
Contrasting Patterns of Nucleotide Substitution Rates Provide

Insight into Dynamic Evolution of Plastid and Mitochondrial

Genomes of Geranium

Seongjun Park1, Tracey A. Ruhlman1, Mao-Lun Weng1,2, Nahid H. Hajrah3, Jamal S.M. Sabir3, and Robert K.
Jansen1,3,*
1Department of Integrative Biology, University of Texas at Austin
2Department of Biology and Microbiology, South Dakota State University
3Genomic and Biotechnology Research Group, Department of Biological Science, Faculty of Science, King Abdulaziz University, Jeddah, Saudi

Arabia

*Corresponding author: E-mail: jansen@austin.utexas.edu.

Accepted: July 3, 2017

Data deposition: All sequences used in this study have been submitted to NCBI Genbank and accession numbers are reported in supplementary

tables S10–12, Supplementary Material online.

Abstract

Geraniaceae have emerged as a model system for investigating the causes and consequences of variation in plastid and mitochon-

drial genomes. Incredible structural variation in plastid genomes (plastomes) and highly accelerated evolutionary rates have been

reported in selected lineages and functional groups of genes in both plastomes and mitochondrial genomes (mitogenomes), and

these phenomena have been implicated in cytonuclear incompatibility. Previous organelle genome studies have included limited

sampling of Geranium, the largest genus in the family with over 400 species. This study reports on rates and patterns of

nucleotide substitutions in plastomes and mitogenomes of 17 species of Geranium and representatives of other Geraniaceae.

As detected across other angiosperms, substitution rates in the plastome are 3.5 times higher than the mitogenome in most

Geranium. However, in the branch leading to Geranium brycei/Geranium incanum mitochondrial genes experienced signifi-

cantly higher dN and dS than plastid genes, a pattern that has only been detected in one other angiosperm. Furthermore, rate

accelerations differ in the two organelle genomes with plastomes having increased dN and mitogenomes with increased dS. In the

Geranium phaeum/Geranium reflexum clade, duplicate copies of clpP and rpoA genes that experienced asymmetric rate divergence

were detected in the single copy region of the plastome. In the case of rpoA, the branch leading to G. phaeum/G. reflexum expe-

riencedpositive selectionor relaxationofpurifyingselection. Finally, theevolutionofacetyl-CoAcarboxylase isunusual inGeraniaceae

because it is only the second angiosperm family where both prokaryotic and eukaryotic ACCases functionally coexist in the plastid.
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Introduction

Plant cells harbor two endosymbiotic organelles (plastids

and mitochondria) that have retained their own genomes

(Lang et al. 1999; Keeling 2010). In the early stages of

endosymbiosis the two showed parallel evolutionary trajec-

tories that have shaped their genomes, including genome

reduction, massive gene loss, DNA transfer to the host nu-

clear genome and functional replacement of organelle

genes (Timmis et al. 2004). The majority of organelle pro-

teins are nuclear-encoded, synthesized in the cytosol and

then transported into the organelles (Timmis et al. 2004;

Kleine et al. 2009). Many of these nuclear genes are in-

volved in the maintenance of organelle genome stability

(Day and Madesis 2007; Sloan and Taylor 2012), and a

number are targeted to both plastids and mitochondria

(Maréchal and Brisson 2010). Although many proteins in-

volved in DNA replication, repair, and recombination (DNA-

RRR) are common to both plastids and mitochondria

(Carrie and Small 2013), their genomes exhibit variability

in architecture and rates of nucleotide substitution.
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Among angiosperms, the contrast between the two or-

ganelle genomes is particularly sharp when considering struc-

tural organization, which appears to be much more

complicated in mitochondria compared with plastids

(Mower et al. 2012; Ruhlman and Jansen 2014). For example,

plant mitochondrial genomes (mitogenomes) contain an

abundance of noncoding sequence, including repetitive and

foreign DNA, and have a dynamic, multipartite organization

due to active recombination between repeat regions. In con-

trast, most plastid genomes (plastomes) typically have a quad-

ripartite structure with an inverted repeat (IR) separated by

large and small single copy (LSC and SSC) regions. However,

several lineages, such as Campanulaceae, Ericaceae,

Fabaceae, Geraniaceae, and Oleaceae, have experienced ex-

treme and rapid divergence in plastome architecture

(Chumley et al. 2006; Lee et al. 2007; Haberle et al. 2008;

Cai et al. 2008; Blazier et al. 2011; Guisinger et al. 2011;

Fajardo et al. 2013; Mart�ınez-Alberola et al. 2013; Weng

et al. 2014; Ruhlman et al. 2017).

Plastomes and mitogenomes also exhibit nucleotide substi-

tution rate variation. Plastid substitution rates are generally

higher than those in the mitochondria of seed plants (Wolfe

et al. 1987; Drouin et al. 2008; Richardson et al. 2013).

Examples of mitochondrial-specific rate accelerations have

been documented, including gene-specific heterogeneity in

synonymous substitution rates within the genome in a num-

ber of angiosperm lineages: Geraniaceae, Ajuga, Plantago,

Silene, and Viscum (Cho et al. 2004; Parkinson et al. 2005;

Mower et al. 2007; Sloan et al. 2012a; Zhu et al. 2014;

Skippington et al. 2015). However, only two studies in

Silene and Ajuga (Sloan et al. 2012b; Zhu et al. 2014) have

compared substitution rates of plastid and mitochondrial

gene sequences across the entire genomes to assess the evo-

lutionary parallels between the organelle genomes.

The functional transfer of plastid and mitochondrial genes

to the nucleus is an ongoing evolutionary process (Timmis

et al. 2004; Kleine et al. 2009). In angiosperms, the majority

of recent, functional relocations has involved the transfer of

mitochondrial genes to the nucleus (Adams and Palmer 2003;

Liu et al. 2009; Park et al. 2014, 2015a), with multiple inde-

pendent transfers of only four plastid genes documented

(infA, rpl22, rpl32, and accD) (Millen et al. 2001; Ueda et al.

2007; Magee et al. 2010; Sabir et al. 2014; Park et al. 2015b).

