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Abstract

Plastids and mitochondria have many protein complexes that include subunits encoded by organelle and nuclear genomes. In animal
cells, compensatory evolution between mitochondrial and nuclear-encoded subunits was identified and the high mitochondrial
mutation rates were hypothesized to drive compensatory evolution in nuclear genomes. In plant cells, compensatory evolution
between plastid and nucleus has rarely been investigated in a phylogenetic framework. To investigate plastid—nuclear coevolution, we
focused on plastid ribosomal protein genes that are encoded by plastid and nuclear genomes from 27 Geraniales species. Substitution
rates were compared for five sets of genes representing plastid- and nuclear-encoded ribosomal subunit proteins targeted to the
cytosol or the plastid as well as nonribosomal protein controls. We found that nonsynonymous substitution rates (dV) and the ratios of
nonsynonymous to synonymous substitution rates (w) were accelerated in both plastid- (CpRP) and nuclear-encoded subunits
(NuCpRP) of the plastid ribosome relative to control sequences. Our analyses revealed strong signals of cytonuclear coevolution
between plastid- and nuclear-encoded subunits, in which nonsynonymous substitutions in CpRP and NuCpRP tend to occur along the
same branches in the Geraniaceae phylogeny. This coevolution pattern cannot be explained by physical interaction between amino
acid residues. The forces driving accelerated coevolution varied with cellular compartment of the sequence. Increased @ in CpRP was
mainly due to intensified positive selection whereas increased o in NuCpRP was caused by relaxed purifying selection. In addition, the
many indels identified in plastid rRNA genes in Geraniaceae may have contributed to changes in plastid subunits.
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Introduction critical for cellular function and provide an ideal system to

Plastids and mitochondria, the cytoplasmic organelles of eu-
karyotic cells that contain their own genomes, are descen-
dants of free-living prokaryotes (Gray et al. 2001; McFadden
2001). Since the establishment of endosymbiosis, the bulk of
plastid genetic material has been transferred to the nuclear
genome (Timmis et al. 2004) and nuclear-encoded proteins
regulate the expression of genes retained in the organelle
genome (Peled-Zehavi and Danon 2007). As a result proper
functioning of the plastid requires the import of proteins
encoded by nuclear genes and is dependent on coordination
between organelle- and nuclear-encoded proteins that assem-
ble plastid-localized multisubunit complexes.

Multisubunit protein complexes comprising proteins
encoded by both the organelle and nuclear genomes are

examine intergenomic coevolution (Rand et al. 2004; Sloan
2015; Zhang et al. 2015). In order to maintain proper func-
tion, purifying selection is likely the driving force in the evolu-
tion of these subunits. However, if mutations arise and
become fixed in subunits encoded by one genome, either
by drift or positive selection, these alterations may trigger cor-
responding changes in subunits encoded by the other
genome. These coevolutionary changes can be detected by
comparisons of the nucleotide substitution rates of subunits
encoded in the organelles and nucleus (Lovell and Robertson
2010).

In animal cells, there is evidence of compensatory evolution
between mitochondrial and nuclear-encoded genes (Osada
and Akashi 2012; Barreto and Burton 2013). In plant cells,
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studies have found coordinated acceleration in plastid- and
nuclear-encoded subunits that are part of the same protein
complex (Sloan et al. 2014; Zhang et al. 2015). However,
except for the Zhang et al. (2015) study, the evolutionary
forces driving this coordinated acceleration in plants have
not been investigated within a phylogenetic framework.

The plastid ribosome (70S) is composed of a small subunit
(30S) and a large subunit (50S), both of which contain plastid-
and nuclear-encoded subunits. In the model plant tobacco
(Nicotiana tabacum), the small subunit has 21 proteins that
have homologs in Escherichia coli, of which 12 are plastid-
encoded and nine are nuclear-encoded (Fleischmann et al.
2011). Similarly, the large subunit has 31 proteins that have
homologs in E. coli, of which nine are plastid-encoded and 22
nuclear-encoded (Fleischmann et al. 2011). In addition, there
are six nuclear-encoded, plastid-specific ribosomal proteins
that have no homology to any bacterial ribosomal protein
(Yamaguchi and Subramanian 2000; Yamaguchi et al. 2000).

The pseudogenization or loss of plastid-encoded ribosomal
protein genes from plastid genomes has been documented
multiple times across angiosperms (Jansen et al. 2007,
Ruhlman and Jansen 2014). Endosymbiotic gene transfer is
an ongoing evolutionary process (Matsuo et al. 2005;
Noutsos et al. 2005; Stegemann and Bock 2006; Kleine
et al. 2009) and while rare, the establishment of nuclear ex-
pression for a transferred gene could render the plastid-
encoded copy redundant. Functional plastid-to-nucleus gene
transfers have been associated with pseudogenization and/or
loss of plastid-encoded ribosomal protein genes, such as rp/22
in Fagaceae (Jansen et al. 2011) and Fabaceae (Gantt et al.
1991), and rp/32 in Populus (Cusack and Wolfe 2007; Ueda
et al. 2007) and Ranunculaceae subfamily Thalictroideae (Park
et al. 2015).

In other cases, such as rps76 and rp/23, genes for ribosomal
proteins have been lost from the plastid genome with their
function substituted by an alternative gene product. The prod-
uct of plastid-encoded rps76 gene in Medicago and Populus
was substituted by a mitochondrial RPS16 that is nuclear-
encoded and dual-targeted to both organelles (Ueda et al.
2008). In spinach (Spinacia oleracea), the plastid-encoded
rpl23 is a truncated pseudogene, and the eukaryotic cytosolic
RPL23 has replaced the product of prokaryotic rp/23 in the
plastid ribosome (Bubunenko et al. 1994).

Coordination between the nucleus and organelles is vital
for eukaryotic cells, yet molecular evolutionary rates can vary
dramatically between the genomes in these compartments
(Wolfe et al. 1987; Drouin et al. 2008). The intergenomic dy-
namics that maintain organismal function despite the con-
trasting evolutionary trajectories of nuclear and organellar
genomes have been previously studied through cytonuclear
coadaptation (Budar and Fujii 2012; Greiner and Bock 2013),
speciation (Levin 2003), hybrid incompatibility (Jonson 2010),
endosymbiotic gene transfer (Brandvain and Wade 2009), and
compensatory evolution (Osada and Akashi 2012; Barreto and

Burton 2013). Plastid-nuclear compensatory evolution has
rarely been investigated due to the low and homogeneous
substitution rates in plastid genes. The highly accelerated sub-
stitution rates in different lineages and functional groups of
genes in Geraniaceae plastid genomes (Guisinger et al. 2008;
Weng et al. 2012), however, provide an excellent system for
investigating compensatory coevolution in plant cells.

