J Mol Evol (2008) 66:405-415
DOI 10.1007/s00239-008-9095-3

Multilevel Control of Organelle DNA Sequence Length in Plants

Jérome Duminil - Delphine Grivet -
Sébastien Ollier * Sylvain Jeandroz -
Rémy J. Petit

Received: 29 October 2007 / Accepted: 25 February 2008 / Published online: 1 April 2008

© Springer Science+Business Media, LLC 2008

Abstract We have compared the length of noncoding
organelle DNA spacers in a broad sample of plant species
characterized by different life history traits to test
hypotheses regarding the nature of the mechanisms driving
changes in their size. We first demonstrate that the spacers
do not evolve at random in size but have experienced
directional evolutionary trends during plant diversification.
We then study the relationships between spacer lengths and
other molecular features and various species attributes by
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taking into account population genetic processes acting
within cell lineages. Comparative techniques are used to
test these relationships while controlling for species phy-
logenetic relatedness. The results indicate that spacer
length depends on mode of organelle transmission, on
population genetic structure, on nucleotide content, on
rates of molecular evolution, and on life history traits, in
conformity with predictions based on a model of intracel-
lular competition among replicating organelle genomes.
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Introduction

Evolutionary forces such as selection, migration, and drift
take place at multiple hierarchical levels of biological
organization and can feed back to lower levels (Rand 2001).
As a consequence, a number of genome features should
depend on population or species attributes. Among the
numerous and often unexpected examples reported so far,
one can cite an increased frequency of introns as a “path-
ological” response to small population size (Lynch 2002),
an increase in the average allele size of microsatellites in
geographically peripheral maize groups (Vigouroux et al.
2003), faster rates of substitution for nonsynonymous sites
than for synonymous sites in island birds compared with
their mainland sister taxa (Johnson and Seger 2001), and
slower rates of molecular evolution in high-elevation
hummingbirds (Bleiweiss 1998). This calls for more inte-
grated approaches in comparative molecular evolution, by
including several levels of organization, different time
frames, and multiple interactions among them.
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One simple yet fundamental genomic feature that may
benefit from such an integrated approach is DNA sequence
length. Whereas the length of large genomic regions should
depend largely on duplications or transpositions of DNA, the
length of small DNA sequences should be conditioned
mostly by the accumulation of short insertions and deletions.
Plant organelle genomes (mitochondrial [mt] DNA and,
especially, chloroplast [cp] DNA) are particularly well suited
for such a study. Contrary to animal mtDNA, they have many
intergenic spacers or introns (hereafter “spacers”) that can
be compared across species thanks to the conserved orga-
nization of these genomes (De Las Rivas et al. 2002). The
presence of multiple copies of organelle genomes in each cell
(polyploidy) and their “relaxed” transmission following cell
division (Birky 1983) imply another level of selection
compared to nuclear genome (Rand 2001) that might influ-
ence the evolution of organelle spacer lengths.

Here, we first ask if there have been significant shifts in
organelle spacer lengths during the evolution of seed plants
by testing the null hypothesis that the direction of these
changes is independent across spacers in each plant line-
age. Second, we examine if other features of the organelle
genomes and of the plants themselves, including life his-
tory traits or level of population genetic structure, are
related to spacer lengths.

Any model of sequence evolution should be compatible
with population genetic principles (Lynch and Conery 2003).
In particular, under the nearly neutral model of evolution
(Ohta 1992), reductions in effective population size (N,) will
magnify the power of random genetic drift at the expense of
selection, providing a permissive environment for the accu-
mulation of slightly deleterious mutations. In the particular
context of organelle sequences, the presence within each cell
of a “population” of organelle genomes has been hypothe-
sized to give place to a “replication race” that selects for small
genomes, assuming that small genomes replicate more rapidly
than larger ones (Cortopassi et al. 1992; Selosse et al. 2001).
Therefore any factor that reduces effective population size of
organelle genomes within cell lineages should reduce the
efficacy of selection for small genomes and result in sequence
growth. Conversely, any factor that increases intracellular
diversity (i.e., heteroplasmy) should mitigate the effect of
intracellular genetic drift and allow for the selection of more
compact genomes made up of short spacers.

