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Although interactions between the cytoplasmic and nuclear genomes occurred during
diversification of many plants, the evolutionary conflicts due to cytonuclear interactions
are poorly understood in crop breeding. Here, we constructed a pan-mitogenome and
identified chimeric open reading frames (ORFs) generated by extensive structural varia-
tions (SVs). Meanwhile, short reads from 184 accessions of citrus species were com-
bined to construct three variation maps for the nuclear, mitochondrial, and chloroplast
genomes. The population genomic data showed discordant topologies between the
cytoplasmic and nuclear genomes because of differences in mutation rates and levels of
heteroplasmy from paternal leakage. An analysis of species-specific SVs indicated that
mitochondrial heteroplasmy was common and that chloroplast heteroplasmy was unde-
tectable. Interestingly, we found a prominent divergence in the mitogenomes and the
highest genetic load in the, which may provide the basis for cytoplasmic male sterility
(CMS) and thus influence the reshuffling of the cytoplasmic and nuclear genomes dur-
ing hybridization. Using cytoplasmic replacement experiments, we identified a type of
species-specific CMS in mandarin related to two chimeric mitochondrial genes. Our
analyses indicate that cytoplasmic genomes from mandarin have rarely been maintained
in hybrids and that paternal leakage produced very low levels of mitochondrial hetero-
plasmy in mandarin. A genome-wide association study (GWAS) provided evidence for
three nuclear genes that encode pentatricopeptide repeat (PPR) proteins contributing
to the cytonuclear interactions in the Citrus genus. Our study demonstrates the occur-
rence of evolutionary conflicts between cytoplasmic and nuclear genomes in citrus and
has important implications for genetics and breeding.
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Cytoplasmic genomes are a hallmark feature of eukaryotic cells. Their evolutionary pro-
cesses are distinct from those of nuclear genomes (1). The reshuffling of nuclear and
cytoplasmic genomes that occurs during outbreeding is widespread and frequent, which
could reshape the landscape and interactions between nuclear and cytoplasmic genomes
(2, 3). Rearrangements, mutations, and inheritance modes affect interactions between
nuclear and cytoplasmic genomes and lead to evolutionary conflicts that are expected
to have profound effects on diversification, domestication, and hybridization. Nonethe-
less, the evolution of the interactions between nuclear and cytoplasmic genomes in
crops is barely known, especially at the population level. The evolutionary conflicts
between nuclear and cytoplasmic genomes are driven by at least three issues.
First, the extent of structural variations (SVs) differs substantially between the

cytoplasmic and nuclear genomes. SVs occur at a very low frequency in chloroplast
genomes (4). In contrast, repeat-mediated recombination generates extensive SVs in
mitochondrial genomes (5). Indeed, high rates of genomic rearrangements occur in
plant mitochondrial genomes because of frequent recombination at both the intraspe-
cific and individual levels (6). These rearrangements in the mitochondrial genomes
might affect the fusion of noncoding transcripts and conserved genes by shuffling the
start and stop codons or by producing chimeric open reading frames (ORFs) in inter-
genic regions that are considered to be the cause of cytoplasmic male sterility (CMS)
because they alter floral development (e.g., because they lead to the loss of the male
gametophyte) (7–9). Nuclear restorer-of-fertility (Rf) genes suppress this type of CMS
(10, 11). The selection patterns on Rf genes provide insight into the evolutionary con-
flict between the nuclear and cytoplasmic genomes.
Second, the mutation rate was estimated to be lower in cytoplasmic genomes than

in nuclear genomes (12), which provides another source of evolutionary conflict.
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The differences in substitution rates between the nuclear and
cytoplasmic genomes often lead to different estimates for phylo-
genetic relationships (13). In addition to differences in the sub-
stitution rates, decreases in the effective population size (Ne)
could reduce the efficiency of selection for cytoplasmic genomes
relative to nuclear genomes (4, 14). Because of the small Ne,
genetic drift may lead to deleterious mutations (i.e., the genetic
load) accumulating in cytoplasmic genomes (15–17). Crops have
undergone population bottlenecks associated with decreases in
genetic diversity during domestication (18, 19). Therefore, from
our perspective, the patterns of genetic diversity that arose from
crop domestication in the cytoplasmic genomes of crops might
differ from the patterns observed in nuclear genomes.
Third, although the cytoplasmic genomes are inherited pre-

dominantly through the maternal lineage, the nuclear genome is
biparentally transmitted in most plants, which may lead to evolu-
tionary conflicts during hybridization (20). Our understanding of
plant cytoplasmic genome evolution and diversity have expanded
over the last two decades (21). First, massively deep resequencing
has revealed an extraordinary level of cytoplasmic genome diver-
sity among populations (22). Second, mixed populations of cyto-
plasmic genomes within individuals (i.e., heteroplasmy) have been
observed at the cellular and organelle levels (23). Third, some
degree of bipaternal inheritance (i.e., paternal leakage) allows for
the possibility of cytoplasmic heteroplasmy (20, 24). In plants,
the different mechanisms of transmission for nuclear and cytoplas-
mic genomes could reshape the levels of heteroplasmy and hybrid-
ization patterns (23). Heteroplasmy has been demonstrated to
alter the expression of particular nuclear genes that perhaps in
turn influence the level of heteroplasmy or increase the rearrange-
ment response to the CMS/Rf system (25). In addition, new
combinations of nuclear and cytoplasmic genomes are created
during hybridization and introgression (26, 27). There is some
evidence for cytonuclear hybrid incompatibility, which indicates
that cytoplasmic inheritance may be affected by the admixed
nuclear genomes that are produced during hybridization (28, 29).
Citrus has a complex evolutionary history (30–33). The term

“citrus” includes seven basic groups—atalantia (Atalantia buxi-
folia), poncirus (Poncirus trifoliata), pummelo (Citrus maxima),
citron (Citrus medica), mandarin (Citrus reticulata and Citrus
unshiu), papeda (Citrus ichangensis), and kumquat (Fortunella
spp.)—and four groups derived from admixtures—lemon
(Citrus limon), sweet orange (Citrus sinensis), sour orange
(Citrus aurantium), and grapefruit (Citrus paradisi) (34, 35).
The nuclear and chloroplast genome sequences from citrus spe-
cies indicate that sweet orange, sour orange, and grapefruit are
admixtures derived from pummelo and mandarin and that the
nuclear genome of lemon is an admixture derived from citron,
pummelo, and mandarin (30, 32). Mandarin cultivars (Citrus
unshiu) have been used to breed for citrus that produce seedless
fruit because they provide male sterility based on the CMS/Rf
system (36). Recent evidence proposes that a combination of
dysfunctional mitochondrial genes and interacting nuclear
restorer genes suppress anther formation in mandarin (37).
Here, we used citrus as a genetic system to investigate the evo-