In this study, ribosomal gene sequences were assembled
for 25 species of Geraniaceae and seven outgroups from other
rosids. We analyzed each species for rates of synonymous (dS)
and nonsynonymous (dN) nucleotide substitutions, and dN/dS
ratios (o or omega) for five sets of genes: nuclear-encoded
plastid-targeted ribosomal protein genes (NuCpRP), nuclear-
encoded cytosol-targeted ribosomal genes (NuCyRP), other
nuclear-encoded plastid-targeted genes that are not involved
in ribosomes (NuCpOT), plastid-encoded ribosomal protein
genes (CpRP) and plastid-encoded photosynthesis genes
(CpPS). We found that both NuCpRP and CpRP had signifi-
cantly higher dN than other nuclear- and plastid-encoded
genes, and that both NuCpRP and CpRP had higher o in
Geraniaceae than in the outgroups. Furthermore, our analyses
revealed that nonsynonymous substitutions in CpRP and
NuCpRP tend to occur along the same branches in the
Geraniaceae phylogeny suggesting cytonuclear coevolution
between plastid- and nuclear-encoded subunits of the plastid
ribosome.

Materials and Methods

Plastid-Encoded Gene Sequences

Seven outgroup and 25 Geraniaceae species were included in
the study (fig. 1). Published plastid genome sequences were
downloaded from NCBI (supplementary table ST,
Supplementary Material online). Sequences for CpRP, CpPS,
and ribosomal RNA genes in these species were identified
from the available annotations. Previously unpublished
Pelargonium and Geranium plastid genomes were de novo
assembled following the methods in Weng et al. (2014).
Sequences for CpRP and CpPS in assembled contigs were
identified using DOGMA (Wyman et al. 2004) with default
settings, and submitted to Genbank. The accession numbers
for all species in this study are listed in supplementary table S1,
Supplementary Material online.

Nuclear-Encoded Gene Sequences

Nuclear genome sequences for Eucalyptus grandis, Vitis vinif-
era, Gossypium raimondli, Arabidopsis thaliana, and Citrus
sinensis were obtained from Phytozome v9.1 (Goodstein
et al. 2012). The sequencing and assembly of transcriptomes
for Melianthus villosus, Francoa sonchifolia, and 25
Geraniaceae species were described previously (Zhang et al.
2013 and Ruhlman et al. 2015). Nuclear-encoded NuCpRP,
NuCpOQT, and NuCyRP in A. thaliana were identified from the
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Vitis vinifera
Eucalyptus grandis
Citrus sinensis
Gossypium raimondii
Arabidopsis thaliana
Melianthus villosus
Francoa sonchifolia
H. bilobata
P. tetragonum
P. myrrhifolium
P. hortorum
P. transvaalense
P. cotyledonis
P4 P. australe
P. dichondrifolium

P. extipulatum
P. nanum
P. citronellum
- P. echinatum

P. incrassatum

P. fulgidum
= M. emarginata
k= M. marlothii
G. maderense
G. incanum
G. phaeum
C. macrophylla
E. texanum
E. gruinum
E. chrysanthum
E. trifolium
E. foetidum ssp. cheilanthifolium

Geraniaceae

Fic. 1.—Cladogram of species included in the study. Topology was
based on the ML tree generated from concatenated CpRP sequences listed
in table 1. Geraniaceae (thick branches) are specified as foreground line-
ages that can have different ® in branch-site tests implemented in the
software of Phylogenetic Analysis by ML, PAML (Yang 2007).

UniProt database (www.uniprot.org, last accessed on May 18,
2016), Plant Proteomics Data Base (Sun et al. 2009) and the
literature (Yamaguchi and Subramanian 2000; Yamaguchi
et al. 2000). The corresponding coding sequences for A. thali-
ana were downloaded from The Arabidopsis Information
Resource database (https:/Avww.arabidopsis.org, last accessed
on May 18, 2016). Sequences for NuCpRP, NuCpQOT, and
NuCyRP from 31 species, excluding A. thaliana, were obtained
by reciprocal blast searches (tBLASTn and BLASTx default set-
tings in BLAST version 2.2.29+) against downloaded genome
or transcriptome assemblies (table 1 and supplementary table
S1, Supplementary Material online) using translated A. thaliana
genes as queries. Because plant genomes often contain mul-
tiple copies of NUCyRP, neighbor-joining trees (Saitou and Nei
1987) were constructed using Geneious Version 6.1.8 (http://
www.geneious.com, last accessed on May 18, 2016; Kearse
et al. 2012) and the copies congruent with the species tree
were selected for rate analyses.

To identify potential plastid-to-nucleus gene transfer, CpRP
sequences from Geraniaceae were translated and reciprocal
BLAST searches were performed against transcriptome se-
guences (tBLASTn and BLASTx default settings in BLAST ver-
sion 2.2.29+).

The product of the plastid-encoded ribosomal gene, rp/23,
has been substituted by a cytosolic homolog of eukaryotic

Table 1
List of Genes included in the Study

Nuclear-Encoded Plastid-Encoded

NuCyRP NuCpRP NuCpOT CpRP CpPS rRNA
(17) (29) (15) (20) (20) @
RPPOC PSRP-1* CAO rpl2 psaA rrn23
RPL3A PSRP-2* CRTISO rpl14* psaB rrn16
RPL3B RPLT* OEP80 rpl16* psaC rrn4.5
RPL4A RPL3* PDH-E1-BETA rpl20 psal rrn5
RPL7A RPL4* PSAK* rpl23 psal
RPL8SB RPL5* PSAL rpl32 psbA
RPL10AA RPL6* PSBO2 rpi33 psbB
RPL12A RPL11* PSBQ-2 rpl36* psbC
RPL17A RPL13* PSBR rps2* psbD
RPL23AA RPL15 PSY rps3* psbE
RPL26B RPL17* ss1 rps4* psbF
RPSaA RPL18-1* TOC33 rps7 psbH
RPS5B RPL18-2 TOC64-1l rps8 psbl
RPS9C* RPL19* TSA1 rps11*  psb)
RPS13B RPL27* TSB1 rpsi12 psbK
RPS15AE RPL24* rps14*  psbL
RPS20C RPL27* rps15*  psbM
RPL28* rps16 psbN
RPL29* rps18 psbT
RPL31 rps19* psbZ
RPL34
RPL35
RPST*
RPS5*
RPS6*
RPS9*
RPS10*
RPS13*
RPS20%*

