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e Background and Aims Germination and establishment of seeds are complex traits affected by a wide range of
internal and external influences. The effects of parental temperature preconditioning and temperature during
germination on germination and establishment of Arabidopsis thaliana were examined.

e Methods Seeds from parental plants grown at 14 and at 22 °C were screened for germination (protrusion of radicle)
and establishment (greening of cotyledons) at three different temperatures (10, 18 and 26 °C). Seventy-three
accessions from across the entire distribution range of A. thaliana were included.

e Key Results Multifactorial analyses of variances revealed significant differences in the effects of genotypes,
preconditioning, temperature treatment, and their interactions on duration of germination and establishment.
Reaction norms showed an enormous range of plasticity among the preconditioning and different germination
temperatures. Correlations of percentage total germination and establishment after 38 d with the geographical origin
of accessions were only significant for 14 °C preconditioning but not for 22 °C preconditioning. Correlations with
temperature and precipitation on the origin of the accessions were mainly found at the lower germination
temperatures (10 and 18 °C) and were absent at higher germination temperatures (26 °C).

e Conclusions Overall, the data show huge variation of germination and establishment among natural accessions of
A. thaliana and might serve as a valuable source for further germination and plasticity studies.
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INTRODUCTION

Germination is known to be a complex trait that is affected
by interactions between genetic determinants and environ-
mental factors. Whether a seed will germinate or remain
dormant is regulated by a wide range of promoting and
repressing genes. Several studies have shown that the
plant hormones ethylene, gibberellic acid and brassinoster-
oids promote germination of seeds whereas abscisic acid
acts as a strong repressor of germination (Finkelstein ez al.,
2002; Brady and McCourt, 2003; Gubler et al., 2005). In
Arabidopsis, many genes have already been identified that
regulate the transition from embryogenesis to seedling
growth. Among them are genes that repress germination
and maintain embryo dormancy, such as ABI/, 3 and 4
(Abscisic acid insensitivel, 3 and 4), FUS3 (FUSCA3),
LECI and 2 (Leafy cotyledonl and 2), and DOGI-7
(Delay of germination), and genes that promote germina-
tion, such as CTS (Comatose), SLYI (Sleepyl) and EIN2
(Ethylene insensitive2) (Steber et al., 1998; Russell et al.,
2000; Koornneef et al., 2002; Alonso-Blanco et al., 2003).

The growth potential of the embryo and thus germination
can also be influenced by external factors. The mother plant
may affect its offspring by one or more mechanisms: gen-
etics, non-Mendelian inheritance (e.g. extrachromosomal or
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cytoplasmic inheritance), or through information which is
passed from the mother to the offspring via chemicals
produced by the mother (Roach and Wulff, 1987; Baskin
and Baskin, 1998). Furthermore, interactions with the
environment experienced by the mother plant, so-called
preconditioning effects, are known to alter germination
and dormancy behaviour of seeds (reviewed in Baskin
and Baskin, 1998).

Large variations in dormancy and germination can be
found among and within plant species, which are considered
to be adaptations to particular environments (Koornneef
et al., 2002). To survive in a particular location, plants
have developed mechanisms that ensure seed germination
at the most convenient season of the year. As a result of
natural fluctuations in the climate, these mechanisms are
often plastic and can respond to the actual environment of
the seed. Colonizing species such as A. thaliana, which is
expanding its geographical range (Hoffmann, 2002), are
expected to show plasticity of germination to establish suc-
cessfully in a new location. Natural selection on germina-
tion can be a strong force that filters out many genotypes in
the earliest stage of colonization (Donohue et al., 2005b).

Natural variation in A. thaliana has thus far been
described for pathogen resistance, plant growth and flower-
ing time (reviewed by Alonso-Blanco and Koornneef, 2000;
Mitchell-Olds, 2001; Koornneef et al., 2004).
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Studies of recombinant inbred lines (RILs) of A. thaliana
between the accessions Ler and Cvi (Alonso-Blanco et al.,
2003) revealed seven quantitative trait loci (QTLs) for seed
dormancy, the failure of a viable seed to germinate even
when given favourable environmental conditions. Van der
Schaar et al. (1997), using RILs between Col and Ler, tested
seeds that were preconditioned in different environments
and stored for 2, 4-5 and 5-8 weeks, for germination in
light, in the dark and on paclobutrazol, an inhibitor of gib-
berellin biosynthesis, respectively. Fourteen QTLs were
identified in that study, nine of which were detected in
all germination tests. However, five were found only
under specific germination conditions, acting on germina-
tion in the presence of paclobutrazol with a much lower or
zero effect when germination was tested in the darkness
and/or light or vice versa. Two other QTLs were found
between the accessions Ler and Sha that influenced ger-
mination speed (Clerx et al., 2004). Donohue et al.
(20054, b, c) created 120 RILs between Cal and Tac that
showed an enormous variability and plasticity of germina-
tion in a field study in two different locations using two
different seed dispersal times.

In this study the response of germination and establish-
ment of A. thaliana to temperature preconditioning and
germination temperature was investigated. For a compre-
hensive survey, 73 geographically widely distributed acces-
sions were included, taken from parental plants grown at
either 14 or 22 °C (preconditioning) and germination was
tested at three different germination temperatures (10, 18
and 26 °C). The influence of dormancy on germination was
reduced by a minimum after-ripening time of 245 d and a
cold treatment at 4 °C for 7 d for the imbibed seeds. Time
and percentage germination and establishment were meas-
ured and correlated with the accession’s geographical origin
and its environmental variables, and with seed parameters
for possible ecological or physiological correlations.