lutionary conflicts between cytoplasmic and nuclear genomes
that occurred during diversification, domestication, and hybridi-
zation. We constructed a citrus pan-mitogenome based on 11
long read assemblies and one short read assembly. We also iden-
tified global rearrangement patterns and chimeric ORFs. The
variation maps from the nuclear, mitochondrial, and chloroplast
genomes from 184 accessions of citrus were used for population
genomics analyses. The activities of the chimeric ORFs related to
CMS were examined via cytoplasmic replacement experiments

and expression analyses. Furthermore, mitochondrial hetero-
plasmy was estimated from species-specific SVs from a pan-
mitogenome, and putative genetic regulators associated with
cytonuclear interactions were identified through a genome-wide
association study (GWAS). Our study aimed to address the
following questions. How prevalent are SVs and chimeric ORFs
in the citrus pan-mitogenome? What are the crucial SVs in mito-
genomes that contribute to the CMS/Rf system in mandarin?
Do cytonuclear interactions affect the inheritance of the cyto-
plasmic genome or influence paternal leakage during hybridiza-
tion? Do the genomic data provide evidence of incongruence
between the nuclear, mitochondrial, and chloroplast genomes or
provide complementary interpretations for the evolutionary his-
tory of citrus?

Results

Extensive SVs in the Citrus Super Pan-Mitogenome. To inves-
tigate SVs and their associations in generating chimeric ORFs in
citrus mitochondrial genomes, we started with the de novo
assembly of mitochondrial genomes from 12 accessions (11 Pac-
Bio/Nanopore long read assemblies and one Illumina short read
assembly) that represent a broad range of genetic diversity of
mitochondrial genomes in citrus (Fig. 1A and SI Appendix,
Tables 1 and 2). The sizes of our 12 mitochondrial assemblies
ranged from 449.4 to 536.2 kb. With two additional published
mitochondrial genomes from pummelo HBP and mandarin G1
(14 mitogenomes in total), we built an integrated graph-based
genome (i.e., a super pan-mitogenome) containing 46 continuous
segments from the kumquat SJG mitochondrial genome as a
standard reference genome (no gap) (Fig. 1D). We identified an
average of five chimeric ORFs (>300 bp) in the intergenic region
that were derived from identifiable and conserved protein-coding
gene fragments (i.e., transfer RNA [tRNA] and ribosomal RNA
genes were excluded from the analysis), which is consistent with
previous findings indicating that new ORFs are frequently gener-
ated in plant mitogenomes (38). The results showed that nad3
and nad5 from the nad family and atp1 and atp8 from the atp
family formed prominent chimeric ORFs in all assemblies. We
identified two chimeric ORFs in mandarin that contained frag-
ments from nad5 (Fig. 1C and SI Appendix, Table 4).

We hypothesized that the evolution of the citrus mitoge-
nome structure may be facilitated by the accumulation of large
SVs. Our analysis combined with the 14 assembly alignments
and 11 long read alignments to the kumquat SJG mitochon-
drial reference genome allowed us to identify 17 insertions
(INSs), 12 deletions (DELs), 42 inversions (INVs), and
4 duplications (DUPs). We found three to nine SVs in each
assembly (SI Appendix, Table 5). For example, we used a 50-kb
window scan and found different sizes of deletions, ranging
from 1.7 kb to 22 kb in five groups that excluded the hybrids
(Fig. 1B and SI Appendix, Figs. 1 and 2). In addition to identi-
fying SVs based on mitochondrial assemblies, we collected Illu-
mina paired reads from 184 accessions (∼35.4× coverage) that
included seven species (atalantia, papeda, poncirus, pummelo,
mandarin, kumquat, and citron) and four admixture groups of
Citrus (lemon, grapefruit, sweet orange, and sour orange)
(SI Appendix, Table 6). Those reads were mapped to the kum-
quat SJG mitochondrial reference genome. We identified
14 DELs, 23 INVs, and 1 DUP (SI Appendix, Figs. 3–6 and
Table 7). The results indicate extensive rearrangements in dif-
ferent populations, even at the individual level (e.g., pummelo
cultivars STY and HBP; mandarin cultivars EG, JZMJ, HJ,
and QS) (SI Appendix, Fig. 7). In addition, we built nuclear,
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mitochondrial, and chloroplast variation maps that contain
10,184,491 single-nucleotide polymorphisms (SNPs), 10,046
SNPs, and 6,445 SNPs, respectively.

Prominent Divergence in the Mitogenome of Mandarin. To
better understand the evolutionary conflicts between the cyto-
plasmic and nuclear genomes that occurred in citrus during
diversification, we estimated the phylogeny and the population
structures of the six populations based on variants of the
nuclear, mitochondrial, and chloroplast genomes (see Methods,
SI Appendix, Figs. 8–12). Primitive citrus Atalantia buxifolia
was used as an outgroup, and hybrid populations were
excluded. It is notable that the topologies of the nuclear and
cytoplasmic genomes among the different genera (Poncirus,
Fortunella, and Citrus) were incongruent (Fig. 2A). Based on
these three phylogenies, we elucidated two features of the Citrus
genus (1). Mandarin and pummelo/citron were not clustered
together in the phylogenetic analysis of the mitochondrial
genomes but were clustered together in the chloroplast and

nuclear genomes (2). Our phylogenetic analysis of the mito-
chondrial and nuclear genomes indicates that citron and
pummelo are close, which conflicts with the result from the
chloroplast genome. Furthermore, the ancestry composition
estimation (SI Appendix, Figs. 10 and 12) and principal compo-
nent analysis (PCA) (PC1, 23.8%; PC2, 17.1%) were per-
formed with the cytoplasmic genomic dataset and corroborated
the phylogenetic analysis (Fig. 2B and SI Appendix, Fig. 13).

To investigate the genetic features of the cytoplasmic genomes
in six populations, we measured the divergence (Dxy) and genetic
diversity (π) of the mitogenomes and attempted to evaluate the
genetic load in cytoplasmic genomes by determining the number
of nonsynonymous mutations in predicted ORFs (see Methods).
The pairwise comparisons of divergence indicated that a dra-
matic differentiation of the mitogenomes occurred within the
Citrus genus (e.g., the Dxy between pummelo and mandarin was
0.0666 ± 0.0116) that was even striking relative to the differen-
tiation of mitogenomes in different genera (e.g., the Dxy between
pummelo and poncirus was 0.0754 ± 0.0124) (Fig. 2C). At the

