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SUMMARY

The genome sequence of the plant model organism Arabidopsis thaliana was presented in December of the year

2000. Since then, the 125 Mb sequence has revealed many of its evolutionary secrets. Through comparative

analyses with other plant genomes, we know that the genome of A. thaliana, or better that of its ancestors, has

undergone at least three whole genome duplications during the last 120 or so million years. The first duplication

seems to have occurred at the dawn of dicot evolution, while the later duplications probably occurred

<70 million years ago (Ma). One of those younger genome-wide duplications might be linked to the K-T

extinction. Following these duplication events, the ancestral A. thaliana genome was hugely rearranged and

gene copies have been massively lost. During the last 10 million years of its evolution, almost half of its genome

was lost due to hundreds of thousands of small deletions. Here, we reconstruct plant genome evolution from

the early angiosperm ancestor to the current A. thaliana genome, covering about 150 million years of evolution

characterized by gene and genome duplications, genome rearrangements and genome reduction.
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SETTING THE STAGE

One determining factor that enabled the development of life

on Earth was the realization of an information codex, doc-

umenting all instructions for creating and maintaining life in

its most fundamental form. There are reasonable arguments

to state that life originated through RNA, for one because of

its combination of catalytic and information-storing abilities

(Gilbert, 1986). Next, it is believed, the machinery to syn-

thesize proteins was developed and this enhanced the cat-

alytic properties and possibilities, not only for metabolic

processes but also for refining information storage and

replication. The chemically much more stable DNA was

involved only later to maintain and transmit the genetic

blueprints of all of life’s structural and functional compo-

nents. The genome thus has evolved over evolutionary time,

perhaps from initially being the hard- and software package

for self-replication, to the archive of the dazzling diversity of

today’s interacting and interfering millions of life forms.

Parallel to that, where positive mutations early in evolution

could often be a crude and easy hit, nowadays life forms and

their interactions are so complex and mutually dependant

that it becomes harder and harder for life to invent ‘some-

thing totally new.’

Some of the major steps in the evolution from the early,

prokaryotic life forms towards the complex eukaryotes have

been the change from a circular to linear chromosomes, for

which telomeres and centromeres had to be developed; the

shift from prokaryotes (without membrane-enclosed organ-

elles) to eukaryotes at around 2.7 Ga (Brocks et al., 1999);

the development of multicellularity during the so-called

Cambrian explosion, 550 Ma, in which all major extant

clades of multicellular animals appear, basically at the same

moment. Land plants evolved a bit later, at around 400 Ma

and showed a similarly explosive brief window of time for

developing the angiosperms, around 140 Ma; their radiation

was so fast and massive as to provoke Charles Darwin to call

it an ‘abominable mystery.’ It is on the angiosperms and

more in particular the dicots that we will mainly focus our

journey through the past.
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THE ANCESTRAL ANGIOSPERM GENOME: PLANT LIFE

WITH 14 000 (OR FEWER) GENES (TP1)

For several decades, A. thaliana has been an excellent plant

model organism for reasons well known (Koornneef and

Meinke, 2010). Additionally, various techniques are available

to genetically engineer A. thaliana (Bent, 2000). Further-

more, within the family of the Brassicaceae, many species

are of major economical value. Important food crops include

broccoli, cabbage (both Brassica oleracea ssp.) and mustard

(Brassica rapa/nigra, Sinapis alba), while rapeseed (Brassica

napus) is used to produce oils and more recently became a

source for biodiesel. All this contributed to the popularity of

A. thaliana in plant laboratories worldwide.

Last but not least, there is the small genome size of

A. thaliana. With the recent advances in sequencing tech-

nologies, determining a genome sequence can be consid-

ered almost routine. A decade ago, however, genome

sequencing was still a daunting, very expensive and labo-

rious task and the size of the genome to be sequenced was a

major determinant in whether or not a genome project was

initiated. Coincidentally, with a size of about 125 Mb, the

genome of A. thaliana was also one of the smallest plant

genomes known and therefore an ideal target for sequenc-

ing (Arabidopsis Genome Initiative, 2000).