This extensive survey of germination and establishment
and their plasticity in A. thaliana provides basic data for the
investigation of the adaptation of natural accessions to their
environment as well as the identification and acceleration of
the roles of known or newly identified genes in this process.

MATERIALS AND METHODS

Plant material

Accessions either were obtained as single seed descent from
the Nottingham Arabidopsis Stock Centre (NASC) or were
collected in the wild (Table 1). Accession names are given
in italics in the text. Seeds used for the germination screen
were obtained from plants grown at 14 and 22 °C under
long-day light conditions in controlled environments
(Hoffmann er al., 2005). Harvested seeds were stored at
room temperature (20-22°C). The mean storage period,
i.e. the period from harvesting to germination, was nearly
the same for both preconditioned sets and ranged, depend-
ing on the accession, from 35 to 52 weeks. Seeds were
placed in 5-5-cm Petri dishes on filter paper soaked with
purified water. Plated seeds were chilled at 4°C for 7 d to
break dormancy and then transferred to long-day conditions
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under three different temperature regimes: 10, 18 and 26 °C.
In total, 50 seeds per accession for both preconditioning and
germination temperature were screened every day at the
same time using two replications with 25 seeds per acces-
sion and Petri dish. The same growth chamber was used for
all experiments, and accessions were randomly distributed.
Germination (emergence of the radicle) and establishment
(greening of the cotyledons) was scored each day at the
same time. Established seedlings were removed from the
Petri dishes.

Seed size measurements

Seeds from mother plants grown at 14 and 22°C were
harvested, and the mean seed length and width of ten seeds
per plant (measured under a stereo microscope equipped
with an ocular calibrated in 0-2-mm units) was estimated.
Seed parameters were measured for the following acces-
sions: Ws, Sie, Col, Oph, Han, Ag-0, Alc-0, Bla-1, Br-0, Bur-
0, Chi-0, Co, Di-0, Edi-0, Es-0, Est-0, Ely, Flo, Kent, Kn-0,
La-0, Lis, LI-2, Rsch-0, Rub-1, Sed, Sha, Sij-2, Stw-0, Tsu-0,
Kaz-2 and Kaz-3.

Calculations

Percentage germination and establishment were calcu-
lated based on the data screened on the 38th day.

Germination percentage and speed of germination of the
61 accessions, for which both preconditioned seed sets were
available, were combined into the Timson’s index (Timson,
1965): Zn, where n is the cumulative daily germination
percentage for each day of the study. The index ranges
between 0 (no germination within the 38 d of the experi-
ment) and 3800 (100 % germination within the first 24 h).
For better visualization, the quotient of the Timson indices
was estimated for 14 and 22 °C preconditioned seeds for
each germination temperature (10, 18 and 26 °C). Values
ranged from below 1 (14 °C preconditioned seeds germin-
ated less and more slowly than 22 °C preconditioned seeds),
around 1 (seed sets germinated with similar percentage and
speed) to above 1 (14 °C preconditioned seeds germinated
better and faster than 22°C preconditioned seeds). Addi-
tionally, the Timson index was calculated separately for
minimum and maximum differences between the two repe-
titions in each experiment to test for differences between the
two preconditioned seed sets. Resulting differences between
the two preconditionings were tested with the Kruskal-
Wallis test for significance.

Genotypic effects (accession), preconditioning effects
(mother plants grown at 14 or 22 °C) and influence of tem-
perature during germination (10, 18, 26 °C) on the duration
of germination and establishment of the seedlings were
analysed using a multifactorial analysis of variance
(ANOVA). The two repeats (Petri dishes) per accession
were used to measure germination and establishment and
one value was obtioned for each Petri dish. The day when at
least 50 % (=13 seeds) of the 25 seeds in both Petri dishes
used for one accession were germinated or established was
chosen.

Because the Kolmogorov—Smirnov test and the Levene
test rejected normal distribution and homology of variances
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TABLE 1. Mean percentage germination and establishment over two repetitions with 25 seeds each of the 73 accessions used

