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A B S T R A C T   

Early stages of speciation in plants might involve genetic incompatibilities between plastid and nuclear genomes, 
leading to inter-lineage hybrid breakdown due to the disruption between co-adapted plastid and nuclear genes 
encoding subunits of the same plastid protein complexes. We tested this hypothesis in Silene nutans, a gyno
dioecious Caryophyllaceae, where four distinct genetic lineages exhibited strong reproductive isolation among 
each other, resulting in chlorotic or variegated hybrids. By sequencing the whole gene content of the four 
plastomes through gene capture, and a large part of the nuclear genes encoding plastid subunits from RNAseq 
data, we searched for non-synonymous substitutions fixed in each lineage on both genomes. Lineages of S. nutans 
exhibited a high level of dN/dS ratios for plastid and nuclear genes encoding most plastid complexes, with a 
strong pattern of coevolution for genes encoding the subunits of ribosome and cytochrome b6/f that could 
explain the chlorosis of hybrids. Overall, relaxation of selection due to past bottlenecks and positive selection 
have driven the diversity pattern observed in S. nutans plastid complexes, leading to plastid-nuclear in
compatibilities. We discuss the possible role of gynodioecy in the evolutionary dynamics of the plastomes 
through linked selection.   

1. Introduction 

Speciation, the process that leads populations to reproductive 
isolation is a main topic of investigation in evolutionary genetics 
(Matute and Cooper, 2021). The involvement of cytonuclear in
teractions in the emergence of reproductive barriers has long been 
underestimated (Levin, 2003). However, the asymmetry of reproductive 
isolation when hybrids from reciprocal crosses are compared, the so- 
called Darwin’s corollary, suggests a possible cytoplasmic origin of ge
netic incompatibilities (Burton et al., 2013; Turelli and Moyle, 2007). In 
fact, cytonuclear incompatibilities might contribute to early stages of 
speciation (Barnard-Kubow et al., 2017). Several studies in plant species 
have pointed out the role of plastid-nuclear incompatibilities in post
zygotic isolation (Bogdanova, 2020; Postel and Touzet, 2020). Due to 
the dual origin of plastid protein complexes (plastid and nuclear), any 
mutation fixed in one genome through adaptive or non-adaptive 

processes is expected to trigger the selection on partner genome to 
maintain co-adaptation and a functional plastid (Greiner and Bock, 
2013). The pattern of coevolution between plastid and nuclear genes 
involved in the same plastid complexes is indeed strong (Forsythe et al., 
2021) and could subsequently generate incompatibilities between 
divergent lineages revealed by hybrid breakdown. Hybrid breakdown 
can be associated with chlorosis, reduced plant fitness, fertility, and 
survival (Greiner et al., 2011). For most cases, the molecular mechanism 
behind this breakdown is unknown, with the exception of evening 
primroses (Oenothera spp.), where a recent study has demonstrated the 
involvement of a photosynthesis operon, the expression of which is most 
likely involved in light acclimation (Zupok et al., 2021). 

In the present study, we aimed to assess the possible involvement of 
plastid-nuclear incompatibilities in Silene nutans L. (Caryophyllaceae), a 
perennial, moth-pollinated herb species from xero-thermophilous hab
itats showing a wide continental Eurasian distribution. Population 
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genetic studies have revealed the occurrence of several distinct genetic 
lineages based on plastid sequences and nuclear microsatellite markers, 
whose geographic distribution in Europe reflects colonization from past 
glacial refugia (Martin et al., 2016; Van Rossum et al., 2018). Diallelic 
crosses between four of these lineages, one from the eastern part of 
S. nutans distribution (E1) and three found in Western Europe (W1, W2, 
and W3), revealed strong reproductive isolation between them (Martin 
et al., 2017; Van Rossum et al., unpublished results). This reproductive 

isolation depends on the direction of the cross in reciprocal crosses (i.e., 
is asymmetrical) and results in chlorotic or variegated hybrids with a 
high level of mortality or reduced plant fitness at the juvenile stage. 

To assess whether hybrid breakdown between E1, W1, W2, and W3 
genetic lineages of S. nutans involves plastid-nuclear incompatibilities, 
we searched for non-synonymous substitutions in plastid and nuclear 
genes encoding plastid protein subunit complexes, which are specifically 
fixed in lineages. We did so by analyzing the whole gene content of the 
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Fig. 1. Summary of the methods used for detecting plastid-nuclear incompatibilities between lineages of S. nutans.  
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four plastomes, and most of the nuclear genes encoding subunits of 
plastid complexes. We then estimated the functional effect of these non- 
synonymous substitutions (through a conservation index and their role 
in contacts between subunits within complexes) as well as whether they 
exhibited a signature of relaxed or positive selection. Finally, we discuss 
the different scenarios that could have favored the emergence of plastid- 
nuclear incompatibilities in S. nutans. 

2. Material and methods 

The overall workflow is summarized in Fig. 1. 

2.1. Plastid genomic data 

To acquire plastid genomic data of S. nutans, 47 individuals from 24 
populations (1–2 individuals per population) from UK, France, Belgium, 
Luxemburg, Germany, and Finland (Table S1) were sampled from the 
DNA collection of the unit Evo-Eco-Paleo (UMR 8198 – CNRS University 
of Lille; see Martin et al., 2016 for DNA extraction procedure) (Table S1). 
These populations covered four genetic lineages of S. nutans based on 
plastid SNP markers (Martin et al., 2016), with 12 individuals belonging 
to E1 and W1 lineages and eight individuals to W2 and W3 lineages. 
Genomic sequences for each individual were obtained through gene 
capture with a myBaits® target capture kit (Daicel Arbor Biosciences, 
https://arborbiosci.com/). DNA probes were defined from the published 
sequence of the plastid genome of Silene latifolia (NCBI accession: Cl_001 
– NC_016730.1). In order to get 1 Mbp per sample with a theoretical 
coverage of 50X, 4255 probes of 120 nucleotides long were defined for a 
total target length of 267156 bp with a 2x density (i.e. 534328 bp). 
Enriched libraries were pooled and sequenced on Illumina MiSeq in 
paired-end (2 × 150 of the 48 genomic libraries for our sample, in dual 
index kappa) at the LIGAN platform (UMR 8199 LIGAN-PM Genomics 
platform – Lille, France), resulting in a total of 38 million reads. De novo 
assemblies of the reads were generated using SPAdes (Bankevich et al., 
2012). Their quality was assessed by YASS (Noé and Kucherov, 2005) 
and Blast analyses (Table S2). 

Multiple sequence alignments (MSAs) were generated using Silene 
paradoxa plastid genome assembly (NCBI accession: NC_023360.1), 
which was not available when the baits were defined and was phylo
genetically closer to S. nutans (Jafari et al., 2020). The 111 gene se
quences of S. paradoxa were blasted against the assemblies of S. nutans 
individuals and the best hit for each gene was extracted. For two genes, 
clpP and trnK-UUU, no hits were detected. Blast results were then filtered 
for a percentage of identity of 90% and a length of 30 bp to also get the 
small trn genes. After filtration, we conserved 103 genes out of the 111 
annotated in S. paradoxa plastid genome. The gene ycf1 was also 
excluded because it was missing in more than 50% of our samples. With 
the program MACSE 2.00 (Ranwez et al., 2011), MSAs of the blasted 
plastid genes were generated and aligned, containing the sequences of 
S. latifolia, S. paradoxa, and of the 47 sampled individuals of S. nutans. 
MSAs were manually cleaned and checked on SeaView 4.7 (Gouy et al., 
2010). Seven genes were excluded following this step, depending on the 
quality of the alignment and the correct frame of the ORFs (i.e., accD, 
atpF, rpoC1, rps12, trnT-GGU, ycf2, and ycf3). Among the remaining 95 
plastid genes, 23 were trn genes and four were rrn genes which were not 
analyzed here. A phylogenetic tree was generated with PHYML 3.0 
(Guindon et al., 2010) with the concatenated set of the 68 genes, using 
the GTR + GAMMA model of nucleotide substitution selected by SMS 
(Smart Model Selection) (Lefort et al., 2017). 