Analysis of the A. thaliana genome, and comparison with

other plant genomes that have been determined subse-

quently, unveiled a very complex evolutionary history of the

genome and that of its dicot ancestors. Although being a

superb model system for plant geneticists, the genome of

A. thaliana actually might be rather exceptional, with its

many genome duplications, huge amount of gene losses,

and recent genome shrinkage. Here, covering some 150

million years of angiosperm evolution, we discuss some

milestones in the evolution of the A. thaliana genome and

that of its ancestors, which eventually have led to the

genome we know today.

In earlier studies, based on a mathematical model that

simulates the birth and death of genes through small- and

large-scale gene duplication events, we estimated that the

ancestral angiosperm genome contained no more than

14 000 genes (Maere et al., 2005). Although this was solely

based on the analysis of the A. thaliana genome, similar

values have been obtained through the comparison of

different plant genomes. For instance, comparing the A. tha-

liana and poplar (Populus trichocarpa) gene sets suggested

an ancestral gene count of 12 000 (Tuskan et al., 2006),

whereas clustering of homologous genes from A. thaliana,

rice and 32 other plant species delineated approximately

12 400 ancestral genes (Vandepoele and Van de Peer, 2005).

Recently, counting the number of genes that show cross-

species synteny between the genomes of A. thaliana,

grapevine (Vitis vinifera), papaya (Carica papaya) and pop-

lar, suggested 10 000–13 000 ancestral angiosperm genes

(Tang et al., 2008b). In conclusion, it is probably safe to say

that the ancestral angiosperm genome contained around

Figure 1. Schematic and highly pruned phylogenetic tree of green algae and land plants for which the genome sequence has been determined. The background

colour of cells indicates whether values are small (red), intermediate (yellow) or high (green) compared to the average value in the same column. Dots on the tree

denote whole genome duplications. TPx denote specific time points discussed in the text. Raw data are derived from PLAZA 2.0 (Proost et al., 2009). AVG, Average.
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12 000–14 000 genes. Gene counts in extant angiosperm

genomes are all considerably larger [see Figure 1; data

derived from PLAZA 2.0 (Proost et al., 2009)], due to the

continuous process of gene duplication (Lynch and Conery,

2000) and, in numerous cases, genome duplications (see

further).

Although the moss Physcomitrella patens seems to

contain a number of genes that is comparable to that of

many angiosperms, probably also due to a genome dupli-

cation event, the gene content is considerably different

(Rensing et al., 2008). Unicellular green algae on the other

hand contain much fewer genes, as might be expected from

their much simpler morphology, lifestyle, and ecology.

Volvox carteri (Prochnik et al., 2010) and Chlamydomonas

reinhardtii (Merchant et al., 2007) contain more than 15 000

and 16 000 genes, respectively, while the picoeukaryotic

algae Micromonas and Ostreococcus contain about 10 000

and 8000 genes, respectively. It is interesting to note that

the difference in gene count between the prasinophytes

Ostreococcus sp. (Palenik et al., 2007) and Micromonas sp.

(Worden et al., 2009) and the Chlorophyceae Volvox carteri

and Chlamydomonas reinhardtii seems to be mainly due

to duplicated genes present in the latter two species, but

generally missing in the former ones (Figure 1).

THE HEXAPLOID ANCESTOR OF EUDICOT PLANTS: FROM 7

TO 21 CHROMOSOMES? (TP2)