NOTE.—Gene names follow the UniProt convention. Numbers in parenthesis
are the total number of genes in the gene group. Genes with residues that show
positive selection are in bold. Asterisks indicate genes with significantly higher o in
Geraniaceae compared to outgroups.

origin in the spinach plastid ribosome (Bubunenko et al.
1994). To examine whether this gene substitution occurred
in Geraniaceae, the amino acid sequence of Rpl23 (UniProt id:
Q9LWB5) from the spinach plastid ribosome was downloaded
from the UniProt database and used to perform BLAST
searches against translated transcriptome sequences
(tBLASTn default settings in BLAST version 2.2.29+).

Prediction of Transit Peptides

The cleavage site of 5'-transit peptides for nuclear-encoded
plastid-targeted genes (NUCpRP and NuCpOT) was predicted
in silico using the TargetP web server (http://iwww.cbs.dtu.dk/
services/TargetP/, last accessed on May 18, 2016; Nielsen et al.
1997; Emanuelsson et al. 2000). Transit peptide sequences
were excluded from rate and coevolution analyses.

1826  Genome Biol. Evol. 8(6):1824-1838. doi:10.1093/gbe/evw115  Advance Access publication May 13, 2016


http://www.uniprot.org
Deleted Text: (TAIR) 
https://www.arabidopsis.org
Deleted Text: <italic>Arabidopsis</italic> 
Deleted Text: tblastn 
Deleted Text: blast
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw115/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw115/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evw115/-/DC1
http://www.geneious.com
http://www.geneious.com
Deleted Text: blast
Deleted Text: blast
Deleted Text: blast
Deleted Text: blast
Deleted Text: blast
Deleted Text: t
Deleted Text: p
Deleted Text: ' 
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/

Plastid—Nuclear Interaction

GBE

Prediction of Conserved Domains

Conserved domains were predicted by uploading the se-
guences to the NCBI Conserved Domain Database for com-
parison (v3.14 with default options and E-value threshold of
0.01; http:/Avww.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi,
last accessed on May 18, 2016; Marchler-Bauer et al. 2015).

Codon Usage Bias Estimation

To estimate the codon usage bias for NuCpRP and NuCyRP,
the effective number of codons (Nc) (Wright 1990) was esti-
mated using CodonW (http://codonw.sourceforge.net, last
accessed on May 18, 2016; Peden 1999). A t-test was used
to assess the difference in Nc between NuCpRP and NuCyRP.

Substitution Rate Estimation

The CODEML program implemented in PAML v4.7 (Yang
2007) was used to estimate dN and dS for each gene.
Nucleotide sequences were aligned by Multiple Alignment
using Fast Fourier Transform (MAFFT) (Katoh et al. 2002) and
gaps were excluded for rate estimations (cleandata=1 in
CODEML control file). The codon frequencies were determined
by the F3 x 4 model. Transition/transversion ratios and @ were
estimated with initial values of 2 and 0.4, respectively. The con-
straint species tree was constructed by maximum likelihood
(ML) on the RAXML web server (Stamatakis et al. 2008) using
a data set of concatenated plastid ribosomal protein genes
(table 1). The free-ratio model (m1) allowing branch-specific
o was specified to estimate dN and dS for each branch. The
Kruskal-Wallis rank sum tests were used to test whether
branch-specific ® values were significantly different from
each other. Likelihood ratio tests (LRTs) between two branch-
models were conducted in PAML v4.7 (Yang 2007) and tested
whether genes in Geraniaceae have elevated w. The null model
(mO) specified one w shared across the entire tree, whereas the
alternative model (m2) allowed the Geraniaceae lineages to
have different values of ®. The same LRT scheme for detecting
significant difference of dN and dS between Geraniaceae and
outgroups was conducted using a custom batch script with
MG94xHKY85 codon model in HyPhy (Kosakovsky Pond and
Muse 2005), in which the null model specified a shared dN or
dS across the tree whereas the alternative model allowed the
Geraniaceae lineages to have different dN or dS. The dN and dS
values for the Geraniaceae and outgroup branches were
summed and binned by gene type (NuCpRP, NuCpOT,
NuCyRP, CpRP, and CpPS). Wilcoxon rank sum tests were
used to test rate differences between gene types and P
values were adjusted by Bonferroni correction.

Detection of Positive Selection

LRTs were used to evaluate whether sites were under positive
selection in Geraniaceae lineages. Two branch-site models
were specified in the CODEML program in PAML (Yang

2007). The alternative model specified four different types
of codon sites: sites under purifying selection across the phy-
logeny (o < 1), neutral sites across the phylogeny (w = 1), sites
under purifying selection in outgroups but with positive selec-
tion (w > 1) in Geraniaceae, and sites that are neutral in out-
groups but with positive selection in Geraniaceae. The settings
for the alternative model in CODEML control file were mod-
el=2, NSsites=2, fix_omega =0. The null model fixed the ®
equal to one in Geraniaceae lineages. The settings for the null
model in CODEML control file were model=2, NSsites=2,
fix_omega=1, omega=1. Posterior probabilities for sites
under positive selection were computed by Bayes Empirical
analysis (Yang et al. 2005) included in the CODEML analysis.

Detection of Relaxed Selection

The RELAX program (Wertheim et al. 2015) implemented in
HyPhy (Kosakovsky Pond and Muse 2005) was used to test
whether the increased o in Geraniaceae was due to relaxed
purifying selection. Outgroup and Geraniaceae lineages were
used as the reference and test branches, respectively. The se-
lection intensity parameter (k) was introduced in the RELAX
program to describe the relationship of o in the test and the
reference branches. The null model constrained k equal to
one, whereas the alternative model set k as a free parameter.
A LRT was used to test whether k significantly deviated from
one. Rejection of the null model and both @ and k smaller
than one indicated that purifying selection was relaxed in
Geraniaceae relative to outgroups.

