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Abstract

We examined patterns of genetic variance and covariance in two traits (i) carbon stable
isotope ratio δδδδ

 

13

 

C (dehydration avoidance) and (ii) time to flowering (drought escape), both
of which are putative adaptations to local water availability. Greenhouse screening of 39
genotypes of 

 

Arabidopsis thaliana

 

 native to habitats spanning a wide range of climatic
conditions, revealed a highly significant positive genetic correlation between δδδδ

 

13

 

C and
flowering time. Studies in a range of C

 

3

 

 annuals have also reported large positive cor-
relations, suggesting the presence of a genetically based trade-off between mechanisms of
dehydration avoidance (δδδδ

 

13

 

C) and drought escape (early flowering). We examined the
contribution of pleiotropy by using a combination of mutant and near-isogenic lines to test
for positive mutational covariance between δδδδ

 

13

 

C and flowering time. Ecophysiological
mutants generally showed variation in δδδδ

 

13

 

C but not flowering time. However, flowering
time mutants generally demonstrated pleiotropic effects consistent with natural variation.
Mutations that caused later flowering also typically resulted in less negative δδδδ

 

13

 

C and thus
probably higher water use efficiency. We found strong evidence for pleiotropy using
near-isogenic lines of 

 

Frigida

 

 and 

 

Flowering Locus C

 

, cloned loci known to be responsible
for natural variation in flowering time. These data suggest the correlated evolution of
δδδδ

 

13

 

C and flowering time is explained in part by the fixation of pleiotropic alleles that alter
both δδδδ

 

13

 

C and time to flowering.

 

Keywords

 

:

 

 

 

carbon isotope ratio, correlated traits, flowering locus c, flowering time, frigida, pleiotropy 

 

Received 11 September 2002; revision received 24 January 2003; accepted 18 February 2003

 

Introduction

 

The study of climatic adaptation began in plants over
250 years ago (Langlet 1971; Matyas 1996), and today remains
a principal theoretical and applied interest in all areas of
plant biology including agriculture, ecology, evolution,
functional genetics and physiology (Darwin 1859; Turesson
1922; Clausen 

 

et al

 

. 1948; Comstock & Ehleringer 1992;
Bohnert 

 

et al

 

. 1995; Dudley 1996; Ingram & Bartels 1996;
Bray 1997). As sessile organisms, plants are exposed to all
extremes of their environment at some stage of their life
history, and therefore ecotypic differentiation (Turesson

1922; Clausen & Heisey 1958; Linhart & Grant 1996) among
populations is not surprising. In addition, reciprocal
transplant and phytometer experiments demonstrate that
selection coefficients for local adaptation can be quite strong
(Harlan & Martini 1938; Clausen & Heisey 1958; Schemske
1984; Jordan 1991; Nagy 1997). This long history of
research on the genetics of ecological races within plant
species provides overwhelming support for climate as a
selective pressure to which populations adapt locally.
Clearly, plant populations experience spatially and
temporally varying episodes of multivariate selection
(Clausen & Heisey 1958; Berg 1960; Nagy 1997).

Despite compelling evidence that local adaptation is
common in plant populations, little is known about the spe-
cific combinations of traits (multidimensional phenotypes)
involved in adaptation to climate (Clausen & Heisey 1958;
Arntz & Delph 2001). Even less is known regarding the
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evolutionary genetics of traits that contribute to the process
of climatic adaptation, particularly the genetic basis of
trait correlations (Clausen & Heisey 1958). Genetic studies
are necessary to distinguish the degree to which selection,
drift, pleiotropy and recombination contribute to the
evolution of individual traits and correlated suites of traits
thought to be important in adaptation. Here we focus on
drought, as drought stress is a major consequence of
climate, and a set of candidate traits may contribute to
drought adaptation in plants (Richards 1996).

 

Drought adaptation

 

Water availability imposes strong and recurring selective
pressure, as it is fundamental to almost all aspects of plant
physiology (Stebbins 1952; Bohnert 

 

et al

 

. 1995; Bray 1997).
This is evident by the fact that plant distribution and abund-
ance in natural systems and crop yield in agricultural systems
are largely determined by water availability. Plant adaptation
to drought involves both phenological and physiological
traits (Passioura 1996; Araus 

 

et al

 

. 2002). Ludlow (1989)
described three general strategies that plants have evolved
to cope with drought stress: 

 

dehydration tolerance

 

, 

 

dehydration
avoidance

 

 and 

 

drought escape

 

. These strategies are defined
by the water status of both the plant and the environment.

