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Summary

Natural variation in Arabidopsis thaliana has contributed to discoveries in diverse areas of plant

biology. While A. thaliana has typically been considered a weed associated primarily with

human-mediated environments, including agricultural and urban sites and railways, it has

recently been shown that it is also native in remote natural areas, including high altitude sites in

Eurasia andAfrica, from theAtlasmountains inMorocco to the afro-alpine regions in Eastern and

South Africa to Yunnan in China, the Himalayas and the Tibetan Plateau. This finding suggests

that while A. thaliana has been extensively studied in Europe and Western Asia there are still

many open questions about its population history, genotype–phenotype relationships and

mechanisms of adaptation.

I. Introduction

For early Arabidopsis researchers, natural variation held a promi-
nent role because it was recognized as a useful tool for
understanding how perturbations at the biochemical level could
lead to phenotypic change (Alonso-Blanco et al., 2009; Weigel,
2012). Collections of diverse natural accessions assembled over the
past 75 years have been a vital resource for molecular discovery and
evolutionary analyses (Provart et al., 2016). For example, our
knowledge of the functional and ecological roles of many genetic
loci is based on work done in natural accessions (e.g. for flowering
time and seed dormancy; Alonso-Blanco et al., 1998, 2003;
Wilczek et al., 2009; Burghardt et al., 2016). Reconstructing the
history of the species provides crucial information about how to
effectively leverage natural variation to address biological

questions. Knowing the history of migrations, adaptation to
climate and other environmental factors informs choices of
accessions for studying specific traits, as well as for mapping
studies. For this reason, extensive work over the past 20 years has
clarified the history ofArabidopsis thaliana in Europe,WesternAsia
and North America. However, the origin and early history of the
species still remained unclear. Here, we review recent work on the
population history of A. thaliana population history and discuss
how novel data from relict lineages reshapes our view on the origin
and history of the species.

II. Origin of the A. thaliana species

Arabidopsis thaliana differs from otherArabidopsis species in several
respects. It has an annual life cycle, predominantly self-fertilizes its
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flowers, exhibits reduced floral morphology and has reduced
genome size compared to other species in the genus. The reduced
petal size and pollen number found in A. thaliana, combined with
the re-orientation of the stamen towards the stigma, are likely
downstream effects of the transition to predominant selfing. This
combination of features is part of the ‘selfing syndrome’, which has
been observed acrossmany species that transitioned to predominate
selfing (Sicard & Lenhard, 2011). Furthermore, in A. thaliana the
haploid chromosome number is reduced from the ancestral set of
eight to five, and genome size is reduced fromgreater than 200Mbp
to c. 120Mbp, through major genomic rearrangements including
chromosome fusions (Kuittinen et al., 2004). This reduced
genome size has been hypothesized to result from the shift to
predominate selfing (Oyama et al., 2008; Hu et al., 2011),
consistent both with empirical observations (Wright et al., 2008)
and theoretical predictions (Charlesworth, 1992). These genomic
changes render A. thaliana incompatible with its closest relatives
and thereby create a species boundary (Nasrallah et al., 2000).

From studies that have examined the genetic basis of selfing in
A. thaliana (Nasrallah et al., 2002), we know that two genes in the
S-locus region are responsible for self-incompatibility in outcross-
ing Arabidopsis species, where many highly divergent S-
haplogroups are maintained by balancing selection. In
A. thaliana, three S-haplogroups have made it through the
speciation bottleneck, all of which include independent loss-of-
function mutations (Vekemans et al., 2014; Shimizu & Tsuchi-
matsu, 2015). These S-haplogroups are prevalent in different
regions in Eurasia and they were never found to co-occur all
together. To account for the independent loss-of-function muta-
tions and the disjunct geographic distribution of the S-
haplogroups, the transition to selfing in A. thaliana was hypoth-
esised to have evolved multiple times independently in different
geographic regions (Shimizu et al., 2008; Boggs et al., 2009).
However, this is difficult to reconcile with the massive genome size
reduction (and associated speciation event), which likely followed
the transition to predominant selfing.