To compare the evolutionary trends of S. nutans plastid genomes, we 
constructed MSAs including 10 other angiosperm and Silene species for 
which plastid genome assemblies were available on NCBI: Arabidopsis 
thaliana (NC_000932), Nicotiana tabacum (NC_001879), Oryza sativa 
(NC_001320), and Zea mays (NC_001666), and for Silene species: 
S. capitata (NC_035226.1), S. chalcedonica (NC_023359.1), S. conica 
(NC_016729.1), S. conoidea (NC_023358.1), S. noctiflora (NC_012728.1), 

and S. vulgaris (NC_016727.1). Plastid gene sequences of S. nutans in
dividuals were blasted against plastome assemblies of these species 
(percentage of identity of 98%) and the best blast hit was extracted. To 
avoid bias due to the larger amount of data for S. nutans lineages, MSAs 
were constructed for the 68 plastid genes with only one sequence per 
S. nutans lineage. To choose which individual to keep for this analysis, 
we selected the individual with the least fragmented assembly within 
each lineage. MSAs with Silene and angiosperm species nucleotide se
quences were aligned with MUSCLE and manually checked on SeaView. 
Concatenations were generated per plastid complex: photosystem I and 
II (PSI and PSII), ATP synthase, cytochrome b6/f, Rubisco, NDH, RNA 
polymerase, and large and small ribosomal subunits (LSU and SSU, 
respectively), except for three genes (ccsA, cemA and matK). For all 
concatenations, phylogenetic trees were generated using PHYML 3.0 
with the GTR model of nucleotide substitutions selected by SMS. 

2.2. Nuclear data 

To identify nuclear genes potentially involved in plastid-nuclear in
compatibilities (PNIs), we searched for nuclear genes encoding subunits 
of plastid complexes. We used the protein-protein interaction database 
cyMIRA (Forsythe et al., 2019), the Protein Data Bank in Europe- 
Knowledge Base (PDBe-KB) (Varadi et al., 2020), SUBA4 (Hooper 
et al., 2017), UniProt (Bateman, 2019), STRING 11 (Szklarczyk et al., 
2019), and BioGrid (Oughtred et al., 2019) to establish a list of 139 
putative nuclear interactors (Table S3). 

A transcriptome assembly was already available as well as tran
scriptomic data for 22 individuals from the four genetic lineages of 
S. nutans (Table S1) (Muyle et al., 2021; PRJEB39526). RNAs were 
extracted from flower buds. An in-house BioPython script was used to 
align the reads of these 22 individuals on the transcriptome assembly. 
We used BamBam (SAMtools package) (Page et al., 2014) to generate 
one consensus sequence per individual from the reads. From this, we 
extracted the nuclear genes identified and annotated in the tran
scriptome, using their position in the transcriptome assembly and their 
TAIR identifiers. Only 106 out of the 139 nuclear genes were found in 
S. nutans transcriptomes and were subsequently analyzed. MSAs per 
gene containing S. nutans individuals were blasted on S. latifolia and 
S. paradoxa transcriptomes (PRJEB39526), using the same criteria as for 
plastid genes, extracting the best hits for both species. Three nuclear 
genes for which no hits were identified in S. latifolia or S. paradoxa were 
excluded. The MSAs for the 103 remaining nuclear genes were then 
aligned with MUSCLE and checked on SeaView. Fourteen genes for 
which alignment with a correct ORF was not possible were excluded. A 
concatenated set of 89 nuclear genes was generated to construct a 
phylogenetic tree using PHYML 3.0 with the GTR model of nucleotide 
substitution selected by SMS. As with the plastid data, we constructed 
nuclear gene concatenation per plastid complex. 

To compare evolutionary patterns of nuclear genes encoding sub
units of the plastid ribosome with the nuclear genes encoding subunits of 
the cytosolic ribosome (i.e., gene products not targeted to the plastid), 
RNAseq data for these genes were also extracted and aligned. We took 
the 204 nuclear genes used in Sloan et al. (2014a) and their available 
TAIR identifiers. The same steps as described above were followed, and 
MSAs containing the sequences of the 22 S. nutans individuals, 
S. paradoxa, and S. latifolia were generated for 81 genes. Indeed, only 87 
out of 204 genes were found in the transcriptomic data, five of which did 
not show any blast hits with S. paradoxa and S. latifolia transcriptomes, 
and one of which it was not possible to construct an alignment with a 
correct ORF. 

2.3. Variant detection 

We used an in-house BioPython script to identify the SNPs (single 
nucleotide polymorphisms) differing between the four lineages in the 
MSAs of the 95 plastid genes. As RNAseq data of S. nutans were available 
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(Muyle et al., 2021), we also checked whether the identified non- 
synonymous substitutions were “true non-synonymous substitutions” 
or RNA editing sites (T to C substitutions) using RNAseq data and 
confirmed that they were non-edited (see Appendix S1). 

For the nuclear genes, the diploid individual genotypes were deter
mined at each position in the individual alignment with the program 
reads2spn (Gayral et al., 2013) and used to identify the nuclear variants. 
An in-house BioPython script was used to identify the SNPs only present 
in one lineage. Only SNPs for which at least two individuals per lineage 
were genotyped were kept. To determine non-synonymous or synony
mous nature of the identified SNPs, we used the available assembly of 
S. nutans transcriptome, for which ORFs were set. 

2.4. Conservation status analysis 

First, to improve the accuracy of the analysis, additional outgroups 
were added to the existing nuclear MSAs. We used the transcriptome 
assemblies of Dianthus chinensis, S. diclinis, S. dioica, S. heuffelli, S. lat
ifolia, S. marizii, S. otites, S. paradoxa, S. pseudotites, S. viscosa, and 
S. vulgaris (Muyle et al., 2021). Nuclear gene sequence data were 
extracted from these transcriptomes and new MSAs were constructed, 
integrating the sequences of those species. For the plastid genes, the 
analysis was run on the 12 species used for the plastid genetic diversity 
analysis. Then, for both nuclear and plastid data, a phylogenetic tree was 
constructed using the concatenated set of the nuclear and plastid genes, 
respectively, with PHYML – SMS, which assessed the best model of 
nucleotide substitutions to use. 

We then estimated the conservation degree of the mutated amino 
acids as a proxy for the functional constraint acting on the mutated sites 
of the plastid and nuclear genes using the PHAST program (Hubisz et al., 
2011). For this purpose, we ran PhyloFit analyses to fit a phylogenetic 
model to the MSA by maximum likelihood (Siepel and Haussler, 2004), 
using HKY85 as a model of nucleotide substitutions and the EM option. 
With the phylogenetic model output file of PhyloFit, we ran PhastCons a 
first time as a training step to estimate PhastCons free parameters as 
suggested in Hubisz et al. (2011) (option – no-post-probs). Then, we ran 
PhastCons a second time with the formerly estimated parameters, to 
compute the conservation scores for each nucleotide site in a given MSA, 
varying from 0 = poorly conserved to 1 = strongly conserved. These 
three steps were conducted for each MSA. 

