.
c The total numbers of PPR genes in D and A genomes are in bold.
5
2
d There were 14 PPR loci identified on large scaffolds.
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Figure 2. Comprehensive phylogenetic analyses of PPR genes from G. raimondii, G. arboreum and G. hirsutum L. by maximum
likelihood method. According to the species, the genes are illustrated in different shapes: box, G. raimondii; dot, G. arboretum;
diamond, G. hirsutum; out groups are six restorer genes from five different species, Petunia x hybrid, Oryza sativa ssp. indica, B. napus,
R. sativus and A. thaliana. They are marked by triangle and the corresponding branches are in bold. These genes keeping a close
evolution relationship with other restorer genes are marked in solid shapes.

Phylogenetic analyses

Restorer of fertility-like (RFL) PPR genes have been
reported in several plant species, such as Rf-PPR592 in
petunia, Rfo in radish, RPF1 in Arabidopsis, Rf1a and
Rf1b in rice (Bentolila et al. 2002; Brown et al. 2003;
Giancola et al. 2003; Komori et al. 2004; Wang et al.

2006). Taking those Rfs as outgroups, we performed 26
single-chromosome phylogenetic analyses of PPR genes
in G. raimondii (D5 ) and G. arboreum (A2 ) genomes separately (figure 1 in electronic supplementary material). In
total, we acquired 36 and 19 candidate restorer of fertilitylike (RFL) PPR genes clustering together with other six
Rfs in G. raimondii (D5 ) and G. arboreum (A2 ) genomes,
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respectively (tables 2 and 3 in electronic supplementary
material.
Further, the comprehensive phylogenetic analysis
(consisting of 36 PPR candidate genes from G. raimondii
(D5 ), 19 PPR candidate genes from G. arboreum (A2 ) and
15 PPR genes from G. hirsutum (AD1 ), with six Rfs genes
as outgroups) could be found in figure 2. There were eight
PPR genes derived from G. raimondii (D5 ), G. arboreum
(A2 ) and G. hirsutum (AD1 ) genomes clustering into one
clade. Thereinto, two homologous pairs, Gorai.005G0470
(D5 ) and Cotton_A_08373 (A2 ), Gorai.007G1431 (D5 ) and
Cotton_A_26557 (A2 ), along with Gorai.006G2471 (D5 )
had a close evolutionary relationships with Rf_PPR592
in petunia. Gorai.010G0536 (D5 ) and GhK14 (AD1 ) were
sister to PPRB_L1 of rapeseed, Rfo_PPRB of radish and
RPF1 of Arabidopsis. GhPPR3 (AD1 ) clustered with Rf1a
and Rf1b in rice (figure 2). These eight PPR candidate
genes might be associated with the fertility restoration in
cotton, as studies had shown that Rfs and highly homologous RFL genes in plant species always formed a single
evolutionary clade (Fujii et al. 2011; Melonek et al. 2016;
Sykes et al. 2017).
Fertility of CMS line in G. harknessii (D2-2 ) was restored
by Rf1 (Feng et al. 2005), which was mapped on chromosome D05 (Liu et al. 2003; Li et al. 2007; Wang
et al. 2009). Molecular markers tightly linked to Rf1
include UBC679−700 and BNL4047−170 (Yin et al. 2006),
CIR179−200 and CM042−150 (Li et al. 2007), Y1107−350
and TRAP425 (Wang et al. 2009), but these markers had
not been located on any chromosomes of G. hirsutum
(Zhang et al. 2015). In addition, we predicted 55 PPR genes
on chromosome D05 in G. hirsutum (AD1 ) genome. After
phylogenetic analysis of 55 PPR genes on chromosome
D05 in G. hirsutum (AD1 ) genome could be found in figure 2 in electronic supplementary material. These results
indicated that these PPR candidate genes might have a
more close relationship with six Rfs in five other plant
species.

Selective constraints on PPR genes

G. raimondii and G. arboreum diverged from a common
ancestor about 10 Mya, and were almost similar in gene
number and sequence (Li et al. 2014). We found 377 pairs
of homologous PPR genes (table 4 in electronic supplementary material) between two genomes, i.e., 78% PPR
genes in G. raimondii (D5 ) genome were homologous to
87% of PPR genes in G. arboreum (A2 ) genome, suggesting that most PPR genes in two genomes were coevolved.
To study the evolution pattern of PPR gene families in
cotton, we calculated the nucleotide nonsynonymous substitution rate (dN ), nucleotide synonymous substitution
rate (dS ) and the dN /dS value (Jore et al. 2011). As we
observed, most PPR genes were under purifying selection
(figure 3a; table 4 in electronic supplementary material).