Identification of Contact Residues in the Plastid Ribosome

Protein structures for small and large subunits (PDB ids: 3BBN and
3BBO, Sharma et al. 2007) of the spinach plastid ribosome were
downloaded from the Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB, http:/Avww.rcsb.
org/, last accessed on May 18, 2016). Amino acid residues be-
tween two proteins that are within 10A were defined as contact
residues. Bhattacherjee et al. (2015) showed that slightly delete-
rious mutations that destabilize structure within a protein and
compensatory mutations that re-establish stable protein folding
tend to co-occur within 10A radius in 3D space. Nucleotide se-
guences of NuCpRP and CpRP from Geraniaceae and outgroups
were translated and aligned with spinach ribosomal proteins
using MAFFT to identify contact residues across the alignment.

Coevolution Analysis

For the analysis of coevolution, we tested 1) whether the
nonsynonymous substitutions in CpRP and NuCpRP tend to
occur along the same branches and 2) whether the nonsynon-
ymous substitutions in CpRP and NuCpRP tend to occur se-
guentially on the tree more often than the null expectation.
The posterior probability of ancestral codons for each node
along the phylogenetic tree was estimated by the CODEML
program in PAML (Yang 2007) using the F3 x 4 codon model.
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The most probable ancestral codons were recorded and
branch-specific nonsynonymous substitutions for each
codon were determined.

We analyzed every combination of two proteins from CpRP
and NuCpRP. Each protein pair comprised a leading and a
trailing protein. The terms “leading” and “trailing” protein
did not imply physical interaction, but instead, simply describe
the first and second protein in any given protein pair compar-
ison. Every CpRP and NuCpPR can be either a leading or a
trailing protein. For example, in Rpl2-Rpl14 comparison, Rpl2
is leading protein and Rpl14 is trailing protein, whereas in
Rpl14-Rpl2 comparison, Rpl14 is leading and Rpl2 is trailing
protein. To evaluate co-occurring substitutions, we systemat-
ically compared each pair of variable codons from a given
protein pair. The number of codons that shared nonsynon-
ymous substitutions at one, two, and tree branches were
counted. This value was defined as the type | coevolution
statistic. To evaluate sequential substitution, we tested
whether the nonsynonymous substitutions in the leading pro-
tein on the phylogenetic tree were followed by nonsynon-
ymous substitutions in the trailing protein more quickly than
the null expectation (Kryazhimskiy et al. 2011). First, the
number of consecutive nonsynonymous substitution pairs be-
tween the leading and the trailing proteins was calculated.
Consecutive nonsynonymous substitutions were defined as
a pair of nonsynonymous substitutions that occur consecu-
tively in the same lineage (supplementary fig. ST,
Supplementary Material online). Second, the number of
branches between each consecutive nonsynonymous substi-
tution pair was determined. Third, the number of branches
between all consecutive nonsynonymous substitutions was
summed and divided by the total number of consecutive non-
synonymous substitution pairs. This average was defined as
the type Il coevolution statistic between two proteins.

A null expectation of the coevolution statistics between
two proteins was generated by simulation (Shapiro et al.
2006). One thousand codon sequences were simulated by
the EVOLVER program in PAML (Yang 2007) using the esti-
mated codon frequency, transition/transversion ratio, and
branch specific o from the original codon sequence of CpRP
and NuCpRP. The null distribution of the coevolution statistics
between a pair of proteins was the combination of the statis-
tics between leading protein and simulated trailing protein
and between the simulated leading protein and trailing pro-
tein. A one-tail significance of observed coevolution statistics
was computed against the generated null normal distribution
and P values were adjusted by false discovery rate using R (R
Core Team 2015).

To address the effects of physical interaction on ribosomal
protein coevolution, the positions from each sequence align-
ment that were identified as contact residues were extracted.
The coevolution analyses described above were repeated on
the alignments that included contact residues only.

Our method differs from the Osada and Akashi (2012) ap-
proach in two ways. First, we reported the most probable
ancestral codon per node instead of every possible recon-
structed codon. Due to the combinatorial explosion problem,
including multiple reconstructed codons per node is not suit-
able for computing the coevolution statistics in a phylogeny of
more than a dozen species. Second, in our analysis statistical
significance was tested by sequence simulation rather than
randomization, the former was able to explore the potential
seguence space that a given gene might have evolved into.

Insertion and Deletion (Indel) Analysis for Plastid
Ribosomal RNA Genes

Four plastid ribosomal RNA genes (rrn23, rm16, rm5, and
rm4.5) were extracted from all 32 species (supplementary
table S1, Supplementary Material online) and aligned using
MAFFT (Katoh et al. 2002). Indels were analyzed using the
simple indel coding algorithm (Simmons and Ochoterena
2000) implemented in SegState (Muller 2005).

Results

For all 32 taxa included in the study, 40 plastid-encoded genes
(20 CpRP and 20 CpPS) were obtained from annotations of
published plastid genomes or identified in DOGMA for de
novo assembled plastomes (table 1 and supplementary table
S1, Supplementary Material online). Using reciprocal blast
searches between translated gene sequences from A. thaliana
and published nuclear genomes or de novo assembled tran-
scriptomes, 61 nuclear-encoded (29 NuCpRP, 17 NuCyRP,
and 15 NuCpQT) genes were obtained for all other species
(table 1 and supplementary tables S1 and S2, Supplementary
Material online). The alignments for all individual genes are
available in supplementary data file S1, Supplementary
Material online.

Identification of rpl23 Gene Transfer or Substitution
Events

The plastid-encoded rp/23 in Geranium maderense is trun-
cated leaving only 99bp at the 5-end (compared with
324 bpin A. thaliana). The absence of the 3'-sequence encod-
ing the functional domain of Rpl23 (Marchler-Bauer et al.
2015) suggests that this may be a pseudogene. To investigate
a potential plastid-to-nucleus functional transfer, we per-
formed a reciprocal blast search between the translated plas-
tid-encoded Rpl23 and the translated nuclear transcriptome of
G. maderense (Zhang et al. 2013) and evaluated the top hits
for the presence of a plastid transit peptide using TargetP
(Emanuelsson et al. 2000). None of the top hits from recipro-
cal BLAST searches were predicted to contain a plastid transit
peptide.