Germination Establishment

Accession NASC number Location 10°C 18°C 26°C 10°C 18°C 26°C
Ag-0 N936 N45-1', E1-6/ 21/25 18-5/25 16/23-5 20-5/24-5 18-5/25 15/23-5
Alc-0 N1656 N40-3’, E3-2/ 8/22 9/21-5 2/14-5 8/22 9/19-5 0/14-5
Bad Badetz, Germany N51-6/, E11-6/ 20/24 15-5/25 18/25 20/24 15/25 17/25
Bla-1 N970 N41-1’, E2-5’ 17-5/24-5 24/25 21-5/23 16-5/24-5 22-5/25 20-5/23-5
Br-0 N994 N49.1°, E16-4° 16/24 18-5/24 16/23 15-5/24 18/24 15-5/23
Bs-2 N998 N47-6’, E7-5’ 13/21-5 15/21-5 15-5/18-5 12-5/21-5 14-5/21-5 15/16
Bur-0 N1028 N53-1’, E9-1/ 715 12/16 22-5/24 715 11-5/16 22-5/24
Can-0"* N1064 N2§’, E15-35 23/- 23.5/- 21-75/- 23/- 23-5/- 21-5/-
Chi-0 N1072 N53-6', E34-6/ 23-5/20-5 23/23 24.5/20-5 23-5/20-5 22-5/23 24-5/20
Chi-17* N1074 N53-6’, E34-6° —/23-25 /23 —/24-75 —/23-25 —/22-5 /24
Cit-0"* N1080 N43.2°, E2-3’ 16-75/- 17-75/- 12.75/- 16-25/- 16-5/- 12:75/-
Co N3180 N40-1°, E-8-3’ 23-5/25 24/24 23/24 23/25 24/24 22/23-5
Col* Columbia, Poland N52-4', E15-2/ 17-5/23-5 1724 15-5/24-5 16-5/23-5 16-5/24 15/24-5
cr-1% N109%4 N37.2’, E15 -/19-75 /23 /25 —/19-25 —/22-25 /25
Cvi-0 N902 N15.3’, E-23-2 20/25 25/24-5 23.5/24 19-5/25 25/24-5 23-5/24
Di-1 N1108 N47-1, E5-1 21-5/24 22-5/25 22/24-5 21/23-5 21-5/25 21-5/24-5
Diil Diilmen, Germany N51.5', E7-2/ 5:5/17-5 12/23-5 25/25 4-5/17-5 11/23-5 15/25
Edi-0 N1122 N55.6', E-3-1 13/25 8:5/25 10/25 12/25 8-5/25 10/25
Ely N6031 N52.2', E0-2 20/24-5 24-5/24-5 18/25 20/23-5 24.5/24.5 16/25
Es-0 N1145 N60-1', E24-4 7/23 10/25 23/24-5 6-5/23 10/24-5 23/24-5
Est-0 N1148 N59', E25' 6-5/17 8/23-5 12/25 6-5/17 7/23 10/24-5
Flo N6002 N43.5', E11-2 12/24.5 8/25 16/24-5 11-5/24-5 7-5/25 13/24
Gat Gatersleben, Germany N51-5', E11-2/ 19-5/24 19-5/25 21/24 19/23-5 19-5/25 21/24
Gie Gievenbeck, Germany N51-6, E7-3' 12-5/23-5 21/25 17/25 12:5/22-5 20-5/25 17125
Gre-0 N1210 N43.-1’, E-85-2 24-5/24 25/24-5 22-5/25 24/24 25/24-5 22/25
Han Handorf, Germany N51-6', E7-4' 6-5/20-5 14/23-5 16-5/24-5 6-5/20-5 12-5/23-5 16-5/24-5
HOG N922 N38-5', E68-5 15/19 15-5/21-5 20/22-5 14-5/18-5 15/21 19-5/21-5
In-0 N1238 N47.2/, E11-2 14-5/25 15-5/25 18/23-5 14/24-5 15/25 16:5/23-5
Ita-0"* N1244 N34-1', E-4-1/ 22-5/— 22/— 23.75/- 22-5/— 21-5/- 23.75/-
Kaz-1 N22458 N49.5', E73-1' 9-5/21 16/21 15-5/23-5 9-5/20 16/21 15/23-5
Kaz-2 N22459 N49.5', E73-1 7/21 13/22 15-5/22-5 7/20-5 13/22 13-5/22
Kaz-3 N22460 N49.5', E73-1' 15/24 15-5/24 15/22-5 14/23-5 14.5/23-5 13/22
KEN N8142 N41.5', E-72-4' 18-5/25 17/24-5 19/24-5 18/25 17/24-5 18/24-5
Kent N6007 N51-2/, EO-4' 17/24-5 18/24-5 15/23-5 16/24-5 17/24-5 9/23-5
Kga N22493 N62-1’, E34.2/ 16/17 18/21 20-5/23-5 16/17 17-5/21 20-5/23
Kn-0 N1286 N54.5', E23.5' 17-5/23-5 15/22 18:5/24 16:5/23 15/21 16:5/21
Ko-2'* N1288 N55-4', E12.3/ 20-75/- 21-25/- 23.75/- 20-5/— 21/~ 22.75/-
Kol N6003 N50-6', E6-6' 5/20-5 4/21 7-5/24-5 3.5/20-5 2-5/20-5 3.5/24
Kondara No16 N38.5', E68-5 17-5/25 19-5/25 19/24-5 17/25 19-5/25 17/24-5
La-0 N1298 N52-4', E15-2/ 14/24 17-5/24-5 20-5/24 14/24 16/24-5 20/24
Lim N8070 N40-3’, E-75-3' 14/24 16/22-5 20/25 14/24 15-5/22-5 18/24
Lip-0 N1336 N53-1’, E20-1 3/18 6/22-5 16-5/25 3/18 6/22-5 15-5/25
Lis N1342 N52.2', E4.3' 12/25 12/25 11725 11-5/25 12/25 10-5/25
Ll-2 N1342 N41-6', E2-5' 23-5/25 23/25 24/24 23-5/25 22-5/25 24/24
Mir-0 N1378 N45.4', E13-5' 20-5/25 14-5/25 17-5/24 20-5/25 14-5/25 14/24
Mt-07 N1381 N32-4, E22.5' -8 -2125 -/24.5 1175 -121 -124.5
Oph Ophain, Belgium N50-4', E4-1' 21/25 19/24 22-5/24 20-5/24-5 17-5/24 21-5/24
0y-0% N1436 N60-23', E6-1' —/23-25 —/22-5 /25 —/23-25 —/22-5 /24
Pa-1 N1438 N38-1’, E13-2/ 18-5/24-5 24.5/25 16:5/22-5 18-5/24-5 24.5/25 16:5/22
Par Paris, France N48.5', E2-2/ 11725 7-5/25 3/18 11725 7-5/25 2/17-5
Pog-0 N1476 N49.2', E-123-1 20-5/25 12-5/25 16/24-5 19-5/25 11-5/25 15-5/24-5
Rsch-0 N1490 N56-2', E34.2/ 10/21 12/23 17/24-5 9:5/20-5 11-5/22-5 16/24-5
Rub-1 N927 N49', E38.2 19/23-5 19/24-5 22-5/25 18-5/23-5 17-5/24-5 22/25

