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Angiosperm plastid genomes are generally conserved in gene
content and order with rates of nucleotide substitutions for pro-
tein-coding genes lower than for nuclear protein-coding genes. A
few groups have experienced genomic change, and extreme
changes in gene content and order are found within the flowering
plant family Geraniaceae. The complete plastid genome sequence
of Pelargonium X hortorum (Geraniaceae) reveals the largest and
most rearranged plastid genome identified to date. Highly ele-
vated rates of sequence evolution in Geraniaceae mitochondrial
genomes have been reported, but rates in Geraniaceae plastid
genomes have not been characterized. Analysis of nucleotide
substitution rates for 72 plastid genes for 47 angiosperm taxa,
including nine Geraniaceae, show that values of dN are highly
accelerated in ribosomal protein and RNA polymerase genes
throughout the family. Furthermore, dN/dS is significantly elevated
in the same two classes of plastid genes as well as in ATPase genes.
A relatively high dN/dS ratio could be interpreted as evidence of two
phenomena, namely positive or relaxed selection, neither of which is
consistent with our current understanding of plastid genome evolu-
tion in photosynthetic plants. These analyses are the first to use
protein-coding sequences from complete plastid genomes to charac-
terize rates and patterns of sequence evolution for a broad sampling
of photosynthetic angiosperms, and they reveal unprecedented ac-
cumulation of nucleotide substitutions in Geraniaceae. To explain
these remarkable substitution patterns in the highly rearranged
Geraniaceae plastid genomes, we propose a model of aberrant DNA
repair coupled with altered gene expression.

comparative genomics � genome evolution � plastid genome

Angiosperm plastid genomes are generally highly conserved
in gene order, gene content, and organization (1). Whereas

the rates of nucleotide substitutions are highly variable in
protein-coding genes of angiosperm nuclear genomes, rates in
plastid genes are generally lower (2). Rates of nonsynonomous
substitutions (dN), those that cause an amino acid change, are
substantially lower than rates of synonymous substitutions (dS),
those that do not cause an amino acid change. Aside from a
recent report describing elevated dN for a single gene in Oeno-
thera and lineages within Caryophyllaceae (3), plastid genes of
photosynthetic plants are under strong purifying selection and
the rapid accumulation of either dN or dS has not been de-
scribed.

The plastid genomes of nonphotosynthetic plants reveal ac-
celerated rates of nucleotide substitutions in many protein-
coding genes; furthermore, these genomes exhibit extensive gene
loss and genome rearrangement (4–6). However, analyses in-
volving either few genes or few taxa for photosynthetic angio-
sperm plastid genomes generally reveal that modest rate varia-
tion is locus- and lineage-specific. A few groups of angiosperms
have experienced lineage-specific rate variation, including the
lineages leading to the grasses (7), pea (2), Gnetum (8), and
Welwitschia (9). The largest degree of locus-specific variation

has been shown for genes encoding RNA polymerases, ATPases,
and ribosomal proteins (7, 10). In addition, location within the
quadripartite plastid genome affects rate variation; genes en-
coded in the two single-copy regions exhibit higher rates than
genes duplicated in the large inverted repeat (IR) regions (11).

Geraniaceae organelle genomes exhibit two unusual features.
First, mitochondrial genomes show multiple, major shifts in dS,
especially in the genus Pelargonium (12). Similar rapid increases
have only been documented in one other plant lineage, Plantago
(Plantaginaceae) (13). These studies showed that rates were not
affected in nuclear or plastid genes, but few genes were exam-
ined. A correlation between rates of sequence evolution and
genomic rearrangement has not been documented for plant
mitochondrial genomes, but this relationship was been shown in
animal mitochondrial genomes (14, 15). Second, Geraniaceae
plastid genomes are structurally unusual. The plastid genome of
Pelargonium X hortorum exhibits unprecedented levels of change
in both gene order and content (16). This genome also contains
the largest IR, along with numerous dispersed repeats contrib-
uting to increased genome size and potential rearrangement
hotspots. In addition, restriction site mapping studies revealed
extensive rearrangements and gene/intron loss throughout the
family, and in Erodium and Monsonia the loss or severe reduction
of the IR (17).