2.5. Analysis of the pattern of selection 

For assessing the evolutionary dynamics and selection patterns on 
nuclear and plastid genes in S. nutans, we estimated the dN/dS ratios, 
with dN = non-synonymous substitution rate and dS = synonymous 
substitution rate using codeml implemented in PAML 4.9 (Yang, 2007). 
We ran different analyses with several models. For nuclear genes, as 
transit peptides of the proteins targeted to the plastid are highly variable 
and thus could increase dN/dS ratios (Christian et al., 2020), we used the 
TargetP software (Juan et al., 2019) to identify their locations in the 
nuclear sequences and remove them from the nuclear alignments. 

Two types of analyses have been conducted with codeml, varying in 
terms of their assumptions about how dN/dS varies across the sequence 
(site models) or across branches of the phylogeny (branch models). 
Branch models were used to compare the dN/dS ratios of S. nutans lin
eages with those of other Silene and angiosperm species. These analyses 
were conducted on the plastid gene concatenations per plastid complex, 
with the angiosperms and Silene species as outgroups (Figure S1, Ap
pendix S2). Compensatory mutations could be a target of positive se
lection for the maintenance of the interactions between plastid and 
nuclear gene partners. To detect signatures of positive selection, either 
on specific non-synonymous substitution sites or on particular genes, 
site models were run on plastid and nuclear genes alignments, with only 
S. latifolia and S. paradoxa as outgroups. Separated analyses were run for 
the plastid and nuclear ribosome genes and the 81 nuclear genes 

encoding the cytosolic ribosome (i.e., not targeted to the plastid, later 
called NuCyto) (Appendix S2). For each analysis, the dN/dS values of the 
best models were kept. To test for differences in dN/dS values on plastid 
vs. nuclear genes and on nuclear genes encoding the plastid ribosome vs. 
NuCyto, we performed Mann-Whitney U tests on R 1.3.1093 (package 
stats4). 

A second analysis of selection with RELAX (Wertheim et al., 2015) 
was performed to assess selective pressures acting on nuclear and plastid 
genes in S. nutans. RELAX allows to distinguish positive selection from 
relaxed purifying selection in case of elevated dN/dS ratios. We used the 
program RELAX with default parameters values. We used the same 
dataset as for the codeml analyses: first the plastid gene concatenations 
with the angiosperm and Silene species and then the plastid and nuclear 
gene alignments, with only S. latifolia and S. paradoxa. For both datasets, 
the outgroups were annotated as references branches and Silene nutans 
individuals were again annotated as test branches, for both nuclear and 
plastid genes. 

Finally, to test for the parallel pattern of mutation accumulation 
between plastid and nuclear genes of S. nutans lineages, we performed a 
Spearman’s rank correlation analysis between pN/pS ratios of plastid and 
nuclear gene concatenations per complex on S. nutans dataset. We used 
DNAsp 6 (Rozas et al., 2017) to calculate pN and pS values, i.e., non- 
synonymous and synonymous divergences, respectively, between 
S. nutans lineages. 

2.6. Identification of contact positions in plastid complexes 

To assess whether some non-synonymous substitutions identified in 
plastid and nuclear genes were located at contact positions in the plastid 
complexes, we conducted a residue contact analysis, using crystallo
graphic structures of the different plastid complexes. The PDBe-KB ref
erences of the plastid complexes were extracted from cyMIRA database 
(Forsythe et al., 2019). When the crystallographic structure of the 
plastid complex was available, we extracted the protein sequences of the 
organism with which the crystallographic structures had been defined 
and aligned them with the protein sequences of the S. nutans individuals. 
Data were not available for RNA polymerase and Rubisco. 

3. Results 

3.1. Genomic and transcriptomic data 

Plastid genome assemblies in S. nutans were relatively fragmented as 
they were composed of six nodes on average, with a minimum of three 
nodes for individuals AIG-1 and AIG-10 (W3 lineage) and a maximum of 
23 for individual UK15-16 (W1 lineage). The data obtained represent 
between 86.25% (W2) and 96.63% (E1) of the complete S. latifolia 
plastid genome (Table S2). Compared with the plastid genome of 
S. paradoxa, most of the genes of the plastid complexes were recovered, 
with only a few plastid complexes lacking one gene (ATP synthase, NDH, 
RNA polymerase, and large and small ribosomal subunits) (Table 1). As 
for the plastid genome, about 75% of the nuclear genes annotated in the 
S. paradoxa transcriptome whose gene products were targeted to the 
plastid found a blast hit in S. nutans transcriptomic assemblies (Table 1, 
Table S3). Nonetheless, compared to the plastid genomes, nuclear gene 
annotation was less complete, most likely depending on the level of gene 
expression in flower buds. 

3.2. Plastid genome diversity in Silene nutans 

Variant analyses revealed that a high proportion of the annotated 
plastid genes were variable (72.1%), containing synonymous or non- 
synonymous substitutions (Table 1). The number of synonymous sub
stitutions (66) was lower than the number of non-synonymous sub
stitutions (139). All the plastid complexes contained plastid genes with 
mutated sites, especially the plastid genes encoding the expression 
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Table 1 
Summary of the plastid and nuclear genetic diversity per plastid complex.  

Plastid Complex Genome Number of genes Gene concatenations length (in 
bp) 

Number of synonymous 
substitutions 

Number of non-synonymous substitutions 

Total Annotated Analyzed Variable Total Conserved 
positions 

Positive 
selection 

Residue 
contact 

PSI Plastid 5 5 5 2 5355 7 1 1 0 0 
Nuclear 20 16 14 8 10,624 17 10 0 0 1 

PSII Plastid 15 15 15 7 6672 18 5 5 0 0 
Nuclear 28 19 17 10 11,107 4 32 0 2 0 

Rubisco Plastid 1 1 1 1 1425 1 0 0 NA NA 
Nuclear 4 1 1 1 1095 1 4 0 0 0 

ATP synthase Plastid 6 6 5 4 4375 3 6 3 0 0 
Nuclear 6 5 4 3 2858 3 6 1 0 0 

Cyb6F Plastid 6 6 6 2 2362 1 3 2 0 0 
Nuclear 4 4 4 4 3440 3 18 2 9 1 

NDH Plastid 11 11 11 7 10,370 8 17 10 1 1 
Nuclear 18 11 5 1 2472 1 1 0 0 0 

RNA 
polymerase 

Plastid 4 4 3 3 8279 11 17 9 2 0 
Nuclear 10 10 7 5 5654 1 8 1 0 2 

LSU Plastid 9 9 8 8 2338 6 34 19 1 8 
Nuclear 30 24 22 17 12,606 16 56 10 7 4 

SSU Plastid 12 11 10 7 4077 6 44 16 5 8 
Nuclear 12 10 10 8 6623 8 40 12 10 6 

Others Plastid 9 8 4 4 3157 5 12 7 0 NA 
Nuclear NA 6 4 4 4449 5 9 1 2 NA 

Total Plastid 78 76 68 45 x 66 139 74 9 17 
Nuclear 139 106 88 61 x 63 180 27 30 14 

Number of genes: Total: the total number of genes annotated in the plastid complex (references taken on PDBe-KB). Trn and rrn genes were not taking into account here; Annotated: number of annotated genes in the S. 
nutans plastid genomes and transcriptomes; Analyzed: number of genes analyzed per genome and plastid complex; Variable: number of variable genes per genome in each plastid complex; Total: total number of NS 
substitutions per genome and plastid complex; Conserved positions: number of NS substitutions located at strongly conserved positions (i.e. conservation indice > 0.8); Positive selection: number of NS substitutions 
identified under positive selection with PAML NSites model. 
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machinery, i.e., the large and small ribosomal subunits and the RNA 
polymerase subunits (24.5%, 31.7%, and 12.2% of the total number of 
non-synonymous substitutions were found in these three complexes, 
respectively). On average, half of the identified non-synonymous sub
stitutions were located at strongly conserved positions (i.e., conserva
tion index > 0.8), and most of these substitutions were found in the 
nucleotide sequences of the plastid genes encoding components of the 
plastid ribosome (Table 1). For these genes, some of the non- 
synonymous substitutions were located at strongly conserved positions 
(19/34 encoding the LSU and 16/44 encoding the SSU), and among 
them, some led to a change in the functional class of the encoded amino- 
acid (4/19 for the LSU and 8/16 for the SSU). These plastid genes also 
contained 94% of the non-synonymous substitutions located at residue 
contact positions (i.e., eight substitutions for both large and small ri
bosomal subunit) (Table 1). The synonymous substitutions exhibited 
contrasting patterns of accumulation. An overrepresented portion of 
these substitutions (27.3%) was located in the genes encoding subunits 
of the photosystem II and very few substitutions were identified in the 
genes involved in the plastid gene expression machinery (Table 1). 

