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Continuing advances in genomics are revealing substantial differences between genomes of major eukaryotic
lineages. Because most data (in terms of depth and
phylogenetic breadth) are available for angiosperms
and mammals, we explore differences between these
groups and show that angiosperms have less highly
compartmentalized and more diverse genomes than
mammals. In considering the causes of these differences, four mechanisms are highlighted: polyploidy,
recombination, retrotransposition and genome silencing, which have different modes and time scales of
activity. Angiosperm genomes are evolutionarily more
dynamic and labile, whereas mammalian genomes are
more stable at both the sequence and chromosome
level. We suggest that fundamentally different life strategies and development feedback on the genome exist,
influencing dynamics and evolutionary trajectories at all
levels from the gene to the genome.
Exploring differences between eukaryotic genomes
The search for characters that unify distantly related
eukaryotes is a powerful way to resolve species relationships, biochemical pathways, genetic mechanisms,
sequence structures and functions. Such studies reveal
that even distantly related eukaryotes, separated by over
100 million years of evolution, can share the same genes
arranged in blocks, often in the same order. Such similarities that unify eukaryotes, however, obscure fundamental differences in the dynamics and evolution of DNA
between different groups. This review explores genomic
differences between mammals and angiosperms (Tables 1
and 2), two groups for which the most extensive genomic
data from multiple species exist, and suggests that their
genomes are undergoing radically different modes of evolution.
The timing of the split between these groups is controversial, but current estimates suggest that it occurred
1000–2000 million years ago (mya) [1]. Given their very
long period of independent evolution, major differences in
genome organization and evolution between the groups are
to be expected. Nevertheless, exploring these differences
can shed light on factors shaping the genomes of mammals
and angiosperms.

Angiosperms and mammals differ in global genomic
architecture
At the whole genome level (e.g. organization of DNA in the
chromosome, diversity in chromosome number and genome size) there are substantial differences between mammals and angiosperms. These are explored below and
summarized in Table 1.

Glossary
R- and G-Banding: Cytogenetic procedures designed to band chromosomes so
that they can be individually identified. In humans it is possible to generate
over 1000 characteristic bands across the karyotype (Figure 1a).
Chromosome painting: In mammals, DNA from an individual chromosome can
be isolated, labelled and used as a probe to paint that specific chromosome on
a metaphase spread. Chromosome-specific paints are now available for
several mammalian species and for each of the 24 chromosome types
comprising the human karyotype (Figure 1b,c).
Conserved non-coding sequences (CNSs): Conserved sequences for which the
functions are not clear; some might be involved in long-distance regulation of
developmental genes (including over many megabases of DNA).
DNA C-values or genome size: This refers to the amount of DNA in the nuclear
genome. It is usually given as the 1C value, which is the amount of DNA in the
unreplicated gametic nucleus. Genome size databases are available for
mammals (http://www.genomesize.com/) and angiosperms (http://data.kew.org/cvalues/homepage.html).
Epigenetics: The regulation of gene expression via cytosine methylation,
histone modifications or processing of RNA (see also RNA interference).
Genomic imprinting: The regulation of genes in development depending on
their parental origin.
Polyploidy (or whole-genome duplication): A process whereby the entire
chromosome complement is multiplied, so that dividing cell types contain
more than two sets of chromosomes (as in a diploid). Evolution can mask
polyploid events through, for example, chromosome fusion or DNA loss.
Ancient polyploidy (palaeopolyploidy) can then be inferred only by analyses of
duplicated gene copies.
Synteny and collinearity: When the same cluster of genes occurs together in
related taxa or in duplicated blocks within a genome, this is known as synteny.
When these genes are also in the same or similar order, they are considered to
be collinear.
Recombination: The exchange of DNA between different DNA regions or
strands involved in, for example, meiosis, DNA repair, chromosome translocations and DNA insertion and deletion (Box 1).
Retrotransposons and retrotransposition: Retrotransposons are mobile
elements that can, or once could, amplify via copy-and-paste mechanisms
using an RNA intermediate; the mechanism is called retrotransposition.
Retrotransposons can be divided into two groups. (a) The long terminal repeat
(LTR) retrotransposons (e.g. gypsy and copia superfamilies, which are
abundant in angiosperms). (b) Non-LTR retrotransposons including LINEs
(long interspersed nuclear elements) and non-autonomous SINEs (short
interspersed nuclear elements), which are most common in mammals.
RNA interference (RNAi): This is a mechanism involved in the processing of
RNA into small RNA fragments, e.g. microRNA (miRNA), small interfering RNA
(siRNA) and piwi-interacting RNA (piRNA) for gene regulation, heterochromatinization, suppression of transposable element mobility and defense against
external nucleic acids.