A recent phylogenetic analysis of 81 plastid genes from 64 seed
plants described a positive correlation between changes in gene
order, gene/intron loss, and lineage-specific rate acceleration
(18). Geraniaceae are an ideal group to study plastid genome
evolution, because they are highly rearranged (16, 17). In this
study, we examine rates and patterns of sequence evolution
across Geraniaceae and provide evidence for major locus- and
lineage-specific substitution rate increases. We also show a
strong correlation between gene function and rates of nucleotide
substitutions. We examine plastid sequence evolution at a ge-
nome-wide scale and show major increases in dN for protein-
coding genes in the typically conserved plastid genomes of
photosynthetic angiosperms.

Results
Alignment and annotation of Geraniaceae gene sequences rel-
ative to sequences from other angiosperms revealed a number of
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genomic changes, including gene/intron loss, alternative start
codons (see data matrix http://www.biosci.utexas.edu/ib/faculty/
jansen/lab/research/data_files/index.htm), and accelerated rates
of sequence evolution. Our analyses included 72 genes [support-
ing information (SI) Table S1] from 47 angiosperms (Tables S2
and S3).

Phylogenetic analyses were performed on the 47-taxa, 72-gene
dataset of 58,998 aligned nucleotide positions. Maximum par-
simony (MP) and maximum likelihood (ML) methods were used
to infer relationships (Geraniaceae only, Fig. 1; 47-taxa tree, Fig.
S1]. A single tree was inferred using MP with a length of 109,664
steps, a consistency index (CI; excluding uninformative charac-
ters) of 0.3785, and a retention index (RI) of 0.5897. Four ML
analyses inferred the same tree topology (-lnL scores: � �
607633.5555, � � 0.001). The poorly supported clade including
Geraniales and Myrtales is the sister group to the eurosids II.
Although tree topologies were identical in MP and ML analyses
and consistent with a recent angiosperm phylogeny (18), rela-
tionships among Geraniales, Myrtales, eurosids I, and eurosids
II are generally poorly understood (18–20). ML analysis was
performed for a smaller dataset including 27 slowly evolving
genes to confirm that relationships were not incorrectly inferred
because of rapidly evolving genes, and this analysis resulted in a
tree identical to full MP and ML analyses (Fig. S2). Relation-
ships within Geraniaceae are consistent with well-accepted
phylogenies (17, 21, 22), and branches are resolved and strongly
supported (Fig. 1).

Values of dN and dS were compared within Geraniaceae and
between Geraniaceae and other angiosperms to reveal patterns

of sequence evolution. Mean dN is higher in Geraniaceae
relative to other angiosperms, and Wilcoxon rank sum tests show
that values of dN are significantly different in Geraniaceae
relative to other angiosperms (P � 0.001; Fig. 2). Values of dS
are not significantly different (P � 0.085; Fig. 2). dN and dS are
more strongly correlated (P � 0.001) in other angiosperms
(Spearman’s rank correlation, rS � 0.876) than in Geraniaceae
(rS � 0.738; Fig. 3). Rates for each gene group were compared
to reveal patterns of substitutions (Fig. 2; post-hoc statistics in
Tables S4 and S5). In general, values of dN are higher in
Geraniaceae in comparison to other angiosperms, and compar-
isons revealed that ribosomal protein and RNA polymerase
genes are the most significantly different relative to genes
involved in photosynthesis. Values of dS exhibit similar yet
weaker patterns of variation; large and small subunit ribosomal
protein genes (rpl and rps, respectively) and psb genes being the
most significantly different (both P � 0.001). Phylogenetic trees
for rpl- and rps-genes with the highest values of dN and dS are
shown in Fig. 4 A–D (labeled trees shown in Fig. S3), and the long
branches in the Geraniaceae clade (shaded) show the extreme

Fig. 1. ML tree of Geraniaceae taken from 72-gene, 47-taxa analysis (Fig. S1).
All nodes had 100% ML and MP bootstrap support.

Fig. 2. Boxplots of the number of (A) nonsynonymous (dN) and (B) synonymous (dS) substitutions for individual Geraniaceae genes or groups of genes (see
Materials and Methods). Wilcoxon rank sum tests were used to show that values for Geraniaceae dN were significantly higher than for other angiosperms (P �
0.001), whereas values of dS were not significantly different (P � 0.085). The horizontal line is the mean value of dN or dS in Geraniaceae. For each gene group,
the box represents values between quartiles, dotted lines extend to minimum and maximum values, outliers are shown as circles, and the thick, black lines show
median values. Asterisks show values for gene groups that are statistically different (P � 0.05 after Bonferroni correction; data not shown) than the values for
same gene group in other angiosperms. See Tables S4 and S5 for post hoc statistics.