vb N22479 N61-2', E35.3/ 10-5/22 13/20 13-5/22-5 10/22 13/20 13-5/21-5
Sah-0" N1500 N38.5, E-3-1 17-5/- 17-75/- 2-75/- 17-5/- 17-75/- 2:25/-
Sea N6187 N47.4', E-122-2 13-5/23-5 13-5/25 16/23-5 13/23:5 13/25 12:5/22-5
Sed N6024 N50-4', E-3-1/ 20/24-5 20/24-5 15/23 18/24-5 19-5/24 15/23
Sha N929 N37-3’, E71.3/ 23/25 22/25 24.5/24-5 23/25 22/25 23/24-5
Sie Siena, Italy N43-2’, E11-2/ 13-5/25 7-5/24-5 15/25 13-5/25 7-5/24-5 14-5/25
Sij-1 Sijjak, Uzbekistan N41-4', E70-1 22/24-5 25/25 24/25 22/24-5 24-5/24-5 23/25
Sij-2 Sijjak, Uzbekistan N41.4', E70-1 23-5/24-5 23/25 23.5/24-5 23/24-5 22-5/25 23.5/24-5
Sij-3% Sijjak, Uzbekistan N41-4', E70-1 /23 —/23-5 —/23-75 /23 /23 —/23-5
Sij-4 Sijjak, Uzbekistan N41-4', E70-1 18/24-5 22/25 20-5/23-5 18/24-5 21-5/24-5 19/23-5
Stoc N3114 N59-2’, E18' 19-5/25 24.5/24-5 24/25 19-5/25 23-5/24-5 24/25
Stw-0 N1538 N52.6/, E36/ 17-5/24 19-5/25 21/24 17-5/23-5 18-5/25 20/22-5
Tol-1 N8021 N41-4', E-83-3' 22/25 22-5/24-5 22-5/21-5 21-5/25 22-5/24-5 22-5/20
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TaBLE 1. Continued
Germination Establishment

Accession NASC number Location 10°C 18°C 26°C 10°C 18°C 26°C
Tsar N22489 N62', E34-1' 16/21 1724 23.5/22 16/20-5 17/23:5 23.5/22
Tsu-0 N1564 N34-4', E136-3' 16-5/24 19:5/25 19/23 16-5/24 19-5/25 18/23
Wa-1 N1586 N52-2/, E21' 11-5/19 17/20-5 18/23 11/19 1720 18/23
Wil-1 N1594 N54.4', E25.2/ 10/17 1424 23/25 10/17 12-4/24 23/24
W Wassilevskaja, Ukraine N47.3', E35-2/ 13/19 15/19-5 22/21 12/19 14-5/19-5 20-5/19
wi*? Wittenberg, Germany N51.5', E12.4 —/23.75 —/2225 —/23.25 —/2325 -/21.25 —/2225
Yo-0'* N1622 N37.5', E-119-3 22.25/— 23/— 24/ 22.25/— 23/— 22.75/-

Accessions without NASC number or indication were collected in the wild. Mean values for germination and establishment are given for 14°C

preconditioned seeds/22 °C preconditioned seeds.
NASC, Nottingham Arabidopsis Stock Centre.
* Accessions were kindly supplied by H. Baumlein, IPK Gatersleben.

22 Only seeds from 22 °C progeny were available; '* only seeds from 14 °C progeny were available.

in the data set, respectively, the significance level of
F-values were increased to P = 0-01 (SPSS, 1999).

ANOVAs were not calculated for the total percentage of
germination because a majority of samples germinated to
more than 90 %, so that the estimated variances would all be
close to zero.

The non-parametric Spearman-rank correlation was used
to calculate correlations between the percentage germina-
tion (appearance of the radicle), establishment (greening of
cotyledons), seed dimensions (length and width), and geo-
graphical latitude and longitude.

RESULTS

For some accessions no progeny could be obtained from
either the 14°C or the 22°C maternal plants (Table 1).
These losses were not correlated with the latitude or lon-
gitude or the temperature at the point of origin (data not
shown).

Percentage of germination and establishment

Germination. The percentage germination of the two pre-
conditioned sets differed between the three temperature
regimes (Table 1). It was in the range 4-100% in the
10°C experiment, 12—100 % in the 18 °C experiment and
0-100 % in the 26 °C experiment. The 14 °C preconditioned
set of most accessions had a lower and more diverse
germination rate between accessions than the 22 °C precon-
ditioned set in all three temperature treatments (Fig. 1).
Nevertheless, there were some exceptions. The 14 °C set
germinated better than the 22 °C set for the following acces-
sions: Chi-0 and Gre-0 at the 10°C treatment; Cvi-0 and
Gre-0 at the 18 °C treatment; and Chi-0, Ws, Tol-1 and Tsar
at the 26°C treatment. In none of the tested accessions
germinated did the 14 °C set better than the 22 °C set in
all three temperature treatments.