Overall, S. nutans lineages exhibited the highest dN/dS ratios in the 
gene concatenations of plastid complexes compared with other Silene 
and angiosperm species (Fig. 2), even with Silene species known to 
exhibit accelerated rates of organellar genome evolution (S. conica, 
S. conoidea, and S. noctiflora). For these species, elevated dN/dS ratios 
were only observed in the large and small ribosomal subunits (Sloan 
et al., 2014a). In S. nutans, not only did gene concatenation of these two 
subunits have elevated dN/dS ratios (>1), but this was also observed for 
all plastid complexes, especially in W2 and E1 lineages, and for the 
plastid genes encoding the cytochrome b6/f (Fig. 2). Indeed, the latter 
exhibited the highest dN/dS ratio among the plastid genes encoding 
complexes involved in photosynthesis and compared to angiosperm and 
other Silene species. The particular case of S. paradoxa must be noted, 
with a median dN/dS ratio slightly higher than W1 and W3 lineages 
(Fig. 2). 

Using RELAX, we identified a tendency for relaxed purifying selec
tion on the plastid genes encoding the plastid complexes of S. nutans 
(Fig. 2). For large and small ribosomal subunits, showing dN/dS ratios >
1, RELAX results identified intensification of positive selection on their 
plastid genes (Fig. 2). 

3.3. Analyses of nuclear genes encoding subunits of plastid complexes 

As observed on plastid genes, more than half (57.5%) of the nuclear 
genes annotated in S. nutans lineage transcriptomes contained synony
mous or non-synonymous substitutions. The number of synonymous 
substitutions identified in nuclear genes was also lower than the amount 
of non-synonymous substitutions, and the difference between the 
number of synonymous and non-synonymous substitutions in nuclear 
genes was higher than for plastid genes (63 synonymous and 180 non- 
synonymous substitutions in nuclear genes vs. 66 synonymous and 
139 non-synonymous substitutions in plastid genes; Table 1). Nuclear 
genes encoding products targeted to the plastid accumulated more non- 
synonymous substitutions than the plastid ones. Despite some specific
ities to each genome (i.e., substitutions in NDH complex for plastid 
genes vs. in cytochrome b6/f and photosystem II for nuclear genes), the 
accumulation patterns of the nuclear and plastid non-synonymous sub
stitutions were similar. Most of the non-synonymous substitutions were 
located in the nuclear genes encoding subunits of the plastid ribosome 
(>50% of them) and the RNA polymerase (Table 1). For these nuclear 
genes, 22/96 non-synonymous substitutions led to changes of amino- 
acid functional class (i.e., 17 for the genes encoding the SSU and five 
for the LSU). They also contained 71.4% of the substitutions located at 
residue contact positions (Table 1). For the cytochrome b6/f, non- 
synonymous substitutions were also identified, especially in the nu
clear gene petM for which 11/13 substitutions led to changes of amino- 
acid functional class (Table 1, Table S4). 

For non-synonymous substitutions, 15% were located at strongly 
conserved positions in the nuclear genes, which was less than for the 
plastid genes (53.2%) (Table 1). These mutations were mostly found in 
the nuclear genes encoding subunits of the plastid ribosome (81.5%), as 
observed for the plastid non-synonymous substitutions. The remaining 
non-synonymous substitutions at strongly conserved sites were identi
fied in the nuclear genes encoding subunits of the cytochrome b6/f, ATP 
synthase, and RNA polymerase and in nuclear genes with other func
tions (Table 1). 

3.4. Patterns of selection and coevolution 

Sites models analyses in codeml pointed out non-synonymous sub

Fig. 2. dN/dS ratios of plastid gene concatenations per plastid complex for each lineage of Silene nutans and the outgroups used. The first species are the 4 
angiosperm species, the next ones regroups the Silene species and the last four are the four lineages of Silene nutans. RELAX results as well as P value for the plastid 
gene concatenations of S. nutans are given in top right of each graph: ◦ < 0,1; * < 0,05; ** < 0,01; *** < 0,001; NA = no result for this category due to RELAX own 
limitations. 
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stitutions in plastid and nuclear genes under positive selection in 
S. nutans genomes (Table 1). These positively selected mutations mostly 
concerned genes encoding the large and small ribosomal subunits for 
both plastid and nuclear compartments and the cytochrome b6/f for the 
nuclear compartment (23.3%, 40%, and 30% of the nuclear genes, 
respectively). Overall, nuclear genes encoding the plastid ribosome 
exhibited 56.7% of the nuclear sites under positive selection. dN/dS ra
tios between nuclear and plastid genes were significantly different for 
photosystem I (Mann-Whitney U tests = 3, P < 0.003), photosystem II 
(Mann-Whitney U tests = 46, P < 0.03), and not significantly different 
for the rest of the plastid complex gene pairs (P > 0.05) (Fig. 3). We did 
not find a significant correlation between dN/dS ratios of plastid and 
nuclear gene concatenations encoding the same complexes (rs = 0.17, P 
= 0.66) but a significant one between pN/pS ratios, when focusing on 
divergence among lineages (rs = 0.75, P = 0.02), suggesting a pattern of 
coevolution (Figure S2). 

dN/dS ratios were overall higher for nuclear genes (between 0.2 and 
0.3) than for plastid genes (generally < 0.2; Fig. 3), except for the large 
ribosomal subunit where the reverse pattern was observed. For both 
nuclear and plastid genomes, elevated dN/dS ratios (>1) were observed 
for some genes encoding subunits of the plastid ribosome (Fig. 3, 
Table 2). The nuclear genes of cytochrome b6/f also exhibited extremely 
high dN/dS ratios, with dN/dS ≈ 2 for petM (Fig. 3, Table 2). Besides, 
RELAX results were significant and indicated intensification of positive 
selection for petM. The analysis was not decisive for most of the other 
genes (Table 2, Tables S5 and S6). 