Although the role of selection pressure in intracellular gene

transfer (IGT) remains uncertain, rates of organelle mutation

accumulation could influence selection for IGT to the nucleus

(Brandvain and Wade 2009).

Substitution of a nuclear-encoded protein to complement

pseudogenization or loss of an organelle-encoded protein has

also been documented. Most gene substitutions involve nu-

clear gene duplication, with one copy supplying the cytosol

and the other supplying the organelle(s). For example, the

product of the nuclear rpl23 gene in Spinacia oleracea and

Geranium maderense substitutes for the missing plastid rpl23

gene product (Bubunenko et al. 1994; Weng et al. 2016).

A different kind of substitution has been documented for

accD in Brassicaceae (Schulte et al. 1997) and Poaceae

(Konishi et al. 1996; Gornicki et al. 1997). With the loss

of plastid-encoded accD, the eukaryotic monomeric ACC

gene product substituted the function of the multisubunit

plastid ACCase.

Gene substitutions have occurred through different

mechanisms. A protein already targeted to an organelle

could be duplicated and the copy could undergo transit

peptide evolution. For example, a duplicate copy of

nuclear-encoded Rps16 that substitutes for the

mitochondrial-encoded protein in Medicago and Populus

was recruited through adaptation of its transit peptide to

allow import into the plastid as well (Ueda et al. 2008).

Likewise, transit peptide recruitment has facilitated re-

placement of proteins encoded in the mitochondria with

nuclear-encoded proteins of plastid origin, which now

serve both compartments. Examples include Rpl10 in

Brassicaceae and monocots (Kubo and Arimura 2010)

and Rps13 in Arabidopsis (Mollier et al. 2002).

Geraniaceae organelle genomes offer an excellent system

to study the evolutionary dynamics of structural organization

and rates of nucleotide substitution. Sequencing of organelle

genomes from this family has provided unprecedented exam-

ples of genomic change and highly accelerated nucleotide

substitution rates, and improper DNA-RRR machinery has

been suggested to cause this syndrome (Parkinson et al.

2005; Guisinger et al. 2008, 2011; Blazier et al. 2011,

2016a; Weng et al. 2014). Geranium plastomes exhibit ex-

treme reconfiguration including reduction of the IR, operon

disruption, extensive gene duplication and a high frequency

of repetitive DNA (Guisinger et al. 2011; Zhang et al. 2016).

Exploration of the evolutionary phenomena in Geranium

mitogenomes revealed extensive horizontal gene transfer

(HGT), IGT, and loss of introns and RNA editing sites (Park

et al. 2015a). In particular, two Geranium species,

Geranium brycei and Geranium incanum, contain consider-

able foreign organellar DNA from diverse eudicots, including

many parasitic plants.

Little is known, however, about nucleotide substitution

rates within Geranium organelle genomes. To assess rates

of nucleotide substitution of protein coding genes and the

relationship between Geranium plastome and mitogenome

evolution, we analyzed 98 plastid and mitochondrial genes

of 17 Geranium species and representatives of other genera

of Geraniaceae. We examined whether substitution rates

were elevated and variable within the two organelle genomes

and assessed the rate correlation between them. In addition,

we characterized accD and clpP in the plastids of Geraniaceae

and correlate structural variation with substitution rates in

these genes. We document the evolutionary fate of the

plastid-encoded accD and discuss the complex evolutionary

history of Acetyl-Co-A carboxlase in Geraniaceae.
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Materials and Methods

Organelle Gene Sequence Analysis

To compare rates of sequence evolution in plastid and mito-

chondrial genes of Geranium, protein-coding genes from 17

species spanning all three currently recognized subgenera

(Erodioidea, Geranium, and Robertium; Aedo et al. 1998)

were selected along with the three outgroup taxa California

macrophylla, Erodium texanum and Monsonia emarginata

from Geraniaceae (supplementary table S1, Supplementary

Material online). DNA isolation and Illumina sequencing meth-

ods were described in Park et al. (2015a). Plastid protein-

coding genes for the 17 Geranium species were obtained

by de novo assembly of paired-end Illumina reads with

Velvet v. 1.2.08 (Zerbino and Birney 2008) using multiple k-

mer sizes from 69 to 91 at the Texas Advanced Computing

Center (TACC). Plastid genes were identified in each draft

genome by performing BlastN searches using BLASTþ
v.2.2.31 (Camacho et al. 2009) against published protein-

coding genes from G. palmatum (NC_014573) and related

Geraniaceae as query sequences. For mitochondrial protein-

coding genes, previously published gene sequences of 17

species of Geranium and the outgroups C. macrophylla,

E. texanum and M. emarginata were used (Park et al.

2015a). Genbank accession numbers for both mitochondrial

and plastid sequences of all species are in supplementary table

S1, Supplementary Material online.

Estimation of Substitution Rate Variation

Ninety-eight organelle protein-coding genes were shared by

all 20 taxa sampled (supplementary table S2, Supplementary

Material online). Individual gene alignments were generated

based on “back-translate” with MAFFT v. 7.017 (Katoh et al.

2002) in Geneious R6 v. 6.1.8 (Biomatters Ltd., Auckland,

New Zealand, http://www.geneious.com) and all shared or-

ganelle protein-coding genes were concatenated into a single

alignment. The N-terminal portion of the clpP was extremely

divergent so only the conserved domain of the gene was

used. The 50 end of matK was also removed due to unalign-

able sequences. In Geranium phaeum and Geranium

reflexum, which contain two distinct copies of clpP and

rpoA, the two copies were arbitrarily named copies 1 and 2

and only the first copy (G. phaeum1 and G. reflexum1) was

used for rate analyses. Phylogenetic relationships from the

concatenated sequence were estimated using maximum like-

lihood methods in RAxML v. 7.2.8 (Stamatakis 2006) with the

“GTRGAMMA” model under the rapid bootstrap algorithm

(1,000 replicates) on TACC and the resulting ML tree used as

the constraint tree.