Possible locations of the original speciation event were originally
proposed based on species distributions in other members of the
family and genus or intraspecific variation. These hypotheses
revolved around Central Asia (Berger, 1965; Price et al., 1994) and
Europe (Hoffmann, 2002), and more recently the Caucasus (Beck
et al., 2008), the Balkans and the Carpathian Mountains (Koch &
Matschinger, 2007; Koch et al., 2008).

III. The classic model of the history of A. thaliana

Numerous population genetic studies over the past 20 years
identified some robust biogeographic signals. In particular, Sharbel
et al. (2000), found signals of isolation by distance across the species
range, identified the Iberian Peninsula and Asia as centers of
diversity, and described an east-west clinal distribution in genetic
variation. These patterns suggested post-glacial expansions from
Pleistocene refugia in Asia and the Iberian Peninsula towards a
secondary contact zone in Central Europe (Sharbel et al., 2000).
Subsequent studies with much more dense genetic data and larger
sample sizes remain remarkably consistent with these early findings

(Nordborg et al., 2005; Schmid et al., 2006; Beck et al., 2008;
Franc�ois et al., 2008; Pic�o et al., 2008). More generally, a recent
large-scale survey of Eurasian genomic variation provided hints that
there may be other pockets of highly diverged accessions along the
Southern edge of the Eurasian range (1001 Genomes Consortium,
2016).

These patterns of genomic variation suggested a generalmodel of
the history of A. thaliana in Eurasia (outlined in Fig. 1). The
hypothesised origin of the species revolved around Eastern Europe,
and in particular the Caucasus (Beck et al., 2008). The spread of
A. thaliana from this region was dated to c. 120 thousand years ago
(ka). Several studies have also hypothesized a second wave of
expansion from the Caucasus following human agriculture, c. 8 ka
(Franc�ois et al., 2008; 1001 Genomes Consortium, 2016; Lee
et al., 2017). Based on a small set of ascertained SNPs, a shared
variation betweenNorth-Western Africa and the Iberian Peninsula
(Brennan et al., 2014) suggested a recent colonization event from
Iberia. The rest of the African continent and Eastern Asia were
thought to be outside the native range of the species (Hoffmann,
2002), and the few accessions found there, to have been recently
introduced by human migrations.

IV. New genomic data from outside Eurasia challenge
our view of A. thaliana history

In spite of extensive efforts to survey natural variation inA. thaliana
over the years, beginningwithLaibach (1943), there has historically
been a strong Eurocentric focus in A. thaliana sampling and
population genetic analysis, which reflects the acceptednative range
of the species: temperate regions in Eurasia (Hoffmann, 2002).
Moreover, genotyping studies have often relied on Eurasian and
North American accessions for variant discovery, so that non-
European variation was under-represented, even in studies where
these samples were included. These two factors limited the scope of
the conclusions that could be drawn. However, several recent
studies examined complete genome sequences of accessions from
outside Eurasia, including Africa (Durvasula et al., 2017),Madeira

8 ka 120 ka

Fig. 1 The classic model of the history of Arabidopsis thaliana. In red, the
hypothesisedoriginof the species. Inblue, theexpansion inEurasiaestimated
at c. 120 thousand years ago (ka) (Beck et al., 2008). In grey, the
hypothesised recent expansion following human agriculture c. 8 ka (1001
Genomes Consortium, 2016; Lee et al., 2017), and the colonization of
Morocco from the Iberian peninsula.
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(Fulgione et al., 2018) and Central Asia (Zeng et al., 2017; Zou
et al., 2017) and compared them to results from across Eurasia
(1001 Genomes Consortium, 2016). These studies reveal several
surprises and helped to reconcile previous inconsistencies, as
outlined below.