Early analysis of the A. thaliana genome unveiled several

rounds of Whole Genome Duplications (WGDs), although

the exact number and timing has been disputed (Vision

et al., 2000; Simillion et al., 2002; Blanc et al., 2003; Bowers

et al., 2003). For instance, it was initially suggested that one

of the WGDs detected in A. thaliana occurred before the

radiation of most eudicots, and that the oldest WGD pre-

dated the divergence of dicots and monocots (Simillion

et al., 2002; Bowers et al., 2003). By comparison with addi-

tional whole plant genomes however, a more complete

picture has emerged. In particular the genomes of grapevine

and papaya revealed conclusive evidence regarding the

exact number and timing of WGDs that occurred early in the

history of angiosperms (Jaillon et al., 2007; Ming et al.,

2008). Grapevine is an early-diverging rosid and regions in

the grapevine genome typically show homology with two

other regions elsewhere in the same genome. Because of

this triplicate genome structure, it was concluded that, most

likely, three ancestral genomes had contributed to the

grapevine lineage (Jaillon et al., 2007). The recently released

papaya genome shows a similar triplicate genome structure

(Ming et al., 2008), although papaya is not closely related to

grapevine. Instead, it belongs to the order Brassicales and is

more closely related to A. thaliana from which it diverged

approximately 70 Ma (Wikström et al., 2001; Ming et al.,

2008). Therefore, the most plausible and parsimonious

explanation would be that the triplicate genome structure is

ancient and shared between many, if not all eudicots. This is

further supported by analysis of partial genome data of the

asterid Coffea (Cenci et al., 2010) and EST data of several

other Asteraceae (Barker et al., 2008), as well as by the recent

completion of two additional rosid genomes, soybean

(Glycine max; Schmutz et al., 2010) and apple (Malus

domestica; Velasco et al., 2010). By comparing the pattern

of gene losses in homeologous segments in papaya and

grapevine, it was observed that two of three were more

fractionated, suggesting that a first duplication event gen-

erated a tetraploid, which then hybridized with a diploid to

generate a triploid. This triploid then underwent yet another

whole genome duplication event to generate a hexaploid,

giving rise to the triplicate genome structure we still find in

species such as grapevine and papaya (Lyons et al., 2008).

Uncovering the triplicate genome structure in other plant

genomes is more difficult because of additional WGD events

that have occurred in several of these lineages (Van de Peer

et al., 2009a).

The extant grapevine genome consists of 19 chromo-

somes, most of which are clearly syntenic to two other

chromosomes, hence the triplicate genome structure. Fur-

thermore, two chromosomes show synteny to two different

chromosomes, indicating chromosome fusions (Jaillon

et al., 2007). This particular structure would suggest that,

about 120 Ma, the ancestral pre-hexaploid genome from

which all dicots have evolved, consisted of seven chromo-

somes. This would also suggest that, subsequent to the

hexaploidy event, the ancestral post-hexaploid genome

would have consisted of 21 chromosomes (Jaillon et al.,

2007; Abrouk et al., 2010). Possibly, amongst the ones

available at this moment, the grapevine genome is the

genome that still resembles that ancestral chromosomal

state most, due to its slow rate of evolution (Jaillon et al.,

2007).

There is some evidence, albeit mostly circumstantial, that

these early duplications can be linked to the origin and fast

diversification of angiosperms (De Bodt et al., 2005; Soltis

et al., 2008; Van de Peer et al., 2009b). Gene and genome

duplications potentially facilitate reproductive isolation

(Lynch and Conery, 2000; Scannell et al., 2006; Semon and

Wolfe, 2007; Bikard et al., 2009) and increase the diversifying

potential of species thereby providing putative selective

advantages over their diploid progenitors (Osborn et al.,

2003; Rieseberg et al., 2003, 2007; Comai, 2005). Although

their exact timing is uncertain, the hexaploidization event

early in the evolution of flowering plants might have

facilitated the emergence of flowers and specialized polli-

nation strategies (Stuessy, 2004). This in turn might have

been one of the crucial factors in the rapid diversification

and speciation of flowering plants in the Early Cretaceous

(Crepet, 2000; De Bodt et al., 2005; Soltis et al., 2008, 2009)

and, if true, make the abominable mystery Darwin referred

to somewhat less of a mystery.
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TWO MORE GENOME DUPLICATIONS FOR ARABIDOPSIS

(TP3)

Apart from the hexaploidy shared by most eudicots, many

plant lineages show traces of additional, independent and

more recent genome duplications (Blanc and Wolfe, 2004;

Schlueter et al., 2004; Cui et al., 2006; Barker et al., 2008,

2009; Lescot et al., 2008). Interestingly, many independent

WGDs, such as those in the cereals, the legumes, the

Solanaceae, the Compositae, cotton (Gossypium hirsutum),

poplar, banana (Musa sp.), and apple (Malus domestica)

appear to have occurred somewhere between 50 and 70 Ma

(Paterson et al., 2004; Tuskan et al., 2006; Lescot et al., 2008;

Fawcett et al., 2009). Recently, it has been suggested that

these duplication events might have coincided with the

Cretaceous-Tertiary (K-T) extinction, the most recent large-

scale mass extinction that wiped out around 80% of plant

and animal species, including the dinosaurs (Fawcett et al.,

2009; Van de Peer et al., 2009b).