Interestingly, average dN and dS values of RFLs (36
D5 -RFLs and 19 A2 -RFLs) genes were higher than other
PPR genes, as also reported in Fujii et al. (2011). The
D5 -RFLs evolved faster than other PPR genes, on the
contrary, A2 -RFLs had a lower evolutionary rate than
other PPR genes (figure 3c; table 4 in electronic supplementary material). It’s likely that the restorer gene might
derived from D subgenome (Wu et al. 2014), especially for
those cotton lines with D genome sterile cytoplasm, such
as 2074A containing G. hirsutum nuclear and G. harknessii sterile cytoplasm in our study, resulting in a specific
nuclear–cytoplasmic interaction combination. Maybe it is
a much more complex question than the difference in polyploid or diploid cotton, because most of the cotton CMS
lines were created by hybridizing between different species.
In addition, to clarify the relationship between the evolution pattern of PPR genes and biological functions
involved in cotton, we conducted GO annotation to A2 -D5
homologous PPR genes (figure 3 in electronic supplementary material), and categorized by dN , dS and dN /dS
value. We detected that PPR genes related to localization contain the lowest dN /dS value (figure 3b; table 4 in
electronic supplementary material), which suggested that
this kind of PPR genes suffered evolutionary constraint
during the divergence process of G. raimondii (D5 ) and
G. arboreum (A2 ). Most PPR genes were targeted in mitochondria and a few in chloroplasts, which correspond to
the organelles-targeting peptide sequence in the N-end of
most of PPR genes (Lurin et al. 2004).

Subcellular localization and subfamily analysis of PPR candidate
genes

For the 36 D5 -RFLs, 19 A2 -RFLs, 15 AD1 PPR genes
in cotton and six Rf genes in other species, most of them
were targeted in mitochondria, a few in chloroplasts. These
results were verified by subcellular localization from three
softwares (TargetP, Predotar and ProtComp), i.e., 72% of
PPR genes were in mitochondria, 10% in chloroplasts,
and 16% overlapped (figure 4). As observed, most Rf-PPR
genes were targeted to mitochondria (Bentolila et al. 2002;
Komori et al. 2004; Lurin et al. 2004).
PPR gene family was divided into PLS subfamily and
P subfamily, while PLS subfamily was further subdivided
into four groups: PLS group, E group, E+ group and DYW
group (Lurin et al. 2004). In our research, we analysed
PPR motif arrangement of 36 D5 -RFLs, 19 A2 -RFLs, 15
G. hirsutum (AD1 ) PPR genes in cotton (table 5 in electronic supplementary material) and 6 Rf genes in other
species (table 6 in electronic supplementary material) using
HMMER matrix (defined by seven conservative domains:
P, L, L2, S, E, E+ and DYW) of PPR gene family in A.
thaliana. Six Rf -PPR genes belonged to the P subfamily
(Bentolila et al. 2002), 36 D5 -RFLs and 19 A2 -RFLs genes

PPR gene evolution in Gossypium species
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Figure 3. Nucleotide substitution rates of homologous PPR genes in G. raimondii (D5 ) and G. arboreum (A2 ) genomes. (a) Density
distribution of dN /dS values of PPR homologous genes between G. raimondii (D5 ) and G. arboreum (A2 ) genomes. (b) Average
nucleotide substitution rates of RFLs and other PPR genes in G. raimondii (D5 ) and G. arboreum (A2 ) genomes. (c) Box plot for the
distribution of dN /dS values of D5 -A2 PPR homologies on secondary level GO terms.

were also attached to P subfamily. However, 15 G. hirsutum
(AD1 ) PPR genes covered all kinds of PPR gene family
groups, in which, a variety of classical PPR domains were
lined up in a particular order (Lurin et al. 2004) (table 5 in
electronic supplementary material).
RNA-seq and qRT-PCR analyses of PPR candidate gene
expressions

To verify whether these PPR candidate genes are
associated with fertility restoration in cotton, we performed expression analysis of 36 D5 -RFLs, 19 A2 -RFLs,
15 AD1 PPR genes based on RNA-seq data of young buds
in CMS line 2074A, maintainer line 2074B and FA. Compared with the maintainer line 2074B containing normal
fertile cytoplasm from G. hirsutum, the CMS line 2074A
and the FA have the same male sterile cytoplasm from G.
harknessii. However, when hybridizing with the restorer
line E5903 that has normal fertile nuclear and cytoplasm
from G. harknessii, the sterile line 2074A produced the

fertile FA due to the recombination of a dominant gene
Rf with original recessive nonfunctional allele rf. Almost
all three cotton lines have the isogenic nuclear genomes
comprised of A subgenome and D subgenome, i.e. they
may have different alleles and/or differential expression of
the same restorer gene. In our study, we found that most
of these PPR candidate genes were highly expressed in
FA, while expressed in low level in maintainer and sterile lines (figure 5). Further, eight of these PPR candidate
genes were upregulated in FA than in sterile line, which
confirmed that these candidate genes are likely related to
fertility restoration in cotton (table 2). Similar to 6 Rf-PPR
genes in other species, all these eight cotton PPR candidate
genes belonged to P subfamily (table 6 in electronic supplementary material). Some restorer genes could reduce
the abundance of CMS-related transcripts at transcriptional or post-transcriptional levels, such as Rf-PPR592
in CMS-RM petunia (Bentolila et al. 2002). In addition,
there are also some restorer genes that function at the
genetic or protein levels, such as Fr in CMS-Sprite bean
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Figure 4. Subcellular localization of PPR genes in G. raimondii (D5 ), G. arboreum (A2 ) and G. hirsutum (AD1 ) genomes. TP, PD and
PC represented three softwares, TargetP, Predotar and ProtComp, separately. The dark blue denoted mitochondria, the light blue
chloroplasts, the white unsure.