To estimate rates of nucleotide substitution, nonsynony-

mous (dN) and synonymous (dS) rates were calculated in

PAML v. 4.8 (Yang 2007) using the codeml option with codon

frequencies estimated with the F3� 4 model. Gapped regions

were removed by using “cleandata¼ 1” option. Rate estima-

tions were performed on the following data sets: 1) each

concatenated plastid and mitochondrial data set, 2)

concatenated gene sets for the functional groups ATP syn-

thase (atp), cytochrome b6f (pet), cytochrome c oxidase (cox),

cytochrome c maturation (ccm), NADH-plastoquinone oxido-

reductase (ndh), NADH-ubiquinone oxidoreductase (nad),

photosystem I (psa), photosystem II (psb), RNA polymerase

(rpo), and small (rps) and large (rpl) ribosomal subunits, and

3) all individual genes from both organelles. For accD and

clpP, extensive comparisons of dN and dS were performed

to investigate the relationship between the rates of nucleotide

substitution and structural divergence of across selected

angiosperms (supplementary table S3, Supplementary

Material online). Five plastid genes (atpB, ndhF, psaA, psbA,

and rbcL) were chosen to generate phylogenetic trees, which

were used as a constraint tree for rate comparisons of clpP

and accD genes (supplementary figs. S1 and S2,

Supplementary Material online). Only the conserved domains

of clpP and accD were used because other regions of the

genes were too divergent to generate reliable nucleotide

alignments.

To test for evidence of selection acting on duplicated

genes, dN/dS was calculated. Likelihood ratio tests (LRTs)

were performed to compare the goodness fit of two models,

H0 (dN/dS is fixed across entire tree) and H1 (dN/dS allowed to

be different in a given clade). Statistical analyses were con-

ducted by using R v. 3.2.0 (R Development Core Team 2015)

and the Bonferroni correction for multiple comparisons was

applied.

Prediction of Biological Features and Structures in Genes
and Proteins

The effective number of codons (ENC) and GC content at

synonymous third codon positions (GC3S) for each organelle

gene were calculated using CodonW (http://codonw.source

forge.net). The NCBI Conserved Domain Database (CDD v.

3.14) was used for conserved domain annotation (Marchler-

Bauer et al. 2015). Gene conversion was examined using

GENECONV in the Recombination Detection Program (RDP)

v. 4.56b (Martin et al. 2015). Previously assembled transcrip-

tomes (Ruhlman et al. 2015; Zhang et al. 2015) for three

Geranium species and the other genera from Geraniales

were used to identify IGT to the nucleus or substitution of a

nuclear gene for a plastid gene. Transferred or substituted

genes were identified using BLASTþ v.2.2.31 (Camacho

et al. 2009) by performing “TBlastN” of the ACC sequences

from Arabidopsis thaliana (ACC1, ACC2, accA, accB, and

accC, NC_003070; accD, NC_000932) against the transcrip-

tomes. Organelle transit peptides were predicted using

TargetP v.1.1 (Emanuelsson et al. 2007). Phylogenetic analysis

was performed on data set of ACC homologs (supplementary

table S4, Supplementary Material online). Divergence time
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was estimated by Bayesian MCMC analysis using BEAST

v.2.1.3 (Bouckaert et al. 2014) following the method de-

scribed in Park et al. (2015a).

Results

Nucleotide Substitution Rates in Geranium Organelle
Genes

All 17 Geranium species and representative species of the

related Geraniaceae genera California, Erodium, and

Monsonia shared 72 plastid-encoded and 26 mitochondrial-

encoded genes (supplementary table S2, Supplementary

Material online). To examine rate variation in organelle genes

among Geranium species, nonsynonymous (dN) and synony-

mous (dS) substitution rates were estimated using a constraint

tree generated by phylogenetic analyses of a concatenated

data set of all 98 genes (supplementary fig. S3A,

Supplementary Material online). Estimates of nucleotide sub-

stitution rates in Geranium showed that plastid genes gener-

ally evolved faster than mitochondrial genes in both dN and dS

(figs. 1 and 2). Linear regression of plastid and mitochondrial

substitution rates for all branches, except for the branch lead-

ing to G. brycei and G. incanum, showed that plastid rates are

3.5 times faster for dN and 3.4 times faster for dS than mito-

chondrial rates (fig. 2A). A significant correlation between the

organelles was found for both dN and dS (P< 0.0001,

fig. 2A). Examination of rate variation in individual organ-

elle genes or gene groups revealed both gene-specific and

lineage-specific accelerations in substitution rates within

Geranium (fig. 1B [see supplementary fig. S4,

Supplementary Material online, for outlier information],

supplementary figs. S5–S7, Supplementary Material on-

line). For example, the average value of dN for the

plastid-encoded clpP gene was �3 times higher than other

plastid-encoded genes (fig. 1B), and this difference was

significant (pairwise Wilcoxon rank-sum test, P< 0.001 af-

ter Bonferroni correction; supplementary table S5,

Supplementary Material online). A significant difference

of dS for mitochondrial-encoded atp gene group was

detected compared with most other mitochondrial-

encoded genes or gene groups (supplementary table S6,

Supplementary Material online). The rate of synonymous

substitutions in atp6 and atp9 were highest among mito-

chondrial genes across Geranium species (supplementary

fig. S5, Supplementary Material online). Accelerated dS

was detected for several other mitochondrial genes in three

lineages, A2, A4, and B (shaded in gray in supplementary

fig. S7, Supplementary Material online). Lineage-specific

accelerations of dN of the plastid genes cemA, clpP, matK

and genes encoding ribosomal proteins and RNA polymer-

ase subunits were observed within clades A, A1, A2, and B

(supplementary fig. S6, Supplementary Material online).

Comparison of the effective number of codons (ENC) and

GC content at synonymous third codon positions (GC3S)

showed that most Geranium plastid genes fall below

Wright’s curve (Wright 1990), reflecting low GC content at

synonymous third codon positions (supplementary fig. S8A,

Supplementary Material online). Mitochondrial genes were

consistent with the plastid results except for matR, which

has GC3S values between 53.2% and 55.4% (supplementary

fig. S8B, Supplementary Material online). The accelerated mi-

tochondrial atp9 gene was below Wright’s curve (supplemen-

tary fig. S8B, Supplementary Material online), and showed a

significant negative correlation between GC3S and dS

(Pearson’s correlation, R¼�0.7993, P< 0.001; supplemen-

tary fig. S9A, Supplementary Material online) and a minor but

not significant increase in ENC relative to other genes (supple-

mentary fig. S9B, Supplementary Material online).