Classification Accession Scientific name Size (bp) Gaps

Atalantia

Atalantia

HKC Atalantia buxifolia 449354 13

Poncirus

Poncirus

ZK Poncirus trifoliata 533342 0

Kumquat

Kumquat

SJG Fortunella hindsii 520158 0

Mandarin EG Citrus reticulata 512938 1

Mandarin JZMJ Citrus reticulata 527901 2

Mandarin HJ Citrus reticulata 536281 2

Mandarin

Mandarin

QS Citrus reticulata 520466 3

Mandarin G1* Citrus unshiu 521559 0

Pummelo

Pummelo

HBP* Citrus maxima 518274 0

Pommelo STY Citrus maxima 526596 2

Hybrid YLK Citrus limon 509002 9

Hybrid BTC Citrus sinensis 513691 9

Hybrid JW Citrus paradisi 519898 11

Hybrid BDGJ C. sinensis × C. reticulata 519536 1
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Fig. 1. SVs and chimeric ORFs in the citrus super pan-mitogenome. (A) Summary of the 12 de novo mitochondrial assemblies and 2 previously published
mitochondrial genomes. The previously published sequences are highlighted with asterisks. (B) 70- to 120-kb regions identified based on the coverage depth
of long-read mapping containing >5-kb deletions from five groups. The mitogenomic regions are shown on the x-axis. The different levels of coverage are
indicated on the y-axis. (C) Chimeric ORFs related to conserved genes in the intergenic regions of 14 citrus mitochondrial genomes. The heatmap includes
two previously reported mitochondrial genomes, mandarin G1 and pummelo HBP. (D) Circular representation of the mitochondrial pan-genome. The con-
served gene structure was annotated for the forward strand (I) and the reverse strand (II). The heatmap indicates the distribution of SNPs and indels among
the 184 accessions of citrus, with the mitochondrial genome from kumquat used as a reference (III). The diversity of SNPs and indels in the mitochondrial
genomes in 184 citrus accessions is indicated (IV). The mitochondrial pan-genome is indicated with a schematic drawing (V).
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same time, we found that the highest genetic diversity in the
mitogenomes from the wild and cultivated mandarins (Citrus
reticulata, π = 0.0195 ± 0.0019) (Fig. 2C). We used atalantia
population as an outgroup to reduce reference bias, and interest-
ingly, we found the highest genetic load in both the plastome
and mitogenome of mandarin (Fig. 2 D and E and SI Appendix,
Fig. 14). Overall, these analyses uncovered striking patterns of
divergence and genetic load in the cytoplasmic genomes of man-
darin. But whether the features of the cytoplasmic genomes that
we observed influence phenotype remained an open question.

Domestication Affects the Genetic Features of the Cytoplasmic
Genomes. Previous studies have provided evidence that mandar-
ins came from two independent domestication events (39). There-
fore, we analyzed the cytoplasmic and nuclear genomes of wild
species and two groups that may have been domesticated indepen-
dently (MD1 and MD2) and additional accessions of mandarin,
for a total of 53 samples (SI Appendix, Table 8). We found that
the phylogenetic trees using mitochondrial and chloroplast
genome sequences supported a separation event between the wild
and domesticated mandarins and a mixed pattern of MD1 and
MD2 groups (Fig. 3A and SI Appendix, Figs. 10 and 12). The
phylogeny of nuclear genome sequences could separate the wild
mandarins from the domesticated mandarins and from the
MD1 and MD2 groups in the domesticated clade (Fig. 3B).
The patterns of the population structures from the mitochondrial
genome (best K = 3) and the nuclear genome (best K = 4) were
similar (SI Appendix, Figs. 15 and 16). Furthermore, the demog-
raphy estimated from the nuclear genomic data is consistent with
a strong bottleneck occurring in the domesticated mandarin at
1,000 generations before the present (Fig. 3C).
To test whether domestication had a similar influence on the

nuclear and cytoplasmic genomes of mandarin, we compared the
mitochondrial and nuclear genomes by using two statistics: Dxy

in the domesticated and wild populations and the ratio of π from
the domesticated population to π from the wild population. We
found that Dxy was significantly lower (P < 0.001, Student’s
t test) in the mitochondrial genome relative to the nuclear
genome (Fig. 3D). We also found a 60.9% reduction in the
genetic diversity of the mitochondrial genome during the
domestication of mandarin (wild, π = 0.0105; domesticated,

π = 0.0041). In contrast, we found that 103.5% of the genetic
diversity was retained in the nuclear genome, which is consistent
with previous work on the domestication of other perennial crops
(Fig. 3E) (40, 41).

Furthermore, we compared the genetic load in the cytoplas-
mic genomes of wild and domesticated mandarin populations.
We found a significantly higher genetic load in the cytoplasmic
genomes of the domesticated population relative to the wild
population (P < 0.05, Student’s t test; Fig. 3F and SI Appendix,
Fig. 17). The dramatic reduction of Ne could increase the
genetic load in the cytoplasmic genomes of domesticated manda-
rin through genetic drift.

Characterization of a Species-Specific CMS/Rf System in Man-
darin. To examine the establishment of the species-specific
CMS/Rf system in citrus, we combined three independent
cytoplasmic replacement experiments via protoplast fusion (i.e.,
cell–cell fusions; see Methods), which produced three different
groups of alloplasmic lines (pummelo HBP and STY; one sweet
orange BTC) (42, 43) (Fig. 4A). The male sterility phenotypes
were observed in the alloplasmic lines G1+HBP and G1+STY
associated with seedless fruit (SI Appendix, Fig. 18). The allo-
plasmic line G1+HBP developed smaller petals and anther-like
structures that did not develop to the mature stage (37). The
tapetum contributes to the formation of pollen and is degraded
during the process of pollen maturation (44). Our cytological
observations of the alloplasmic line G1+STY indicate that the
early stage (stage I) of tapetum development was tortuous, the
tapetum was not degraded at the mature stage (stage II), and
the anthers were indehiscent (Fig. 4B). The alloplasmic line
G1+STY was used to investigate the number of anthers and to
examine the viability of the pollen. We found that the number
of anthers in the alloplasmic line G1+STY was significantly less
than in the pummelo cultivar STY (P = 2.69e-35, Student’s
t test) (Fig. 4C). Results from pollen staining experiments
provide evidence that the vitality of pollen was reduced in the
alloplasmic line G1+STY (P = 1.92e-17, Student’s t test)
(Fig. 4D). Therefore, our study revealed that the alloplasmic
lines that were produced by combining the cytoplasm from the
mandarin G1 line with nuclei from different pummelo lines could
lead to male sterility. The sweet orange cultivar BTC has an
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Fig. 2. Nonsynchronous genetic divergence of
mitochondrial genomes in mandarin during citrus
evolution. (A) Consensus phylogeny of nuclear
genomes (Left), mitochondrial genomes (Middle),
and chloroplast genomes (Right) from seven
species of citrus. The phylogenetic diagram was
constructed from the population dataset. The ata-
lantia population (Atalantia buxifolia) was used as
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The outgroup was excluded. PC1 (23.8%) and PC2
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admixed nuclear genome from mandarin and pummelo (33).
Both the sweet orange cultivar BTC and the alloplasmic line
G1+BTC (group 3) produced normal anthers and seeds (Fig. 4A
and SI Appendix, Fig. 19), which might be due to restorer genes
in the nuclear genome of the sweet orange cultivar. Overall,
our results demonstrate a species-specific CMS/Rf system
in mandarin.
To identify candidate ORFs that respond to the species-