To explore the possible substitution of Rpl23 by a nuclear
homolog, we queried the translated G. maderense
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transcriptome assembly with the amino acid sequence of the
spinach Rpl23, which has a eukaryotic-cytosolic origin
(Bubunenko et al. 1994). Of the two transcripts identified,
one was predicted to contain a plastid transit peptide
(0.771) (fig. 2). The conserved 50S and 60S ribosomal protein
L23 domains were identified in the C-terminus in both trans-
lated transcripts (fig. 2). The two transcripts shared 81% and
71% amino acid sequence identity in the 50S and 60S ribo-
somal protein L23 domains, respectively.

Both Plastid-Encoded and Plastid-Targeted Ribosomal
Protein Genes in Geraniaceae Show Elevated dN and ®

The value of dN and dS was estimated for each gene by the
free-ratio model (m1). The sum of branch lengths of dN and
dSs trees for Geraniaceae and outgroups were binned by gene
and are shown in boxplots (fig. 3). In Geraniaceae, dN for
NuCpRP was significantly higher than all other nuclear-
encoded genes (P < 0.001). Similarly among plastid-encoded
genes, CpRP had significantly higher dN than CpPS
(P <0.001). In the outgroups, there were no significant differ-
ences in dN either between nuclear-encoded genes or be-
tween plastid-encoded genes. Comparisons  between
Geraniaceae and outgroups using Wilcoxon rank sum tests
and LRTs both showed that Geraniaceae NuCpRP and CpRP
had significantly higher dN (P < 0.001) (fig. 3 and supplemen-
tary table S3, Supplementary Material online).

In Geraniaceae comparison of dS among nuclear-encoded
genes showed that NUCpRP had significantly lower dS than
NuCyRP (P < 0.001) but there was no significant difference
between NuCpRP and NuCpOT. Among plastid-encoded
genes, CpRP showed significantly higher dS than CpPS
(P<0.01) (fig. 3). There was no significant difference in dS
between nuclear-encoded genes and between plastid-
encoded genes in outgroups.

The estimate of ® under the m2 model, which allows
Geraniaceae and outgroups to have different  values, was
plotted for each gene (fig. 4 inset). Most points on the graph

1 10 20 30 40
Transit‘peptide

50

for NuCpRP and CpRP were above the diagonal dashed line
showing that o values were higher in Geraniaceae than out-
groups. To test whether the deviation was significant, LRTs
were conducted. The m2 model was tested against the null
model (Mm0) where a single o was shared across the entire
phylogeny. The logarithmic P values of the LRTs were
ranked, Bonferroni corrected and plotted (fig. 4). At a cutoff
of 5%, 36 genes had significantly higher o in Geraniaceae
than in outgroups (genes appearing to the left of the vertical
dashed line in fig. 4), including 24 NuCpRP, 10 CpRP, one
NuCyRP, and one NuCpOQT (table 1). The estimate of o for
CpRP and NuCpRP under the free-ratio model (m1), which
allows branch-specific , was plotted on the phylogeny (sup-
plementary fig. S2, Supplementary Material online). The
branch-specific o values for CpRP were significantly different
from each other (P < 0.001). The branch-specific @ values for
NuCpRP were also significantly different from each other
(P<0.001).

Plastid-Encoded Ribosomal Protein Genes Show Positive
Selection

The branch-site test, which allows detection of codon-specific
positive selection (w > 1) in prespecified lineages (Zhang et al.
2005), was applied to all genes included in the study using
PAML (Yang 2007). The Geraniaceae and outgroup lineages
were specified as “foreground” and “background,” respec-
tively (fig. 1). Positive selection was not detected among nu-
clear-encoded genes (NuCyRP, NuCpRP, and NuCpOQT). For
plastid-encoded genes (CpPS and CpRP), the branch-site test
did not detect positive selection in CpPS, but five out of 20
CpRP showed evidence of sites under positive selection in
Geraniaceae (table 2). Among the five genes, rps2 had the
largest number of sites showing positive selection with poste-
rior probability greater than 0.9 (34 sites). Among all sites that
showed positive selection, six (one, two, and three in rps4,
rps2, and rps7, respectively) involved residues within 10A of a
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Fic. 2.—Amino acid sequence alignment of two putative nuclear-encoded rp/23 transcripts in Geranium maderense. The 5'-plastid transit peptide and
the cleavage site indicated by the black bar were predicted by TargetP (Nielsen et al. 1997; Emanuelsson et al. 2000). The conserved domains of the 50S and
60S ribosomal proteins L23 indicated by gray bars were predicted by NCBI Conserved Domain Database (Marchler-Bauer et al. 2015). The BLOSUMG62
protein substitution matrix with a threshold of one was used to assess similarity between residues. The identical and 60-99% similarity residues were
highlighted in black and gray, respectively.
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Fic. 3.—Comparison of dN and dS values across different gene groups in Geraniaceae and outgroups. Asterisks indicate P < 0.01 (**) and P < 0.001
(***) after Bonferroni correction. NuCpRP: nuclear-encoded plastid targeted ribosomal genes, NuCyRP: nuclear-encoded cytosol-targeted ribosomal genes,
NuCpOT: nuclear-encoded plastid-targeted nonribosomal genes, CpRP: plastid-encoded ribosomal genes, CpPS: plastid-encoded photosynthetic genes.

residue in another ribosomal complex protein (asterisk labeled
sites in table 2).

Nuclear-Encoded Ribosomal Protein Genes Show Relaxed
Purifying Selection

The selection intensity parameter (k) estimated by RELAX for
NuCpRP ranged from 0.39 to 17.94 with mean of 4.47,
whereas for CpRP it ranges from 0.22 to 13.99 with mean
of 1.52 (supplementary table S4, Supplementary Material
online). Twenty-one NUuCpRP (72%) had k significantly
lower than one, whereas ten CpRP (50%) had k significantly
higher than one (supplementary table S4, Supplementary
Material online). The selection intensity parameter (k) was sig-
nificantly lower in NuCpRP than CpRP (P < 0.01, supplemen-
tary fig. S3, Supplementary Material online).