Corresponding author: Leitch, A.R. (a.r.leitch@qmul.ac.uk).

572

0169-5347/$ – see front matter ß 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.tree.2009.04.010 Available online 6 August 2009

Author's personal copy

Phenomenon
Chromosome structure
R- and G-bands

C-bands
Chromosome-specific painting

Conserved non-coding sequences (CNS)
Average CNS size
Relative conservation
Average density of CNS in genome
Distribution in genome
Genes
Occurrence of multigene families

Average
Average
Average
Average

gene length (introns+exons)
intron length
total intron length
total exon length

Genome size and chromosome number
Range in genome size

Range in chromosome number

Number of protein genes in mitochondria
Percentage of nuclear genome occupied by
NUMTs
Retrotransposable elements
Predominant type of element

Diversity of retroelements

References

Absent

Present; used extensively to
compare karyotypes between species;
R-bands are SINE-rich and G-bands are LINE-rich
Present, labelling heterochromatin
Widely applicable across mammals species

[2,6,86,87]

20–30 bp
Relatively less highly conserved, degrading
quickly over evolutionary time
3 CNS/gene although 27% of
genes not associated with CNSs
Intergenic

69–>100 bp
More highly conserved, degrading more
slowly over evolutionary time
17.7 CNS/gene, all analyzed genes
associated with CNSs
Mostly within introns and intergenic regions

[7,88]
[7,88]

Large multigene families common
(in A. thaliana, 37.4% of genes occur
in families with >5 members whereas
35% are single)
2.9 kb (mean for A. thaliana and O. sativa)
270 bp (mean for A. thaliana and O. sativa)
1.64 kb (mean for A. thaliana and O. sativa)
1.35 kb (mean for A. thaliana and O. sativa)

Fewer, smaller multigene families
(in humans 1.4% of genes occur in
families with > 5 members whereas
86.4% are single)
43.5 kb in humans
5.5 kb in humans
42 kb in humans
1.49 kb in humans

[7]

2000-fold from 1C = 0.063 pg in Genlisea
margaretae to 1C = 127.4 pg in tetraploid
Fritillaria assyriaca (based on 5770 species
with C-value measurements, Figure 2)
From 2n = 4 in five species to 2n = 640 in
Sedum suaveolens.

Five-fold, from 1C = 1.73 pg in Miniopterus
schreibhersi to 1C = 8.4 pg in Tympanocytomys
barrerae (based on 400 species, Figure 2)

[13,85]

From 2n = 6 in female Muntiacus muntjak
to 2n = 134 in Diceros bicornis

[90]

Variable in size, ranging from 200 to over
2000 kb
27 in A. thaliana
0.171% in A. thaliana and 0.097 % in O. sativa

Narrow range e.g. 16.5 kb in humans
(mean size for vertebrates is 17 kb with low SD)
13 in humans
0.016% in humans, 0.002% in Mus
musculus and 0.0002% in Rattus norrvegicus

[91–93]

LTR retrotransposons belonging to copia
and gypsy superfamilies; individual elements
range from a few hundred bases to 25 kb with
103–105 copies, contributing up to 80%
of the genome (depending on genome size)
Large range in copy number and diversity
of families present in the genome

Non-LTR retrotransposons LINEs and
SINEs are predominant; in the human genome
these two classes comprise over 33% of the
DNA; the SINE element Alu has the highest
copy number, with >1 million copies
Generally mammalian genomes are
characterized by a low diversity of
retroelement families.

Complete replacement of subtelomeric repeats
in 3 million years (data from Nicotiana)

Little change in great ape centromeres repeats
over 7 million years

Present, labelling heterochromatin
Very limited application, only successfully
applied to certain chromosome types
(e.g. sex and B chromosomes)

[2,6,86,87]
[9]

[7,88]
[7,88]

[89]
[89]
[89]
[89]

[92]
[93,94]

[44,45,95,96]

[96]

[97,98]
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Tandem repeats
Rate of sequence homogenization

Mammals
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Mitochondrial DNA
Average size of mitochondrial genome

Angiosperms
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Table 1. Major differences in genome organization between angiosperms and mammals
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Phenomenon
Polyploidy and interspecific hybridization
Incidence of polyploidy