In order to formally test the hypothesis of plastid-nuclear coevolu
tion, we calculated dN/dS ratios of nuclear genes encoding the subunits 
of the cytosolic ribosome, i.e., not targeted to the plastid. For the SSU, 
they showed a dN/dS ratio that was ten times lower than the ratio of the 
nuclear genes encoding the SSU of the plastid ribosome (median value =
0.04 and 0.57, respectively; Fig. 4), and almost 20 times lower than the 
ratio of the plastid genes encoding the SSU of the plastid ribosome 
(median value = 0.72). For the LSU of the plastid and cytosolic ribo
some, dN/dS ratios of the nuclear genes encoding LSU of the cytosolic 
ribosome was around six and ten times lower than nuclear and plastid 
genes encoding the LSU of the plastid ribosome, respectively (median 

value = 0.06, 0.17 and 0.70, respectively; Fig. 4). These differences were 
significant (Mann-Whitney U tests = 173–534, P < 0.001). Excess non- 
synonymous substitutions observed in nuclear genes encoding the 
plastid ribosome and elevated dN/dS ratio (in some case > 1) could thus 
be driven by plastid-nuclear coevolution within the lineages of S. nutans 

3.5. Toward the identification of plastid-nuclear gene pairs candidates for 
PNI 

As plastid-nuclear coevolution is expected to be lineage-specific, we 
looked at patterns of substitution accumulation within the four lineages 
of S. nutans in nuclear and plastid genes. As expected from former 
studies, phylogenetic relationships between S. nutans lineages showed 
that the western lineages (W1, W2, and W3) clustered together, with the 
eastern lineage (E1) diverging before the diversification of the western 
lineages (Martin et al., 2016; Van Rossum et al., 2018) (Fig. 5A). E1 and 
W2 lineages contained a high number of non-synonymous substitutions 
in both plastid and nuclear genes: 36 and 55 for E1, and 49 and 44 for 
W2, respectively (Fig. 5B and C). The W1 lineage exhibited fewer non- 
synonymous substitutions (17 and 15 for plastid and nuclear genes, 
respectively). The W3 lineage contained an intermediate number of 
substitutions in plastid genes (30), but in nuclear genes, it contained as 
many substitutions as E1 (Fig. 5B and C). 

As PNI might be due to the disruption of co-adapted plastid-nuclear 
gene pairs specific to a given lineage, we focused on gene pairs with non- 
synonymous substitutions found in conserved sites and exhibiting high 
levels of dN/dS ratios (which can suggest positive selection). In all lin
eages and for both genomic compartments, the highest number of non- 
synonymous substitutions concerned the genes encoding the LSU and 
SSU of the plastid ribosome (ranging from 44.9% of substitutions in 
plastid genes for W2 to 56.4% of substitutions in nuclear genes for W3; 
Fig. 5B and C). Most of the fixed substitutions of W1 and W2 lineages 
were also located in plastid and nuclear genes encoding components of 
the plastid ribosome (Fig. 5C). This concerned essential plastid-encoded 
ribosomal genes: rpl20, rpl22, rpl32, rps2, rps3, and rps18 and essential 
nuclear-encoded ones: rpl3, rpl13, rpl21, rpl27, rps5, rps9, and rps13 
(Tiller et al., 2012; Tiller and Bock, 2014). Among the substitutions in 

Fig. 3. dN/dS ratios calculated on each S. nutans gene separately for plastid and nuclear genes encoding plastid complexes. In this analysis all four S. nutans 
lineages display the same dN/dS values: branch models analyses with different dN/dS ratios for each lineage were significant only for 3 plastid and 14 nuclear genes 
(data not shown) and exhibited aberrant values (999.99). We have therefore chosen to report the dN/dS ratios assessed with the best NSites model (one dN/dS ratio for 
all lineages of S. nutans). Overall, dN/dS ratios of S. nutans were similar between NSites and Branch-Model when a single dN/dS ratios was set for all four lineages. 
Mann-Whitney U tests P values: ** = < 0.01; NS = non-significant; NA = no test conducted. The number of analyzed plastid and nuclear genes are reported under 
each boxplot. PSI: Photosystem I; PSII: Photosystem II; Cyt-B6F: Cytochrome b6/f; ATP_synt: ATP synthase; RNA_polym: RNA polymerase; LSU: Large ribosomal 
subunit; SSU: Small ribosomal subunit; Other: other functions. Numbers under the boxplots represent the number of genes in each category. 
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these genes, around 50% were in the E1 lineage for the LSU and 30% in 
the W2 lineage for SSU (Table 1, Tables S7 and S8). RELAX results re
ported intensification of positive selection in the plastid genes encoding 
these two complexes with especially elevated dN/dS ratios for E1, W2, 
and W3 lineages (Fig. 2). Some non-synonymous substitutions were 
identified under positive selection in 1 and 5 plastid genes and in 9 and 7 
nuclear genes encoding the LSU and SSU respectively. In particular in 
the genes rps3, rps5, rps13, and rpl13 which are considered as essential 

(Tiller et al., 2012; Tiller and Bock, 2014) (Table 1; and see Tables S7 
and S8 for details). Among the substitutions under positive selection for 
the nuclear genes, 66.7% and 71.4% were located in the E1 and W2 
lineages, for LSU and SSU, respectively (Tables S7 and S8). Finally, some 
substitutions either in plastid or in nuclear genes, were identified at 
residue contact sites, again especially in the genes encoding subunits of 
the plastid ribosomes (Table 1, Tables S7 and S8). 

Nuclear genes of cytochrome b6/f complex, involved in the electron 

Table 2 
dN/dS ratios of the nuclear and plastid genes of the cytochrome b6/f, and of the large and small ribosomal subunits.  

Complex Genome Gene dN/dS  Complex Genome Gene dN/dS 

Cytochrome b6/f Plastid petA 0.22  Large ribosomal subunit Plastid rpl2 0.7 
petB 0.12  rpl14 0.33 
petD 0.18  rpl16 0.15 
petG 0.00  rpl20 0.51 
petL NA  rpl22 1.01 

Nuclear DAC 0.14  rpl32 0.50◦◦

petC 0.07  rpl33 0.7 
petM_1 2.95**  rpl36 NA 
petM_2 2.31  Nuclear EMB3105 0.12 
PPR 0.54  PRSP1 0.68 

Small ribosomal subunit Plastid rps2 0.64  PSRP6 0.14 
rps3 0.26  rpl1 0.21 
rps4 0.29  rpl3 0.1 
rps7 NA  rpl5 0.32 
rps8 0.08  rpl6 0.37 
rps11 0.92  rpl9 0.47 
rps14 0.21  rpl10 0.05 
rps15 0.73  rpl11 0.1 
rps18 NA  rpl12 0.03 
rps19 0.73  rpl13 0.82 

Nuclear PSRP3 0.65  rpl15 0.22◦◦

rps1 0.29  rpl17 0.02 
rps5 0.62  rpl18 0.10 
rps6 1.12**  rpl19 0.21 
rps9 0.09  rpl21 0.26 
rps10 0.36  rpl24 0.07 
rps13 0.7  rpl27 0.00 
rps17 0.2  rpl28 0.04 
rps20 0.52  rpl29 0.5 
rps21 1.83  rpl31 0.85 

RELAX results: (*) = intensification and (◦) = relaxation. P value: * or ◦ < 0.5; ** or ◦◦ < 0.01; *** or ◦◦◦ < 0.001. 

Fig. 4. dN/dS ratios calculated on each S. nutans gene separately for the plastid and nuclear genes encoding the large (A) and the small (B) SU of the plastid 
ribosome and for the nuclear genes encoding the cytosolic ribosomes in S. nutans. In this analysis all four S. nutans lineages display the same dN/dS val
ues.dN/dS ratios were calculated with codeml (NSites models: one dN/dS ratio for all lineage of S. nutans). Significant differences in the distributions of dN/dS ratios 
were tested with non-parametric Mann-Whitney U tests. NuCyto: Nuclear genes encoding proteins of the cytosolic ribosome. NuPt: Nuclear genes encoding proteins 
of the plastid ribosome. PtPt: Plastid genes encoding proteins of the plastid ribosome. 
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transport chain, also exhibited a large number of mutations, especially 
in E1 lineage and in petM; substitutions were only found in E1 and W2 
for the plastid genes encoding subunits of this complex (Figure 6B-C; 
Table S4). In petM, 7/11 non-synonymous substitutions were under 
positive selection and among them, 5/7 were located in lineages E1 or 
W2 (Table S4). One substitution was identified at strongly conserved 
positions in the plastid gene petA, in the W2 lineage. Interestingly, petM 
is known as a direct interactor of petA (PDBe-KB). 

