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Summary

1. Genetic variation, plasticity and genotype X environment interaction have been
studied in four populations of Arabidopsis thaliana exposed to a set of treatments
including one ‘optimal’ and three ‘stressful’ conditions.

2. We found strong phenotypic plasticity for all nine traits measured, highly signifi-
cant genetic variation among populations for all traits except for two of those directly
related to reproductive fitness and genetic variation for the plasticity of phenological,
vegetative, early size and one fitness-related character.

3. Flowering time and life span formed a distinct covariance set clearly separating the
populations into late, intermediate and early flowering (an ecologically important
aspect of A. thaliana phenology). Uni- and multivariate analyses of variance revealed
that more within-treatment genetic variance for traits tended to be expressed under
‘stressful’ conditions than in the ‘optimal’ treatment.

4. However, we suggest that the frequency of occurrence of the environments might
be more important than their ‘stressfulness’ in determining genetic and phenotypic
changes. Comparison of the components of phenotypic variance measured in a series
of unordered treatments with those components measured under several ordered treat-
ments (from a parallel study) revealed that the amount of genetic variation for plas-

ticity tends to be higher in the set of unordered treatments.
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Introduction

Understanding evolution in heterogenous environ-
ments is a primary goal of evolutionary biology.
Because the success of organisms at coping with
environmental variation depends on their reaction
norm, i.e. on the set of phenotypes that a given geno-
type can produce in a range of environments, the
characterization of natural variation and the relation-
ship between reproductive fitness and parameters
describing the norm of reaction are fundamental for
the study of adaptive phenotypic evolution (Weis &
Gorman 1990).

Phenotypic plasticity (defined as the degree and
direction of departure of the reaction norm from a flat
line parallel to the environmental axis) has been at the
centre of increasing attention since Bradshaw’s
(1965) classic review (Schlichting 1986; Sultan 1987;
West-Eberhard 1989; Stearns, de Jong & Newman
1991; Thompson 1991; Scheiner 1993). It has been
claimed that plasticity has a role in constraining
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phenotypic evolution (Wright 1931; Stearns 1982;
Levin 1988), that it is itself constrained by the genetic
architecture of natural populations (Via & Lande
1985; Via 1987) and that it has a role in maintaining
genetic variation (Gillespie & Turelli 1989). Several
models have been proposed for the genetic control of
plasticity (Via & Lande 1985; Scheiner & Lyman
1991; Schlichting & Pigliucci 1993) and experiments
have been performed to estimate its degree of
response to selection (Scheiner & Lyman 1991;
Hillesheim & Stearns 1991; Huey, Partridge &
Fowler et al. 1991).

The very existence of phenotypic plasticity means
that the same genotype can express different pheno-
types in diverse environments. There is also increas-
ing evidence that the amount and pattern of expressed
genetic variation itself is environment dependent
(Lewontin 1974; Turelli 1988; Mazer & Schick
1991a,b). These observations lead to the question of
which kinds of conditions tend to increase or decrease
the detectable genetic variation. An answer to this
question has important consequences for our under-
standing of evolution in novel environments. Fisher
(1930) predicted that the genetic variability for fit-
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ness-related traits in a stable environment should tend
to zero because of continuous selection. His funda-
mental theorem, however, does not predict what
should happen if the environment changes. Recent
experimental evidence (Service & Rose 1985; Good-
night 1988; Holloway, Povey & Sibly 1990) as well
as theoretical considerations (Goldstein & Holsinger
1992), point to the expression of hidden genetic vari-
ability in novel environments, variability presumably
accumulated in the form of previously neutral or
almost-neutral mutations or stored in the form of
epistatic interactions (see also van Tienderen & de
Jong 1994).

Environmentally dependent changes in phenotypic
and genetic variation can be examined from two
viewpoints: (1) comparing optimal with sub-optimal
or ‘stressful’ conditions or (2) comparing a set of
treatments ordered in a gradient with a set of
unordered conditions (i.e. when there is no logical
way to rank the treatments, often because of changes
in several factors simultaneously). Higher levels of
genetic or phenotypic variation have previously been
found: (1) in more stressful environments (Parsons
1987; Hoffman & Parsons 1991; Sultan & Bazzaz
1993a); (2) in less stressful environments (Marani,
Ephrat & Dor 1974; Mather, Hill & Caligari 1982;
Shaw 1986; Sultan & Bazzaz 1993b); (3) in inter-
mediate conditions (Mazer & Schick 1991b); (4) in
unordered sets of environments rather than in ordered
ones (cf. Schlichting 1986 and Winn & Evans 1991).