Cytosol-Targeted Ribosomal Protein Genes Have Stronger
Codon Usage Bias than Plastid-Targeted Genes

Overall the effective number of codons (Nc) was significantly
higher in NuCpRP than NuCyRP indicating greater codon

usage bias in NUCyRP. In Geraniaceae the mean Nc was
51.38 for NuCpRP and 46.98 for NuCyRP (P < 0.05). In out-
groups, the mean Nc was 53.34 for NuCpRP and 48.97 for
NuCyRP (P < 0.05).

Contact Residues in Plastid Ribosomal Proteins Did Not
Show Higher Conservation

On average, 24.3% of the residues of CpRP and NuCpRP
were within 10A of a residue in another ribosomal complex
protein, whereas 50.3% were within 10A of a nucleotide in
rRNAs (supplementary table S5, Supplementary Material
online). Pair-wise amino acid sequence identities were com-
puted for CpRP and NuCpRP (supplementary table S6,
Supplementary Material online). The pair-wise identity for
CpRP ranged from 68.6% to 86.1% when the entire se-
guence was considered, from 53.8% to 92.0% for protein
contact residues only and from 72.8% to 87.7% for protein
and rRNA contact residues. The pair-wise identity for NuCpRP
ranged from 72.3% to 92.7% for entire protein sequences,
from 61.3% to 100% for protein contact residues, and from
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Table 2
Candidate Sites under Positive Selection with ® > 1

Gene Encoded -InL -InL [0) Selected Sites®
genome Model Model
2a 2b
rpl32 Plastid 1520.600 1532.556 3.272 18l (0.931) 47V (1.00)
25W (0.919) 49K (1.00)
46F (0.997)
rps2 Plastid 4319.073 4339.983 2.193  5Y (0.973) 80A (0.974)
9D (0.946 112E (0.967)
13M (0.959) 114R (0.951)
14 M (0.995) 116H (0.983)
17G (0.974) 117K (0.924)
20F (0.998)  118F (0.965)
23G (1.00) 123T (0.986)
37A (0.979)  124E (1.00)
39G (1.00) 127G (0.983)
41G (0.944)  141S (0.99)
421 (1.00) 148G (0.972)
451 (0.908)  154T (0.985)
52R (0.986) 166Q (0.951)

53F (0.993)* 167E (1.00)

67R (0.919)  168E (0.996)
70Q (1.00) 169Y (0.994)*
79K (0.996)  222E (0.978)
rps4 Plastid 3789.815 3814.208 4.749 13R (1.00) 30S (0.999)
15R (1.00) 149E (0.94)
285 (0.988) 172C (0.951)
29R (0.999) *
rps7 Plastid 2368.431 2397.530 5.945 14S (1.00)*  112P (0.995)
68G (0.962) 125V (0.999)
81G (1.000*  128A (0.999)
85H (0.914)* 133D (0.902)
93S (0.955)
rps18 Plastid  3025.523 3048.144 4296 5L (1.00) 14P (0.992)
6T (1.00) 74Q (0.962)
85 (0.972) 825 (0.949)

®Posterior probabilities of ® > 1 are shown in the parentheses. Sequence po-
sitions and amino acid residues are based on the spinach plastid ribosome structure
(PDB ids: 3BBN and 3BBO). Residues lying within 10A of a residue in another
ribosomal protein are indicated with an asterisk.

73.4% 10 93.5% for protein and rRNA contact residues. The
protein contact residues did not show higher sequence iden-
tity than the entire sequence (P=0.38). Also, the protein and
rRNA contact residues combined did not show higher se-
guence identity than the entire sequence (P=0.06).

Plastid-Encoded and Plastid-Targeted Ribosomal Protein
Genes Are Coevolving

The type | coevolution statistic, defined as the number of
codon pairs that share nonsynonymous substitutions along
the same branch, was computed. To test whether these sta-
tistics were significantly larger than expected, the one-tail sig-
nificance was computed against a null normal distribution

generated through sequence simulation (see Materials and
Methods). When analyzing the number of codon pairs that
had nonsynonymous substitutions along one or two branches,
none of the protein pairs showed significant results. When the
threshold was increased to three branches, 17 CpRP-CpRP
pairs, 9 NUuCpRP-NuCpRP pairs, and 23 CpRP-NuCpRP pairs
had significantly more nonsynonymous substitutions occur-
ring along the same branches on the Geraniaceae lineages
(fig. 5, table 3, and supplementary data file S2,
Supplementary Material online). Among the protein pairs
that had significantly more nonsynonymous substitutions
along three branches, the largest number (12) were within
Rpl2; five other CpRP (Rpl16, Rpl32, Rps2, Rps4, Rps12) and
two NuCpRP (RPL1 and RPL27) involved more than five pro-
tein pairs. The protein pairs that tend to have nonsynonymous
substitutions at the same branches did not have residues
within 10A distance (fig. 5, none of the blue open squares
coincide with red squares).

The estimated type | coevolution statistic based on align-
ments that only include contact residues are shown in supple-
mentary figure S4, Supplementary Material online. Seven
protein pairs had significantly more nonsynonymous substitu-
tions occurring along the same branches when both protein
and rRNA contact residues were included in the analysis
(upper diagonal in supplementary fig. S4, Supplementary
Material online). Six protein pairs had significantly more non-
synonymous substitutions at protein contact residues occur-
ring along the same branches (lower diagonal in
supplementary fig. S4, Supplementary Material online), and
one of them (Rpl14-RPL29) has residues within 10A distance.

The type Il coevolution statistic, defined as the average
number of branches separating consecutive nonsynonymous
substitutions between two proteins in the same lineage, was
computed (supplementary fig. S1, Supplementary Material
online). To test whether the calculated coevolution statistics
were significantly smaller than expectation, one-tail signifi-
cance was computed against a null normal distribution gen-
erated through sequence simulation (see Materials and
Methods). None of the protein pairs showed significant type
Il coevolution statistics (supplementary data file S2,
Supplementary Material online). The analysis based on align-
ments that only include contact residues yielded no significant
results (data not shown).