Also the ancestors of A. thaliana seem to have undergone

two additional genome duplications. Again, this has been

uncovered through comparison with a close(r) relative,

namely papaya, which has not shared these genome dupli-

cations. Figure 2 shows several sets of homologous regions

in the genomes of papaya and A. thaliana. As can be

observed, the one genome copy in papaya corresponds

with four copies in A. thaliana, providing convincing sup-

port for two genome duplications in the lineage leading

to A. thaliana since their divergence from papaya, about 70

Ma (Wikström et al., 2001; Ming et al., 2008; Tang et al.,

2008a,b). These findings were unexpected as other meth-

ods, relying on fossil evidence and phylogenetic trees to

calibrate molecular clocks, placed both duplications consid-

erably earlier. However, fossils for the Brassicales are rare

and therefore few reliable age constraints could be used.

Only recently, more advanced methods have been devel-

oped that can account for uncertainties in tree topology and

allow evolutionary rates to be uncorrelated across the tree

(Beilstein et al., 2010). Recent age estimates now also place

one WGD very close to the divergence from papaya and the

most recent WGD within a window of 23–43 Ma (Barker

et al., 2009; Fawcett et al., 2009).

From Figure 2, it also becomes clear why inferring the

number of WGDs proved difficult using only the A. thaliana

genome. Homologous segments in A. thaliana are often

highly degenerated due to extensive gene loss. Indeed, as

previously noted, high frequencies of gene loss [or gene

fractionation sensu (Freeling et al., 2008)] reduce collinearity

resulting in duplicated regions that share very few, if any,

homologous genes (Vandepoele et al., 2002). Nevertheless,

Figure 2. Collinearity between papaya and dupli-

cated regions in Arabidopsis thaliana. In general,

one region in papaya corresponds with four

homologous regions in A. thaliana, providing

strong evidence for two WGDs in Arabidopsis

since its divergence from papaya, approximately

70 Ma. Ath: Arabidopsis thaliana; Cpa: Carica

papaya.
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by comparing chromosomal segments across multiple

genomes, and in particular with genomes that have not

shared the duplication event(s), such highly degenerated

regions can often still be unveiled to be homologous (Van de

Peer, 2004; Lyons et al., 2008; Tang et al., 2008a).

Using the papaya genome, it also became possible to

estimate how much gene translocation has occurred in

A. thaliana, since their divergence. Starting from collinear

regions between both species, the chromosomal positions

of A. thaliana genes were scored based on the conservation

of homologous neighboring genes in papaya (Freeling et al.,

2008). Although the frequency of translocation varied

among different gene families and functional categories,

Freeling et al. estimated that about 25% of all A. thaliana

genes had translocated since the origin of the Brassicales.

Therefore, both massive gene loss and gene translocations

seem to be responsible for the highly degenerated patterns

of collinearity observed in intra-genome A. thaliana com-

parisons (Figure 2).

Previously, we estimated that the number of genes

created by the hexaploidy event and surviving until today

amounted to about 800. Furthermore, we estimated that the

number of genes that have survived both of the more recent

WGDs in A. thaliana is about 6700. The number of genes

created through continuous small-scale duplications since

the eudicot ancestor has been estimated to be about 5300

(Maere et al., 2005, Table S3). When we add these numbers

to the 14 000 genes assumed to have been present in the

ancestor of the angiosperms (see above), we obtain a

number (26 800) that is very close to the actual number of

genes that currently has been annotated for the A. thaliana

genome (Figure 1). It should be noted though that these

values will be different for different plant species, dependent

on the rate genes get duplicated and lost again (see further).

RECENT GENOME REDUCTION IN ARABIDOPSIS

THALIANA (TPS 4 AND 5)

As far as we know, A. thaliana has remnants of more rounds

of WGDs than any other dicot, maybe with the exception

of soybean. Soybean has also undergone, apart from a

legume-specific WGD that it shares with Medicago and

Lotus, an additional genome duplication, about 13 Ma.