One factor that might increase heteroplasmy is bipa-
rental inheritance. Biparental inheritance of organelles is
relatively common in plants (Harris and Ingram 1991).
Moreover, the numerous shifts of plant organelles trans-
mission inferred using a phylogenetic perspective (see Fig.
3 of Birky 1995) imply that biparental inheritance has been
pervasive during plant evolution.

Large effective plant population size should also favor
heteroplasmy. The rationale is that it should help maintain
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high levels of within-population genetic diversity. The
existence of genetic differences between organelle gen-
omes of individual plants engaged in mating is a necessary
condition for biparental inheritance to result in hetero-
plasmy. Local effective population size is difficult to
measure directly, but genetic structure could be used as a
surrogate, because it typically increases when local effec-
tive population size decreases (i.e., when drift increases).

The above arguments lead to two predictions regarding
the length of organelle spacers:

e Prediction 1: Spacers should be shorter in lineages that
have experienced some level of biparental inheritance
than in lineages where uniparental inheritance is the rule.

e Prediction 2: Spacers should be shorter in species
characterized by a weak genetic structure than in
species characterized by a strong genetic structure.

Competition between organelle genomes, achieved through
differential replication within cell, could lead not only to
changes in sequence length but also to changes in
nucleotide composition. AT-rich sequences are energeti-
cally less costly than GC-rich ones (Rocha and Danchin
2002) and have been hypothesized to replicate faster
(Ballard 2000). This leads to a third prediction:

e Prediction 3: Spacer lengths should be positively
correlated with the GC content of organelle genomes.

All these trends should further depend on mutation rate.
Owing to organelle polyploidy, mutations lead to instant
heteroplasmy. Under the replication race model, hetero-
plasmy sets the stage for an effective selection within cell.
Mutants characterized by shorter spacers should therefore
increase in frequency following a few cell divisions,
whereas those with longer spacers should be counterselect-
ed. In contrast, stasis will prevail in the absence of
mutations. Hence the following prediction:

e Prediction 4a: Spacers should be shorter in lineages
characterized by high mutation rates than in those
characterized by low mutation rates.

In view of the generally negative relationship between
generation time and the rate of sequence evolution (Wilson
et al. 1990), we also expect the following:

e Prediction 4b: Spacers should be shorter in lineages
characterized by short generation time than in those
characterized by long generation time.

Finally, many of the above predictions should in principle

hold for both cpDNA and mtDNA genomes of the same

species, at least if their mode of transmission is identical.

Hence the last prediction:

e Prediction 5: The size of cpDNA and mtDNA spacers
should be positively correlated.
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As plant cpDNA and mtDNA evolve slowly in sequence
(Wolfe et al. 1987), broad-scale comparisons are particu-
larly likely to reveal useful patterns. However, in any
comparative study, phylogenetic relationships between the
taxa sampled can be a source of statistical pseudo-
replication (Freckleton et al. 2002). Therefore, to evaluate
the significance of the relationships between variables, one
should first test for phylogenetic independence (Abouheif
1999) and then apply comparative techniques controlling
for species relatedness (Felsenstein 1985).

So far, comparative studies of molecular evolution have
relied mostly on direct correlation approaches, paired sister
group comparisons, or (less frequently) star phylogenies.
However, the first approach means that species are inap-
propriately treated as independent data points, greatly
increasing type I error (the risk of incorrectly rejecting the
null hypothesis of no relationship among traits), particu-
larly with large datasets (Martins and Garland 1991); the
second approach amounts to analyzing only a small pro-
portion of the existing data (Felsenstein 1985); and the
third one is neither very general nor very precise, since it
can be applied only to species that are approximately
equally divergent. A more promising method relies instead
on a set of independent contrasts distributed over the
phylogenetic tree (= full tree or nested-contrasts analysis),
as often performed in ecological studies (e.g., Silvertown
and Dodd 1996) but rarely so in studies of molecular
evolution. With this method, all possible contrasts are used
(s — 1, compared to a maximum of s/2 for paired com-
parisons, where s is the number of species), resulting in
statistically more powerful tests than conventional
approaches (Ackerly 2000). Furthermore, not only recent
but also deep nodes of the phylogeny are included, which
can be of interest for traits that evolve slowly, while
obviating the need for an arbitrary decision about the
correct taxonomic level at which to make the comparisons.
Finally, the assumptions made are not much more restric-
tive than those required by paired sister group comparisons
(Martins 2000). In this study, simple and partial regression
analyses based on statistically independent contrasts
obtained with this method are used to test predictions 1-5.