Frequency of interspecific hybridization
Recombination
Rates of recombination
Linkage map recombination frequency
Occurrence of chromosomal
translocations

Retrotransposition
Retroelement insertion

Retroelement half-life

Silencing mechanism of miRNA

Role of miRNA silencing

Mammals

References

Frequent occurrence; most (maybe all)
species have evidence of polyploidy in their
ancestry and some, e.g. Brassica napus, have
undergone four rounds of polyploidy over this
time frame
At least 25% of species

Absent in mammals, only one
controversial report of a polyploid rodent

[17,99]

6% of species

[18]

Higher and more variable
Arabidopsis thaliana, 2.6 cM/Mb
Large number in some lineages including
microshuffling, e.g. comparative linkage map
analysis reveals 10 chromosome
rearrangements between A. thaliana and A. lyrata,
which diverged just 5 mya and 90
translocation since A. thaliana and B. nigra
diverged 14–24 mya

Lower and less variable
Human, 1.22 cM/Mb
Small number of large translocations,
e.g. chromosome painting reveals one
chromosomal translocation between human
and great apes (diverged 5 mya) and only
14 between mouse and rat (diverged 10–20 mya)
even though rodents have one of the
highest rates of chromosome evolution in
mammals

[25]
[29,30]
[26–28]

Higher frequency of insertion events;
(a) in Gossypium amplification of
retroelements has expanded the genome
3-fold in some lineages, accumulating
e.g. >50 000 copies of the Gorge 3 LTR
retroelement in the last 5–10 million
years; (b) 80% of the Zea mays genome is
composed of retroelements, most inserted
in the last 1–3 million years
<1–6 million years (Oryza sativa),
<2 million years (Z. mays)

Lower frequency of insertion events;
divergence of the great apes is associated with
amplification of Alu elements, with an
estimated 5000 Alu insertions in the African
great ape lineage over 5–10 million years

[95,100]

We are unaware of comparable data

[36,43,100]

Genes activated by cytosine demethylation
Restricted to endosperm
No

Genes silenced by cytosine methylation
Used extensively during development
Yes

[101]
[65,66]
[65,66]

Present

Not described in mammals

[102,103]

Usually considered to require near perfect
sequence complementarity of miRNAs to
particular genes, predominantly targeting
intergenic regions
Pre- and post-transcriptional level
silencing, the former through
heterochromatinization
Viral defence, heterochromatinization,
silencing of mobile elements

Lower complementarity of miRNAs
influencing a broader set of genes,
predominantly targeting introns

[56,57,102,104,105]

Regulation at post-transcriptional level,
with only limited evidence for regulation at
DNA level
Cell differentiation and development;
a role in suppressing mobile elements is
unclear

[56,57,102,104,105]

[56,57,102,104,105]
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Gene silencing
Epigenetic regulation of genes
Genomic imprinting
Global epigenetic repatterning associated
with gametogenesis
RNAi-directed DNA methylation
(RdDM) and RNA-dependent polymerase
(RdRP)
miRNA targets

Angiosperms

Review
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Table 2. Important mechanisms contributing to differences in genomic structure between angiosperms and mammals
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Figure 1. Cytogenetic banding and chromosome painting. (a) Human metaphase showing G-bands enabling the identification of individual chromosomes (used with
permission from Mr R. Palmer). (b) Chromosome painting using whole chromosome paints derived from Indian muntjac to metaphases of the same species {reprinted
with permission from Oxford University Press (Human Molecular Genetics) [84], copyright 1998} (c) Human metaphase probed with gibbon chromosome paints {reprinted
with permission from Macmillan Publishers Ltd (Nature Reviews Genetics) [8], copyright 2007}.