Nevertheless, the current gene number of A. thaliana is

comparable to the pre-13 Ma-duplication proto-soybean

gene number, which was estimated at about 30 000

(Schmutz et al., 2010). Because the most recent WGD in

soybean has added another 16 000 genes to its gene com-

plement, totalling the number at 46 000, the number of

genes in A. thaliana (27 291), for a comparable number of

WGDs, is very small and comparable to grapevine, papaya,

and cucumber (Huang et al., 2009), none of which have

undergone additional genome duplications (see Figure 1).

Apparently, A. thaliana has lost a larger set of genes during

its evolution. This might, at least partly, be ascribed to its

relatively high nucleotide substitution rate, compared with

other species (Tang et al., 2008b; Fawcett et al., 2009). It has

been shown that substitution rates are indeed dependent on

generation time, population size, and metabolic rate, and

can differ substantially between species (Lartillot and Poujol,

2011). A high substitution rate means that genes following

duplication accumulate more mutations, which in turn may

speed up pseudogenization. By contrast, the large number

of genes found in species such as poplar and apple (Fig-

ure 1) could be explained by the combination of relatively

recent WGDs and a slow(er) rate of evolution.

However, the large amount of gene loss in the A. thaliana

lineage might not only be due to the loss of more gene

duplicates accumulating deleterious mutations. By identify-

ing pre- and post speciation paralogs between A. thaliana

and its close relative A. lyrata, the genome sequence of

which became available recently (Hu et al., 2011), gene birth

and loss events can be inferred, which allows to enumerate

the contribution of these processes to the difference in gene

count between both species [see also (Shiu et al., 2004)].

This way, the last common ancestor of A. thaliana and

A. lyrata was estimated to harbor about 30 500 genes. This

value should be treated as a lower bound since genes that

have been deleted in both species cannot be identified by

the approach used. Based on phylogenies of pre- and post

speciation paralogs, we estimated that, since their diver-

gence, A. thaliana lost about 5700 genes compared with

only about 3100 in A. lyrata. On the other hand, approxi-

mately 700 and 1800 new genes were created through post

speciation duplications in A. thaliana and A. lyrata, respec-

tively. Relative to the ancestral gene number, A. thaliana

thus experienced a net loss of about 5000 genes compared

with about 1300 for A. lyrata. It can therefore be concluded

that gene deletion in A. thaliana, rather than enhanced

duplication in A. lyrata, is responsible for the smaller gene

set in A. thaliana.

Besides the number of genes, as mentioned previously,

also the genome size of A. thaliana is small. For instance,

A. lyrata, believed to have diverged from A. thaliana about

10–13 Ma (Beilstein et al., 2010; Hu et al., 2011), has a

genome size of about 207 Mb. This means that, in a little

more than 10 million years time, A. thaliana apparently lost

about half of its genome. Various mechanisms appear to

have caused this strong reduction in genome size. Part of

this genome shrinkage can be explained by the elimination

of three centromeres and six telomeres during chromosome

fusion events that have lead to the current chromosome

number of five in A. thaliana from the ancestral karyotype

with eight chromosomes (Lysak et al., 2006; Schranz et al.,

2006). Collinearity between both Arabidopsis species

reveals this process, apart from additional reciprocal trans-

locations, chromosome 1 in A. thaliana is a fusion of

chromosome 1 and 2 of A. lyrata, chromosome 2 resulted

from a fusion between chromosomes 3 and 4, and large
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portions of chromosome 5 correspond to chromosome 6

and 8 (Figure 3). Therefore, the difference in chromosome

number between both species can be explained by three

chromosome fusions while the reduction of the A. thaliana

genome size is explained at least in part by the loss of three

centromeres and three pairs of telomeres. A similar reduc-

tion in chromosome number is also observed in other

Brassicaceae, such as Pachycladon, Stenopetalum nutans/

lineare and Ballantinia antipoda. Though in these studies,

due to the absence of a full genome sequence, comparative

chromosome painting was used to detect homeologous

regions (Mandakova et al., 2010a,b).

