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The most fundamental genetic program of an annual
plant defines when to grow and reproduce and when to
remain dormant in the soil as a seed. With the right
timing, plants can even live in hostile regions with only a
fewmonths of growth-favorable abundant rains andmild
temperatures. To achieve this, plants have evolved
molecular pathways that sense environmental variables
and trigger their two main lifecycle transitions: germina-
tion and flowering. Growing season length—which
depends on photoperiod, temperature, and rainfall
patterns—drastically changes even over short geo-
graphic distances, and therefore, it is common that pop-
ulations of the same species vary genetically to adjust
to the local seasons. The widespread annual plant Ara-
bidopsis thaliana has been a key model to study these
seasonal timing adaptations and dissect their genetic
components. Previous work on seasonal adaptation
heavily focused on temperature-dependent flowering
time pathways, including the cold-sensing genes FRIG-
IDA (FRI) and FLOWERING LOCUS C (FLC). This knowl-
edge pointed at two main strategies: winter and spring
annual plants. A new study in PNAS from Martı́nez-
Berdeja et al. (1) comprehensively documents germina-
tion timing across the geographic distribution of A.
thaliana and supports the gene DELAY OF GERMINA-
TION 1 (DOG1) as one key genetic determinant of
seasonal timing adaptation. Using their data, here I
visualize the complex interactions of flowering and ger-
mination time and local climates across A. thaliana’s
native geographic range and synthesize its seasonal
timing adaptation into four categories: Mediterranean
rapid cyclers, facultative winter cyclers, weedy summer/
spring cyclers, and strict Scandinavian winter cyclers.

The extensive genetic knowledge of flowering time
control in A. thaliana suggests two main seasonal tim-
ing strategies (2). Some genotypes have flowering re-
pressors that are only released with experiencing winter
(vernalization). Therefore, these plants germinate in fall,
experience the winter cold, and flower in spring. These
are called winter cyclers. Other A. thaliana genotypes
lack a vernalization requirement, and thus, they can

germinate in spring and directly flower without ever
experiencing cold. These are called spring or rapid cy-
clers. Although very insightful, this model did not seem
to fully account for the other genetically controlled key
lifecycle transition: germination timing. Seeds are a liv-
ing group of cells that read environmental variables and
change their internal phytohormone levels and gene
expression levels throughout the year and until germi-
nation (3). Many studies have characterized A. thaliana
seed dormancy (4), the molecular repression of germi-
nation to wait until the favorable growing season. The
relationship between dormancy and flowering times is
complex (5), seemingly challenging the binary winter vs.
spring cycle model. One reason for this complexity might
be that dormancy can be acquired in two ways: at the
seed’s inception and maturation in the mother plant (pri-
mary dormancy) or after the seed is in the soil (secondary
dormancy); either can be released in response to climates.

In their PNAS study, Martı́nez-Berdeja et al. (1) char-
acterize germination in a large-scale time series experi-
ment at different cold temperatures with 525 worldwide
A. thaliana ecotypes that are part of the 1001 Genomes
Project collection (2). Using principal component analy-
ses, they decompose the time series trends into the
overall environment-independent germination rate and
the cold-dependent release or induction of dormancy.
To uncover genes controlling these behaviors, Martı́nez-
Berdeja et al. (1) conduct a genome-wide association to
map the variation in germination onto the A. thaliana
genome. Both traits were best explained by different
alleles in the same gene DOG1, one of the seven
DOG loci involved in control dormancy (6). DOG1
encodes a protein of unknown function that, when
accumulated in the seed, blocks germination. A bal-
ance between expression, degradation, and ability to
accumulate finely tunes germination time (7).