Materials and Methods

Analysis of Spacer Lengths in Species with Completely
Sequenced Chloroplast Genomes

A total of 12 vascular plants (Fig. 1) with completely
sequenced chloroplast genomes were analyzed for this
study: Arabidopsis thaliana (accession number AP00423),
Atropa belladona (AJ316582), Lotus corniculatus var.
Jjaponicus (AP002983), Marchantia polymorpha (X04465),
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Fig. 1 Trends in spacer lengths for completely sequenced chloroplast
genomes. The 50% bootstrap consensus tree was obtained from the
neighbor-joining analysis of number of substitutions estimated with
Kimura’s (1980) two-parameter method for 56 genes combined (see
Supplemental Online Material 3 for the list of genes used). Numbers
on branches indicate bootstrap support from 500 replicates (in
percentages). Asterisks indicate significant z-tests, i.e., significant
directional changes in spacer lengths at a given node, with bold bars
indicating the lineage with the longest spacers. Filled circles indicate
I, estimates >1, and open circles estimates <1 (exact values are
provided in Supplementary Online Materials 1 and 5)

Nicotiana tabacum (Z00044), Oenothera elata (AJ271079),
Oryza sativa (X15901), Pinus thunbergii (D17510), Psilo-
tum nudum (AP004638), Spinacia oleracea (AJ400848),
Triticum aestivum (AB042240), and Zea mays (X86563).
For each of these species the length of all genes, introns, and
intergenic spacers, as well as their nucleotide composition,
were determined using annotations of the genomes available
in the organelle genome database (http://www.megasun.
bch.umontreal.ca/ogmp/projects/other/cp_list.html). For plant
mtDNA, this approach could not be used due to the low number
of completely sequenced plant mitochondrial genomes.

Analysis of Spacer Lengths in a Broader Set of Species

In total, we selected 75 seed plant species for further
studying the variation of spacer lengths (Fig. 2 and Sup-
plemental Online Material 1). Some of these species were
included because they had been investigated in population
genetic surveys of cpDNA variation (e.g., 22 woody spe-
cies studied by Petit et al. 2003) or because the mode of
inheritance of their organelles had been described previ-
ously (Supplementary Online Material 1). The remaining
species were selected to improve the taxonomic coverage.
DNA was isolated from one individual in each of these 75
species using the Qiagen mini spin column extraction kit.
A total of 33 consensus primer pairs amplifying noncoding
DNA fragments (21 for cpDNA and 12 for mtDNA),
selected among those listed by Grivet et al. (2001) and
Duminil et al. (2002), were used to amplify cpDNA and
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mtDNA spacers (list of amplified fragments in the Supple-
mentary Online Material 2). The PCR conditions were as
described in these papers. All cpDNA fragments amplified
were from the large single copy region. Amplified fragments
were submitted to electrophoresis in 2% agarose gels and
compared with molecular weight standards (Hartley and
Donelson 1980). Fragment lengths were determined with the
option Whole Band Analysis of the Bio Image software (Bio
Image Systems, Inc., Jackson, MS). Three species whose
organelle genomes had been completely sequenced
(cpDNA, A. thaliana and N. tabacum; mtDNA, A. thaliana
and Beta vulgaris) were used for comparison with gel-based
estimates of the size of the amplified DNA fragments.

Index of Spacer Lengths
For the 12 species with complete chloroplast genomes

available, a total of 33 conserved sequences (28 intergenic
spacers and five introns) were used. They represent ~ 17% of
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the noncoding fraction of cpDNA. For the study based on
direct amplification of a number of cpDNA sequences in 75
seed plant species, the fragments amplified represent,
respectively, 43% and 3% of the noncoding cpDNA and
mtDNA genome of A. thaliana. For each DNA segment in
each species, the relative fragment size was determined as
the ratio of the size of the fragment in this species divided by
the mean size of the fragment across all species. We called
I, (for cpDNA) and I, (for mtDNA) the average of these
ratios across fragments. These indexes provide an indication
of the relative spacer lengths for each species: / > 1 indicates
relative obesity and I < 1 indicates compaction.