Indels Are Abundant in Geraniaceae Ribosomal RNA
Genes

Indels in rRNA genes in Geraniaceae and outgroups were
binned by length (fig. 6). Indels longer than 11bp were
absent in the outgroups but abundant in Geraniaceae.
There were a total of 206 indels in Geraniaceae compared
to only six in the outgroups. Geraniaceae had many more
indels in 23S and 16S rRNA genes than in outgroups. Indels
in 4.5S rRNA were only present in Geraniaceae but absent
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Fic. 5.—Matrix of Pvalues for the type | coevolution statistics. The type | coevolution statistic for a protein pair is defined as the number of codons that
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significant P values are shown as gray squares. The blue open squares indicate the protein pairs that have residues within 10A distance.

from the outgroups. No indels were present in 55 rRNA gene
in either group.

Discussion

A Nuclear-Encoded Cytosolic Copy Substitutes for the
Plastid-Encoded Rpl23 in G. maderense

A pseudogene in the plastid could suggest a recent plas-
tid-to-nucleus gene transfer (Gantt et al. 1991; Cusack
and Wolfe 2007; Ueda et al. 2007; Jansen et al. 2011)
or gene substitution event (Bubunenko et al. 1994). To
investigate whether gene transfer or substitution was as-
sociated with the truncated plastid-encoded rp/23 gene in
G. maderense, we performed two BLAST searches against
the translated G. maderense transcriptome. First, using
the native truncated sequence as a query we did not
find evidence for a plastid-to-nucleus gene transfer.
Second, using the spinach Rpl23 amino acid sequence as

the query we identified two transcripts. One of them con-
tained a predicted plastid transit peptide suggesting the
nuclear-encoded 60S Rpl23 has substituted for the plas-
tid-encoded copy (fig. 2). In the spinach plastid ribosome,
the product of the eukaryotic cytosolic rp/23 gene has also
replaced the product of prokaryotic rp/23 (Bubunenko
et al. 1994). The protein substitution reported here is
the second independent case of Rpl23 substitution. The
substitution event provides a plausible explanation why
the plastid-encoded ribosomal protein genes have been
pseudogenized in G. maderense. Another published plas-
tid genome from Geranium, G. palmatum, also has a trun-
cated rp/23 gene (Guisinger et al. 2011). The Rpl23
substitution event might be shared by G. maderense and
G. palmatum given their close phylogenetic relationship
(Park S, Park S, Choi KS, Aedo C, Jansen RK, unpublished
data). Transcriptome or nuclear genomic data for G. pal-
matum is needed for further investigation.
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Table 3
Summary of Coevolution Analysis

Gene group  Gene Intergenomic Intragenomic Total

Protein Pair® Protein Pair®
CpRP rpl2* 6 6 12
rps4* 3 6 9
rps12* 4 5 9
rpl16 2 5 7
pl32 2 4 6
rps2* 1 4 5
rpl14* 2 0 2
rps7* 1 1 2
rps16 2 0 2
rpl36 0 1 1
rps8* 0 1 1
rps14 0 1 1
NuCpRP RPL1 3 5 8
RPL27 3 2 5
RPL3 4 0 4
RPS1 2 2 4
RPL5 2 1 3
RPL13 0 3 3
PSRP-1 2 0 2
RPL4 1 1 2
RPL17 0 2 2
RPL18-2 2 0 2
RPL29 2 0 2
RPL6 0 1 1
RPL11 0 1 1
RPL15 1 0 1
RPS9 1 0 1

Total protein pair 23 (CpRP-NuCpRP) 17 (CpRP-CpRP) 49

9 (NUCpRP-NuCpRP)

Note.—The number of proteins that share significant type | coevolution sta-
tistics are shown.

2An intergenomic protein pair comprises one CpRP and one NuCpRP.

PAn intragenomic protein pair comprises two proteins from the same
genome. Asterisks indicate core plastid ribosomal protein genes identified in
Maier et al. (2013).

The Plastid Ribosome Evolves Faster in Geraniaceae

Our analyses showed that in Geraniaceae both CpRP and
NuCpRP have accelerated dN, relative to other plastid-encoded
and nuclear-encoded genes, respectively (fig. 3). The accelera-
tion of dN but not dS in CpRP and NuCpRP indicates that the
increased substitution rates are independent of background
mutation rates in these genes. However, the observation that
dS was consistently higher in nuclear-encoded genes than plas-
tid-encoded genes is congruent with the higher mutation rates
in the nuclear genomes of land plants (Wolfe et al. 1987
Drouin et al. 2008; Zhang et al. 2016). Other phenomena,
such as positive selection or relaxation of functional constraints,
could be responsible for the observed acceleration in dN.
Nonsynonymous substitutions could accumulate through
strong positive selection or relaxed purifying selection. To

detect positive selection, we used branch-site models that al-
lowed  to vary across sites in a protein and across branches in
the phylogeny (Yang et al. 2005; Zhang et al. 2005). The o is
an estimate of the strength of selection; a value greater than
one suggests positive selection and less than 1 indicates puri-
fying selection (Nielsen 2005). The branch-site tests indicated
that none of the NuCpRP genes were under positive selection,
whereas six CpRP genes showed evidence of positive selection
in some amino acid residues (tables 1 and 2). Further, o values
estimated by branch-models were significantly higher for
CpRP and NuCpRP in Geraniaceae than in outgroups (fig. 4
inset) suggesting that the strength of purifying selection is
relaxed for these genes in Geraniaceae. Accelerated dN has
also been observed in plastid-encoded RNA polymerase genes
in Geraniaceae (Guisinger et al. 2008; Weng et al. 2012;
Blazier et al. 2016) and it was suggested that the acceleration
was related to the relaxation of functional constraints.
Codon usage bias can affect o estimates. Because it in-
versely correlates with synonymous substitution rates (Sharp
and Li 1987; Zhang et al. 2002), strong codon usage bias
would inflate the value of ®. However, this is opposite to
the pattern observed in Geraniaceae, where NuCyRP genes
have stronger codon usage bias and significantly lower o than
NuCpRP. The difference in » between NuCyRP and NuCpRP
would be larger if codon usage bias were taken into account.