specific CMS in mandarin, we collected RNA sequencing
(RNA-seq) data (noncoding RNA libraries) from pummelo
HBP, mandarin G1, sweet orange BTC, the alloplasmic line
G1+BTC, and the alloplasmic line G1+HBP (45) and mapped
the data to the G1 mitochondrial genome. In the mandarin
cultivar G1, we identified five chimeric ORFs in the intergenic
region that were derived from three conserved mitochondrial
genes (rps4, atp8, and nad5) (Fig. 1C and SI Appendix, Fig.
20). Two chimeric ORFs (orf374 and orf384) that have 67-bp
and 73-bp fragments, respectively, from nad5 are not capable
of trans-splicing (SI Appendix, Table 4). Two deletion variants
(518 bp and 1,104 bp) are responsible for the lack of orf374
and orf384 in the mitochondrial genomes of two pummelo cul-
tivars (HBP and STY) (Fig. 4E). We found an individual-
specific pattern in orf374 only in the mitogenome of mandarin
cultivar G1 (SI Appendix, Fig. 21). In contrast, orf384 was
found in the mitogenomes of all four mandarin cultivars
with genome assemblies (SI Appendix, Fig. 22). Subsequently,
we found that these two chimeric ORFs were highly expressed
in the mandarin cultivar G1, alloplasmic line G1+BTC

(male fertile), and alloplasmic line G1+HBP (Fig. 4E). Addi-
tionally, we found that orf384 was expressed at different levels
in the mandarin cultivar G1 relative to the alloplasmic lines.
This pattern might be related to the severe defect we observed
in the alloplasmic line G1+HBP, which has a nuclear genome
that is deficient in multiple restorer genes.

Influence of Reticulate Evolution on Mitochondrial Heteroplasmy.
We found that a species-specific form of CMS is occurring in
mandarin and that a restorer gene was lost from pummelo. These
mutations may have affected the reshuffling of the cytoplasmic
and nuclear genomes that occurred during hybridization in citrus.
To clarify the incongruence between the cytoplasmic and nuclear
genomes that occurred during hybridization, we used cytoplasmic
genome variation datasets to construct the phylogenetic network
(i.e., to perform a reticulate analysis) with 184 accessions includ-
ing four hybrid populations (grapefruit, sweet orange, sour orange,
and lemon). The split tree and the differentiation statistics make
the case that the cytoplasmic genomes in grapefruit, sweet orange,
sour orange, and lemon were prominently inherited from pum-
melo (Fig. 5A and SI Appendix, Fig. 23). Interestingly, we
observed a long genetic distance to the pummelo cluster in the
mitochondrial phylogenetic network for all lemon samples and
five samples from sour orange and grapefruit (sour oranges
XGTC, HZL, XGCC, and JJSC; grapefruit 14J) (Fig. 5A). In
contrast, the pummelos and all hybrids were tightly clustered in
the chloroplast phylogenetic network (SI Appendix, Fig. 24). For
greater insight into the topology of the 10 hybrid individuals, we
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estimated the recombination breakpoints in the mitochondrial
genome by using the aligned variations among the hybrid groups
and their parental groups. Our recombination signal detection
analysis demonstrated that all lemons and five individuals from
grapefruit and sour orange have significant regions of recombina-
tion (SI Appendix, Figs. 25 and 26). For instance, there were three
blocks with significant recombination signals (bootstrap support
>80) in the grapefruit 14J mitochondrial genome (Fig. 5B). These
results show that pummelo was a major parent of grapefruit 14J
and that the three derived fragments (14–32 kb) were from
mandarin, which was a minor parent (SI Appendix, Fig. 27).
Within the detected block regions, we found that there were

large deletion variations in the pummelo mitogenome (i.e.,
regions without mapped reads) and reads from paternal leaks
(citron or mandarin) that were mapped and that led to a
recombination signal (SI Appendix, Fig. 28). For example, we
identified a species-specific 6-bp deletion in mandarin that was
located in the block 3 region (excluding the bias in homology
mapping coverage) and a species-specific 8-bp deletion of pum-
melo that was located in the flanking region. Interestingly, we
found both the 8-bp deletion and the 6-bp deletion in the five
individuals that are hybrids of mandarin and pummelo
(Fig. 5C). Accordingly, paternal leakage leads to the segregated
cluster pattern in hybrids staying away from the material group
in the phylogenetic network associated with the detectable
recombination blocks in SVs.

Levels of Mitochondrial Heteroplasmy in Hybrids. To clarify
the levels of mitochondrial heteroplasmy in hybrids, we esti-
mated the proportion of heteroplasmy that occurred from
paternal leakage of mitochondrial genomes in each sample
based on coverage depth in recombination blocks. Specifically,
we quantified the prevalence of species-specific insertions
and deletions that occurred from maternal and paternal
transmissions based on the pan-mitogenome. We masked the

homologous regions of the nuclear genome to exclude incor-
rectly mapped reads and estimated the proportion of hetero-
plasmy based on SV regions in whole mitogenomes to reduce
the possibility of mapping errors. The results showed a signifi-
cantly higher proportion of heteroplasmy (0.761 ± 0.435%,
P < 4.3e-9) in the five hybrid individuals (four sour oranges
and one grapefruit, subgroup 1), compared to the pummelo
population (0.108 ± 0.092%) (Fig. 5D and SI Appendix, Fig.
29). At the same time, we found no significant difference
(0.123 ± 0.141%, P = 0.22) in the proportion of heteroplasmy
in the mitochondrial genomes from the rest of the hybrids:
sour oranges, sweet oranges, and grapefruits (subgroup 2)
(Fig. 5D). Although the cluster and phylogenic analysis revealed
that the mitochondrial genome in lemon was derived from
pummelo, the lemon group was separated from the subgroup
1 cluster (Fig. 5A). Lemon is different from hybrids, such as
sweet orange, sour orange, and grapefruit. Indeed, lemons are
admixtures derived from mandarin, pummelo, and citron. To
avoid the influence of the mandarin mitochondrial genome, we
estimated the proportion of heteroplasmy that depended on the
species-specific insertions and deletions derived from pummelo
and citron (i.e., excluding the SVs from pummelo and manda-
rin) (SI Appendix, Fig. 30). A much higher proportion of mito-
chondrial heteroplasmy (6.373 ± 2.106%, 8.4 times higher
than that of subgroup 1) was found in all samples from the
lemon population (Fig. 5E). Collectively, our analysis demon-
strates that the mitochondrial genome from mandarin was
maintained at an extremely low level as heteroplasmy derived
from paternal leakage (Fig. 5F).