While spring germination induction or block was
correlated with flowering time (Spearman’s rank cor-
relation ⍴ = 0.544, P < 10−16), the two germination
behaviors did not correlate with each other, creating
a complex continuum of seasonal timing behaviors,

aDepartment of Plant Biology, Carnegie Institution for Science, Stanford, CA 94305
Author contributions: M.E.-A. analyzed data and wrote the paper.
The author declares no competing interest.
Published under the PNAS license.
Data deposition: Grayscale maps (Fig. 1) are available on Figshare (DOI: 10.6084/m9.figshare.11724039).
See companion article on page 2526 in issue 5 of volume 117.
1Email: moisesexpositoalonso@gmail.com.
First published February 21, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1921798117 PNAS | May 5, 2020 | vol. 117 | no. 18 | 9665–9667

C
O

M
M

E
N
T
A
R
Y

http://orcid.org/0000-0001-5711-0700
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1921798117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
http://dx.doi.org/10.6084/m9.figshare.11724039
mailto:moisesexpositoalonso@gmail.com
https://www.pnas.org/cgi/doi/10.1073/pnas.1921798117


which can be synthesized into four adaptation strategies: Mediterra-
nean rapid cyclers, facultative winter cyclers, weedy summer/spring
cyclers, and strict Scandinavian winter cyclers. To geographically vi-
sualize these complex seasonal timing behaviors, I use random forest
to model and interpolate the total time from germination to flowering
and senescence, temperature-independent germination rate (= pri-
mary dormancy; PC1 in ref. 1), and cold-induced/blocked spring ger-
mination (= temperature-dependent dormancy induction or release;
PC2 in ref. 1). These three ecologically relevant traits had high pre-
dictability from 55 climate variables (19 bioclim variables, 12 monthly
precipitation, 12 maximum and 12 minimum temperature; http://
worldclim.org; trained on n = 520 ecotypes; cross-validation accuracy
Pearson’s r = 0.65, 0.63, 0.51).

Following climate patterns, seasonal timing strategies vary
dramatically across Europe (Fig. 1A). In the very south along the
coasts of the Mediterranean Sea, populations have red to orange
hues (Fig. 1 A–C), indicating predictions of early flowering, overall
low germination (high primary dormancy), and a preference for
spring germination (cold-released dormancy). Hot and dry sum-
mers with variable rainfall peaking in winter define Mediterranean
regions such as Sevilla (Spain), where the Tri-0 ecotype was col-
lected. These genotypes avoid summer droughts by beginning
the cycle in fall or winter and flowering fast before spring droughts
arrive again (Fig. 1D). Martı́nez-Berdeja et al. (1) find that the
DOG1 alleles of Spanish lowland ecotypes, such as Andalucia or
on the Mediterranean coast of Catalonia, have a DNA sequence
deletion that produces an amino acid loss (13th to 16th amino
acids: D-RY or D-SY, with “-” indicating a loss). This may reduce
DOG1 function, enabling germination in spring. Such premature
germination could be deadly in harsh winters but is likely advan-
tageous with mild and wet winters (Fig. 1D), such as is shown in

outdoor field experiments in Andalucia conducted in December
(9). In contrast, other experiments with Iberian ecotypes indicate
that they induce dormancy when exposed to heat (10). These
strategies reminds us of annual desert flowers, which practice
“bet hedging.” They produce seeds that rarely germinate all at once
in the following season, creating multiyear seed banks to minimize
the risk of complete offspring loss in a bad rainfall season (11). In
agreement, those ecotypes with low overall germination have high
survival in drought experiments (⍴ = −0.227, P = 0.004) (12).