Elevated and Variable Mitochondrial Substitution Rates in a
Specific Geranium Lineage

Substitution rates of organelle genes in the G. brycei/G. inca-

num clade showed the opposite pattern from other Geranium

species in which the plastid genes had much higher rates than

mitochondrial genes (figs. 1A and 2). The dN and dS of mito-

chondrial genes from G. brycei and G. incanum were 2.9

times and 2.4 times higher than plastid genes, respectively,

and this difference was significant (Wilcoxon rank-sum test,

P< 0.00001; fig. 2B). LRTs indicated that dN/dS values for

mitochondrial-encoded ccmFn, matR, and nad2 genes were

significantly different in the G. brycei/G. incanum clade com-

pared with other Geranium mitochondrial genes (supplemen-

tary table S7, Supplementary Material online).

To address whether accelerated nucleotide substitution

rates in G. brycei and G. incanum were affected by HGT

(i.e., these two species contain intact native and foreign cop-

ies of atp8, cox2, nad2, and rps1; Park et al. 2015a), native

copies were compared with their orthologs from other

Geranium species. Significant differences in rate variation

were identified in six of the eight comparisons; the two excep-

tions were dS of atp8 and dN of cox2 (Wilcoxon rank-sum test,

P< 0.05; supplementary fig. S10, Supplementary Material

online).

Elevated Substitution Rates Following Duplication of
Plastid-Encoded clpP and rpoA Genes

Both G. phaeum and G. reflexum contained two divergent

copies of clpP (75.2% and 75.8% nucleotide identity be-

tween paralogs) and rpoA (88.5% and 87.8% nucleotide

identity between paralogs) genes in the plastome single

copy (SC) region, and all copies include complete conserved

domains (fig. 3). No gene conversion between the paralogs of

clpP and rpoA genes was detected by GENECONV (Martin

et al. 2015). Phylogenetic analyses of these copies with other

Geranium orthologs indicated that the extra copies derived

from duplication events that occurred in the common ances-

tor of G. phaeum and G. reflexum (fig. 3). To examine
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sequence evolution of the duplicated genes, pairwise compar-

isons of dN and dS among their homologs were computed

using a constraint tree (supplementary fig. S3B,

Supplementary Material online). Branch lengths of dN for

clpP for G. phaeum1 and G. reflexum1 were 2.0 times and

2.4 times longer than their paralogs G. phaeum2 and G.

reflexum2, whereas dS branch lengths for G. phaeum2 and

G. reflexum2 were 7.5 times and 7.4 times longer than their

paralogs, respectively (fig. 3A). Fourteen branches with

dN/dS> 1 were detected (shown in red font in supplementary

table S8, Supplementary Material online) but LRTs showed

that none of them were significantly different (P¼ 1.00 after

Bonferroni correction, supplementary table S8,

Supplementary Material online). dN branches for G. phaeum2

and G. reflexum2 rpoA were 15.4 times and 9.6 times longer

than their paralogs G. phaeum1 and G. reflexum1 and dS

branches were 21.5 times and 7.0 times longer, respectively

(fig. 3B). Six branches with dN/dS>1 were detected (shown in

FIG. 1.—Organelle gene divergence among 17 species of Geranium. (A) Plastid and mitochondrial phylograms of nonsynonymous (dN) or synonymous

(dS) substitution rates based on 72 plastid and 26 mitochondrial genes, respectively. All trees are drawn to the same scale and scale bar indicates the number

of substitutions per site. C., California; E., Erodium; G., Geranium; M., Monsonia. (B) Box plots of the values of dN and dS for Geranium plastid (red) and

mitochondrial (blue) individual genes or functional groups of genes (see supplementary table S2, Supplementary Material online). The box represents values

between quartiles, solid lines extend to minimum and maximum values, horizontal lines in boxes show median values but outliers were eliminated (see

supplementary fig. S4 for outlier information, Supplementary Material online). Significance of fit was evaluated by pairwise Wilcoxon rank sum tests in the R

package.
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red font in supplementary table S9, Supplementary Material

online). LRTs showed that only one branch, leading to G.

phaeum and G. reflexum, had a significantly different dN/dS

for rpoA (P< 0.001 after Bonferroni correction, supple-

mentary table S9, supplementary fig. S3b,

Supplementary Material online), indicating positive se-

lection (dN/dS¼ 4.7) in the ancestor of these two species.

Lineage-specific rate accelerations of the other three

plastid-encoded polymerase (PEP) genes rpoB, rpoC1,

and rpoC2 were observed on the branch leading to G.

phaeum and G. reflexum compared with their sister spe-

cies Geranium subcaulescens (supplementary fig. S11,

Supplementary Material online), although among the

four PEP genes only rpoB had a significantly different

dN/dS in LRTs (P< 0.05 after Bonferroni correction; sup-

plementary table S10, Supplementary Material online).

Structural Evolution of Plastid-Encoded clpP Gene

Geranium and Monsonia plastomes contain clpP-like open

reading frames (ORFs) that are intronless but retain conserved

domains (supplementary fig. S12A, Supplementary Material

online). The first 71 nucleotides of the ORFs is a highly diver-

gent region that represents the former first exon (43–55%

nucleotide sequence identity compared with Nicotiana taba-

cum, supplementary fig. S13, Supplementary Material online).