Chromosomes: more compartmentalized in mammals
than angiosperms
Fundamental differences in the structure of mammalian
and angiosperm chromosomes were probably first observed
with the development of cytogenetic banding (Figure 1a).
In mammals, R- and G-bands, which represent domains (or
isochores) of different gene densities and sequence character (particularly the predominant retrotransposons that
they contain [2]) (Table 1), are highly conserved enabling
karyotypes to be compared (e.g. cetaceans diverging 30
mya have near identical G-banding patterns [3,4]). The
occurrence of bands suggests that many of the sequences
comprising mammalian chromosomes are organized into
compartments that have remained relatively stable over
long evolutionary time frames. The evolutionary stability
is also reflected in the widespread occurrence of conserved
non-coding sequences (CNSs), which are scattered
throughout the mammalian genome [5].
Similar analyses in angiosperms, however, have consistently failed to reveal such compartmentalization and
genome stability. R- and G-bands have not been detected
[6] and CNSs are fewer in number, smaller in size and
degrade more quickly over evolutionary time compared
with mammals (Table 1) [7]. Together these data point
to a more fluid and less compartmentalized organization of
DNA in angiosperms compared with mammals.
Further organizational differences have been highlighted by chromosome painting techniques that identify
individual chromosomes (Figure 1b). Chromosome painting across a range of mammalian species (Figure 1c) has
revealed astonishing stability in chromosome structure
over millions of years of mammalian divergence, facilitating predictions of the ancestral mammalian karyotype [8].
The data suggest that mammalian chromosome divergence
is characterized by relatively few rearrangements of large
genomic segments [8].
Chromosome painting, however, like R- and G-banding,
has failed in angiosperms. The paints do not localize to
individual chromosomes, but instead label much of the
genome. Only unusual chromosomes occurring in some
species (e.g. sex or B chromosomes) are preferentially

Figure 2. Histograms showing the distribution of genome sizes in mammals and
angiosperms. (a) Data for mammals (data for ca. 400 species (656 estimates) taken
from the Animal Genome Size database [85]) and (b) angiosperms (data for 5770
species from the Plant DNA C-values database [13] plus additional data not yet
incorporated into the database; values for 19 species which are >1C = 60 pg have
been binned at 60 pg).
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painted because of the accumulation of some repetitive
sequences [9,10]. The failure of this technique points to a
more dispersed, genome-wide distribution of repeats in
angiosperms. To determine the frequency of chromosomal
rearrangements in angiosperm evolution, comparative
linkage maps have been used. These reveal more chromosomal translocations and local reshuffling of short DNA
segments in angiosperms than in mammals, particularly
in non-coding regions [11,12] (Table 2).
Genome size and chromosome number: angiosperms
have greater diversity than mammals
There are considerable differences in the range and distribution of genome sizes (DNA C-values) and chromosome
numbers (Table 1). Angiosperms have a particularly large
range of genome sizes (c. 2000-fold) [13] and chromosome
numbers (2n = 4 to 2n = 640). This contrasts with the
narrower range of genome sizes (five-fold) (Figure 2) and
chromosome numbers (2n = 6 to 2n = 134) in mammals.
Such ranges need to be considered in the context of the
ages of the groups. The origin of angiosperms is 140–180
mya and there are now approximately 250 000 species
[14], whereas the common ancestor of eutherian mammals
evolved 93 mya [15] and there are approximately 5400
species. Nevertheless, the younger age of mammals is
unlikely to be the reason for the reduced diversity of their
genomes. Our analysis of the Plant DNA C-values database identified over 60 families and 70 genera with genome sizes varying more than five-fold [13]. Indeed,
Orchidaceae, considered to have arisen 110 mya, have
genome sizes that range over 160-fold [16]. Collectively
these data point to fewer constraints on genome size and
chromosome number evolution in angiosperms compared
with mammals.
Mechanisms responsible for differences
At the global scale, the picture emerging is that the
angiosperm genome is less compartmentalized and more
labile than the mammalian genome. We propose that the
reasons lie in different activities of four mechanisms primarily responsible for genome divergence: polyploidy, recombination, retrotransposition and gene silencing.