(Mackenzie and Chase 1990; Janska et al. 1998) and Rf3 in
CMS-WA rice (Luo et al. 2013), thus further experiments
are still needed to reveal the molecular mechanism of fertility restoration.
Further, to validate the RNA-seq expression data by
experiments, we carried on qRT-PCR to analyze the differential expression of PPR candidate genes in CMS lines

2074A and 2074S, their maintainer line 2074B, restorer line
E5903 and fertile hybrid material F1 s(FA, 2074A×E5903;
FS, 2074S × E5903). Taking cotton housekeeping genes
UBQ7 as internal control, we analyzed the relative expression of eight PPR candidate genes in young buds of six
cottons through real-time fluorescent quantitative PCR
technology. As a result, we found that the expression
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Figure 5. Expression analysis of PPR candidate genes in G. raimondii (D5 ), G. arboreum (A2 ) and G. hirsutum (AD1 ) genomes.
Based on RNA-seq data of sterile line 2074A, maintainer line 2074B and FA AE1 (F1 (2074A × E5903)), the expression of PPR
candidate genes was calculated by the method of RPKM. The gene expression was denoted by different colours, green represented
relatively downregulated, and red meant relatively upregulated. Two PPR candidate genes in G. arboreum (A2 ) genome and four PPR
candidate genes in G. raimondii (D5 ) genome were marked by red arrows on the right and were relatively upregulated in AE1 (PPR-21
(Gorai.010G053600.1) and PPR-22 (Gorai.010G053600.2) were two different transcripts of the same gene (Gorai.010G0536), so there
were seven red arrows)). Two green arrows marked downregulated genes in AE1 .
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Table 2. Expression analysis of PPR candidate genes in G.
raimondii (D5 ), G. arboreum (A2 ) and G. hirsutum (AD1 )
genomes.

Gene
Gorai.010G0536(1)
Gorai.010G0536(2)
Gorai.007G1431
Cotton_A_26557
Gorai.006G2471
Cotton_A_08373
GhPPR3
GhK14
Gorai.005G0470

2074A
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

RPKM value-fold
2074B
AE1
1.50
1.63
1.20
1.32
0.16
0.41
0.00
0.05
0.63

5.71
6.57
21.93
20.84
1.27
12.59
5.22
4.93
3.46

of two PPR candidate genes, Gorai.005g0470 (D5 ) and
Cotton_A_08373 (A2 ), were higher in FA than in sterile
line 2074A, which were similar in expression pattern in six
cottons (figure 6). At the same time, the expression levels were 3.45 and 12.59 higher in FA than in sterile lines
2074A, respectively. In addition, these two PPR genes
share high homology, which indicates that their common
ancestor gene appeared before the divergence of D5 and

A2 genomes. During the process of subsequent evolution,
they were under purifying selection (table 4 in electronic
supplementary material). Through the phylogenetic analyses, we found that they had a close evolution relationship
with the restorer gene Rf_PPR592 in petunia (Bentolila
et al. 2002). In this study, we turned the progeny of the
sterile line 2074A into the fertile FA by the possible Rf
gene from D2 nuclear genome. Therefore, Gorai.005g0470
derived from D5 is more likely to be the candidate Rf gene
of G. harknessii CMS lines 2074A than Cotton_A_08373
in A2 . We hope that our results might provide some helps
for studying the restorer genes in cotton.
In conclusion, a total of 482 and 433 PPR genes in two
diploid cotton species, G. raimondii (D5 ) and G. arboreum
(A2 ) were identified in this study. They were evenly distributed over chromosomes with few clusters. Phylogenetic
analyses produced 36 D5 -RFLs and 19 A2 -RFLs, thereinto, D5 -RFLs evolved faster than other PPR genes. These
RFLs accompanied by 15 AD1 -PPR genes were further
brought into a comprehensive phylogenetic analysis, which
resulted in eight cotton PPR candidate genes clustering together with six Rf genes in other plant species.
Two of PPR candidate genes, Gorai.005g0470 (D5 ) and
Cotton_A_08373 (A2 ) were confirmed to be upregulated
in fertile lines than in sterile line in cotton by RNA-seq

Figure 6. Relative expression analysis of eight PPR candidate genes in buds of six different fertility cotton species. The expression
in bud of 2074A was considered as the control, and UBQ7 was used as reference gene, and the control. The value is calculated with
the method of 2−Ct .

PPR gene evolution in Gossypium species

and qRT-PCR analyses. Our study provided preliminary
insights into PPR genes evolution and the RFL genes in
cotton.
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