4. Discussion 

4.1. Evolution of the plastid genome in Silene nutans 

In angiosperms, plastid gene sequences are generally strongly 
conserved between species (Jansen et al., 2007), partly due to their low 
mutation rate (Drouin et al., 2008; Wolfe et al., 1987). In the present 
study, we showed that genetic lineages of S. nutans accumulated non- 
synonymous substitutions in plastid genes. Many mutations were 
located at strongly conserved positions. These mutations could poten
tially have an important functional impact, being either deleterious or 
advantageous. As only a small portion of them showed signatures of 
positive selection, most of the non-synonymous substitutions located at 
strongly conserved positions could be at least slightly deleterious. Most 
plastid complexes exhibited elevated dN/dS ratios compared to other 
Silene and angiosperm species, even when considering Silene species for 
which an acceleration of the plastid genome evolution rate has been 
described (Sloan et al., 2014a). The similar pattern of dN/dS ratios found 
in S. paradoxa, although weaker, suggests that similar evolutionary 
mechanisms could be at stake on the common ancestor of S. nutans and 
S. paradoxa. High dN/dS values can be the result of positive selection or 
of relaxed purifying selection. For the plastid genes encoding large and 
small ribosomal subunits, intensification of selection has been identified 
for all four genetic lineages of S. nutans. These results suggest that 
intensification of positive selection has played a major role in the excess 

of non-synonymous substitutions observed for these plastid genes. For 
the genes encoding other plastid complexes, a tendency for relaxed se
lection was detected (especially for the plastid genes encoding subunits 
of the PSII, ATP synthase, cytochrome b6/f, and RNA polymerase). 

Either due to positive selection or relaxation of purifying selection, 
this pattern of mutation accumulation in the plastid genes suggests an 
accelerated evolutionary rate of the plastid genome in S. nutans. Various 
evolutionary forces could have driven such a pattern. On the one hand, 
as the plastid genome is a non-recombining genome due to its unipa
rental mode of inheritance, it has a reduced effective size compared with 
the nuclear genome (Christie and Beekman, 2017; Greiner et al., 2015). 
This reduces the efficacy of natural selection and increases the impact of 
genetic drift on plastid gene sequence evolution (Burton et al., 2013; 
Greiner and Bock, 2013; Rand et al., 2004). Plastid genome is thus ex
pected to evolve under Muller’s ratchet, i.e., a process resulting in an 
irreversible accumulation of deleterious mutations due to a lack of 
recombination (Rand et al., 2004). Therefore, the accumulation of non- 
synonymous substitutions in the plastid genes might be the result of 
strong genetic drift effects that may have acted when the lineages were 
isolated from each other in separate refugia in southern and eastern 
Europe during the last glacial maximum and when populations experi
enced repeated bottlenecks during postglacial recolonization (Martin 
et al., 2016; Van Rossum et al., 2018). This might have led to reduced 
effective sizes and relaxation of purifying selection, increasing the fix
ation of weakly deleterious mutations (Rockenbach et al., 2016). 
Conversely, any advantageous mutation occurring within these lineages 
might also have led to this pattern through linked selection (Cruick
shank and Hahn, 2014). Indeed, experimental evidence suggests that 
cytoplasmic involvement in adaptation has been underestimated (Budar 
and Roux, 2011). High values of dN/dS ratios were also found in 
reproductively isolated populations of Campanulastrum americanum. 
However, they are lower than the values observed in S. nutans lineages 
(Barnard-Kubow et al., 2014; Barnard-Kubow and Galloway, 2017). As 
observed in S. nutans, dN/dS values appeared to be particularly high in 

Fig. 5. Non-synonymous substitutions in each lineage of S. nutans, per plastid complex. (A) Phylogeny constructed with PHYML based on the concatenated set 
of the 95 plastid genes, with S. latifolia and S. paradoxa as outgroups; number of substitutions per plastid complex for the nuclear (B) and plastid (C) genes. 
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plastid genes encoding subunits involved in plastid gene expression 
machinery. 

4.2. Plastid-nuclear coevolution in Silene nutans lineages 

Excess of non-synonymous substitutions in plastid genes of S. nutans, 
mainly due to relaxed selection, could impose strong selective pressures 
on the nuclear genes within lineages and within genomic complexes to 
maintain plastid-nuclear co-adaptation (Sloan et al., 2018). Evidence of 
coevolution between plastid and nuclear genes has been reported in 
several plant species (Ferreira de Carvalho et al., 2019; Moison et al., 
2010; Rockenbach et al., 2016; Schmitz-Linneweber et al., 2005; Shar
brough et al., 2017; Sloan et al., 2014b; Weng et al., 2016; Williams 
et al., 2019; Zhang et al., 2015). Generally, this coevolution relies on 
parallel patterns of substitution accumulation between plastid and nu
clear genes whose gene products are targeted to the plastid, with a high 
number of substitutions in one of the two genomic compartments, and 
signatures of positive selection on the other one, to ensure the mainte
nance of co-adaptation between mutated genes and the correct func
tioning of the plastid complex (Postel and Touzet, 2020). We identified 
parallel patterns of non-synonymous substitution accumulation between 
nuclear and plastid genes in S. nutans, within each plastid complex and 
lineage. 

Disruption of co-adaptation between nuclear and plastid genes has 
been previously described in other plant systems and generally leads to 
impaired hybrid phenotypes exhibiting chlorosis and variegation and/or 
hybrid mortality, depending on the lineage used as the maternal parent 
(reviewed in Postel and Touzet, 2020). Asymmetric postzygotic repro
ductive isolation has been identified between W1 and E1 lineages of 
S. nutans using controlled reciprocal crosses (Martin et al., 2017). In 
addition, diallelic crosses conducted between the four studied lineages 
of S. nutans showed a large proportion of chlorotic or partially chlorotic 
hybrid progeny, and high hybrid seedling mortality, especially when E1 
and W2 lineages were the maternal parents (Van Rossum et al. 2018, 
unpublished results). Hybrid juvenile mortality rate after 5 weeks of 
growth was 0.97 and 0.83 when E1 and W2 were the maternal lineages, 
and 0.50 and 0.23 when W1 and W3 were the mother, respectively (Van 
Rossum et al., unpublished results). These findings are consistent with 
our observations that E1 and W2 showed accumulation of substitutions 
in the plastid and nuclear genes and nuclear substitutions under positive 
selection, suggesting that these lineages contain the most functionally 
divergent and incompatible plastid genomes, causing PNIs in their 
hybrid progeny. Barnard-Kubow et al. (2017) reported a similar pattern 
for between-population hybrids of C. americanum, with higher hybrid 
mortality and chlorosis when populations with highly divergent plastid 
genomes were used as maternal lineages. In this system, PNIs have been 
put forward to explain the reproductive isolation (Barnard-Kubow et al., 
2017; Barnard-Kubow and Galloway, 2017). Asymmetric reproductive 
isolation likely due to cytonuclear incompatibilities has also been 
described in Oenothera (Greiner et al., 2011), Pelargonium (Metzlaf et al., 
1982; Weihe et al., 2009), and Pisum (Bogdanova et al., 2018, 2012; 
Bogdanova and Kosterin, 2007). 