The nuclear genomes of modern Citrus cultivars are complex
admixtures derived from hybridization and introgression in cit-
ron, mandarin, and pummelo (30). To test the hypothesis that
cytonuclear interactions contribute to hybridization patterns or
paternal leakage, we used a GWAS to identify candidate regions
(nuclear linkage disequilibrium [LD] blocks) associated with
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the cytoplasmic genomes by using nuclear and mitochondrial
variation maps constructed from 118 Citrus samples (see Meth-
ods, Fig. 5G and SI Appendix, Fig. 31). We found that a total
of 168 candidate genes (Benjamini-Hochberg = 5%) were
enriched, including three genes associated with the photosystem
II process, a gene encoding mitochondrial transcription termi-
nation factor, a gene encoding mitochondrial import receptor
subunit TOM22, and four genes that encode pentatricopeptide
repeat (PPR) proteins (see SI Appendix, Table 9 for full list).
PPR proteins often serve as restorer genes that respond to male
sterility (46). Because cytonuclear interactions contribute to a
complex trait that is influenced by both mitochondria–nuclear
and chloroplast–nuclear interactions, narrowing down the
crucial restorer genes by using a GWAS and annotations is not

straightforward. Because of the precedent for PPR proteins serv-
ing as restorer genes, we focused on PPR genes associated with
mitochondrial functions that are expressed in the anthers in man-
darin and pummelo (SI Appendix, Fig. 32). Given the significant
divergence between mandarin and pummelo, we collected RNA-
seq data (complementary DNA libraries) from the anthers of
eight pummelos and four mandarins and identified differences in
expression after the normalization. We found that the expression
of three PPR genes (Fh3g18750, Fh4g20550, and Fh7g08550) in
mandarin was significantly higher than in pummelo (false discov-
ery rate, adjusted P < 0.05) (Fig. 5G and SI Appendix, Fig. 33).
Subsequently, the Gene Ontology analysis indicated that candi-
date genes located in the nuclear genome were significantly
enriched (P < 0.01) in nucleotidyltransferase activity and
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hybrids and admixtures. The sample percen-
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membrane components and that these enrichments were not
statistically significant after adjustment with the Benjamini–
Hochberg method. We are cautious to not overinterpret these
data, given the low power of GWAS to detect restorer genes in
mandarin.

Discussion

In this study, our primary goal was to clarify the evolutionary
conflicts between cytoplasmic and nuclear genomes and to
determine the underlying evolutionary processes and their
effects on crop breeding, using citrus as a genetic system. We
built a super pan-mitogenome based on 12 assemblies to inves-
tigate the landscape of SVs and to identify chimeric ORFs. The
population genetic analysis that used Illumina short reads from
184 accessions was used to investigate the conflicts in citrus
during diversification, domestication, and hybridization. Our
population genomic analyses describe the genetic features of
mandarin mitogenomes, particularly their effects on domestica-
tion (Figs. 2 and 3). Our pan-mitogenomic data allowed us to
identify two chimeric ORFs in the mandarin mitogenomes that
possibly affect the production of pollen, as we demonstrated
through cytoplasmic replacement experiments (Figs. 1 and 4).
Our population genomics provides evidence for the prevalent
paternal leakage of mitogenomes in citrus. In contrast, the plas-
tome is strictly maternally inherited. Notably, the reshuffling of
the cytoplasmic and nuclear genomes during hybridization
could be selected by cytonuclear interactions and can lead to
CMS (Fig. 5). Alternatively, selection for cytonuclear interac-
tions and paternal leakage might partially explain the discor-
dant phylogeny among nuclear, mitochondrial, and chloroplast
genomes and the striking features of mandarin mitogenomes.

Comparative Population Genomics of cp, mt, and nu Genomes.
The integration of the three variation maps produced a better
understanding of the evolutionary history of citrus. The phyloge-
nies are incongruent in Citrinae, possibly due to introgressive
hybridizations (47). There is evidence of extensive interspecific
hybridization in citrus species, with Poncirus and Fortunella
contributing to the gene pools of Citrus (34). As a possible expla-
nation, the genetic information from extinct ancestors could be
included in the modern species because of introgressive hybrid-
izations that may have produced the incongruent topologies we
observed between cytoplasmic and nuclear genomes. In this sce-
nario, the CMS in mandarin would quickly lead to cytoplasmic
capture even in the absence of significant nuclear exchange (27).
This mechanism may have contributed to the prominent differ-
ences in the mitogenome of mandarin. Additionally, the chloro-
plast genome is of strict maternal inheritance, and the occasional
paternal leakage of the mitochondrial genome may contribute to
the mitochondrial haplotype variations (Fig. 5). The heteroplasmy
and paternal leakage could contribute to the recombination of
mitochondrial genomes and thus may help to explain the inconsis-
tent phylogeny we observed between the mitochondrial and
chloroplast genomes (Fig. 2) (20, 48).
Our population genomic analyses highlighted the mitogenome

of mandarin for four reasons. First, the mitochondrial genome of
mandarin is highly divergent relative to other genera and species
of Citrus (Fig. 2). Second, domestication led to a dramatic reduc-
tion of genetic diversity and a higher genetic load in the mito-
chondrial genomes (Fig. 3). Third, mandarin has a persistent and
species-specific CMS that could interfere with the production of
pollen (Fig. 4). Fourth, the cytoplasmic genomes of mandarin
were poorly inherited by hybrids, and extremely low levels of

heteroplasmy occurred in the mitochondrial genomes through
paternal leakage (Fig. 5). The cytonuclear interactions and pater-
nal leakage may lead to the prominent divergence of mandarin
mitogenomes, which, in turn, may provide the genetic basis for
the species-specific CMS/Rf system.

Genetic Consequences of Cytoplasmic Genome Evolution.
Domestication may partially explain the increased genetic load.
However, domestication probably does not explain the high
genetic load of the cytoplasmic genomes that we found in both
wild and domesticated mandarins. Another explanation for the
genetic load of the cytoplasmic genomes is CMS. Balancing
selection was proposed to influence CMS. Thus, the CMS/Rf
system might influence the population history (i.e., the level of
inbreeding and Ne) of mandarin that is associated with genetic
load in mitochondrial genomes (49). It is also not possible to
exclude the influence of different reproductive types in citrus.
For example, facultative apomixis can reduce the selection effi-
ciency associated with the higher genetic load in mandarin (50).

Furthermore, our findings indicate that different evolutionary
processes and differences in the mode of transmission for mito-
chondrial genomes relative to nuclear genomes may produce an
inconsistent explanation for the domestication of citrus. Previous
analyses of nuclear genome sequences provide evidence that two
independent domestication events that occurred in mandarin
produced two different groups (39). Our mitochondrial genome
sequence phylogeny reveals that a single domestication event
may explain the domestication of mandarin (Fig. 3). Interest-
ingly, a domestication bottleneck did not greatly affect the
genetic diversity of the nuclear genome but reduced the genetic
diversity of the mitochondrial genome (40). We propose that
the mitochondrial genome can help improve our understanding
of previous historical characteristics that became inconspicuous
in the nuclear genome (51, 52).