Deep divergence among major continental groups

Contrary to the idea that the center of A. thaliana diversity lies
within Eurasia, the joint analysis of variation across continents
revealed evidence for deep divergence among several relict lineages
(1001 Genomes Consortium, 2016; Durvasula et al., 2017;
Fulgione et al., 2018; Zeng et al., 2017; Zou et al., 2017).
Particularly surprising was the finding that all African populations,
including South Africans and Tanzanians, are native and that all
sampledAfrican individuals represent relicts when compared to the
major Eurasian clade (Durvasula et al., 2017). Other notable
findings are that the island of Madeira harbors the most extremely
diverged individuals sampled to date (Fulgione et al., 2018) and
that diverged samples from Central Asia (Tibet, Zeng et al., 2017;
Yunnan, Zou et al., 2017; Western Himalayas, Tyagi et al., 2015;
the Altai Mountains, Yin et al., 2010) suggest additional refugia.

African populations best represent the early history of the
species

Genome-wide diversity levels are higher in Africa than elsewhere,
and Africa harbours extensive genetic variation that is not
represented in sequenced Eurasian accessions (Durvasula et al.,
2017). Furthermore, historical population sizes in Africa appear to
have been larger than those in Eurasia, suggesting an ancient history
of the species on this continent. Considering that high levels of
private variation and ancestral population sizes have been used to
infer the origin of the species in previous studies (Beck et al., 2008),
and in other species (e.g. in humans), these results are consistent
with an African origin of A. thaliana.

The origin of theA. thaliana lineage is likely tied to the evolution
of selfing. The conundrum in the classic view of this transition was
that the disjunct distribution of S-haplogroups in Eurasia suggested
multiple independent events. However, the genomic shrinkage and
rearrangements, which likely followed the transition to selfing and
created a species boundary, are shared species-wide. African data
help solve this enigma. All three S-locus haplogroups as well as
multiple novel haplotypes are found together in the Atlas
Mountains in Morocco for the first time in the world-wide sample
(Durvasula et al., 2017). The regional hypothesis for the evolution
of selfing now appears unnecessary; rather, the transition to
predominant selfing likely happened in an isolated population best
represented today within Morocco.

Population splits roughly correspond tomajor climatic events

Data fromnew relict samples provide additional information about
the timing of population separations and expansions. The deepest
population splits appear to have occurred between East and West
Africa and the Levant (a region roughly comprising North-eastern

Africa and the northwest of theArabianplate) at c. 90 ka (Durvasula
et al., 2017). This timing corresponds to the end of a major pluvial
period in Africa and interglacials across the Northern Hemisphere.
In Eurasia there were likely at least two major expansions, the most
ancient of which is represented by pockets of relicts in Iberia, Italy
(1001 Genomes Consortium, 2016; G€unther et al., 2016) and
Central Asia (Zeng et al., 2017; Zou et al., 2017). Relicts in
Western Europe may represent a separate migration from Africa
(possibly through Gibraltar (Fulgione et al., 2018)) from that
which populated Central Asia (likely through the Levant). More
recent splits between South Africa and Tanzania and between the
currently widespread European and Asian clades are inferred at
around 45 ka based on joint analyses of Eurasian, African and East
Asian data sets (Durvasula et al., 2017; Zou et al., 2018). This
suggests that non-relicts spread through Eurasia well before the
current interglacial, but a third post-glacial expansion, as hypoth-
esized in Lee et al. (2017), is also possible.