Accessions Kol and Lip-0 had a low germination over
all treatments when preconditioned at 14 °C but this did not
occur when Kol and Lip-0 were preconditioned at 22 °C.
The 22 °C preconditioned seeds of Bur-0 showed reduced
germination and establishment at lower germination

temperatures, whereas this reduction occurred in Alc-0
when germinated at higher temperatures (Fig. 1).

Establishment. As expected, establishment was closely
associated with germination (Table 1, Fig. 1) and it ranged
from 4 to 100 % in the 10 °C experiment, 8 to 100 % in the
18 °C experiment and 0 to 100 % in the 26 °C experiment.
The rate of germination and establishment for the 22°C
preconditioned set was higher than 95 % in all three tem-
perature treatments for the 18 following accessions: Oph,
Bad, Cvi-0, Edi-0, Gre-0, In-0, KEN, Kondara, La-0, LI-2,
Stoc, Mir-0, Flo, Lis, Pog-0, Sha, Sij-1 and Sij-2. Remark-
ably there was no accession for which the 14 °C precondi-
tioned set showed germination and establishment higher
than 95% in all three temperature treatments. There
were, however, large differences between the treatments
and preconditioned sets within the same accession. For
example, Alc-0 showed no establishment at all at 26 °C
when preconditioned at 14 °C (8 % germination, 0 % estab-
lishment), but a reasonable establishment at 26 °C (58 %
germination, 58 % establishment) after preconditioning at
22°C (Fig. 1).

Germination speed and rate

The Timson index, combining germination percentage
and speed, was estimated among the 61 accessions for
which seeds preconditioned at both temperatures were
available. For better visualization of the data, the quotient
of the Timson index was calculated separate from the
estimations of the Timson index for 14 and 22 °C precon-
ditioned seeds (Fig. 2). Twenty-one accessions showed no
significant differences at the 5 % level for either of the three
temperature treatments (Fig. 2A). Chi-0 was the only acces-
sion that had a quotient above 1-0 for all three temperature
treatments, indicating that the 14 °C preconditioned seeds
germinated faster and to a higher percentage than the 22 °C
preconditioned seeds. All other accessions, which showed
no significant differences, had quotients around or below
1.0 for all three temperature treatments, indicating that the
14 °C preconditioned seeds germinated at equal speed and
percentage to the 22 °C preconditioned seeds or performed
worse. A quotient of less than 0-25 for Kol revealed a much
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are indicated.

higher and faster germination for the 22 °C preconditioned
seeds for all temperature treatments.

There were significant differences for all other acces-
sions for at least one temperature treatment. Thirteen acces-
sions had a positive gradient (Fig. 2B), indicating a better
performance of the 14 °C preconditioning at the higher
temperature treatments, whereas only three accessions
had a negative gradient (Fig. 2C), two of which had very
low quotients of around 0-3. Thirteen accessions gave a
concave (Fig. 2D) and 11 accessions a convex shape
(Fig. 2E), indicating an increasing or decreasing effect of
14 °C preconditioning on germination percentage and speed
for intermediate temperatures (18 °C), respectively.

Duration of germination and establishment

As might be expected, there were differences in the dura-
tion of germination between the three temperature experi-
ments. The majority of seeds in the 10°C experiment
germinated on the 4th and 5th day after chilling and estab-
lished 2-3 d later. In the 18 °C experiment the majority of
seeds had already germinated on the 2nd and 3rd day and
established only 1 d later. The rate of germination and
establishment increased further in the 26 °C experiment,
in which the majority of seeds germinated on the st and
2nd day after chilling and established 1 d later (data not
shown).
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FiG. 2. Timson’s index (Timson, 1965) for 61 accessions, where 14 °C and 22 °C preconditioned seed sets were available. The index was estimated

separately for the 14 and 22 °C preconditioned sets and the quotient of (14 °C Timson index)/(22 °C Timson index) is shown. Accessions are sorted according

to their response patterns. (A) Quotient is not significantly different from 1 (P = 0.05, Kruskal-Wallis test) in either of the three temperature regimes (10, 18,

26°C). (B-E) Quotient is significantly different from 1 (P = 0.05, Kruskal-Wallis test) in at least one of the three temperature regimes. Accessions are
separated according to their gradient in (B-E).

To determine whether differences in genotype (acces-
sion), treatment (10, 18 and 26 °C) and preconditioning
(14 and 22 °C) significantly influenced the duration of ger-
mination and establishment, multifactorial ANOVAs were
carried out. The number of days when at least 50 % of the
seeds (=13 of the 25 seeds per repetition for each accession)
were germinated or established in both repetitions was used
as a trait. This was reached for all precondition and tem-
perature regimes for the following 31 accessions: Ag-0, Bad,
Bla-1, Br-0, Chi-0, Co, Cvi-0, Di-1, Ely, Gat, Gre-0, HOG,
In-0, KEN, Kent, LI-2, Mir-0, Oph, Pa-1, Rub-1, Sed, Sha,
Sij-1, Sij-2, Sij-4, Stoc, Stw-0, Tol-1, Tsar, Tsu-0, Ws.

Accessions were used as fixed and as random factors in
the ANOVAs.