4.3. Are cytochrome b6/f and plastid ribosome possibly involved in PNI? 

Disruption of co-adaptation between nuclear and plastid genes 
within a plastid complex leads to the malfunction of this complex. This 
malfunction often has physiological consequences, visible at the 
phenotypic level, and so hybrid phenotypes can give insight into the 
genetic location of the PNIs (Massouh et al., 2016; Yao and Cohen, 
2000). For example, when leaves are almost entirely white, dysfunction 
of plastid expression machinery is suspected, while pale yellow leaves 
indicate a deficiency in chlorophyll and malfunction of the photosyn
thetic process (Liebers et al., 2017; Massouh et al., 2016; Yao and Cohen, 
2000). Hybrid progeny between S. nutans lineages suffering from chlo
rosis exhibit pale yellow cotyledons rather than white ones (Martin 

et al., 2017; Van Rossum et al., unpublished data), suggesting a defect in 
one or several photosynthetic plastid complexes rather than a dysfunc
tion of the plastid gene expression machinery (Li et al., 2019; Liebers 
et al., 2017). 

Regarding our results, one good candidate for explaining the 
(partially) chlorotic hybrid phenotypes caused by PNIs is cytochrome 
b6/f. This plastid complex is directly involved in the photosynthetic 
process as it manages the electron transport chain between PSI and PSII 
(Malone et al., 2019). We found non-synonymous substitutions on the 
plastid genes encoding cytochrome b6/f (petA and petD) as well as on 
nuclear genes (mostly on petM). In particular, petA and petM exhibited 
parallel patterns of non-synonymous substitution accumulation in E1 
and W2 lineages and our RELAX results highlighted a pattern of 
coevolution, at least between petM and petA within the cytochrome b6/f 
(Table S4). These two genes are known to be in physical interaction 
(Forsythe et al., 2019; Malone et al., 2019). Disruption of co-adaptation 
between these two genes, in hybrids with E1 or W2 lineages as maternal 
parents, could lead to the observed pale-yellow phenotypes. 

A strong coevolution pattern was also identified between genes 
encoding the plastid ribosome of S. nutans. Knock-out or dysfunction of 
one of these genes can lead to impaired, potentially non-viable, mutant 
phenotypes (Tiller and Bock, 2014). The mutations identified in ribo
somal plastid genes could have important functional consequences and 
reinforce the need for compensatory evolution of the nuclear genes to 
maintain the function of the plastid ribosome. Whether the plastid genes 
or the nuclear genes evolved in response to mutation accumulation in 
plastid or nuclear genomes remains unclear. Signature of positive se
lection, often considered as an indication of a compensatory dynamic to 
maintain co-adaptation (Greiner and Bock, 2013; Levin, 2003; Sloan 
et al., 2018), was observed in both genomic compartments. Tiller and 
Bock (2014) hypothesized that environmental changes affect trans
lational activity of the plastid and generate a signal to modify leaf 
morphology and therefore photosynthesis performance. Accordingly, a 
recent study on Brassica campestris ssp. pekinensis identified a missense 
mutation in a ribosomal plastid gene (rps4) causing aberrant rRNA 
processing, which affected plastid translation and resulted in chloro
phyll deficiency and reduced plant growth (Tang et al., 2018). Through 
their indirect role in photosynthesis, plastid ribosomal genes could be a 
target for positive selection which could lead to the fixation of adaptive 
mutations. Besides, a phylogenomic study across angiosperms found 
that genes involved in protein homeostasis exhibited a pattern of 
coevolution between plastid and nuclear genomes, suggesting recurrent 
bouts of selection on the plastid proteostasis systems, e.g., ribosomes 
(Forsythe et al., 2021). Further analyses based on the crystallographic 
structure of the plastid ribosome of S. nutans could give clues to the 
impact of each mutation on the protein-protein interactions network and 
on the whole structure of the plastid ribosome (Sharma et al., 2007). 

The present study focused on coding sequences of genes encoding 
subunits of plastid complexes. Recent studies have shown that PNI could 
be also due to variations occurring in regulating sequences of plastid 
genes (Schmitz-Linneweber et al., 2005; Zupok et al., 2021). In fact, we 
found SNPs at 500 bp upstream of coding sequences (data not shown), 
but further analyses will be needed to survey gene expression. To do so, 
non-viable chlorotic hybrids should be rescued, possibly using media 
supplemented by sugar (Kühn et al., 2015). We acknowledge that some 
plastid genes that were excluded from our analyses could play a role in 
PNI (see Material and Methods), especially if the fact that we could not 
analyze them was due to their fast-evolutionary rate. For example, it was 
observed that CLP and ACCase complexes with fast-evolving plastid 
genes exhibited a strong pattern of coevolution with their nuclear 
counterparts, which could result in PNI (Forsythe et al., 2021; Rock
enbach et al., 2016; Williams et al., 2019). 

4.4. A link with gynodioecy? 

The use of genomic and transcriptomic data enabled us to assess the 
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evolutionary dynamics of the plastid and nuclear genomes of S. nutans 
lineages, relying on the necessary coevolution between these two ge
nomes for proper cell functioning. Plastid genomes of S. nutans exhibited 
high non-synonymous genetic diversity. It has been suggested that the 
gynodioecious mating system of S. nutans could have favored the 
speciation process (Martin et al., 2017). This reproductive system im
plies the presence of sterilizing mitochondrial genomes, leading to male 
sterility, and to male-fertility restoration by nuclear genes (Chase, 2007; 
Gouyon et al., 1991). Plastid and mitochondrial genomes are in tight 
linkage disequilibrium. Therefore, common evolutionary mechanisms 
may act on plastid and mitochondrial genomes (Olson and Mccauley, 
2002). The specific evolutionary dynamics of the mitochondrial genome 
in this gynodioecious species could have impacted and dragged the co- 
transmitted plastid genome. Indeed, the selection of male-sterile mito
chondrial genomes, with male-sterile plants exhibiting a higher female 
fitness (Frank, 1989), could have produced a pattern of linked selection 
on the co-transmitted plastid genomes. This would favor the fixation of 
mildly deleterious mutations in the plastid genome, subsequently 
launching the process of coevolution in the nuclear genome. 
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nuclear and organellar genomes in plants. BioEssays 35 (4), 354–365. https://doi. 
org/10.1002/bies.201200137. 

Greiner, S., Rauwolf, U., Meurer, J., Herrmann, R.G., 2011. The role of plastids in plant 
speciation. Mol. Ecol. 20, 671–691. https://doi.org/10.1111/j.1365- 
294X.2010.04984.x. 

Greiner, S., Sobanski, J., Bock, R., 2015. Why are most organelle genomes transmitted 
maternally? BioEssays 37 (1), 80–94. https://doi.org/10.1002/bies.201400110. 

Z. Postel et al.                                                                                                                                                                                                                                   



Molecular Phylogenetics and Evolution 169 (2022) 107436

12

Guindon, S., Dufayard, J., Lefort, V., 2010. New Algorithms and Methods to Estimate 
Maximim-Likelihood Phylogenies Assessing the Performance of PhyML 3.0. Syst. 
Biol. 59, 307–321. 

Hooper, C.M., Castleden, I.R., Tanz, S.K., Aryamanesh, N., Millar, A.H., 2017. SUBA4: 
The interactive data analysis centre for Arabidopsis subcellular protein locations. 
Nucleic Acids Res. 45 (D1), D1064–D1074. https://doi.org/10.1093/nar/gkw1041. 

Hubisz, M.J., Pollard, K.S., Siepel, A., 2011. PHAST and RPHAST: Phylogenetic analysis 
with space/time models. Brief. Bioinform. 12 (1), 41–51. https://doi.org/10.1093/ 
bib/bbq072. 

Jafari, F., Zarre, S., Gholipour, A., Eggens, F., Rabeler, R.K., Oxelman, B., 2020. A new 
taxonomic backbone for the infrageneric classification of the species-rich genus 
Silene (Caryophyllaceae). Syst. Phylogeny 69 (2), 337–368. https://doi.org/ 
10.1002/tax.12230. 