Prevalence and Influence of Mitochondrial Heteroplasmy.
Contrary to the long-held view that most plants inherit mito-
chondrial genomes from the maternal genotype, our deep rese-
quencing uncovered unanticipated and extreme genetic variation
in the mitochondrial genomes at the individual level (Fig. 5).
Limited by the methods available at the time and inherent
awareness, few studies have examined mitochondrial hetero-
plasmy through paternal leakage (21, 48). Our genomic analysis
makes the case that mitochondrial heteroplasmy may widely
exist. The long-read sequencing provides for the accurate assem-
bly of mitochondrial genomes and therefore allowed us to
identity large SVs by using a pan-mitogenome (Fig. 1). The
extensive SVs might affect cytonuclear interactions that occur
during outcrossing. When hybridization occurs between parents
with short divergent generations, variations in the cytoplasmic
genomes may seem to be rare, and the interactions between the
cytoplasmic and nuclear genomes are not affected (1).

The development of the female germline was associated with a
genetic bottleneck that influences the segregation of mitochon-
drial genome heteroplasmy and may serve as a purifying selection
mechanism that influences heteroplasmy levels in citrus during
sexual reproduction (14). We found similar levels of heteroplasmy
in different individuals (i.e., in subgroup 1 and the lemon group)
derived from paternal leakage. However, there is no evidence for
mitochondrial–nuclear interactions affecting the levels of mito-
chondrial heteroplasmy in these individuals (15). The amount of
paternal leakage that occurs and persists in each generation
remains an open question. The variations inherited from an
ancient line probably contribute to this pattern. In addition, we
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found a significant difference in mitochondrial heteroplasmy in
interspecific hybrids constructed from mandarin and pummelo
(<1% in 5/26 interspecific hybrids) relative to the level of mito-
chondrial heteroplasmy derived from paternal leakage from citron
in all lemons (>6%) (Fig. 5). The fitness reduction caused by
heteroplasmic variations might be related to the unsafe threshold
(i.e., the level of heteroplasmy) in mitochondrial DNA (20). This
threshold is not known in citrus. Mitochondrial genome editing
might be useful for studying mitochondrial heteroplasmy and for
preventing conflicts between the nuclear and mitochondrial
genomes (53).

Cytonuclear Interactions in Citrus Hybridization and Breeding.
Why are the mitochondrial genomes of hybrids from mandarin
so deficient? One possibility is that mandarin is influenced by
facultative apomixis, a kind of asexual reproduction that produces
adventitious embryos derived from the nucellus that have a signif-
icant competitive advantage relative to embryos produced by
sexual means (54). Thus, it is difficult for mandarin to serve as
the female parent in natural hybridizations (55). Pummelo repro-
duces sexually, which is consistent with the mitochondria from
pummelo contributing broadly to citrus hybrids (30, 31). How-
ever, our data provide alternative explanations that are supported
by other observations that do not conform to previous assump-
tions. For example, the apomictic sour orange serves as a female
parent when hybridized with sexually reproducing citron (30).
Moreover, the frequency of leaky sexual reproduction in the facul-
tative apomictic mandarin appeared to be higher than expected
because of high genetic diversity in the mitochondrial and nuclear
genomes of wild mandarin (39, 56). Our cytoplasmic replacement
experiments led to male sterility (Fig. 4), and the GWAS analysis
detected multiple loci that respond to species-specific cytonuclear
interactions (Fig. 5), which suggests that interactions between
cytoplasmic and nuclear genomes may influence the fate of
hybrids and thus hybridization patterns in citrus. This hypothesis
explains why the cytoplasmic genomes of the natural hybrids that
we studied were typically derived from pummelo. These findings
could expand our understanding of evolutionary conflicts involv-
ing mitochondria and provide a particularly attractive interpreta-
tion for the domestication, diversification, and breeding of crops.

Methods

Plant Materials and Sequencing. To determine how ancestral states of mito-
genomes have retained or diverged during citrus domestication and hybridiza-
tion, we collected 12 samples from six groups.

We obtained and sequenced eight distinct types of germplasm, including
four mandarins (EG, JZMJ, HJ, and QS), one F1 hybrid (BDGJ), one pummelo
(STY), one lemon (YLK), and one grapefruit (JW) from the National Citrus Breed-
ing Center at Huazhong Agricultural University (Wuhan, China) (SI Appendix,
Table 1). Total DNA was isolated from young leaves. All plant material was imme-
diately frozen in liquid nitrogen and ground into a powder. High molecular
weight genomic DNA was extracted as described by Chin et al. (57). The
concentration and quality of the DNA were determined with a NanoDrop 1000
spectrophotometer (Thermo Scientific, USA) and checked via pulsed-field gel
electrophoresis, respectively. Different sequencing strategies were adopted.
Approximately 4 Gb of single-molecule long reads from four mandarins, one
F1 hybrid, one pummelo, and one lemon were generated on either the PacBio
Sequel II platform (SMRTbell libraries) or Nanopore GridION (Ligation Sequenc-
ing Kit). In addition, mitochondria from grapefruit JW were also enriched via
discontinuous sucrose gradient centrifugation from fresh 45-d-old etiolated seed-
lings. At least 2 μg of DNA from purified mitochondria was used for sequencing
on the Illumina HiSEq 150 platform (AmpliSeq Library). After adapter sequences
were removed,∼1 Gb of Illumina short reads were obtained.

In addition to the new sequence data in this study, we collected the pub-
lished Nanopore long reads from sweet orange (BTC) (58) and PacBio long reads
from atalantia (HKC) (31), kumquat (SJG) (35), and poncirus (ZK) (59). The pub-
lished mitochondrial genomes of mandarin (G1) and pummelo (HBP) were also
collected to identify the SVs and to construct the mitochondrial pan-genome
(sum to 12 samples) in citrus (45). In addition, Illumina paired reads from 184
accessions of citrus were collected from the National Center for Biotechnology
Information (NCBI) to analyze the evolutionary conflicts of cytoplasmic and
nuclear genomes in citrus (SI Appendix, Table 6) (30, 31, 56, 60).

We collected publicly available short read sequence data of 184 accessions
from 11 types of citrus species (atalantia, poncirus, kumquat, papeda, pummelo,
mandarin, citron, grapefruit, sweet orange, sour orange, lemon) and two hybrids
(rangpur lime and rough lemon). Grapefruit, sweet orange, sour orange, and
lemon are admixtures derived from pummelo, mandarin, and citron. These
Illumina paired reads were used to identify the SVs and construct the nuclear,
mitochondrial, and chloroplast variation maps. Among the 184 accessions, there
were 53 mandarins including 32 samples (MD1 group and MD2 group) from a
previous domestication analysis (39). Those samples were used for the phylog-
eny and the ancestry composition analysis of mandarin domestication.