Polyploidy and interspecific hybridization are more
important in the divergence of angiosperms than
mammals
Polyploidy and interspecific hybridization have played
significant roles in the divergence of angiosperms. Indeed,
most (maybe all) species have at least one round of polyploidy in their ancestry [17] and at least 25% of species
show evidence of interspecific hybridization (Table 2) [18].
In contrast, polyploidy has not played a role in the divergence of mammals, although it is generally recognized that
there were two rounds of polyploidy early in vertebrate
evolution [19]. The incidence of hybridization is also lower
(6%, [18]). Perhaps angiosperms form hybrids more
readily because their gametes are released with only limited targeting systems, in contrast to the internal fertilization and complex mating behaviour of mammals, which
limit opportunities for interspecific crosses. Furthermore,
through clonal growth, angiosperm hybrids and polyploids
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can build up numbers of individuals without much, or any,
fertility, an option unavailable to mammals.
Polyploidy leads to increases in genome size and gene
and allele diversity [20] and, together with local duplications, results in large multigene families in angiosperms
[7]. Gene duplication might release functional constraints
on copies, enabling them to evolve new or tissue-specific
functions, to form pseudogenes or to be deleted [21]. However, many duplicate copies (up to 30% of genes in Arabidopsis thaliana) are retained and are perhaps ‘‘connected’’
to generate balanced amounts of gene products in relation
to other duplicated genes [22]. Polyploidy and interspecific
hybridization can also trigger genetic and epigenetic
changes to the genome [23,24]. One consequence of recurrent polyploidy and hybridization in angiosperms is
ongoing genome restructuring, inhibiting the establishment of a highly compartmentalized genome.
Recombination: shuffling, incorporation and elimination
of DNA occurs more rapidly in angiosperms than
mammals
Recombination plays a role in genome evolution because of
its involvement in, for example, genomic rearrangements
(chromosomal fusions, inversions and translocations),
insertions (including organellar DNA), and repair and
deletions of DNA sequences (Box 1). Much evidence
suggests that recombination rates are higher and activity
more variable in angiosperms than in mammals (Table 2)
[25], thus leading to differences in genome structure and
long-term stability. The higher recombination frequencies
are reflected in the greater number of translocations that
can occur during species divergence [26–28] and higher
linkage map recombination frequencies reported in angiosperms compared with mammals [29,30]. Differences in
recombination frequencies are also reflected in different
frequencies of illegitimate DNA insertions into the genome
via recombination (Box 1). This process provides a constant
supply of DNA from a variety of sources from both within
and outside the genome, e.g. transposable elements and
mitochondrial and plastid DNA. Integration of mitochondrial DNA into the nuclear genome, perhaps involving both
homologous and non-homologous recombination, can generate large segments or mosaics of organellar DNA [31].
Such integration occurs more frequently in angiosperms
than in mammals [32], generating a higher proportion of
nuclear mitochondrial sequences (NUMTs) (Table 1). Plastid DNA also integrates into the angiosperm nucleus;
indeed 18% of nuclear genes in A. thaliana are of cyanobacterial (plastid) origin [33].
The insertion of DNA is intimately associated with DNA
repair processes [34] for which differences might also exist.
In experiments in which protoplasts of tobacco and human
HeLa cells were transfected with linear DNA sequences,
DNA repair was less precisely regulated and error-prone in
tobacco [35].
Increases in genome size generated by newly inserted
DNA and polyploidy are counteracted by DNA deletions,
a process also requiring the recombination machinery
(Box 1). The rates of DNA loss from angiosperm genomes
can be astonishingly high. It has been estimated that the
half-life of a range of retroelements in Oryza sativa (rice)
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Box 1. Different roles of DNA recombination in genome evolution: translocations, insertions and deletions
Recombination is the exchange of DNA segments between strands
and is usually initiated by double-strand DNA breaks that can
be induced naturally or occur accidentally. The process can
generate variability in the genome because it results in DNA
shuffling, e.g. chromosomal translocations (Figure Ia) and DNA