The C-terminal portions of the ORFs included the conserved

domain and the remaining sequence of the Geranium and

Monsonia clpP-like ORFs was highly variable, ranging from

252 to 488 bp in length (supplementary fig. S12A,

Supplementary Material online). The conserved C to U editing

site of the clpP gene, which was characterized by Chateigner-

Boutin et al. (2008), was also detected in the 30 end of the

sequence (supplementary fig. S14, Supplementary Material

online). To investigate a correlation between structural evolu-

tion of the plastid-encoded clpP gene and substitution rates,

dN and dS of clpP for representative angiosperms and

Geraniales were calculated using sequences from the con-

served domain. Multiple lineage-specific accelerations of dN

and dS were detected within the groups that experienced the

intron loss in clpP (supplementary fig. S12B, Supplementary

Material online). The dN and dS values were more strongly

correlated in the groups that contain structural changes in

clpP (Pearson’s correlation, R¼ 0.8985, P< 0.0001) than in

other angiosperms (R¼ 0.7704, P< 0.0001), and Wilcoxon

rank-sum test showed that dN is significantly different be-

tween these groups (dN, P< 0.001; dS, P¼ 0.0708; sup-

plementary fig. S15A, Supplementary Material online).

Mitochondrial genes

P
la

s
ti
d
 g

e
n
e
s

G. brycei & G. incanum

G. brycei & G. incanum

dN : R = 0.7621, p < 0.0001

y = 3.52x + 0.0007

dS : R = 0.6879, p < 0.0001

y = 3.39x + 0.0017 dN

dS

Organelle Genes

A B

PT dN  vs  MT dN

p < 0.00001

PT dS  vs  MT dS

p < 0.00001

FIG. 2.—Plastid and mitochondrial sequence divergence among Geranium species. (A) Correlation of nonsynonymous (dN, red circles) and synonymous

(dS, blue triangles) substitution rates between each shared branch in the phylogram shown in supplementary fig. S3A, Supplementary Material online. Linear
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LRTs showed that the branches leading to clades A2

(branch 18), A3 (branch 24), B (branch 32), and

California (branch 34) had significantly different dN/dS,

and that the branches within Geraniaceae including

Geranium also had significantly different dN/dS (indicated

in red font in supplementary table S11, Supplementary

Material online).

Interruption of Plastid-Encoded accD

Plastomes of all Geranium species examined and C. macro-

phylla have an expanded acetyl-CoA carboxylase subunit

b (accD) ORF compared with N. tabacum (1,539 bp), ranging

in size from 2,748 bp in C. macrophylla to 3,576 bp in G.

brycei. The conserved domain of accD is split into two portions
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FIG. 3.—Duplication of plastid-encoded clpP and rpoA genes in G. phaeum and G. reflexum. (A) Schematic diagram of the genomic regions surrounding

the plastid clpP homologs from G. phaeum and G. reflexum. Pink box indicates conserved domain (caseinolytic protease). Maximum likelihood (ML) gene

tree (left) based on clpP nucleotide sequences. ML phylograms used the constraint tree in supplementary fig. S3B, Supplementary Material online to show

nonsynonymous (dN) or synonymous (dS) substitution rates of clpP (middle, right, respectively). (B) Schematic diagram of the genomic regions surrounding

the rpoA homologs from G. phaeum and G. reflexum plastomes. Pink box indicates two conserved domains (RNA_alpha_NTD and RNA_pol_A_CTD). ML

gene tree (left) based on rpoA nucleotide sequences. ML phylograms used the constraint tree in supplementary fig. S3B, Supplementary Material online to

show dN and dS of rpoA (middle, right, respectively). Branches with significantly higher dN/dS (4.7405) detected by likelihood ratio test (LRT) are marked with

two asterisks (P<0.001 after Bonferroni correction; supplementary table S9, Supplementary Material online). Clade A2 within Geranium (supplementary fig.
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by a large insertion of 547 amino acids (fig. 4). Interruption of

the conserved domain was also detected in accD-like ORFs

from three other genera of Geraniales (i.e., Pelargonium alter-

nans, NC_023261; Pelargonium cotyledonis, KM459516; and

Viviania marifolia, NC_023259).

To investigate the effect of the insertion on nucleotide sub-

stitution rates of accD, dN, and dS were calculated for

Geraniaceae and representative angiosperms using only the

conserved domain sequences. Higher values of dN and dS

were identified in accD genes on branches leading to

Geraniaceae and Viviania compared with other angiosperms

(supplementary fig. S16, Supplementary Material online).

Both dN and dS values were more strongly correlated in the

divergent groups with the interrupted accD conserved do-

main (Pearson’s correlation, R¼ 0.9699, P¼ 0.0301) than in

angiosperms with intact domains (R¼ 0.6598, P< 0.0001),

and Wilcoxon rank-sum test showed that branch values of

dN and dS were significantly different between the two groups

(dN, P< 0.001; dS, P< 0.001; supplementary fig. S15B,

Supplementary Material online).

A

B

FIG. 4.—Characterization of the plastid-encoded acetyl-CoA carboxylase beta subunit (accD) genes of Geranium. (A) Schematic diagram of the genomic

region surrounding accD in the G. phaeum plastome compared with Nicotiana tabacum. Boxes inside accD gene (gray) indicate the conserved domain

(acetyl-CoA carboxylase beta subunit; pink). (B) Amino acid sequence alignment of plastid-encoded acetyl-CoA carboxylase beta subunit conserved domain

including the insertion regions from 17 Geranium species and California macrophylla. Red boxes indicate the conserved domain of acetyl-CoA carboxylase

beta subunit and shaded gray box indicates well-known putative catalytic site (Lee et al. 2004).
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Coordination of Acetyl-CoA Carboxylase Gene Function
between Plastid and Nuclear Genomes

Examination of transcriptomes (Ruhlman et al. 2015; Zhang

et al. 2015) provided evidence that all Geraniaceae except

Hypseocharis contained two transcripts for the nuclear, eu-

karyotic acetyl-CoA carboxylase (ACC) gene (ACC1 and

ACC2; fig. 5). One of these copies (arbitrarily referred to as

ACC2) has an extended sequence at the 50 end predicted by

TargetP to be a plastid transit peptide in the product (supple-

mentary table S12, Supplementary Material online). Three

nuclear-encoded transcripts (accA, accB, and accC) for

plastid-targeted proteins similar to Arabidopsis homologs

were also detected across Geraniaceae (fig. 5B, supplemen-

tary table S12, Supplementary Material online). In contrast, an

accD gene transfer from the plastid to the nucleus was iden-

tified in the Hypseocharis and Monsonia transcriptomes and

the predicted ORF contained a transit peptide sequence (sup-

plementary fig. S17, supplementary table S12,

Supplementary Material online). The target peptides were

75 and 76 amino acids long in Hypseocharis and Monsonia,

respectively, and their alignment length was 78 amino acids

long with a sequence identity of 19.2% (supplementary fig.