Phylogenetic Trees Used in Comparative Approaches

Availability of phylogenetic trees is a prerequisite for the
application of comparative methods based on independent
contrasts. The following trees were used. (i) For the 12 species
for which a complete cpDNA sequence was available, 56
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genes (listed in Supplemental Online Material 3) were sepa-
rately aligned using the accessory application CLUSTALW of
the BIOEDIT 5.0.9 sequence alignment editor software
package (Hall 1999). The conservation of the sequences
among the species was sufficient to permit largely unambig-
uous alignments. After removing gaps, the 56 aligned
sequences were concatenated to form a single 30.12-kb
sequence. A neighbor joining phylogenetic tree was obtained
using PAUP 4.0b10 (Swofford 2002). Marchantia was used to
root the tree (Fig. 1). (ii) For the 75 species studied experi-
mentally (Fig. 2), the branching order was reconstructed from
published phylogenies (Albach et al. 2001; Bruneau et al.
2001; Cuénoud et al. 2002; Gustafsson et al. 2002; Kajita
et al. 2001; Soltis et al. 2000; Wojciechowski 2003). Given
the various sources, it was not possible to assign branch
lengths proportional to divergence time to the tree (Martins
and Garland 1991). Simulations have shown that assigning the
same length to all branches in comparative studies results in
only a weak inflation of type I error rates (Ackerly 2000).

Testing for Shifts in Spacer Lengths During Seed Plant
Evolution

Felsenstein’s (1985) phylogenetically independent contrasts
method was adapted to test the null hypothesis of random
fluctuation of spacer lengths for both data sets (annotation of
complete genomes or gel-based estimates of the size of PCR-
amplified fragments). Each node on the phylogeny repre-
sents an independent comparison (11 and 74 contrasts,
respectively). Starting from the tips of the tree, the hypoth-
esis that the DNA fragments do not differ in size between the
two lineages is tested using a paired r-test across all frag-
ments. Relative size estimates are used to give equal weights
to all fragments. The ancestral sizes of the fragments are
calculated according to the procedure described by Felsen-
stein (1985). The same test is applied to the higher contrasts
but using the reconstructed values instead. Corrections
(sequential Bonferroni test [Holm 1979]) are applied to
control for Type I error inflation when using multiple test
procedures. For each organelle genome, the hypothesis that
an overall trend exists for spacer lengths was tested by
combining all p-values of the #-test applied at each contrast
using a meta-analytical method (software package devel-
oped by R. Schwartzer; available at http://www.userpage.fu-
berlin.de/ ~ health/meta_e.htm). Note that it is not possible
to differentiate with certainty between spacers’ expansion
(tendency for obesity) and spacers’ reduction (tendency for
compaction): the changes are only relative ones.

Independent Factors

Three species characteristics were compiled from the lit-
erature from as many of the 75 species as possible: mode of

transmission of the chloroplast genome (the number of
species with known mode of mitochondrial inheritance was
insufficient for inclusion), fixation index estimated using
cpDNA markers (Gst, an estimate of Fgr; data were
extracted from Petit et al. 2005); and perenniality, a sur-
rogate for generation time (see Supplementary Online
Material 1). The molecular variables were obtained from
the analysis of two frequently sequenced chloroplast genes,
rbcL (available in 65 of the 75 species) and atpB (available
in 34 species). For each of these genes, we estimated GC
content as well as synonymous (silent; ds) and nonsyn-
onymous (amino acid replacing; dy) rates of nucleotide
substitution. Substitution rates for rbcL. and afpB genes
were calculated with Li’s (1985) method as implemented in
MEGA 2.1. (Kumar et al. 2001), using Ginkgo biloba as
reference and excluding Pinus (as it is sister to Ginkgo
compared to angiosperms). Gingko was selected since it has
a slower evolutionary rate than Pinus (Soltis et al. 2000)
and its sequences should therefore be closer to those of the
ancestor of all seed plants. We applied a test of substitution
saturation (Xia et al. 2003) for both rbcL and atpB using
the computer program DAMBE (Xia and Xie 2001).