Duration of germination. Accession, preconditioning
(14, 22 °C), temperature treatment (10, 18, 26 °C), accession
x preconditioning, and temperature X accession showed a
significant influence on the duration of germination
(Table 2). The interaction temperature X preconditioning
had no significant effect in the test set. This indicates
that the difference for both preconditioned sets (14 and
22°C) was similar for all three temperature treatments.
Therefore, temperature preconditioning did not influence
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TABLE 2. Multifactorial ANOVA for the duration of germination and establishment
Duration of germination Duration of establishment
Sum of Mean Sum of Mean

Source squares  d-f-  square F Significance  squares  d-f-  square F Significance
Accession 55079 30 18-36 6-74 0-000 25506 28 9-11 3.35 0-000
Preconditioning 237-12 1 23712 8708 0-000 260-35 1 26035 9587 0-000
Temperature 1026-50 2 51325 188-48 0-000 1869-17 2 93459 344-17 0-000
Accession X preconditioning 319-63 30 10-65 391 0-000 185-40 28 6-62 2-44 0-000
Temperature X accession 385-50 60 6-43 2:36 0-000 196-99 56 3.52 1-30 0-105
Temperature X preconditioning 11-82 2 591 2-17 0-117 4.02 2 2-01 0-74 0-478
Temperature X accession X preconditioning 357-18 60 595 2:19 0-000 195-48 56 3.49 129 0-112
Error 506-50 186 2.72 47250 174 272
Total 3395.04 371 343897 347

Number of days was used where 13 or more seeds were germinated or cotyledons were unfolded. Accessions were only used when both progenies in all
repetitions and temperature treatments showed germination or establishment of 13 seeds.

the duration of germination for the accessions included. The
temperature during germination had the same effect on the
selected accessions for both preconditioned sets.

The significance levels in Table 2 are not changed if
accessions are treated as random factor in the ANOVA
(assuming that a representative sample of each accession
was analysed).

Duration of establishment. Accessions Ws and Kent
established less than 50 % (13 seeds per repetition) and
therefore they were not included in the analysis. The
remaining 29 accessions were used to estimate the time to
50 % establishment. Considering all three factors for estim-
ating the ANOVA, again accession, preconditioning (14,
22 °C), temperature treatment (10, 18, 26 °C) and accession
X preconditioning had a significant influence on the duration
of establishment of the seedlings (Table 2). In contrast to
germination, the interaction temperature X accession had no
significant influence on the duration of establishment. As for
duration of germination, no significant influences of the
other interactions were found.

Again, the significance levels in Table 2 are not changed
if accessions are treated as random factor in the ANOVA.

Plasticity of germination

Influence of preconditioning at 14 and 22 °C. Plasticity
of the two preconditioned sets (14, 22 °C) revealed a similar
pattern for germination in the three different temperature
treatments for most accessions (Fig. 3A). Only accession
Bur-0 showed a different behaviour in the 22 °C precondi-
tioned seed set for the lower germination temperatures
(Fig. 3B).

Some accessions showed a constant positive gradient
for both preconditioning temperatures (e.g. Bur-0, Lip-0
and Wil in Fig. 3C), indicating that plasticity of germina-
tion increases with increasing temperatures up to 26 °C.
Accessions with a constant negative gradient were Ag-0
and Par (Fig. 3D), indicating a higher plasticity of ger-
mination at lower temperatures up to 10°C. Very plastic
accessions were Co, Col, Di-1, Kaz-3, KEN, LI-2, Lis, Sha
and Sij-2 (data not shown), which showed little change

in the gradients of the curves for both germination and
preconditioning.

Other accessions were highly different between the two
preconditioned sets. The most striking differences between
the pattern of plasticity between the 14 and 22 °C set were:
(1) the 14 °C set gradient was concave whereas the 22 °C set
gradient was nearly zero (e.g. Edi-0, Flo and Sie in Fig. 3E);
(2) the 14 °C progeny was concave, whereas the 22 °C was
convex (e.g. Est-0, Lip-0 and Wil in Fig. 3F); and (3) the
gradient of plasticity was similar, but the level of plasticity
was different between the 14 and 22 °C set (e.g. Diil, Han
and Kol in Fig. 3G).

Influence of preconditioning temperature during ger-
mination at 10, 18 and 26 °C. The plasticity of the acces-
sions in the three different temperature treatments was
similar (e.g. Ag-0 and Col in Fig. 4A). For most accessions
the gradient was very steep between the two preconditioned
sets (e.g. Alc-0 and Par in Fig. 4B). Exceptions to this,
having a low gradient for all three temperatures, were
Di-1, Gat, Kga, LI-2, Oph, Sha and Sij-2 (data not shown).
Different gradients of plasticity between the three temper-
atures were observed for Bla-1, Bur-0, Co, Cvi-0, Ely, Es-0,
Lip, Stoc, Tol-1, Wil, Ws and Tsar. Among these, the
following accessions showed a change in the gradient of
plasticity for one of the three tested temperatures:

Bur-0 had a negative gradient at 10 °C and a positive gra-
dient at 18 and 26 °C (Fig. 4C), indicating a higher plas-
ticity of the 14°C set at low temperatures (10 °C). The
opposite was true for Tol-I and Ws, which showed a
positive gradient up to 18 °C and then showed a negative
gradient at 26 °C (Fig. 4D), indicating a higher plasticity
of the 14 °C set at high temperatures (26 °C).