S17, Supplementary Material online). The nuclear-encoded

accD of these two species contains a large insertion that inter-

rupted the conserved domains (supplementary fig. S17A,

Supplementary Material online), similar to the plastid-

encoded accD in Geraniaceae (fig. 4).

Phylogenetic analyses of nuclear-encoded ACC homologs

from Geraniaceae showed that each of the orthologs

grouped together (fig. 5C), suggesting that the duplication

event occurred in the common ancestor of Geraniaceae ex-

cluding Hypseocharis (fig. 5D). Pairwise analysis of dN and dS

for ACC homologs showed that the ACC1 ortholog had ele-

vated dS and lower dN values (supplementary fig. S18,

Supplementary Material online) and Wilcoxon rank-sum test

showed that dN is significantly different between ACC ortho-

logs (P¼ 0.01017, supplementary fig. S18B, Supplementary

Material online). On the basis of the organismal divergence

time in Geraniaceae (Park et al. 2015a), the interruption of the

conserved domains of plastid accD occurred between 61 Ma

and 95 Ma (fig. 5D). Divergence time estimates suggest that

the nuclear ACC gene duplication occurred 51 Ma in

Geraniaceae excluding Hypseocharis (fig. 5D; supplementary

fig. S19, Supplementary Material online for more detailed di-

vergence time estimates).

Discussion

Organelle sequencing across the angiosperm family

Geraniaceae revealed accelerated substitution rates and rapid

structural evolution in plastomes (Guisinger et al. 2008, 2011;

Weng et al. 2014, 2017; Blazier et al. 2016b; Ruhlman et al.

2017) as well as highly accelerated substitution rates in mito-

genomes (Parkinson et al. 2005, Bakker et al. 2006,

Weng et al. 2012). However, because only one to three spe-

cies of the largest genus Geranium with >400 species (Aedo

et al. 1998) were included in previous studies, little is known

about the evolution of their organelle genomes. In this study,

we analyzed all shared protein coding genes from both plas-

tomes and mitogenomes of 17 Geranium species and closely

related species in the family to compare patterns of evolution-

ary rates in both organelles. We identified several unusual

phenomena, including gene-specific and lineage-specific

rate accelerations with one lineage showing significantly

higher rates in mitochondrial genes than plastid genes, differ-

ent rates of nucleotide substitutions in duplicate copies of

plastid genes, a correlation between accelerated rates and

structural variation in the plastid-encoded clpP gene and a

complex evolutionary history of gene interruption, transfer

and duplication of both the eukaryotic and prokaryotic ace-

tyl-CoA carboxylase genes. Our discussion will focus on these

unusual phenomena, which highlight the dynamic evolution-

ary history of Geranium organellar genomes.

Substitution Rate Variation in Geranium Organelle
Genomes

Extensive variation in organelle substitution rates was

detected in Geranium. Our study identified gene-specific pat-

terns of rate variation in organelle protein coding genes

(figs. 1B, supplementary figs. S6 and S7, Supplementary

Material online). Among plastid genes, several had acceler-

ated dN, including cemA, clpP, matK, and genes encoding

large and small subunit ribosomal proteins and PEP subunits.

These are the same plastid genes/functional groups that had

significantly accelerated dN in a family-wide comparison

(Guisinger et al. 2008). The most extreme case was clpP,

which had significantly higher dN with a nearly 13-fold in-

crease. In the case of mitochondrial-encoded genes, rate

accelerations were restricted to synonymous sites with mem-

bers of the atp functional group having a significantly higher

dS with a 3-fold increase. This pattern of accelerated dN in

plastid genes and dS in mitochondrial genes in Geranium is

similar to that previously reported in Pelargonium, another

large genus of Geraniaceae (Weng et al. 2012).

Lineage-specific accelerated rates of nucleotide substitu-

tions occur in both genomes, which are especially evident

from the longer branches in clades A2 and A4 that include

G. incanum/G. brycei and G. phaeum/G. reflexum (fig. 1A,

supplementary figs. S6 and S7, Supplementary Material on-

line). The rate accelerations in mitochondrial and plastid genes

occur in different clades indicating that different lineages are

affected by rate variation in the two genomes. Previous stud-

ies have shown that substitution rate is generally three times

slower in mitogenomes than in plastomes (Wolfe et al.

1987; Drouin et al. 2008). Some lineages (Geraniaceae,

Ajuga, Plantago, and Silene) have experienced a substantial

rate increase in the mitogenome (Cho et al. 2004;
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(C) Maximum likelihood (ML) gene tree based on nuclear-encoded ACC homologs among angiosperms. The numbers “1” and “2” after each species in the
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estimates for Geraniaceae. The evolutionary events are marked with squares and are shown in colored boxes. Numbers at nodes indicate divergence time
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Parkinson et al. 2005; Mower et al. 2007; Sloan et al. 2008;

Zhu et al. 2014). Geranium brycei and G. incanum exhibit

accelerated rates in mitochondrial genes compared with their

plastid counterparts (fig. 2B). This pattern contrasts with a

previous study that showed that in most angiosperms non-

synonymous and synonymous substitution rates are 1.8 and

4.9 times faster in the plastome than the mitogenome, re-

spectively (Zhu et al. 2014). Rate comparisons in Ajuga by Zhu

et al. (2014) showed a similar pattern of higher rates of nu-

cleotide substitutions in the mitogenome than the plastome.

They suggested that localized hypermutation or mRNA retro-

processing was likely responsible for this phenomenon. A pre-

vious study in Geranium (Park et al. 2015a) showed that all

examined Geranium mitochondrial genes had similar editing

sites, suggesting that the accelerated rates in G. brycei and G.

incanum genes are not caused by RNA editing frequency. The

mitogenomes of these two species have acquired a number

of foreign organelle genes (atp8, cox2, nad2, and rps1) via

HGT (Park et al. 2015a). It is possible that the substitution

rates correlate with gene conversion between the native

and foreign copies, however, gene conversion was only found

in the cox2 gene of G. brycei (Park et al. 2015a). The mito-

chondrial rate accelerations in G. brycei and G. incanum do

not appear to be a gene-specific phenomenon because many

genes show higher rates in these species (supplementary figs.