An updated model of A. thaliana population history

Taken together, these new data suggest several revisions to the
classic model of A. thaliana history (outlined in Fig. 2). In this
model, a subpopulation became geographically isolated from the
outcrossing ancestor by 1.2–0.8Ma. This period corresponds to
the Middle Pleistocene Transition, a shift to more arid climates,

45
ka

45
ka

90
ka

Fig. 2 The updated model of the history of Arabidopsis thaliana. The faint
brown area represents the wide spread of A. thaliana in Africa during the
Abassia pluvial (120–90 thousand years ago (ka)). In brown, the three main
clades that split c. 90 ka (Durvasula et al., 2017). In grey, the expansion of
relict lineages inEurasia (Iberia andCentralAsia). Timingof theseeventshave
not been inferred to date. In blue, themigration from East- into South-Africa
and the expansion of the currently widespread Eurasian clade, both dated at
c. 45 ka (Durvasula et al., 2017; Zou et al., 2017). This expanding lineage
mixedwitharchaics in Iberia, resulting in theadmixed Iberian relicts (Fulgione
et al., 2018), represented as brown and blue stripes.
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and more open habitats in Africa (woodlands to grasslands)
(Cerling & Hay, 1986; deMenocal, 2004). This range expansion
and consequent bottlenecks may have predisposed the marginal
population toward the evolution of selfing, as exemplified inNorth
American Arabidopsis lyrata (Mable et al., 2017). Consistent with
previous timing estimates of this event (Bechsgaard et al., 2006;
Tang et al., 2007), at c. 1 Ma all A. thaliana populations show
evidence for an ancient severe bottleneck. Based on current
sampling and S-locus diversity, the location of the speciation event
is best represented within Morocco, but may have occurred
elsewhere, e.g. within the Levant, where current sampling is
extremely limited. These regions are distant from the center of
diversity of other Arabidopsis species (Koch &Matschinger, 2007;
Koch et al., 2008), consistent with the origin of A. thaliana at the
edge of a range expansion.

There is evidence that A. thaliana was widespread across Africa
during the Abassia pluvial (an extended wet and rainy pluvial
period inNorth-Africa that lasted from c. 120 to 90 ka) and the last
interglacial in Eurasia (c. 120–90 ka). During this period, the
Sahara was scattered with lakes and wet corridors, and vegetation
was abundant across Africa (Dupont, 2011) and Eurasia (Kukla
et al., 2002; Kaspar et al., 2005). This may also have been when the
ancestors of current ‘Iberian relicts’ migrated out of Morocco
(Fulgione et al., 2018), and relicts currently inCentral Asia reached
this region. The end of this humid period c. 90 ka led to a general
loss of migration corridors and population subdivision in Africa
and the Levant. This also corresponds to a time when modern
humans are thought to have first migrated out of Africa (Osborne
et al., 2008; Timmermann & Friedrich, 2016).

More recently, at c. 45 ka, there is evidence that the currently
widespread Eurasian clade expanded from the Caucasus, resulting
in divergence among European and Asian sub-clusters (Durvasula
et al., 2017; Zou et al., 2017). Although evidence of an interglacial
period at this time is more controversial, analogous migration
patterns are well-supported in human populations (Voight et al.,
2005; Henn et al., 2012; Mallick et al., 2016). This is also
consistent with evidence that the Caucasian clade mixed with the
African-derived ancestor of the current Iberian relicts 20–40 ka
(Fulgione et al., 2018).

V. Conclusions

Although many investigations over the past two decades have
assayed and used natural variation in A. thaliana, recent work
revealed that these studies focused on only a fraction of the total
variation in the species. Just when we thought we had gained a
comprehensive survey of variation in the species, we are finding that
there is immense variation left to explore. To address this,
additional sampling is needed. The African continent itself remains
largely unexplored, especially across east and south Africa.
Additional sampling in the Levant and Arabia will be crucial to
resolve details of the timing and direction of gene flow. Further,
relicts found in Italy, Central Asia, and offshore African islands
suggest there may be several more unexplored refugia, which will
open the way for future studies into adaptation to climate extremes.
Moreover, the finding that historical migrations of A. thaliana

populations were associated with climatic events suggests that
future climate change could influence the distribution and adaptive
potential of this species.

One of the most enticing aspects of recent findings is the
enormous amount of untapped genetic and phenotypic diversity.
Just as natural variation in A. thaliana has served as an important
tool for biological discovery in the past, this new variation provides
the raw material for novel research questions and findings in the
future.
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