Moving up to Mediterranean mountains, such as the Iberian
plateau or the Moroccan Atlas, the map is colored with green to
brown hues (Fig. 1 A–C), indicating mid- to late flowering time,
low overall germination rate, and spring germination block (cold-
induced dormancy). In these areas, such as the Guadarrama
mountains near Madrid, where the Fun-0 was collected, temper-
atures fall below 0 °C in winter, and rainfall is bimodal, with peaks
in fall and spring (Fig. 1D). This favors ecotypes that germinate in
fall, hibernate as small plant rosettes in winter, and flower and
reproduce in spring. These genotypes have a functional allele of
DOG1 (amino acid sequence ECCY/ECSY) that reduces germina-
tion after cold periods, thus avoiding spring germination. The
functional DOG1 alleles coexist with less functional ones in the
Iberian Peninsula dated to have arisen 281,000–450,000 y ago (1),
thus suggesting that both rapid and winter cycle populations sur-
vived multiple glacial and interglacial periods together. In fact, in
montane Mediterranean regions, populations seem to be faculta-
tive cyclers. Natural populations have both winter and spring co-
horts (13), in which fitness advantage or disadvantage varies with
interannual fluctuations in precipitation (9). With altitude, winters
become longer, and spring shortens, increasing the relative fre-
quency of winter vs. spring cyclers (14). Over 800 m above sea
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Fig. 1. Distribution of seasonal timing adaptation of A. thaliana. (A) Map of predictions of plant’s time to flowering and senescence, temperature-
independent germination rate, and cold-induced/blocked spring germination projected in a red–green–blue space. Black crosses indicate the locations
of four ecotypes. (B and C) Relationships between the three variables centered on their averages. The gray dotted line indicates 290 d to senescence,
which approximately coincides with the strict requirement of vernalization to flower (8). (D) Months withminimum temperature below 0 °C andmonthly
precipitation for the four locations in A of representative natural ecotypes: Tri-0 from south Spain (1001 Genomes Project identification code: 9900),
Fun-0 from central Spain (1001 Genomes Project identification code: 9542), Hi-4 from Germany (1001 Genomes Project identification code: 9782), and
Dör-10 from Sweden (1001 Genomes Project identification code: 5856). Grayscale maps are at https://doi.org/10.6084/m9.figshare.11724039.
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level, populations display strict vernalization requirements (i.e.,
plants need to have passed a winter to flower) (9, 15). A key genetic
player of vernalization requirement is the gene FRI, which up-
regulates the winter-sensing flowering repressor FLC. Functional
alleles of FRI exist at high elevations, whereas loss of function
(LoF) alleles are found in the lower montane regions (15). The fact
that multiple independent FRI LoF alleles are found in nature sug-
gests that there are recurrent environmental forces that, every once
in a while, favor major shifts to early flowering strategy (2).

One such force may be the disturbance of habitats by humans
prevalent in the populated and agricultural flatlands of central
Europe, where FRI LoFs are common. The map shows purple hues
(Fig. 1 A–C), indicating early flowering and high overall germination
promoted in spring. Abundant rainfall in central Europe and the
United Kingdom (Fig. 1D) enables ecotypes, such as Hi-4 collected
near Tübingen (Germany), to grow in highly proliferating and fast-
flowering populations with up to two generations per year (one in
spring–summer and another in summer–fall) (16), potentially skipping
winter frosts altogether. The high overall germination and winter-
released germination block are provided by the low-functional
DOG1 haplotype (D-RY/D-SY). Most likely, Mediterranean D-RY/
D-SY haplotypes were the migration source for central Europe
after the last glaciation, with the most weed-like genotypes be-
ing favored with the expansion of agriculture some thousands of
years ago (17).

In the north range edge of A. thaliana, we find the cyan to
green hues (Fig. 1 A–C). These indicate late flowering, intermedi-
ate germinability strongly blocked in spring. In areas like the Scan-
dinavian forests near Bollstabruk (Sweden), where Dör-10 was

collected, precipitation is high in summer and fall, and it remains
inaccessible for plants in the snow cover for many months until
late spring. Swedish ecotypes thus germinate in fall but hibernate
for months at 0 °C below the snow to flower in spring as snow
melts (Fig. 1D). They achieve their long flowering time by strict
functional FRI + FLC-mediated vernalization (18). Swedish eco-
types also have an ancestral functional DOG1 haplotype, such
as the one present in high-altitude Iberian locations (ECCY),
which blocks spring germination (1). Not only do they resemble
high-altitude Iberians in their DOG1 haplotype, but multiple
pieces of evidence indicate that the Swedish lineage may have
migrated from the Mediterranean independently from the central
European lineage as the northern ecotypes show unexpectedly
high similarities in genome-wide variation and stress tolerance
traits (12, 19).

With climates across the world changing in annual averages as
well as seasonal patterns (20), a deep understanding on seasonal
timing adaptation becomes of crucial importance to foresee im-
pacts of climate change on species. Large-scale datasets that
study seasonal timing traits and their genetic basis in a species,
such as the one produced by Martı́nez-Berdeja et al. (1), will be
instrumental to develop realistic models that integrate ecological,
demographic, and evolutionary processes to anticipate species’
(mal-)adaptive responses to climate change.
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