S5 and S7, Supplementary Material online). Furthermore, ac-

celerated rates of these same genes have occurred in several

other Geranium lineages. One possible cause for this pattern

in Geranium is dysfunction of the DNA-RRR machinery, which

has been suggested previously in groups with accelerated mi-

tochondrial rates (Parkinson et al. 2005; Mower et al. 2007;

Sloan et al. 2012a). The correlation between nucleotide sub-

stitution rates and structural evolution in Geranium, particu-

larly where mitochondrial-targeted DNA-RRR genes are

involved, should be explored to test this hypothesis.

Rate Variation among Duplicated Plastid Genes

Most plastid gene duplications are caused by IR expansion

(Jansen and Ruhlman 2012), and duplicate copies are homog-

enized by gene conversion during homologous recombination

between the repeats. However, partial or complete gene

duplications have been documented in SC regions in a few

lineages including Geraniaceae (Guisinger et al. 2011;

Ruhlman et al. 2017), Fabaceae (Cai et al. 2008; Sabir et al.

2014; Sveinsson and Cronk 2014), Campanulaceae (Haberle

et al. 2008), and Caryophyllaceae (Erixon and Oxelman 2008).

Geranium phaeum and G. reflexum plastomes each contain

two divergent copies of clpP and rpoA genes in the LSC region

(fig. 3). The phylogenetic placement of the duplicate copies

indicates that clpP and rpoA were duplicated in the common

ancestor of two species (fig. 3). On the basis of previously

published divergence times (Park et al. 2015a), the duplication

events occurred between 2.0 and 8.7 Ma.

Elevated substitution rates and positive selection or relaxed

functional constraints are often associated with gene duplica-

tion (Ohta 1994). Duplicate copies of clpP and rpoA in G.

phaeum and G. reflexum have experienced asymmetric rate

divergence (fig. 3). Analysis of dN/dS for clpP did not detect

positive selection on the branch leading to G. phaeum and G.

reflexum (supplementary table S8, Supplementary Material

online). In the case of rpoA, however, the branch leading to

G. phaeum/G. reflexum had a dN/dS significantly >1 after

Bonferroni-correction, indicating positive selection or relaxa-

tion of purifying selection acting on the gene in the ancestor

of these two species (fig. 3B, supplementary table S9,

Supplementary Material online). In Campanulastrum ameri-

canum (Campanulaceae) positive selection was also detected

in clpP and some populations had a partial duplication of the

first exon (Barnard-Kubow et al. 2014). The authors sug-

gested that accelerated evolution in the plastome may con-

tribute to cytonuclear incompatibility. This hypothesis was

supported in a recent study of rapidly evolving plastid-

nuclear protein complexes in Silene (Rockenbach et al. 2016).

Duplications of genes in the SC regions have been reported

for several genes in unrelated groups of angiosperms and in

some cases this involves the same two genes, clpP and rpoA,

that are duplicated in Geranium. In two genera of the tribe

Sileneae (Silene and Lychnis, Caryophyllaceae), high substitu-

tion rates were accompanied by gene duplications, loss of

introns and positive selection in clpP (Erixon and Oxelman

2008). A similar pattern was observed in the G. phaeum/G.

reflexum clade in which the tandemly duplicated clpP genes

lack both introns. Another example of gene duplication in SC

regions was recently reported for rpl20 in M. emarginata in

Geraniaceae (Ruhlman et al. 2017). In this case, there are five

copies included in a larger repeat in this IR-lacking species that

have very high nucleotide sequence identity (96%) and there is

GC biased gene conversion between the copies. Furthermore,

replication dependent recombination between the rpl20

repeats produces alternative plastome arrangements. This

species also has duplicated, intronless copies of clpP.

Duplication of rpoA has also been documented in

Pelargonium but in this case duplicate copies reside in the IR

(Blazier et al. 2016a; Weng et al. 2017). Up to six copies of

rpoA are present in each IR in some species and although

rates of nucleotide substitutions are very high and levels of

amino acid sequence identity is as low as 19% compared with

the outgroup Eucalyptus, this gene is experiencing purifying

selection and functional domains remain intact, suggesting

that the rpoA is functional in Pelargonium. In this case, the

multiple copies are homogenized via gene conversion.

Evolution of the ATP-Dependent Clp Protease Proteolytic
Subunit

In plant cells, the ATP-dependent Clp protease proteolytic

subunit gene (clpP) that contains two introns is encoded in
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plastids and is involved in protein metabolism (Peltier et al.

2004; Stanne et al. 2009). Several angiosperm lineages have

experienced loss or structural evolution (i.e., lack of first intron

or both introns) of the plastid-encoded clpP (Erixon and

Oxelman 2008; Martinez-Alberola et al. 2013; Sloan et al.

2014; Barnard-Kubow et al. 2014; Wang et al. 2016;

Ruhlman et al. 2017). We identified an extremely divergent,

intronless clpP gene that was previously annotated as a pseu-

dogene or loss in Geranium and Monsonia plastomes

(Guisinger et al. 2011; Weng et al. 2014). Intron loss may

be explained by direct genomic deletion, exonization of

introns, retroprocessing and HGT of an intronless version of

a gene followed by gene conversion with native copies

(reviewed in Hepburn et al. 2012). The most parsimonious

interpretation for clpP intron loss in Geraniaceae involves

the loss of the first intron in the common ancestor of

Geranium, California, Erodium, and Monsonia followed by

loss of the second intron independently in Geranium and

Monsonia. The mechanism of the first intron loss is indiscern-

ible from the present data, although two possible mecha-

nisms are exonization of the intron or intron loss followed

by an insertion. However, the second intron is likely to have

been lost in Geranium and Monsonia through retroprocess-

ing, which involves genetic integration of an intronless cDNA

intermediate produced by reverse transcription of a spliced

mRNA. This explanation is supported by the fact that

Geranium and Monsonia clpP genes show the parallel loss

of introns and a RNA editing site (fig. 3A, supplementary

fig. S14, Supplementary Material online).