insertions (Figure Ib) and eliminations (Figure Ic). DNA from a
variety of sources (e.g. retroelement, plastid, organelle, viral or
bacterial DNA) can be inserted into a chromosome illegitimately
(ectopic recombination). DNA insertions and eliminations together
result in genome turnover.

Figure I. DNA recombination. (a) Recombination leading to chromosomal translocations. Recombination between non-homologous chromosomes (brown and pale
purple) at X results in two hybrid chromosomes. (b) Recombination leading to DNA insertions. Recombination can insert DNA sequences (circle of DNA) into a linear
chromosome (straight DNA). Homologous recombination at X requires some sequence similarity between the donor and recipient DNA strands (arrows), generating a
recombinant chromosome that contains structural features of both the target and donor sequences (blue and pale green boxes and arrows). (c) Recombination leading
to DNA elimination from a linear chromosome. This occurs through alignment of two identical or similar sequences (arrows) along the chromosome, perhaps brought
about as a natural part of chromosome folding or through the twisting of DNA strands. Once aligned, recombination at X leads to the elimination of DNA (circle of DNA).
This might occur between, for example, the long terminal repeats (arrows) of an LTR retroelement, resulting in elimination of most of the element but leaving behind a
solo LTR.

is less than a few million years (Table 2) [36] and 80% of
nuclear insertions of plastid genes might disappear
within one million years [37]. Although we are unaware
of similar data for mammals, it is noteworthy that
chromosome paints remain effective between species
despite 93 million years of divergence [8,15], suggesting
the conservation of non-coding DNA sequences over long
time frames.
Higher recombination rates in angiosperms than in
mammals result in more translocations, enhanced integration of sequences, faster DNA deletion and more errorprone DNA repair. Recombination will blur genome substructure more extensively in angiosperms than mammals and contribute to a more dynamic and fluid
genome structure. However, it is not clear what causes
the difference in recombination rates. It might relate to
the higher proportion of repetitive DNA in angiosperms
(particularly in species with large genomes), providing
multiple substrates for homologous recombination.
Indeed, long terminal repeat (LTR) retrotransposons,
which are abundant in angiosperms but not mammals
(see below and Table 1), are good substrates for ectopic
recombination because the LTRs can recombine, leaving
behind solo LTRs [38] (Box 1). The larger number of multigene families [7] in angiosperms than in mammals
(Table 1) might also provide more sites for homologous
recombination. In addition, the size of mammalian and
angiosperm genes might play a role. The average total
exon lengths are similar, but typically the entire gene is

larger in mammals owing to greater intron lengths [39]
(Table 1). Indeed mammalian introns form a substantial
component of non-coding DNA [40], unlike angiosperms,
for which most non-coding DNA is intergenic. In Drosophila melanogaster an inverse correlation exists between
intron length and recombination frequency per kilobase of
DNA [41], perhaps because of a selective advantage conferred by recombining exons separated by short introns
[42]. If this relationship holds for angiosperms and mammals, the shorter introns of angiosperms might also contribute to higher recombination frequencies.
Retroelements are more mobile and diverse in
angiosperms than mammals
In both angiosperms and mammals the most significant
and abundant mobile elements are retrotransposons,
which are major determinants of genome structure and
evolution. Angiosperms contain predominantly LTR retrotransposons belonging to the copia and gypsy superfamilies [43]. Within these there is massive diversity, with
thousands or tens of thousands of elements contributing
up to 80% of the genome in some species [44]. LTR retrotransposons are less abundant, diverse and active in mammals. Instead the non-LTR retrotransposon classes LINEs
(long interspersed nuclear elements) and non-autonomous
SINEs (short interspersed nuclear elements) predominate
[45]. Angiosperms have higher background levels of retrotransposition than mammals, often caused by bursts of
activity associated with hybridization, polyploidy [46,47]
577