Cytonuclear Coevolution in Plastid Ribosomes

Amino acid substitutions in proteins within a multisubunit
complex might drive changes in other proteins that assemble
in the same complex. Cytonuclear coevolution has been ob-
served in multisubunit complexes that include proteins
encoded by both nuclear and mitochondrial genomes
(Osada and Akashi 2012; Barreto and Burton 2013; Zhang
and Broughton 2013) and by both nuclear and plastid ge-
nomes (Sloan et al. 2014; Zhang et al. 2015). In animal
cells, Osada and Akashi (2012) provided evidence for compen-
satory evolution between mitochondrial- and nuclear-
encoded subunits in the cytochrome c oxidase (COX) complex
in a phylogenetic context. They showed that the fixation of
slightly deleterious mutations in mitochondrial-encoded sub-
units in the COX complex has driven compensatory changes in
nuclear-encoded subunits. However, the driving forces for
cytonuclear coevolution have not been well characterized in
plants.

To investigate cytonuclear coevolution between plastid ri-
bosomal subunits that are encoded in the nucleus and plas-
tids, we used an ML method to reconstruct the ancestral
sequences and tested whether the nonsynonymous substitu-
tions of two interacting proteins occurred concurrently or se-
quentially in the phylogeny, as would be expected under a
model of coevolution. Our analyses revealed that 49 protein
pairs between plastid ribosome subunits tend to have nonsy-
nonymous substitutions along the same branches in the
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Geraniaceae phylogeny (fig. 5), a signal suggesting coevolu-
tion between these proteins. The three plastid encoded pro-
teins (Rps4, Rps12 and Rpl2) that coevolved with the largest
number of nuclear encoded proteins (fig. 5 and table 3) are
included in the core set of plastid ribosomal protein genes
identified in Maier et al. (2013). This core set of ribosomal
protein genes has been retained in plastids and mitochondria
across multiple independent eukaryotic lineages. The con-
straint imposed by ribosome assembly was suggested as the
selection pressure driving this conservation (Maier et al. 2013).
The essential roles played by the core ribosomal proteins in
ribosome assembly (Kaczanowska and Ryden-Aulin 2007)
might explain the strong coevolution signals revealed by our
analyses.

Although physical interaction between residues in a multi-
subunit protein structure has been predicted as a driver for
coevolutionary changes (Schmidt et al. 2001; Osada and
Akashi 2012), our analyses did not find evidence favoring
this hypothesis. The coevolving plastid ribosomal protein
pairs identified based on complete gene sequences did not
share residues within 10A distance (fig. 5 and supplementary
fig. S4, Supplementary Material online). If the physical inter-
action between ribosomal proteins is driving coevolution, the
number of protein pairs with significantly more nonsynon-
ymous substitutions at contact residues occurring along the
same branches should have increased. Instead, we found the
number of significant protein pairs decreased when analyzing
alignments that only include contact residues (supplementary
fig. S4, Supplementary Material online). In addition, the se-
guence identity between complete gene sequences and con-
tact residues were not significantly different (supplementary
table S6, Supplementary Material online) suggesting the ab-
sence of biased selective constraints on residues at contact

sites in plastid ribosomes in Geraniaceae. Compensatory co-
evolution may be occurring between residues that are not
physically proximate, as has been demonstrated for noncon-
tact residues in ribosomal proteins in bacteria (Maisnier-Patin
et al. 2007). Given the complexity of the translation machinery
in plastids (Marin-Navarro et al. 2007; Peled-Zehavi and
Danon 2007), additional nuclear-encoded regulatory factors
may coevolve with ribosomal proteins. Further studies that
include nuclear genes encoding regulatory factors are needed.

Unlike the observations of nuclear and mitochondrial ge-
nomes in animals, where it is argued that the fixation of del-
eterious mutations in the mitochondrion causes selective
pressures that drive compensatory changes in nuclear ge-
nomes (Gabriel et al. 1993; Lynch 1996; Neiman and Taylor
2009), our analyses did not find evidence that nonsynon-
ymous substitutions in CpRP tend to occur on branches sub-
sequent to nonsynonymous substitutions in NuCpRp, or vice
versa, in Geraniaceae (supplementary data file S2,
Supplementary Material online). This result suggests that the
driving forces for the increased dN in plastid ribosomal protein
genes might not come from plastid ribosomal subunits them-
selves. Ribosomal RNAs, which provide the foundation for ri-
bosome assembly and structure, could drive changes in
ribosome subunits. Geraniaceae ribosomal RNAs indeed had
a large number of indels of different lengths (fig. 6), which
could cause substantial structural changes in the ribosome and
consequently amino acid substitutions in CpRP and NuCpRP.

The cytonuclear coevolution in Geraniaceae plastid ribo-
somes could also be due to relaxation of purifying selection
on the ribosome resulting in accelerated substitutions in ribo-
somal protein genes, and subsequent selective pressure for
compensatory changes. Purifying selection in the majority of
NuCpRP in Geraniaceae was relaxed (supplementary fig. S3
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and table S4, Supplementary Material online). Relaxation of
selection on nuclear genes often occurs after genome or gene
duplication (Ohno 1970; Zhang 2003). Whole-genome dupli-
cation, either through auto- or allopolyploidy, has occurred
numerous times across flowering plants (Jiao et al. 2011).
Substantial variation in genome size, chromosome number,
and size and ploidy level in Geraniaceae (Bakker et al. 2004;
Weng et al. 2012) suggests that genome duplication has oc-
curred in the family. After genome duplication, plastid-tar-
geted genes have strong tendency to be retained as single
copy genes suggesting gene losses among duplicated plas-
tid-targeted genes (De Smet et al. 2013). Gene loss after
genome duplication could lead to the retention of single
copy genes that are divergent among species (reciprocal
gene loss; Scannell et al. 2006), leading to the detection of
highly accelerated substitution rates in plastid-targeted genes,
and potentially to plastome-genome incompatibilities as pro-
posed by Zhang et al. (2015).

Studying the sequences of plastid ribosomal proteins in
Geraniaceae showed strong coevolution signals between plas-
tid- and nuclear-encoded subunits that have accelerated non-
synonymous substitution rates. Increased positive selection,
relaxed purifying selection, and sequence variation in rRNA
genes all contributed to the accelerated nonsynonymous
rates in ribosome subunits.

Supplementary Material

Supplementary figures S1-S4, tables S1-S6, and data files
S1-S2 are available at Genome Biology and Evolution online
(http:/Avww.gbe.oxfordjournals.orgy).
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