Gre-0 had a negative gradient at lower temperatures (up to
18°C) and a positive one at 26 °C (Fig. 4C), indicating a
higher plasticity of the 22°C set at high temperatures
(26°0).

Bla-1, Co, Cvi-0, Ely, Sij-1 and Stoc had a positive gradient
of plasticity at 10 and 26 °C but a negative one at 18 °C,
indicating a higher plasticity of the 22 °C set at moderate
temperatures (18 °C; data not shown).
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Filled diamonds indicate 14 °C preconditioned seed set, open diamonds indicate 22 °C preconditioned seed set. (A) An overview of all

accessions with 14 °C preconditioning; (B) an overview of all accessions with 22 °C preconditioning; (C—G) chosen accessions for comparisons
among each other.

Correlations of germination and establishment
with geographical coordinates, temperature and
precipitation of origin and seed length and width

The correlation with geographical coordinates, temper-
ature and precipitation at the origin of each accession was
reduced to the 63 accessions from Eurasia. Among these,
Wa-0 and Stoc were also excluded because they are tetra-

ploid (Schmuths et al., 2004). Spearman-rank correlations
between the percentage germination and establishment with
the geographical latitude and longitude revealed significant
correlations (Table 3). The percentage germination and
establishment in the 14 °C preconditioned set was negat-
ively correlated with the longitude of origin of the acces-
sions. This means the germination and establishment of
14 °C preconditioned seeds decreased the further east that
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the accession originated. Over all temperature treatments
this effect was significant at the P = 0-001 level (Table 3).
The effect was more obvious in the lower temperature treat-
ments (10 and 18 °C), whereas it was not detectable in the
26 °C temperature treatment.

Germination and establishment of the 14 °C precondi-
tioned seed set were positively correlated with the temper-
atures occurring from April to October at the place of origin,
with P-levels between 0-05 and 0-01 (Spearman-rank
correlation). Precipitation at the site of origin between
January—April and October—December was positively
correlated with P levels between 0-05 and 0-O1. Thus,
the higher the temperature and precipitation during these
months, the higher the observed germination and establish-
ment. The significant correlations found for the 14 °C pre-
conditioned seed were mostly due to the 10°C treatment,
were reduced for the 18 °C treatment and were absent when
seeds were germinated at 26 °C.

The 22°C preconditioned seeds showed positive
Spearman-rank correlations between germination and
establishment and the temperatures from January to May
and August to December as well as precipitation during
March, April and October—December (P between 0-01
and 0-05). Again, these effects were mainly due to the

10°C treatment, and there were no correlations at the
two higher germination temperatures.

Seed length and width were measured for 32 accessions
(see Materials and Methods) and resulted in a positive
Spearman’s rho when correlated with germination and
establishment of the 22°C preconditioned seed set with
seed width (Table 3). The wider the seeds, the higher
their percentage germination and establishment. Again,
this correlation could only be observed for the colder
treatments, but was absent for the 26°C treatment
(Table 3). Across all treatments the effect was significant
at P =0-01. A positive correlation was found between seed
length and germination and establishment of the 22 °C pre-
conditioned seed set. This effect was significant over all
treatments and for germination at 18 °C (Table 3).

DISCUSSION

Screening 73 temperature-preconditioned accessions from
across the entire distribution range of A. thaliana for ger-
mination and establishment at three different temperatures
revealed huge natural variability for these traits. According
to Sultan (2004), growing differently preconditioned seed
sets in contrasting environmental conditions rather than in a
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TABLE 3. Spearman rank correlation of germination and establishment percentages at different preconditionings with the
longitude of origin of the accessions and seed length and width

Longitude of origin correlated with:

Seed width correlated with:

Seed length correlated with:

Percentage Percentage Percentage Percentage Percentage Percentage
germination establishment germination establishment germination establishment
after 14°C after 14°C after 22°C after 22°C after 22°C after 22°C

preconditioning preconditioning

preconditioning

preconditioning preconditioning preconditioning

10°C treatment —0.405%%* —0-4171%3* 0-488%+* 0-4917%+* 0-104 0-193
18 °C treatment —0-365%* —0-364%* 0-489%+* 0-414 0-354* 0-348
26 °C treatment -0-06 0-028 -0-219 -0-089 0-297 0-331
All treatments —0-240%** —0-240%** 0-275%* 0-304#+%* 0-237* 0-282%*

Significant at *5 % level, **1 % level, ***0.1 % level.

single ‘control’ environment enabled us to study an
adequate range of plasticity of the accessions.

After-ripening time and conditions are known to effect
germination. Cvi-O, one of the most dormant natural
accessions identified so far, needed between 74 and 185 d
of after-ripening depending on storage conditions (Alonso-
Blanco et al., 2003). To minimize the effect of dormancy,
we used a minimum after-ripening time of 245 d at room
temperature and stratified imbibed seeds at 4°C for 7 d.
Stratification is well known to break dormancy. Four days
of cold treatment broke dormancy completely for acces-
sion Cvi-0 (Ali-Rachedi er al., 2004), and dormant
Ler seeds showed germination of about 55 % after 2 d
and nearly 75 % after 4 d (Russell er al., 2000). Clerx
et al. (2004) detected four QTLs on different chromosomes
of A. thaliana affecting the dormancy of seeds in RILs
between Ler and Sha. Interestingly, the Sha alleles of all
four loci increased seed dormancy. In the experiments
here, Sha showed a continuous high percentage of germina-
tion and establishment of more than 85 % for all tested
treatments. Therefore, the dormancy-breaking treatments
used in this study should have been sufficient to break
dormancy and thus enabled study of germination rather
than dormancy of A. thaliana.