Author's personal copy

Review
or stress [48]. However, they can also have a short half-life,
as already mentioned [36,38].
Retroelement amplification by retrotransposition and
removal by ectopic recombination lead to retroelement turnover. We suggest that both processes are more frequent in
angiosperms (Table 2), contributing to a loss of genome
substructure and higher rates of genome divergence compared with mammals [49]. Nevertheless, recombination
between retroelements does occur in mammals. Indeed, it
is estimated that at least 0.3% of human genetic diseases
occur because of unequal recombination between Alu
elements (SINE class of non-LTR retrotransposons) [50].
Collectively, recombination and retrotransposition lead
to homogenization of sequences between and within
chromosomes, although rates are generally thought to be
higher within chromosomes (intrachromosomal homogenization) [51–53]. In mammals this would contribute to the
divergence of chromosomes and the formation of a compartmentalized structure. However, in angiosperms the
rates of intrachromosomal and interchromosomal homogenization are similar, perhaps because of high levels
of retrotransposition and ectopic recombination between
chromosomes [54], leading to a less well-structured genome. Lower frequencies of intrachromosomal recombination [55] would have the same outcome, but this is less
likely in angiosperms because of considerable interchromosomal mobility of repetitive sequences [54].
Is gene silencing more focussed in angiosperms than
mammals?
There is evidence of fundamental differences in gene silencing and defence mechanisms between angiosperms and
mammals (Table 2). In mammals, there is low complementarity of miRNAs to their targets and thus individual
miRNAs can influence a broad set of genes or sequences
across the genome, a mechanism thought to facilitate
regulation and fine-tuning of gene expression [56]. In
angiosperms, it is generally thought that interactions
are more specific, resulting in more focused and localized
effects, although recent data for A. thaliana question these
assertions [57].
Our understanding of RNAi is in its infancy but is
growing rapidly. Recent models suggest that miRNAs
might have evolved from siRNA involved in transposable
element suppression [58]. Given that there are higher
levels of nuclear DNA insertions (e.g. plastid and mitochondrial DNA) and retrotransposition in angiosperms
than in mammals, this might suggest different RNAi
activities (e.g. roles of siRNA, piRNA) in element suppression. Indeed the abundance, copy numbers and diversity of
retrotransposons in angiosperms suggest that individual
elements have frequently escaped silencing regulation in
the divergence of the group. This is despite RNAi-directed
DNA methylation (RdDM) and RNA-dependent RNA polymerase (RdRP), currently only known in angiosperms,
which presumably evolved to limit such activity.
What are the causes and consequences of such different
modes of genome evolution?
Evolutionary processes such as selection and genetic drift
influence the mode and activity of mechanisms that are
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primarily responsible for generating patterns of genome
structure. Here we explore how differences in developmental processes and life strategies might feed back on these
mechanisms to generate the different genome organizational patterns observed in angiosperms and mammals
(summarized in Figure 3).
Genome structure and development
Do fundamental differences in development drive genomic
differences between angiosperms and mammals? Angiosperms have three developmental features that are absent
in mammals: (1) alternation of generations resulting in two
distinct life phases, the haploid gametophyte (embryo sac
and pollen) and the sporophyte (diploid); (2) double fertilization in most species, forming a zygote (sporophyte) and
a triploid endosperm that nourishes the zygote; and (3) the
absence of a sequestered germ line [59].
A consequence of alternation of generations and double
fertilization is that many genes must function in three
different dosages: single dosage (gametophyte), double
dosage (zygote) and triple dosage (endosperm). Further
complexity arises from multiple rounds of polyploidy in
the recent and/or ancient evolutionary history of angiosperms [17]. This tolerance to different ploidy levels in
somatic dividing cells might predispose angiosperms to
germ line polyploidy and perhaps explains why it is so
prevalent in angiosperms.
The sequestration of a germ line early in mammalian
development means that there are relatively few cell divisions leading to gamete formation, particularly in oogenesis [60] (Table 2). By contrast, there is no sequestration of
the germ line in angiosperms; instead, gametes are formed
from somatic cells in the apical meristems. Even ephemeral species such as A. thaliana with short generation
times (7 weeks) undergo many hundreds of divisions between the seeds of one generation and those of the next
[61]. For the majority of angiosperms this number is likely
to be order(s) of magnitude larger. Because the number of
mutations and cell divisions are positively correlated [62],
there are many more opportunities for mutations to arise
compared with mammals. Furthermore, whereas the
mammalian germ line is largely protected from the
environment, the angiosperm germ line is vulnerable to
environmental stresses that can also stimulate mutations
and retrotransposition [48].
Angiosperms are characterized by plasticity in their development, resulting in a high degree of phenotype variability, even between individuals of the same species.
Morphology is also greatly influenced by environmental
conditions and individuals in different habitats can express
different phenotypes [63]. In evolution, this plasticity can be
reflected in rapid morphological divergence, as observed, for
example, in the silverswords of Hawaii, for which species
have diverged into small rosette-forming plants, shrubs,
vines and large trees within six million years [64]. In contrast to angiosperms, mammals have a highly constrained
development that is controlled by well-tuned and coordinated developmental pathways. Among these, genomic
imprinting is important for development and arises through
global repatterning of DNA methylation during gametogenesis. In angiosperms, genomic imprinting is exhibited by
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Figure 3. Different interrelationships and their relative strengths, represented by the direction and thickness of the arrows, between mechanisms generating genomic
change and the life strategy options and developmental constraints in mammals and angiosperms. HGT refers to Horizontal Gene Transfer, the integration of DNA from
sources outside of the nucleus.

only some genes of the endosperm, a tissue that does not
contribute to the germ line [65,66]. Potentially, global repatterning would trigger catastrophic release of elements
already largely responsible for high rates of genome divergence (e.g. retrotransposons). In any case, advantages conferred by developmental plasticity in angiosperms might
provide little selective pressure for the evolution of genomic
imprinting.
Genome structure and life strategies
Different life strategies might drive genomic differences
between angiosperms and mammals (Figure 3). Mammals
are capable of high levels of mobility, enabling them to find
food and mates and escape disease, predation and adverse
conditions. Associated with this is a highly complex, yet
constrained pattern of development [67]. In contrast, the
sessile nature of angiosperms means that they cannot
readily escape adverse conditions, herbivores and poor
environmental conditions or attract pollinators. Instead