Fig. 3. Correlation between dN and dS for the Geraniaceae (red triangles)
and other angiosperms (black circles). Spearman’s rank correlation rho (rS) is
significant (P � 0.001) for both Geraniaceae and angiosperms. Correlation
coefficients were compared by using Fisher’s Z transformation to show that
there is a stronger correlation between dN and dS in the other angiosperms
compared with Geraniaceae (P � 0.001).
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rate acceleration. psaI and psaC have the highest values of dN
and dS for photosystem I genes, respectively, and branch lengths
show that these genes are not evolving faster relative to other
angiosperms (Fig. 4E and labeled trees shown in Fig. S3).
Nucleotide substitutions were compared for Geraniaceae
branches, and post hoc comparisons tested the significance of
branch acceleration (Fig. S4 and Tables S6 and S7). These tests
revealed a strong lineage-specific pattern of increases in dN and
dS for the branches leading to Geraniaceae (branch 1) and the
terminal taxon E. chrysanthum (branch 10). However, these
results also show that values of dN are greater overall for
Geraniaceae branches relative to other angiosperms.

Likelihood ratio tests were used to compare the fit of two
models; H0, where values of dN/dS are not significantly different
among angiosperms, and HA, where values of dN/dS are greater
in Geraniaceae relative to other angiosperms (Table S8). Over-
all, HA is significantly different from H0 (P � 0.001; data not
shown). Values of dN/dS for photosystem I and II genes are not
significantly different between Geraniaceae and other angio-
sperms; however, values of dN/dS for ribosomal protein and
RNA polymerase genes are in general significantly higher in
Geraniaceae (Fig. 5). Three of four RNA polymerase genes
(rpoB, rpoC1, and rpoC2) are the most significantly different,
that is, the P-values are the lowest, showing that HA fit these
genes the best. The dN/dS value for the gene rpoA, although
absent in Pelargonium, is not significantly different in the
remaining Geraniaceae relative to other angiosperms.

Discussion
Accelerated Rates of Sequence Evolution in Geraniaceae. Although
photosynthetic angiosperm plastid genomes are generally con-
served in gene order, content, and rates of sequence evolution
for protein-coding genes, we report extensive nucleotide rate
variation in the flowering plant family Geraniaceae. We use
complete plastid genomes. This is the first genome-wide analysis
to characterize rates and patterns of sequence evolution through-
out photosynthetic angiosperm plastids. Accelerated rates of
sequence evolution have rarely been reported in angiosperm
plastid genomes, and elevated dN has only been shown for the
plastid gene clpP (3). We chose not to include clpP in our
analyses, because we were unable to align either amino acid or

Fig. 4. ML trees for the fastest evolving large subunit ribosomal (A and B),
small subunit ribosomal (C and D), and photosystem I genes (E and F). Labeled
trees are shown in Fig. S3. Branch length is defined as the number of nucle-
otide substitutions per codon. The Geraniaceae clade is highlighted within
each tree to show locus- and lineage-specific rate acceleration. Asterisks show
the branch leading to grasses, a group known for lineage-specific rate accel-
eration (7).

Fig. 5. Plot of ranked log P-values for each gene from likelihood ratio tests
(LRT). P-values were determined by comparing two models H0 and HA. Cor-
rected P-values were ranked and plotted. The vertical line shows a P value
cut-off, and genes appearing to the right of the vertical line have a signifi-
cantly higher dN/dS in Geraniaceae relative to other angiosperms. Genes that
encode subunits of a functional complex were grouped according to Mat-
suoka et al. (56) and Chang et al. (57).
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nucleotide sequences, and determining intron/exon boundaries
proved difficult. Misalignment would lead to erroneous infer-
ence of substitutions rates (23).

Our study also provides evidence for locus- and lineage-
specific patterns of rate variation in plastid protein-coding genes.
To explain this extreme rate variation, we describe a model that
involves faulty DNA repair and variable levels of gene expres-
sion. We argue that each of these factors alone cannot explain
the rates and patterns of nucleotide substitutions. If faulty DNA
repair alone explained the accumulation of substitutions, we
would expect rate increases for all genes in these rearranged
plastid genomes. Only Geraniaceae rpl-, rps-, and rpo-genes are
accumulating substitutions at a significantly higher rate relative
to other angiosperms. Moreover, if gene expression level alone
explained substitution patterns, we would expect that rapidly
evolving genes in Geraniaceae would not evolve any faster than
the same genes in other angiosperms. Our data show that rpl-,
rps-, and rpo-genes have higher values of dN, and values are
significantly different compared with values for the same genes
in other angiosperms.