Extensive analyses of the plastid-encoded clpP gene across

angiosperms revealed that structural changes in clpP genes

are correlated with elevated substitution rates in several line-

ages (supplementary fig. S12, Supplementary Material on-

line). In Geraniaceae lineages, high substitution rates were

accompanied by positive or relaxed purifying selection. Our

results also showed that increased nonsynonymous substitu-

tion rates in clpP were recurrent in the family. A similar situ-

ation was observed in some Silene lineages (Erixon and

Oxelman 2008; Sloan et al. 2014) where clpP genes had ele-

vated dN and dS associated with the loss of the introns. Gene-

specific rate accelerations could be explained by localized

hypermutation (Sloan et al. 2009; Magee et al. 2010) or mu-

tagenic retroprocessing (Parkinson et al. 2005; Zhu et al.

2014). Consistent with the mechanism of the intron losses,

mutagenic retroprocessing is favored as a potential explana-

tion for clpP in Geranium and Monsonia.

Evolution of Acetyl-CoA Carboxylase

Acetyl-CoA carboxylase (ACCase) is crucial to fatty acid me-

tabolism in most living organisms (Wakil et al. 1983; Kode

et al. 2005) and two types of ACCase (i.e., eukaryotic and

prokaryotic) are known (Wakil et al. 1983). The eukaryotic

ACCase is a single multifunctional polypeptide chain encoded

in the nucleus that operates in the cytoplasm. The prokaryotic

ACCase comprises four subunits: The acetyl-CoA carboxylase

subunit a (accA), the biotin carboxyl carrier protein subunit

(accB), the biotin carboxylase subunit (accC), all nuclear-

encoded, and the acetyl-CoA carboxylase subunit b (accD),

which is encoded in the plastid (fig. 5A and B). Plant cells

contain both types of ACCase, the eukaryotic type and the

prokaryotic type, and the latter assembles in the plastid sub-

sequent to the import of the three nuclear-encoded subunits.

The plastid-encoded accD gene has been lost multiple times

across angiosperms (Ruhlman and Jansen 2014), however,

because the plastid ACCase is essential a functional replace-

ment must occur. Several studies have shown that the missing

plastid-encoded accD gene has been transferred to the nu-

cleus (Rousseau-Gueutin et al. 2013; Sabir et al. 2014; Li et al.

2016), or alternatively that the prokaryotic ACCase has been

replaced by the nuclear-encoded eukaryotic type (Konishi

et al. 1996; Gornicki et al. 1997). Substitution of the dupli-

cated eukaryotic ACCase for the plastid ACCase has been

documented in Brassica (Schulte et al. 1997) and Poaceae

(Konishi et al. 1996; Gornicki et al. 1997). Co-existence of

the plastid-targeted eukaryotic ACCase and the plastid-

encoded, prokaryotic ACCase has been documented in

Arabidopsis (Babiychuk et al. 2011) and likely occurs more

widely in Brassicaceae (Rousseau-Gueutin et al. 2013).

According to Babiychuk et al. (2011) the prokaryotic

ACCase, including the subunit encoded by accD, provides

most of the ACCase activity.

The evolutionary history of ACCase in Geraniaceae is com-

plex (fig. 5D). All species examined have copies of the three

nuclear encoded prokaryotic subunits (A, B, C; supplementary

table S12, Supplementary Material online) and the plastid-

encoded accD with a large insertion that interrupts the con-

served domain. The acetyl-CoA carboxylase subunit b,

encoded by plastid accD, is likely functional in Geraniaceae

as it retains the putative catalytic site at the C-terminus

(Rousseau-Gueutin et al. 2013). Large insertions in accD

have been documented in other lineages including cupresso-

phyte conifer clade (Hirao et al. 2008; Yi et al. 2013) and the

legume Medicago truncatula (Gurdon and Maliga 2014). Like

Geraniaceae, in both of these cases accD preserves an intact

reading frame suggesting functionality. The conserved do-

main of accD likely was interrupted in the common ancestor

of Geraniaceae. Two examined Geraniaceae, Hypeocharis

and Monsonia, have a plastid-to-nucleus functional transfer

of the formerly plastid-encoded accD gene, and this likely also

occurred in the ancestor of the family because the nuclear

copies have the interrupted conserved domain (supplemen-

tary fig. S17, Supplementary Material online). Although trans-

fer of DNA from the plastid to the nuclear genome is frequent

(Noutsos et al. 2005), functionalization of transferred sequen-

ces is far less common. The low level of amino acid identity

(19.2%) indicates that the transit peptides have diverse origins

within the nuclear genomes of each species. The Geraniaceae
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is only the second angiosperm family in which a plastid-

targeted eukaryotic ACCase and the plastid-encoded, pro-

karyotic ACCase are known to co-exist.

Organelle genomes of Geranium exhibit both lineage-

specific and gene-specific rate accelerations where mitoge-

nomes have increased rates in synonymous substitutions

whereas nonsynonymous substitutions are accelerated in

plastomes. The two most unusual phenomena in Geranium

organelle genomes concern substitution rates in the mitoge-

nome and the evolutionary history of acetyl-CoA carboxylase.

Geranium provides only the second example among angio-

sperms in which rates are significantly higher in the mitoge-

nome than the plastome. Evolution of ACCase is complex in

the Geraniaceae because of the interruption and transfer of

the prokaryotic, plastid encoded accD subunit and the dupli-

cation of the eukaryotic subunit with one copy now targeted

to the plastid, making it only the second example among

angiosperms of the co-existence a plastid-targeted eukaryotic

ACCase and the plastid-encoded, prokaryotic ACCase.

Finally, our results support the suggestion that accelerated

evolution in the plastome in angiosperm lineages like

Geraniaceae may contribute to cytonuclear incompatibility

(Barnard-Kubow et al. 2014; Zhang et al. 2015;

Rockenbach et al. 2016; Ruhlman et al. 2017).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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