their survival depends on being able to respond to adverse
conditions through biochemical complexity and developmental plasticity, the tool kit for plant survival [68,69].
This is reflected in the large number of genes (perhaps 25%
of the total) involved in the production of secondary metabolites [70].
Perhaps by adopting the mammalian life strategy the
genome itself becomes constrained, because genomic reorganization (e.g. via retrotransposition, polyploidy and ectopic recombination) is likely to be detrimental to a finely
tuned, developmentally complex system and thus should
be selected against. In contrast, the sessile life strategy of
angiosperms requiring developmental plasticity might
mitigate against the evolution of developmental complexity. Indeed, genomic restructuring could be an advantage
to angiosperms because it can generate biochemical complexity [23,71]. For example, a major component of the
abiotic and biotic stress response is the activation of retrotransposons [48] and increased frequency of recombination
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[72]. Selection against such change might be less severe in
angiosperms than mammals because of the robustness of
their biological systems. The lack of a sequestered germ
line and the large number of offspring typical of many
angiosperms mean that there are many opportunities for
generating variation upon which selection can act. However, the effects of genetic drift versus selection in fixing
such variation is influenced by the effective population size
(Ne) [73]. Whereas small Ne values for angiosperms might
explain some of the variability in their genome structure
(favouring the effects of drift) [73], there is no reason to
suppose that angiosperm Ne values are materially smaller
than those of mammals, making it unlikely that genetic
drift has had a greater impact on their genome evolution.
There might be relationships between genome size and
life strategy, particular in the upper limits of the c.2000fold range of genome sizes found in angiosperms. Nucleic
acids are an expensive resource for plants because nitrates
and phosphates must be harvested from the environment
and are frequently in limiting supply [74]. Furthermore,
the time taken to replicate DNA in the cell cycle increases
with genome size [75]. Consequently, angiosperms with
larger genomes are more restricted in the type of life
history strategies and habitats they can adopt and are less
able to adapt to changing environments [74]. Indeed this
might explain, in part, the highly skewed distribution of
genome sizes encountered in angiosperms (Figure 2). For
mammals, synthesis of DNA is not limiting because their
food source has plentiful DNA and RNA. However, mammals are characterized by a narrow range of small genome
sizes, perhaps to maximize energy flows for an active,
dynamic life strategy. Indeed, bats have the smallest
mammalian genomes recorded, perhaps reflecting their
need to minimize body weight (there are significant correlations between genome size and cell size) and maximize
energetics for flight (there is an inverse correlation between cell size and metabolic rate) [76].
Comparisons with other systems
Our proposed hypotheses that life strategy and development might be important determinants of genome structure need to be tested against other eukaryoytic groups.
We are unaware of many fundamental differences among
other vertebrates that set mammals apart from the rest,
although comparable depths of data are lacking. Nevertheless, considerable effort is being expended to resolve
these deficiencies and recent genomic studies in the platypus have shown that this early diverging mammal has
some features similar to reptiles (e.g. abundant widespread microsatellite sequences [77]). In addition,
although polyploidy is absent in mammals, it has occurred
in the divergence of many groups of fish [78] and occurs in
amphibians and reptiles.
Among land plants, polyploidy is common in monilophytes (ferns and horsetails, >90% of species) but is rare in
gymnosperms (<5% of species). Gymnosperms are considered to be developmentally constrained in comparison
with angiosperms and have less phenotypic and morphological diversity (e.g. there are no annual gymnosperms).
Comparative genome analyses and wide phylogenetic
coverage do exist for insects that have constrained
580

Trends in Ecology and Evolution Vol.24 No.10

development and are perhaps more similar to mammals
than angiosperms. Some features of their genomes
are similar to those of mammals: (a) polyploidy is rare
[79]; (b) among dipterans (an early diverging group,
331 mya, [80]) chromosomes are highly structured,
as revealed by banding on polytene chromosomes; (c)
comparative genomic analyses of Drosophila and Anopheles revealed orthologous genes in syntenic groups [81]
despite diverging >250 mya [82], and; (d) in the grasshopper Podisma pedestris (Orthoptera, diverged 371
mya), ribosomal DNA sequences have escaped homogenization for millions of years [83]. However, species
in Orthoptera do not produce fine-structured chromosome banding patterns as in Diptera and analysis of
recombination frequencies in different insects reveals
considerable variation. Whereas some (e.g. Drosophila
melanogaster, 1.59 cM/Mb) have rates similar to those
found in mammals, others are higher, with the highest
rate recorded for the honey bee (Apis mellifera, 19 cM/
Mb) which is greater even than that reported for angiosperms (Table 2) [29,30].
With increasing numbers of genome sequences from a
range of eukaryotes becoming available, further and fuller
comparisons between and within major groups will become
possible. Thus, a clearer picture of the significance of
differences between genomes will emerge. This will facilitate testing of hypotheses as to how life strategies and
developmental pathways influence, or are influenced by,
genome structure.
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