Comparative Analyses

When dealing with comparative data, the first step is to test
if species trait values depend on their position in the phy-
logeny (Blomberg et al. 2003). A useful quantitative test of
the existence of phylogenetic effects is Abouheif’s (1999)
test for serial dependence. His mean C-statistic is equiva-
lent to the statistic / of Moran (1948) and measures
phylogenetic autocorrelation from the tree topology.
Computations of phylogenetic inertia were carried out
using R (Ihaka and Gentleman 1996) with the ade4 pack-
age (http://www.lib.stat.cmu.edu/R/CRAN/). Gst was
arcsinus square-root transformed to improve normality.
Relationships between traits were tested using the con-
trasts obtained with COMPARE 4.6 (Martins 2004). The
five predictions (corresponding to 11 different tests) that
form the core of this study (association between spacer
lengths and other traits) represent different but related tests
so we decided to use correction for Type I error inflation
using a sequential Bonferroni procedure, as above,
although this might be considered overzealous in this case
(Cabin and Mitchell 2000). On the other hand, since pre-
dictions had been made regarding the sign of the relation
between spacer lengths and the various traits, we used one-
tailed tests for all 11 relations. For the remaining rela-
tionships, the goal was simply to identify covariates that
might confound the primary relationships, so no Bonferroni
corrections were used. Simple and partial regression anal-
yses were performed with SYSTAT version 10.2 with an
intercept of zero, as recommended by Pagel (1992) and using
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a generalized linear model procedure. To check if the lack of
information on branch lengths (all branch lengths arbitrarily
set to 1) affect the results, branch lengths were transformed
using Grafen and Pagel’s methods that place terminal taxa at
the same total height from the root (CAIC manual; available
at http://www.bio.ic.ac.uk/evolve/software/caic/index.html)
and the analyses were rerun. Only those relationships that
remained significant after transformation were considered
conclusive.

For perenniality, annuals, biannuals, short-lived peren-
nials and long-lived perennials were coded from 1 to 4 and
the character was treated as a quantitative variable. For
cpDNA inheritance, we distinguished strict maternal
inheritance (coded as 0) from paternal or biparental
inheritance (both coded as 1), because the two genera that
have paternally inherited cpDNA, Pinus and Actinidia
(Supporting Online Material 4) present occasional maternal
leakage (Chat et al. 2002). Moreover, Birky (1995) has
suggested that paternal inheritance is a derived state that
has passed by a transitory state of biparental inheritance.
Hence, lineages with paternal inheritance should have
experienced a period of increased frequency of hetero-
plasmy dating from the time when their cpDNA was
biparentally inherited.

Results
Shifts in Spacer Lengths

Based on 12 completely sequenced cpDNA genomes, the
number of shared noncoding fragments varies from 118
between Nicotiana and Atropa (~84% of the noncoding
fragments present in each species), 72 between Marchantia
and Psilotum, 124 between Oryza and Triticum, 93 between
eudicots and monocots, 54 between angiosperms and
gymnosperms, and 33 fragments for the highest contrast

(Marchantia versus all other species). Three significant
shifts in standardized cpDNA spacer lengths were identi-
fied, of 11 independent contrasts (see Supplementary Online
Material 5): between Marchantia and all the other species,
between Pinus and angiosperms, and between monocots
and eudicots. The second set includes 75 species for which
PCR-based estimates of spacer lengths were obtained for
both cpDNA and mtDNA. A total of 21 cpDNA and 11
mtDNA fragments were amplified and sized by electro-
phoresis. Results for both organelles confirm and extend the
previous results, as the overall tests of directional shifts in
spacer lengths, based on 74 contrasts, were highly signifi-
cant for both organelle genomes (p = 6.10"* and 5.107°
for cpDNA and mtDNA sequences, respectively).

Sequence Features and Evolution

For 11 of the 12 species with completely sequenced
cpDNA genome (all but Pinus), the proportion of non-
coding sequences is lower than the proportion of coding
sequences (37-49%; see Table 1). The overall GC content
of the entire cpDNA genome varies from 29% (Marchan-
tia) to 40% (Oenothera). Noncoding sequences typically
have lower GC-content than coding sequences (by about
10%), but both estimates covary narrowly across species
(r = 4+0.92 based on 11 independent contrasts; Supple-
mentary Online Material 4).

Nucleotide content for rbcL and atpB can be considered
to be representative of the overall cpDNA nucleotide
content, as shown by investigating the 12 completely
sequenced cpDNA genomes: the correlations between their
GC content and the genome-wide estimates were large and
significant (r > 0.80 for both genes; Supplementary Online
Material 4).