Plastid DNA Repair. Pelargonium X hortorum contains the most
highly rearranged angiosperm plastid genome sequenced to date
(16), and based on restriction site mapping studies, plastid
genomes in other Geraniaceae are also highly rearranged (17).
A significant positive correlation between rates of nucleotide
substitutions and genome rearrangements was recently shown
for plastid genomes (18). Additionally, in highly rearranged
arthropod mitochondrial genomes increased levels of genomic
rearrangement are positively correlated with higher rates of
sequence evolution (14, 15). We characterized rates of nucleo-
tide substitutions by estimating dN, dS, and dN/dS in Gerani-
aceae plastid genomes relative to other angiosperms. Our anal-
yses show that both dN (Fig. 2A) and dN/dS are significantly
elevated in protein-coding genes, and this suggests that either
positive selection or relaxed selection at nucleotide sites is acting
on these genomes. We also show that there is a positive
correlation between dN and dS in Geraniaceae and other
angiosperm plant genomes (Fig. 3). These results suggest that
selective constraints are coupled for both types of substitutions;
however, there is a weaker constraint in Geraniaceae. To
examine lineage-specific rate acceleration, we conducted tests to
determine those branches within Geraniaceae that evolve at a
faster rate. These data generally show that the branches leading
to the most recent common ancestor of Geraniaceae and to E.
chrysanthum are accumulating significantly higher values of dN
and dS (Fig. S4). Although we only have complete genome
sequence data for the P. hortorum genome (16) and data from
restriction site mapping studies (17), there appears to be a strong
correlation between genome rearrangements and rates of nu-
cleotide substitutions. Completion and analysis of highly rear-
ranged plastid genomes, including such groups as the Campanu-
laceae, Passif loraceae, Goodeniaceae, and additional
Geraniaceae, will likely further support this correlation.

Geraniaceae plastid genomes appear exceptional with respect
to rates of evolution and to genomic change; we hypothesize that
these phenomena reflect altered organellar DNA repair mech-
anisms throughout the family. Moreover, both plastid and mi-
tochondrial genomes are affected. Generally, rates of sequence
evolution in plant mitochondrial genomes are low relative to
rates in plastid and nuclear genomes (2, 24), but mitochondrial
genes within Plantago and Geraniaceae show up to 4,000-fold
rate increases in dS (12, 13). These studies compared few plastid
genes within these lineages. Based on Geraniaceae- and genome-
wide analyses, our data indicate numerous instances of acceler-
ated rates that were not detected in earlier studies.

Several mechanisms explaining the correlation between ge-
nome rearrangements and rates of sequence evolution have been

previously described, and it is possible that these mechanisms are
responsible for rearrangement and accelerated rates in Gerani-
aceae plastid genomes. One mechanism involves homologs to the
eubacterial recA gene. In E. coli, this gene is involved in
homologous recombination and strand exchange and reduces
deleterious mutations through efficient DNA repair. Extensive
BLAST searches showed that recA homologs are found in plant
and algal nuclear genomes (25), and the products of these genes
are targeted to plastids (26) and mitochondria (27) in Arabidop-
sis. It is now well accepted that plastids and mitochondria arose
through endosymbiosis between eukaryotic cells and eubacterial
cyanobacteria and proteobacteria, respectively (28). Further-
more, the transfer of organellar genes to the nucleus has been
shown, and products of some of these genes are targeted back to
plastids and mitochondria (28). The role of recA homologs in
plant organellar genomes has not been determined. recA appears
to be lost in animal and fungal genomes, and Lin et al. (25)
suggest that plant plastid and mitochondrial genomes are large
relative to animal and fungal mitochondrial genomes because of
recA-mediated recombination. Notably, Geraniaceae plastid ge-
nomes are highly variable in size (16, 17), and improper repair
may lead to such extreme size variation. In addition to recA,
other nuclear-encoded genes are involved in DNA repair (29,
30), and their expression has been shown in plastids (31). For
example, mutation of recQ14A resulted in increased homologous
recombination and genomic rearrangements in Arabidopsis nu-
clear genomes (32). The presence and function of rec-genes in
highly rearranged plastid genomes has not been tested, and
mutations in organellar-targeted genes could result in improper
homologous recombination or strand exchange leading to both
genome rearrangements and increased substitution rates.