Despite the nearly complete breakage of dormancy, a
broad range of different germination rates influenced
by genotype, preconditioning temperature and germin-
ation temperature was found. This might imply that some
accessions are so dormant that even the treatments applied
do not break dormancy or that these accessions were
still dormant and did not respond to cold. Non-germinated
seeds might also have fallen into secondary dormancy, a
state of dormancy that is induced when environmental
conditions are unfavourable for germination of after-
ripened seeds (Baskin and Baskin, 1998). Cycling of
secondary dormancy on a seasonal basis is known to be
a common phenomenon in weed seed banks (Hilhorst
and Toorop, 1997).

The study presented here shows that once a seed
has germinated, in all probability it will establish. This
was true for most accessions, but there were some remark-
able exceptions for both preconditioned seed sets when
germinated at 26 °C (Fig. 1). It appears that high temper-
ature influences establishment negatively for some

accessions (e.g. Kent and Par). This effect seemed to
become more pronounced when seeds were preconditioned
at 14°C.

The data generally showed that germination and estab-
lishment were significantly influenced by the temperature
at which the seeds germinated and by the temperature
preconditioning of the mother plant. It is well known that
temperature and photoperiod have preconditioning
effects on germination response in many plant species.
Species from a wide range of plant families, life-cycle
types and plant communities exhibit differences in ger-
mination characteristics of seed collected in locations
with different temperature regimes (Baskin and Baskin,
1998).

Maternal photoperiod can also influence the percentage
of seeds that germinated and the speed of germination in
A. thaliana (Munir et al., 2001). Short-day preconditioning
of RILs between the accessions Cal-0 and Tac increased
germination percentage and speed in stratified seeds but
inhibited germination in unstratified seeds (Munir et al.,
2001).

Here, seeds of A. thaliana preconditioned at 22°C
showed a better germination performance than seeds pre-
conditioned at 14 °C. This confirms previous studies that
found that seeds produced by plants grown at high temper-
atures have higher germination percentages and/or rates
than those grown at low temperatures (e.g. Beta vulgaris,
Lexander, 1980; Avena fatua, Peters, 1982; Plantago
lanceolata, Alexander and Wulff, 1985). The better ger-
mination performance of the 22°C preconditioned seeds
agrees with the temperature experienced by most plants
in the wild during ripening. Seed maturation of A. thaliana
occurs in the wild in May/June, when temperatures are
about 20°C during the day in most parts of the species
range (Hoffmann, 2002). This might imply that seeds in
the wild are preconditioned in a temperature similar to
the 22 °C treatment tested here and may show a better ger-
mination performance over a wide range of temperatures in
the wild.

In contrast to seeds in natural conditions, the seeds used
here were exposed to cold during imbibition. Temperature
during imbibition is known to influence germination
behaviour. Dormant Cvi-O seeds did not germinate or
germinated poorly when imbibed and grown at 20-27 °C,
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but germinated efficiently when imbibed and grown at 13 °C
(Ali-Rachedi et al., 2004).

For colonizing species such as A. thaliana, which is
expanding its geographical range (Hoffmann, 2002), an
appropriate dormancy and germination response to
varied environmental conditions is the first requirement
for successful establishment in a new location. Natural
selection on germination can be a strong force that
filters out many genotypes in the earliest stage of coloniza-
tion (Donohue et al., 2005b). Donohue et al. (2005a, b, ¢)
tested 120 RILs between the accessions Tac (Takoma,
Washington State) and Cal (Calver, England) in two
different natural sites (Rhode Island and Kentucky).
Germination timing was inappropriately changed in
response to geographical location in their sample, demon-
strating an inability to adjust germination to different
locations. Furthermore, genotypes with high germination
success in one site had low germination success in the
other and vice versa.

Conditions experienced after dispersal can determine ger-
mination timing (Alexander and Wulff, 1985; Munir ef al.,
2001). Therefore, germination is highly plastic in response
to environmental conditions experienced both during seed
maturation and after dispersal (Donohue et al., 2005a).
The high plasticity of germination found here among 73
natural accessions may suggest reduced pressure of natural
selection on this trait. This might help A. thaliana to survive
in the different conditions found in its natural range when it
is widely distributed. An identical set of accessions was
tested by Hoffmann et al. (2005) for expression of morpho-
logical and phenological characters at two different temper-
atures (14 and 22 °C) and revealed few signs of fixed local
adaptation.

Depending on the species, germination response varies
with latitude, elevation, soil moisture, soil nutrients and -
temperature (Baskin and Baskin, 1998). A correlation
was found here between germination and establishment
with the longitude of the origin of the accessions only
in the 14°C preconditioned set. This indicates that
plants originating from further east respond with a higher
decrease in germination following 14 °C preconditioning
than plants originating further westward. However, this
correlation is very weak and three accessions from
Uzbekistan (Sij-1, -2 and -4) showed a high percentage
of germination in all treatments; this result should therefore
not be generalized.

This survey of an adequate sample of A. thaliana provides
hints at which naturally occurring accessions might be suit-
able for more detailed analysis, and depending on to the
question of interest, the results might help in choosing
appropriate accessions. Further studies will be needed to
provide detailed insight into the mechanism of germination
and establishment.
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