Synonymous (ds) and nonsynonymous (dy) rates of
nucleotide substitution based on single genes were also
representative of those at other genes in the genome but

Table 1 General structural

characteristics of completely cpDNA size (pb) %noncoding  %GC total %GC coding %GC noncoding

sequenced chloroplast genomes 4, pidonsis thaliana 154,478 41.1 36.7 422 31.1
Atropa belladona 156,687 40.9 38.2 427 33.6
Lotus japonicus 150,519 40.5 36.8 42.6 30.8
Marchantia polymorpha 121,024 46.5 29.1 38.9 19.0
Nicotiana tabacum 155,939 419 39.0 43.2 34.7
Oenothera elata 163,935 41.3 39.7 43.1 35.6
Oryza sativa 134,525 47.9 39.0 43.1 34.7
Pinus thunbergii 119,707 53.8 39.3 42.5 35.1
Psilotum nudum 138,829 36.7 359 41.6 29.6
Spinacia oleracea 150,725 39.5 37.2 422 31.6
Triticum aestivum 134,534 46.5 38.2 423 33.5
Zea mays 140,387 48.8 38.5 42.8 33.7
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less so than GC content: the largest correlations with
genome-wide estimates were r = 0.76 for dy atpB and
r = 0.69 for ds rbcL, whereas r < 0.50 for dg atpB and dy
rbcL (Supplementary Online Material 4).

Character Trends Across the Phylogeny

For several of the characters investigated, some groupings
along the phylogeny were apparent: sister clades tend to
have more similar values than expected by chance for most
characters (Fig. 2 and Supplementary Online Material 1).
For instance, Betulaceae and Fagaceae both have fairly
long cpDNA spacers. The results of Abouheif’s tests
(1999) indicate that most traits are influenced by the
position of the species in the phylogeny; only mode of
cpDNA inheritance and one estimate of evolutionary rate
(for atpB) do not present significant phylogenetic effects in
this sample (Table 2).

Analyses Based on Independent Contrasts

I, and I, were then used as dependent variables in several
regression analyses (Table 3). The first four predictions
were supported: /., depends on mode of cpDNA trans-
mission and on Ggr in the expected direction (predictions 1
and 2). I, increases with GC content at both rbcL and atpB
genes (prediction 3). I, decreases when substitution rates
(ds and dy) increase (prediction 4a), but the relationships
are well supported only for atpB. Similarly, I, and, to a
lesser extent, I, depend on perenniality (prediction 4b).
On the other hand, the relationship between I., and Iy
(prediction 5), although positive, is not significant. As
relationships between predicting variables could confound
their relations with spacer lengths, additional regressions

Table 2 Test of phylogenetic signal for species traits

Trait N* Mean C-statistic®
I, 75 0.45%**
I 75 0.38%**
cpDNA inheritance 42 0.06~%
Gst 34 0.30*
%GC rbcL 64 0.487%%*
%GC atpB 34 0.38%%*
ds rbcL 64 0.427%5#%
dn rbcL 64 0.327%%*
ds atpB 34 0.21*
dy atpB 34 0.01Ns
Perenniality 75 0.33%%*

? Number of individuals
® Mean C-statistic measures phylogenetic autocorrelation; see text
NS p < 0.95; ¥0.95 < p < 0.99; *** p-value > 0.999

were made (Table 4). The nucleotide content at both rbcLL
and atpB depends neither on the substitution rate at the
corresponding locus nor on perenniality (Table 4). On the
contrary, all four measures of substitution rates depend on
the degree of perenniality of the plant. We therefore
checked whether the significant dependence of I, on
substitution rate at atpB and rbcL still holds once peren-
niality is accounted for in partial regression analyses: this
was not the case (Table 3).

Discussion

By comparing the length of a set of noncoding spacers at
each node of the two phylogenetic trees investigated, we
showed that cpDNA and mtDNA spacers have experienced
multiple episodes of directional changes in size (either
compaction or inflation) during the radiation of plant lin-
eages. Hence, a model of purely random variation of spacer
lengths is ruled out. We are not aware of any previous
studies reporting such nonrandom evolutionary trends in
organelle spacer lengths.