Expression of Plastid Genes. Our data show that ribosomal protein
and RNA polymerase genes exhibit significantly higher values of
dN relative to genes involved in photosynthesis in Geraniaceae
compared to other angiosperms (Figs. 2, 4, and 5). Within
Geraniaceae, comparisons revealed patterns of rate variation
across gene groups (Tables S4 and S5). Values of dN are broadly
accelerated. On the other hand, only 3% of dS comparisons are
significantly different, and these tests indicate that values of rpl-
and rps-genes are significantly different relative to psb-genes.

We suggest that a second factor, variable levels of gene
expression, affects rates of sequence evolution in Geraniaceae
plastid genomes. It has been shown that variation in nucleotide
substitutions is correlated with expression levels, where genes
that are highly expressed evolve at a lower rate, such as those
reported in E. coli, S. cerevisiae, and Drosophila (33–35). More-
over, for plastid genes of the liverwort Marchantia polymorpha
and the angiosperm Nicotiana tabacum, Morton (36) described
a correlation between expression levels and increased dN and dS.
The expression levels of Geraniaceae plastid genes have not been
quantified, but it is known that proteins accumulate to different
levels in plastids. Available data gathered from barley seedlings
showed that there was accumulation of Rubisco, photosystem I
and II, and � and � ATPase proteins (37, 38). Notably, genes
encoding these highly accumulated proteins correspond to low
values of dN, dS, and dN/dS in our analyses (see Figs. 2, 4, and
5), and it appears that expression level and rates of sequence
evolution are also negatively correlated in Geraniaceae plastid
genes. Genome-wide estimation of expression levels in Gerani-
aceae genes are needed to better understand the relationship
between expression levels and rates of nucleotide substitutions.

Transcription of plastid genes in most land plants is shared by
two RNA polymerases, the plastid-encoded polymerase (PEP)
and the imported nuclear-encoded polymerase (NEP). Early
models suggested that transcription of photosynthetic genes was
controlled by PEP, whereas housekeeping genes were tran-
scribed by NEP (39). More recent work has challenged this
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model, and plastid maturity, plant developmental stage, and
posttranscriptional regulation are implicated in a biologically
complex pattern of gene transcription (40–43). Nonetheless, if
gene expression is correlated with gene transcription, differences
in rates of sequence evolution could be due to variable tran-
scription by these polymerases. It is notable that one genus of
Geraniaceae, Pelargonium, has lost a functional copy of the PEP
gene rpoA; however, rpoA-like ORFs were found dispersed
throughout the plastid genome (16). rpoA was transferred from
the plastid genome to the nuclear genome in a moss (44) and in
the nonphotosynthetic angiosperm Cuscuta (42), but little is
known about rpoA in Pelargonium and other Geraniaceae (45–
47). In the case of Cuscuta, loss of rpoA and rpoB results in a
change from PEP- to NEP-based promoter sequences in the rrn16
gene (42). Control of transcription was taken over by the nucleus,
and it is possible that this has also occurred in Pelargonium.

Geraniaceae RNA polymerase genes rpoB, rpoC1, and rpoC2
are accumulating an unusual amount of nonsynonymous substi-
tutions, indicating either positive or relaxed selection (Fig. 5).
Aside from Pelargonium, other Geraniaceae genomes appear to
contain a functional plastid-encoded rpoA gene, but the other
PEP subunits are rapidly accumulating nonsynonymous substi-
tutions. It is possible that rpoA was transferred to the nucleus
early in the evolution of Geraniaceae. Models of organellar gene
loss require gene duplication and transfer before loss. Functional
loss of rpoA may have only occurred in Pelargonium, but a
nuclear transfer event in the evolution of Geraniaceae could
result in strong selective pressure and high levels of substitutions
in the other subunits of the plastid-encoded polymerase. Sub-
stitutions in a nuclear-encoded rpoA in Geraniaceae would then
incur compensatory substitutions in rpoB, rpoC1, and rpoC2 to
maintain the function of the polymerase. Indeed in the nuclear-
encoded rpoA of the moss Physcomitrella patens, substitutions are
numerous and show a strong bias toward nuclear codon use (44).
Alternatively, we cannot exclude the possibility that in the plastid
genome of Pelargonium the rpoA-like ORFs identified by Chum-
ley et al. (16) are actually highly divergent functional genes, and
compensatory substitutions in other subunits of the polymerase
result. Notably, expression data from plastids suggests that rpoA
may be functional (P. Kuhlman and J. D. Palmer, personal
communication).