Mitochondrial Genome Assembly and Variant Maps. Mitochondrial
genome assembly and annotation, structural variation identification, and variant
maps construction were described according to methods (SI Appendix).

Phylogeny and Population Genomics Analyses. To infer the diversification
of seven species of citrus (atalantia, poncirus, papeda, kumquat, citron, mandarin,
and pummelo), we constructed phylogenetic trees by using a maximum
likelihood–based method with the three variation maps from 184 accessions. The
LD pruned dataset (∼0.225 million variations) was used to construct the nuclear
phylogenetic tree in IQ-TREE version 2.0 with 1,000 μLtrafast bootstrap replicates
that yield support values for each node with the GTR+ I+G model (61).

The reliable phylogenetic trees were constructed for the mitochondrial and
chloroplast genomes with the IQ-TREE program and 184 accessions. In addition
to performing the bootstrap test, we also estimated the Shimodaira–Hasegawa
(SH)-like approximate likelihood ratio to examine the incongruence in mono-
phyly mitochondrial, chloroplast, and nuclear topologies by using the parameter
“SH-aLRT 1000.” The Bayesian-like transformation of aLRT (aBayes) was com-
bined to validate the robustness of those three topologies (62). Simultaneously,
we tested the consistency of phylogenetic topologies with or without homolo-
gous regions. Subsequently, we tested the consistency of phylogenetic topology
based on cytoplasmic variation maps with different missing rate filtering, <40%
missing genotypes, and <20% missing genotypes and without filtering
(SI Appendix, Fig. 8). To reduce the sampling error, we estimated 1,000 phyloge-
nies for seven species at an individual level. The induvial trees were used as
consensus to interpret the probability of the species tree (SI Appendix, Fig. 9).
Collectively, this study inferred strong and reliable cytoplasmic topologies for cit-
rus species.

The population structure was directly analyzed through the mitochondrial
and chloroplast variation maps. The ancestry components were estimated in
Admixture with fivefold cross-validation (�cv = 5) and cluster number K rang-
ing from 2 to 11 (63). Also, we conducted the PCA for cytoplasmic genomes by
using PLINK v1.90b6.21 (64) and plotted the results with the R package. Overall,
the samples were clustered into 11 populations (atalantia, poncirus, papeda,
kumquat, citron, mandarin, pummelo, sweet orange, sour orange, grapefruit,
and lemon) and examined with nuclear, mitochondrial, and chloroplast variation
maps. The cytoplasmic genomes of the four hybrid populations were inherited
from pummelo. Therefore, the population structure determined from cytoplasmic
genome variations could not distinguish hybrids from pummelos (K < 11).
When we estimated the population structure in the mandarin group, the ances-
try components were estimated with fivefold cross-validation (�cv = 5) and
cluster number K ranging from 2 to 6.

The nuclear variation dataset without filtering was used to infer the demo-
graphic history of six populations (papeda, poncirus, kumquat, citron, domesti-
cated mandarin, and pummelo) in SMC++ v1.15.5 with a mutation rate of
2.2 × 10�8 per site per generation (31, 65). To increase reliability, genome
regions were masked when the coverage depth was <15 or mapping quality
<20. We split the phased VCF into nine chromosomes and estimated
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demographic history separately for each chromosome. The results from nine
chromosomes were combined to infer the demography of the population. A jack-
knife procedure with 20 replicates was used to verify the results.

The genetic load for the mitochondrial and chloroplast genomes in six popu-
lations was estimated from the number of nonsynonymous mutations in the pre-
dicted ORFs based on the kumquat SJG reference mitochondrial genome. The
nuclear and mitochondrial phylogenetic trees supported the atalantia population
as an outgroup. We constructed an ancestry sequence statement based on the
atalantia population and built the unfolded VCF file to reduce the bias of the ref-
erence and mutation rate by using custom scripts. First, the predicted ORFs from
the Hong Kong kumquat mitochondrial and chloroplast genomes were used to
construct the annotations. Second, the mitochondrial and chloroplast genomic
datasets were annotated in SnpEff v5.1 (66). Finally, the numbers of nonsynony-
mous variations in the predicted ORFs were calculated to evaluate the genetic
load. Because the cytoplasmic genomes of the four hybrid populations were
inherited from pummelo, the estimate for hybrids was used as a negative
control.

The statistics of divergence (Dxy), differentiation (Fst), and genetic diversity (π)
were calculated based on the nuclear variation map and the mitochondrial varia-
tion map as recommended by Python scripts in genomics_general (https://
github.com/simonhmartin/genomics_general) (67).

Analysis of Mitochondrial Heteroplasmy. To quantify the mitochondrial
heteroplasmy that occurs during hybridization in citrus, we analyzed the reticu-
late evolution, performed a Recombination Detection Program (RDP v5.0) analy-
sis, and analyzed the species-specific SVs (i.e., deletions and insertions) (68). The
cytoplasmic phylogenetic network was performed in SpliteTree v4 (69) based on
184 accessions. The input FASTA file was generated from the mitochondrial and
chloroplast variation maps in vcf2phylip (https://github.com/edgardomortiz/
vcf2phylip). Notably, the indel sites were filtered, and missing sites were
replaced as “N.” Also, the FASTA files were aligned for the purpose of detecting
potential recombination signals. For the RDP analysis, the FASTA files were sepa-
rated into two groups. Group 1 contained mandarin, pummelo, and three
admixtures (i.e., sweet orange, sour orange, and grapefruit). Group 2 contained
citron, pummelo, mandarin, and lemon (i.e., the admixture derived from citron,
pummelo, and mandarin). Seven methods integrated into the RDP software were
used for the recombination signal analysis, including RDP, GENECONV, Bootscan,
MaxChi, Chimaera, SiScan, and TOPAL DSS. All of the significant sites (bootstrap
values >80) were tested via phylogeny analysis to compare the recombined
regions to other regions and to identify the major parent and the minor parent.
The species-specific SVs were used for quantifying mitochondrial heteroplasmy.
We filtered the species-specific SVs among mandarin, pummelo, and citron. Two
types of SVs were used to analyze mitochondrial heteroplasmy, including species-
specific SVs between mandarin and pummelo that were used in the analysis of
sweet orange, sour orange, and grapefruit and species-specific SVs in pummelo
and citron that were used in the analysis of lemon, excluding the SVs in manda-
rin. The species-specific indels linked to the SVs were filtered to verify the mito-
chondrial heteroplasmy, and the species-specific SVs were plotted in IGV.