To better understand the mechanisms underlying such
directional coordinated changes, we have studied the
relationships between spacer lengths and a number of
plants attributes. Before carrying out these analyses, we
first demonstrated that organelle spacer lengths (as mea-
sured by specifically designed indexes, I, and I,,) have a
strong phylogenetic inertia, although less so for mtDNA
than for cpDNA. This inertia and that of several indepen-
dent variables investigated justify the use of phylogenetic
corrections when testing for cross-species relationships.

Following Selosse et al. (2001), we hypothesized that
the existence of multiple copies of organelle genomes in
each cell, which can replicate at least partly independently
from each other (Birky 1983), should have important
evolutionary consequences. Five predictions were tested
using simple and partial regression analyses, taking
advantage of all available phylogenetically independent
contrasts.

Intense competition for replication between organelle
genomes within cell lineages should result in compact gen-
omes made up of short spacers. We reasoned that the
intensity of this competition should be boosted by biparental
inheritance, because it represents a form of gene flow
between cells that results in heteroplasmy, thereby facili-
tating selection. We found that species with biparental
cpDNA inheritance have indeed short cpDNA spacers, as
predicted by the replication race model. Moreover, plant
species characterized by a weak population genetic structure
(low Ggr) also tend to have short organelle spacers. Mode of
organelle transmission and Ggr are not independent since
biparental inheritance of organelles should decrease plant
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Table 3 Relationships betv&feen Prediction Dependent Predictor N* Sign R? p- Adjusted

spacer lengths and other traits variable variable value® p-value®

. ber of 1 Iy Inheritance 41 - 0.147 0.006 0.042

) gumt‘frl ‘; tcoi“ram 2 I, Gt B3+ 0231 0.002 0.018
Idne' i‘ € esls 3 I %GC rbcL 65+ 0.131 0.0l 0.015

¢ Idem but p-values are

adjusted using the sequential 3 lep %GC arpB 35 + 0.171 0.006 00364\1

Bonferroni approach outlined in 42 I ds rbcL 63 0.096 0.006 0.032

Rice (1989) 4a I, dn rbcL 63 - 0.011 0.209 0.418

¢ Relations that are no longer 4a Ip ds atpB 33 0.188 0.005 0.040?

significant (p > 0.05) when 4a I dx atpB 33 0.273 0.001 0.011¢

perenniality is controlled for 4b / P ol 4 0208 0,000 0.000

¥ Relations that are no longer cp erenniality + : : ’

significant when using Pagel or 4b It Perenniality 74 + 0.068 0.012 0.048"

Grafen phylogenetic tree 5 Iep It 74 + 0.045 0.033 0.099

transformation

Table 4 Relationships between predictor variables

Dependent variable  Predictor N*  Sign R? p—valueb
%GC rbcL. ds rbcL 63 4+ 0.010 0.439
%GC rbcL dn rbcL 63  + 0.005 0.584
%GC atpB ds atpB 33 - 0.020  0.429
%GC atpB dn atpB 3 - 0.036  0.280
%GC rbcL Perenniality 64 + 0.011  0.411
%GC atpB Perenniality 35 + 0.009  0.587
ds rbcL Perenniality 63 — 0.351  0.000
dn rbcL Perenniality 63 — 0.086 0.018"
ds atpB Perenniality 33 — 0.407  0.000
dn atpB Perenniality 33 — 0.323  0.000

% Same as in Table 3
> Two-tailed tests

¥ Relation that is no longer significant when using Pagel or Grafen
phylogenetic tree transformation

genetic structure (Petit et al. 1993), but their combined effect
on spacer lengths could not be evaluated, as these parameters
were rarely available in the same species.

Species with long spacers should also be characterized by
high GC content, assuming that the intracellular replication
race favors not only short spacers (Selosse et al. 2001) but
also high AT content (Ballard 2000) (prediction 3). In
agreement with this prediction, we found that GC content at
both rbcL and atpB covaried positively with spacer lengths
across species. Crucially, GC content at both rbcL and atpB
in species also covaried positively with the overall GC
content of the cpDNA genome (see Supplementary Online
Material 4; Kusumi and Tachida 2005). A key assumption
here is that AT-rich genomes replicate faster than GC-rich
ones, as suggested by Ballard (2000). Although nucleotide
composition is known to affect basic physical aspects of the
DNA molecule, such as its stability and its bendability
(Vinogradov 2003), we were unable to find any published
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evidence supporting Ballard’s suggestion of a direct link
between DNA replication rate and nucleotide composition,
so our hypothesis must remain tentative.