This study provides evidence for unprecedented increases in
nucleotide substitutions in angiosperm plastid genomes, and we
use protein-coding sequences from complete plastid genomes to
characterize rates and patterns of sequence evolution in the
plastids of photosynthetic angiosperms. We report extreme
accumulation of dN in ribosomal protein and RNA polymerase
genes, and these data provide evidence for relaxed selection or
positive selection that is unique among photosynthetic angio-
sperm plastid genomes. In addition, this study provides evidence
that angiosperm plastid genomes contain a high degree of locus-
and lineage-specific rate variation, and plastid genomes are far
more dynamic than previously described. Our observations are
consistent with earlier models of plastid sequence evolution (48),
which indicated that rates of both dS and dN vary across lineages,
rates of dS are relatively homogenous across loci, and rates of dN
vary extensively across plastid genomes. However, our observa-

tions are the first to show the magnitude of rate variation among
plastid loci and angiosperm lineages.

Geraniaceae plastid genomes provide the rare opportunity to
examine anomalous plastid sequence evolution and to model
genomic changes. Our model involves improper DNA repair
leading to genome rearrangement and increased nucleotide
substitutions and possible transcriptional control of plastid genes
by the nucleus leading to altered expression and increased
nucleotide substitutions. Completed sequences for additional
highly rearranged Geraniaceae and angiosperm plastid genomes
and characterization of genes involved in DNA repair in Pelar-
gonium and other Geraniaceae are needed to better understand
the highly accelerated substitution patterns in this family. In
addition, expression data are needed to correlate rates of
nucleotide substitutions with levels of gene transcription.

Materials and Methods
Gene Sequencing. To maximize sampling in major angiosperm clades, 47 taxa
were chosen, including one previously published Geraniaceae plastid genome
(16) (Table S2). Nearly complete draft sequences are available for eight
additional Geraniaceae taxa (see Table S3 for genome sequence status).
Protocols for plastid isolation, RCA amplification, sequencing, and sequence
assembly are previously described (49). Protein-coding sequences for 72 genes
were used with several exclusions (Table S1).

Gene Annotation and Alignment. Genes were annotated by using DOGMA (50).
Start and stop codons were determined based on similarity with known
sequences following the bacterial and plastid genetic code. For highly diver-
gent genes adjacent start/stop codons were used. Amino acid sequences were
aligned by using MSWAT (http://mswat.ccbb.utexas.edu), manually adjusted,
and used to constrain the nucleotide alignment.

Phylogenetic Analyses. MP analyses were performed by using 100 random
addition replicates and TBR branch swapping with the Multrees option using
PAUP* Version 4.0b10 (51). Four independent ML analyses were performed by
using GARLI and default settings (52). Bootstrap values were generated by
using PAUP* and GARLI with 100 replicates and the above settings. ML analysis
were also performed on a set of 27 slowly evolving genes (including the
individual gene rbcL and subunits of pet-, psa, and psb-genes).

Evolutionary Rate Estimation. Using the codon frequencies model F3 � 4,
PAML’s codeml (53) was used to estimate dN, dS, and dN/dS. Gapped regions
were excluded using cleandata � 1 to avoid spurious rate inference. The
phylogenetic tree generated using MP and ML was used as a constraint tree,
but branch lengths were inferred by using PAML. Using the method described
by Yang (54), a null model (H0; branch model � 0), where one dN/dS ratio was
fixed across angiosperms, was compared with an alternative model (HA;
branch model � 2), where the Geraniaceae clade was allowed to have a
different dN/dS. Likelihood ratio tests (LRT) were used to test model fit.
P-values were transformed according to Sokal and Rohlf (55) [-log(P value �
1)], ranked, and plotted. Genes that encode subunits of a functional complex
were grouped according to Matsuoka et al. (56) and Chang et al. (57).
Statistical analyses were conducted by using the R software package (http://
www.r-project.org), and Bonferroni correction was used.
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