To estimate the proportion of mitochondrial heteroplasmy in citrus hybrids,
we calculated the coverage depth of the species-specific insertion/deletion SVs
and compared them to the flanking regions. The proportion of mitochondrial
heteroplasmy through paternal leakage was calculated from a division of the low
depth of coverage in the deletion regions to the coverage depth in the linked
regions. To avoid mapping errors in the deleted regions, we masked the frag-
ments that were homologous sequences from the nuclear genome and the chlo-
roplast genome.

Phenotypic Characterization of Alloplasmic Lines. We previously per-
formed cytoplasmic replacement experiments including mandarin G1 + pum-
melo HBP (G1+HBP, group 1), mandarin G1 + pummelo STY (G1+STY, group
2), and mandarin G1 + sweet orange BTC (G1+BTC, group 3). The group 1 dip-
loid cybrid individual G1+HBP was generated by Guo et al. (43), and the associ-
ated phenotype and RNA-seq data were already published (37, 45). For other
groups, protoplast isolation, fusion, and cytoplasmic replacement experiments
were performed and described by Cai et al. (42), and the phenotype and RNA-
seq datasets of group 2 and group 3 were generated in this study.

The mandarin cultivar HJ, pummelo cultivars HBP and STY, sweet orange BTC,
and the alloplasmic line G1+BTC are seedy (i.e., male fertile). The mandarin culti-
var G1 and the alloplasmic lines G1+HBP and G1+STY are seedless (i.e., male
sterile). We squeezed the anthers of the alloplasmic line G1+STY to facilitate the
release of pollen so that we could examine the viability of the pollen. Our cytolog-
ical observations on pollen development were performed with the pummelo STY
and the alloplasmic line G1+STY. Paraffin section analysis was performed to
determine the mature stage of pollen grain development. The anthers were fixed
overnight in Formalin-Aceto-Alcohol mixed stationary liquid, dehydrated with an
ascending series of ethanol from 30 to 70%, cleared in xylene, and gradually
embedded in paraffin. A series of sections were prepared, stained with hematoxy-
lin, and observed with an Olympus BX61 microscope (Olympus, Japan).

Expression of Mitochondrial Genes and GWAS Candidate Genes. The
RNA-seq data were obtained from noncoding RNA libraries from a mixture of
tissues that included flowers, leaves, stems, seeds, roots, and fruits and were
collected previously from three types of germplasm (mandarin G1, the alloplas-
mic line G1+HBP, and pummelo HBP) (45) but were reanalyzed in this study to
clarify the expression of chimeric ORFs in the mitogenomes. In addition to these
RNA-seq data, we obtained new RNA-seq data from noncoding RNA libraries that
were derived from the anthers of the restored alloplasmic line G1+BTC and the
sweet orange cultivar BTC. Each library contained ∼10 Gb of reads. These data
were mapped to the mandarin G1 reference mitochondrial genome. We split
the reference genome into 100-bp nonoverlapping bins to reduce the possibility
that ORFs were overlooked during annotation and calculated the depth of RNA-
seq reads in each window. The depth data were transformed into transcripts per
million for the subsequent analysis. Meanwhile, the expression levels of the chi-
meric ORFs associated with the conserved gene fragments were compared
between the three samples. We focused on chimeric ORFs that were expressed
at high levels from the mandarin mitochondrial genomes in the mandarin
cultivar G1, the alloplasmic line G1+HBP, and the alloplasmic line G1+BTC but
not expressed at high levels from the pummelo mitochondrial genomes in the
pummelo cultivar HBP and sweet orange cultivar BTC.

Previous studies revealed many different types of CMS systems within and
between species. Common genetic features of CMS systems appear to be that
CMS is associated with chimeric ORFs in the mitogenome, and the restoration of
fertility is often associated with genes encoding PPR proteins. Indeed, we identi-
fied four genes that encode PPR proteins by performing a GWAS for CMS/Rf
genes. Our underlying assumption is that restorer genes in the mandarin nuclear
genome could repair the CMS caused by chimeric ORFs in the mitogenome. How-
ever, there are no obvious restorer genes in the nuclear genome of pummelo.
Therefore, we reasoned that restorer genes would be highly or specifically
expressed from the nuclear genome of mandarin. To identify potential restorer
genes in mandarin, we collected RNA-seq data from complementary DNA libraries
prepared from anthers from eight pummelos (two biological replicates per geno-
type) and four mandarins (three biological replicates per genotype) (60, 70, 71).
Given the highly divergent genome-wide expression patterns of mandarin and
pummelo, we normalized read counts in DEseq2 and focused on 168 candidate
genes (72). First, the means of the counts for each gene <20 were filtered. Sec-
ond, the eight pummelos were compared with the four mandarins with default
parameters in the DESeqDataSetFromMatrix function. Third, the genome-wide
expression matrix was normalized, and the P values were adjusted with the false
discovery rate. The four PPR genes were compared via normalized read counts
from the anthers of mandarins and pummelos.

Cytonuclear Interactions and the GWAS. The domestication of Citrus was
associated with wide admixtures between citron, mandarin, and pummelo. Cyto-
nuclear interactions may influence the selection of nuclear genes in admixtures
(e.g., the CMS system in mandarin). To evaluate interactions between the
nuclear and cytoplasmic genomes, we performed a GWAS based on 118 sam-
ples within Citrus including mandarin, pummelo, citron, and particular admix-
tures: sweet orange, sour orange, grapefruit, and lemon. The haplotypes of the
mitochondrial genome were consistent with the chloroplast genome and were
calculated with a characteristic value (PC1 eigenvalue in PCA, 28.1%) that was
based on a mitochondrial variation map constructed in PLINK. We constructed
the LD blocks based on 10-kb nonoverlapping windows in PLINK with parameter
“50 10 0.8” based on the nuclear variation dataset. The 10-kb window size was
inferred based on the length of the LD decay, as recommended by Wang et al.
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(34). Those filtered variations were used for the GWAS analysis and depended
on linear mixed models constructed in GEMMA (v0.98.5) (73). The kinship
matrix was computed in GEMMA with the parameter “-gk 2.” The regression
analysis was performed based on the kinship matrix with the parameter “-lmm 4.”
The output (adjusted P value) was plotted with R package ggplot2 (74).

Data, Materials, and Software Availability. Data supporting the findings of
this work are available in the article and SI Appendix. Sequencing data are accessible
through the National Center for Biotechnology Information (NCBI) associated with
BioProject ID PRJNA807745 (75). Mitochondrial genome assembly and annotation
of genome and variation maps were uploaded to Zenodo (https://zenodo.org/record/
5826754) (76). Custom scripts and workflows are available on the repository in
GitHub (https://github.com/wangnan9394/coevolution_mitochondrial_nuclear)
(77). All genome sequencing data, genome assembly, and annotation of
genome and variation maps, workflows, and scripts generated in this study have
been deposited in NCBI/Zenodo/GitHub (75–77).
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