A somewhat different but related hypothesis is that of
Rocha and Danchin (2002). They suggested that the higher
energy costs and limited availability of G and C over A and
T could explain the increased AT content of genomes that
are under stringent competition for metabolic resources,
such as those of symbionts or obligatory pathogens. A
decreased efficacy of selection could reduce this competi-
tion for metabolic resources, resulting in the same
prediction of simultaneous increase in spacer lengths and
high GC content in some lineages.

Our study further uncovered a significant negative
relationship between /., and substitution rates and a posi-
tive one between I, and perenniality, a surrogate for
generation time (predictions 4a and 4b). Plant synonymous
substitution rates have already been shown to depend on
perenniality, age at maturity, or life span (Gaut et al. 1996;
Laroche and Bousquet 1999; Kay et al. 2006; but see
Whittle and Johnston 2003). The negative relationship
between generation time and substitution rate is supported
by our study. Interestingly, the relation of I, with substi-
tution rates did not persist when perenniality was
controlled for, pointing to general effects of life history on
substitution rates and organelle sequence length.

The negative relation of spacer lengths with substitution
rates does not depend solely on amino acid changes but
holds also for synonymous substitutions, so it is unlikely to
be caused by the preferential accumulation of slightly
deleterious mutations in species with rapid rates of evolu-
tion. A possible interpretation of this relationship is
therefore that increased rate of mutations (both substitu-
tions and indels) should accelerate evolution toward short
AT-rich sequences, through intense selection for rapid
replication and/or high energetic efficiency. This implies
that substitution rates and indel rates covary positively.
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Recently, some evidence has accumulated showing that
this could be the case. Laroche et al. (1997) have noted that
for plant mtDNA, correlations are generally high between
substitutions and indel events for the same intron. In
rodents as well, mtDNA experiences elevated rates of
substitutions and indels, compared to other mammals
(Mathee et al. 2007).

The last relationship investigated was that between
cpDNA and mtDNA spacer lengths (prediction 5). While
positive, it was not significant. The modes of transmission
of the two organelles are not always coupled in seed plants
(Petit and Vendramin 2006). Furthermore, the two plant
organelle genomes have evolutionary dynamics that are
strikingly different from each other, especially in terms of
nature and rates of mutations (Palmer 1990). As a conse-
quence, spacer lengths of each organelle genome can vary
in different directions across species.

It is remarkable that the trends we have identified for
cpDNA among seed plant lineages, involving decreased
GC content, decreased spacer lengths, and increased rate of
evolution, parallel those observed in “resident” (obligate
parasites, endosymbionts and cellular organelles) versus
“free-living” genomes (Andersson and Kurland 1998;
Canbick et al. 2004). This suggests that we are dealing
with an authentic syndrome and that the underlying pro-
cesses are still operating long after the endosymbiotic event
that gave birth to the current eukaryotic cells with their
organelles. To date, the interpretation of these trends in
symbionts or obligatory pathogens has not been related to
the replication race model. Instead, genomic features of
resident genomes have been largely viewed as maladaptive,
being caused by their reduced effective population size
(Ne), leading to increased genetic drift and the accumula-
tion of slightly deleterious mutation at genes under less
stringent selection (Woolfit and Bromham 2003). However,
we note that endocellular life has typically led to poly-
ploidy (e.g., Komaki and Ishikawa 1999), which sets the
stage for intracellular competition among genome copies.
Hence, the arguments put forward here to account for
differences of organelle genomes among plants, based on
competition within cell, might also apply to resident gen-
omes at large.

Overall, the replication race model, whose multiple
implications were first outlined by Selosse et al. (2001),
although still speculative, is a good candidate to explain
multiple facets of organelle genome evolution. Such a
model, based on explicit processes and on general popu-
lation genetic principles, appears more attractive than ad
hoc evolutionary “biases.” Along with an increasing body
of evidence, our study also illustrates the fact that many
features of organisms can drive the evolution of its

genome, such as their life history and population genetic
structure, justifying a broad approach in molecular evolu-
tion spanning several levels of organization, from cell to
species.
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