Jansen, R.K., Cai, Z., Raubeson, L.A., Daniell, H., dePamphilis, C.W., Leebens-Mack, J., 
Muller, K.F., Guisinger-Bellian, M., Haberle, R.C., Hansen, A.K., Chumley, T.W., 
Lee, S.-B., Peery, R., McNeal, J.R., Kuehl, J.V., Boore, J.L., 2007. Analysis of 81 genes 
from 64 plastid genomes resolves relationships in angiosperms and identifies 
genome-scale evolutionary patterns. PNAS 104 (49), 19369–19374. https://doi.org/ 
10.1073/pnas.0709121104. 

Juan, J., Armenteros, A., Salvatore, M., Emanuelsson, O., Winther, O., Heijne, G.V., 
Elofsson, A., Nielsen, H., 2019. Detecting sequence signals in targeting peptides 
using deep learning. Life Sci. Alliance e201900429 2, 1–14. https://doi.org/10. 
26508/lsa.201900429. 

Kühn, K., Obata, T., Feher, K., Bock, R., Fernie, A.R., Meyer, E.H., 2015. Complete 
Mitochondrial Complex I Deficiency Induces an Up-Regulation of Respiratory Fluxes 
That Is Abolished by Traces of Functional Complex I. Plant Physiol. 168 (4), 
1537–1549. https://doi.org/10.1104/pp.15.00589. 

Lefort, V., Longueville, J., Gascuel, O., 2017. SMS : Smart Model Selection in PhyML. 
Mol. Biol. Evol. 34, 2422–2424. https://doi.org/10.1093/molbev/msx149. 

Levin, D.A., 2003. The cytoplasmic factor in plant speciation. Syst. Bot. 28, 5–11. https:// 
doi.org/10.1043/0363-6445-28.1.5. 

Li, M., Hensel, G., Mascher, M., Melzer, M., Budhagatapalli, N., Rutten, T., 
Himmelbach, A., Beier, S., Korzun, V., Kumlehn, J., Börner, T., Stein, N., 2019. Leaf 
Variegation and Impaired Chloroplast Development Caused by a Truncated CCT 
Domain Gene in albostrians Barley. Plant Cell 31 (7), 1430–1445. https://doi.org/ 
10.1105/tpc.19.00132. 

Liebers, M., Grübler, B., Chevalier, F., Lerbs-mache, S., Merendino, L., Blanvillain, R., 
Pfannschmidt, T., 2017. Regulatory Shifts in Plastid Transcription Play a Key Role in 
Morphological Conversions of Plastids during Plant Development. Front. Plant Sci. 8, 
1–8. https://doi.org/10.3389/fpls.2017.00023. 

Malone, L.A., Qian, P., Mayneord, G.E., Hitchcock, A., Farmer, D.A., Thompson, R.F., 
Swainsbury, D.J.K., Ranson, N.A., Hunter, C.N., Johnson, M.P., 2019. Cryo-EM 
structure of the spinach cytochrome b6f complex at 3.6 Å resolution. Nature 575, 
535–539. https://doi.org/10.1038/s41586-019-1746-6. 
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The plastid-specific ribosomal proteins of Arabidopsis thaliana can be divided into 
non-essential proteins and genuine ribosomal proteins. Plant J. 69 (2), 302–316. 
https://doi.org/10.1111/j.1365-313X.2011.04791.x. 

Turelli, M., Moyle, L.C., 2007. Asymmetric postmating isolation: Darwin’s corollary to 
Haldane’s rule. Genetics 176, 1059–1088. https://doi.org/10.1534/ 
genetics.106.065979. 

Van Rossum, F., Martin, H., Le Cadre, S., Brachi, B., Christenhusz, M.J.M., Touzet, P., 
2018. Phylogeography of a widely distributed species reveals a cryptic assemblage of 
distinct genetic lineages needing separate conservation strategies. Perspect. Plant 
Ecol. Evol. Syst. 35, 44–51. https://doi.org/10.1016/j.ppees.2018.10.003. 

Varadi, M., Berrisford, J., Deshpande, M., Nair, S.S., Gutmanas, A., Armstrong, D., 
Pravda, L., Al-Lazikani, B., Anyango, S., Barton, G.J., Berka, K., Blundell, T., 
Borkakoti, N., Dana, J., Das, S., Dey, S., Micco, P.D., Fraternali, F., Gibson, T., 
Helmer-Citterich, M., Hoksza, D., Huang, L.-C., Jain, R., Jubb, H., Kannas, C., 
Kannan, N., Koca, J., Krivak, R., Kumar, M., Levy, E.D., Madeira, F., 
Madhusudhan, M.S., Martell, H.J., MacGowan, S., McGreig, J.E., Mir, S., 
Mukhopadhyay, A., Parca, L., Paysan-Lafosse, T., Radusky, L., Ribeiro, A., 
Serrano, L., Sillitoe, I., Singh, G., Skoda, P., Svobodova, R., Tyzack, J., Valencia, A., 
Fernandez, E.V., Vranken, W., Wass, M., Thornton, J., Sternberg, M., Orengo, C., 
Velankar, S., 2020. PDBE-KB: A community-driven resource for structural and 
functional annotations. Nucleic Acids Res. 48 (D1), D344–D353. https://doi.org/ 
10.1093/nar/gkz853. 

Weihe, A., Apitz, J., Pohlheim, F., Salinas-Hartwig, A., Börner, T., 2009. Biparental 
inheritance of plastidial and mitochondrial DNA and hybrid variegation in 
Pelargonium. Mol. Genet. Genomics 282 (6), 587–593. https://doi.org/10.1007/ 
s00438-009-0488-9. 

Weng, M.-L., Ruhlman, T.A., Jansen, R.K., 2016. Plastid–nuclear interaction and 
accelerated coevolution in plastid ribosomal genes in Geraniaceae. Genome Biol. 
Evol. 8 (6), 1824–1838. https://doi.org/10.1093/gbe/evw115. 

Wertheim, J.O., Murrell, B., Smith, M.D., Pond, S.L.K., Scheffler, K., 2015. RELAX : 
Detecting Relaxed Selection in a Phylogenetic Framework. Mol. Biol. Evol. 32, 
820–832. https://doi.org/10.1093/molbev/msu400. 

Williams, A.M., Friso, G., van Wijk, K.J., Sloan, D.B., 2019. Extreme variation in rates of 
evolution in the plastid Clp protease complex. Plant J. 98 (2), 243–259. https://doi. 
org/10.1111/tpj.14208. 

Z. Postel et al.                                                                                                                                                                                                                                   



Molecular Phylogenetics and Evolution 169 (2022) 107436

13

Wolfe, K.H., Li, W.H., Sharp, P.M., 1987. Rates of nucleotide substitution vary greatly 
among plant mitochondrial, chloroplast, and nuclear DNAs. PNAS 84 (24), 
9054–9058. 

Yang, Z., 2007. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 
24, 1586–1591. https://doi.org/10.1093/molbev/msm088. 

Yao, J.-L., Cohen, D., 2000. Multiple gene control of plastome-genome incompatibility 
and plastid DNA inheritance in interspecific hybrids of Zantedeschia. Theor. Appl. 
Genet. 101 (3), 400–406. https://doi.org/10.1007/s001220051496. 

Zhang, J., Ruhlman, T.A., Sabir, J., Blazier, J.C., Jansen, R.K., 2015. Coordinated rates of 
evolution between interacting plastid and nuclear genes in Geraniaceae. Plant Cell 
27, 563–573. https://doi.org/10.1105/tpc.114.134353. 
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