So, although genome reduction in A. thaliana can be

partially attributed to the loss of DNA from large-scale

rearrangements, the main cause lies in hundreds of

thousands of small deletions found throughout the

genome (Hu et al., 2011). Although these microdeletions

occurred primarily in non-coding DNA and transposons,

many are also present in protein-coding multi-gene fam-

ilies, probably explaining the smaller number of protein-

coding genes present in the A. thaliana genome, as

discussed before. Using the A. lyrata genome to determine

the derived state among a set of insertion and deletion

polymorphisms found throughout the genome of 95

A. thaliana ecotypes (Nordborg et al., 2005), Hu et al.

(2011) uncovered more than 2600 fixed and more than

850 segregating deletions, compared with almost 1900

fixed and almost 100 segregating insertions, a clear excess

of deletions over insertions. Furthermore, deletions are on

average longer than insertions. If no selection were

involved, and if this pattern were only due to mutational

bias favoring deletions, deletion and insertion polymor-

phisms should have similar allele frequencies in the

A. thaliana ecotypes. However, segregating insertions are,

on average, found in fewer individuals than are deletions

or single-nucleotide polymorphisms. Deletions are often

found in the majority of individuals, and many are

approaching fixation in A. thaliana, which seems to sug-

gest that deletions are favored over insertions because of

selection, rather than simple mutational bias, thus leading

to a smaller genome.

So far, we have mainly focused on protein coding genes

when discussing plant genome evolution. However, there

are two main types of non-coding DNA, namely introns and

transposable elements (TEs), which make a huge contribu-

tion to the size and structure of angiosperm genomes. The

functions of both introns and TEs are still uncertain and

vividly discussed. There is roughly a 1000-fold difference in

genome size in flowering plants, mainly due to differences in

copy number of a whole range of TEs. The proliferation

process keeps going on: several species have doubled their

genome over the past 5 million years (Ramsey and Schem-

ske, 1998; Otto and Whitton, 2000; Soltis and Soltis, 2009).

Up to around 90% of the elements usually are class I TEs,

retrotransposons that transpose via an RNA intermediate.

Class II elements transpose via a cut-and-paste mechanism

and are much less abundant (Wicker et al., 2007). In order

to better understand the evolution of genome size in relation

to its structure and function, the dynamics of TE behavior

will have to be explored much deeper (Bennetzen, 2005).

Changes in the balance between insertion and excision rates

may be occurring under the influence of natural selection

and cause changes in the distribution of the various

elements.

CONCLUSION

In roughly 10 years time, we have developed a surprisingly

detailed view of the evolutionary history of the A. thaliana

genome and that of its ancestors. This only could have been

done through the comparison of genomes of related plant

species. It is to be expected that the current wave of

emerging technologies will further improve our under-

standing of genome sequences and how they evolve over

time. For instance, with the price per megabase significantly

lower than 10 years ago, many re-sequencing studies have

now become feasible. The first 500 A. thaliana genome

sequences as part of the 1001 Arabidopsis genome initiative

have already been determined and will be released soon

Figure 3. Collinearity between the five A. thali-

ana (At_1–5) and the eight A. lyrata chromo-

somes (Al_1–8). An additional A. lyrata scaffold

nine shows significant collinearity but could not

be assigned to one of the eight chromosomes

due to a lack of markers. Colinear regions have

the same colour and are connected through

coloured areas. Inversions are represented by

sandglass-like shapes. Centromeres are indi-

cated by black boxes.
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(D. Weigel, personal communication). Studying these addi-

tional genomes will undoubtedly further provide invaluable

information on variations in the genome between very clo-

sely related species and will give a detailed picture on how

genomes evolve at very small timescales. Resequencing of

Arabidopsis genomes already provides lots of information

on genome evolution at the nucleotide level, because single

nucleotide polymorphisms and small insertions/deletions

can be identified, as well as copy number variations (Clark

et al., 2007; Nordborg and Weigel, 2008; DeBolt, 2010).

Sequencing closely related genomes can pinpoint specific

genomic traits associated with an organism’s lifestyle as

well as provide insights in the genomic background of spe-

ciation. However, not only resequencing of known genomes

will be done. Additionally, many genomes of various new

plant families will be sequenced in the near future.

Undoubtedly, these will reveal invaluable insights into how

plant genomes have evolved through time.
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