The contrast between ‘optimal’ vs ‘suboptimal’
conditions is interesting from several points of view.
Experiments on growth in controlled optimal situa-
tions are useful because they allow investigations of
functional relationships among characters while mini-
mizing possible trade-offs (Geber 1990) and com-
parison of different populations in a ‘common
environment’. On the other hand, suboptimal environ-
ments are likely to be encountered more commonly in
nature and therefore probably better illustrate func-
tional trade-offs, real selective pressures and evolu-
tionary trends. Similar reasoning holds also for the
contrast between ordered and unordered treatments:
ordered treatments (e.g. along a unifactorial gradient)
offer the potential for relatively straightforward inter-
pretations of phenotypic responses to monotonically
increasing or decreasing values of environmental
parameters. In contrast, unordered treatments are
prone to generate less readily interpretable results,
given that there is no a priori ranking of the condi-
tions. Again, unordered environments are more com-
mon than simple clines under natural conditions and
therefore better reflect the complexity of factors con-
straining actual phenotypic evolution.

The aims of this paper are: (1) to investigate genetic
variation, phenotypic plasticity and genetic variability
for plasticity in Arabidopsis thaliana (L.) Heynh. sub-
jected to three types of abiotic ‘stress’: low light, low
nutrients and low water (compared with an ‘optimal’

control); (2) to determine if there is more or less
genetic variation expressed in stressful treatments; (3)
to contrast patterns of genetic variation, plasticity and
genetic variation for plasticity in unordered treat-
ments (this paper) with those observed along ordered
gradients during the same experiment using the same
genotypes (Pigliucci, Whitton & Schlichting 1995).

Materials and methods
THE STUDY ORGANISM

Arabidopsis thaliana is an annual weed native to
central-eastern Europe and now cosmopolitan. It is
mostly self-fertilizing (Abbott & Gomes 1989) and
the populations collected in nature are largely consid-
ered isogenic lines (or at most a mixture of a few
lines). The life cycle of A. thaliana is relatively brief
and cross-fertilization easy to achieve, making it an
ideal tool for genetic and ecological studies
(Meyerowitz 1987, Griffing & Scholl 1991).

EXPERIMENTAL SETUP

Seeds from the following populations (sometimes
referred to as ‘ecotypes’ in the literature) of A.
thaliana were obtained from the Crucifer Genetics
Cooperative at the University of Wisconsin-Madison:
Greenville (henceforth G), Kendalville (K), Lands-
berg erecta (L) and Turk Lake (T). Landsberg is an
isogenic line used as a standard in physiological and
molecular experiments. It originally derived from a
population collected in Frankfurt, Germany, in 1955
(Redei 1992). The other three populations were col-
lected in the named localities in Wisconsin but no
further habitat information was provided. The seeds
were put in Petri dishes and imbibed with water on fil-
ter paper for 24 h. They were then transferred to 5Scm
pots (initially two seeds per pot) with standard soil
mix, where germination occurred within 5-7 days.
Seedlings were thinned to one per pot. Ten replicates
per genotype per treatment were used, for a total of
160 plants. Plants were randomized within two blocks
within each treatment. Growth occurred in a green-
house, with no supplementary lights (which pro-
longed the life cycle to near-natural durations of up to
5 months for the late flowering populations).

The four treatments were: (1) high levels of all fac-
tors (AH): six doses of nutrients (14:14:14 NKP
Osmocote from Slater Supply, New York, NY) were
added at the beginning of the experiment, full sunlight
allowed and 20 ml of water/day added to the pots; (2)
low light (LL): as AH but only 40% of the light avail-
able was allowed through a cheesecloth; (3) low nutri-
ents (LN): as AH but with no nutrients added to the
standard soil; (4) low water (LW): as AH but with
only 10 ml of water/day.

The following characters were measured on indi-
vidual plants: (1) time from germination to flowering