 

Dehydration tolerance

 

 (Ludlow 1989) refers to plants in dry
environments that actually survive internal water deficits,
with an extreme example being resurrection plants that
tolerate losing 95% of leaf water content (Scott 2000).

 

Dehydration avoidan

 

ce (Ludlow 1989) involves maintaining
internal water status in a dry environment by minimizing
water loss and/or maximizing water uptake. Dehydration
avoiders are exemplified by succulent CAM species and
(to a lesser degree) C

 

3

 

 plants. The 

 

drought escape

 

 strategy is
attained through a short life cycle (e.g. annuals) or growing
season (e.g. drought deciduous), allowing plants to reproduce
before the environment becomes dry. Drought escape
is often employed in agricultural breeding by selecting
plants that flower and fruit early enough to avoid drought
(Passioura 1996; Richards 1996; Araus 

 

et al

 

. 2002) and is
also common in natural populations (Fox 1990; Geber &
Dawson 1997). Here we focus on the latter two strategies,
dehydration avoidance (water use efficiency) and drought
escape (early flowering), as these are most relevant to an
annual C

 

3

 

 plant.

 

Water use efficiency

 

Carbon dioxide uptake and water loss to the air (tran-
spiration) both occur through the stomata, pores in leaves
allowing gas exchange by diffusion between the environ-
ment and the mesophyll. This shared site of exchange results
in a trade-off between acquiring CO

 

2

 

 for growth and losing
water. In habitats where plants encounter seasonal or chronic

drought, selection has been shown to favour individuals
able to minimize the trade-off between growth and water
loss (Dudley 1996), resulting in populations adapted to
drought. This trade-off has been credited in the evolution
of the variety of strategies for reducing water loss among
taxa (Ingram & Bartels 1996; Bray 1997), including the
evolution of alternative photosynthetic pathways (CAM
and C

 

4

 

), which reduce the coupling of CO

 

2

 

 uptake from
loss of water to the air (Ehleringer & Monson 1993).

For short-lived annual C

 

3

 

 plants, dehydration avoidance
can be achieved by stomatal closure. This minimizes
water loss and can be a rapid and effective dehydration
avoidance strategy. However, stomatal CO

 

2

 

 uptake is also
reduced and thus stomatal closure will limit photosyn-
thetic assimilation and growth (Schulze 

 

et al

 

. 1987; Geber &
Dawson 1997). The efficiency at which plants fix CO

 

2

 

relative to their rate of H

 

2

 

O loss is called water use effi-
ciency (

 

WUE

 

), and is used an indicator of the ability to
which plants resolve the trade-off between CO

 

2

 

 uptake
and H

 

2

 

O loss.
Instantaneous 

 

WUE

 

 can be calculated empirically as
the ratio of CO

 

2

 

 assimilation (

 

A

 

) to transpirational H

 

2

 

O
loss (

 

E

 

).

(1)

where 

 

Ca

 

 and 

 

Ci

 

 represent the concentration of CO

 

2

 

 in the
ambient air and inside the leaf, respectively, and 

 

v

 

 the
vapour pressure difference between the inside of the leaf
and the ambient air (Condon & Hall 1997). The factor 1.6 is
the ratio of diffusivity of water vapour to CO

 

2.

 

 Ambient air
contains CO

 

2

 

 comprised mainly of 

 

12

 

C, but 

 

≈

 

 1.1% of
atmospheric CO

 

2

 

 includes the stable isotope 

 

13

 

C (Farquhar

 

et al

 

. 1989). Plants discriminate against CO

 

2

 

 comprised of
the heavier 

 

13

 

C isotope, and thus the relative abundance
of 

 

13

 

C to 

 

12

 

C is lower in C

 

3

 

 plant tissue than in source air.
Because the two isotopes differ in their mass-to-charge
ratio, the 

 

13

 

C/

 

12

 

C ratio of the tissue relative to a standard
(henceforth carbon isotope ratio, or 

 

δ

 

13

 

C) can be quantified
on a mass spectrometer, where a more negative 

 

δ

 

13

 

C
reflects greater discrimination. The degree to which plants
discriminate against 

 

13

 

C is a function of 

 

Ci

 

 (eqn 1), and
therefore, other things being equal, discrimination against

 

13

 

C is greater with more open stomates (Farquhar 

 

et al

 

.
1989; Virgona & Farquhar 1996).

For C

 

3

 

 plants, 

 

δ

 

13

 

C is a negative function of 

 

Ci/Ca

 

 and

 

WUE

 

 is also a negative function of 

 

Ci/Ca

 

 under constant 

 

Ca

 

and 

 

v

 

 (Farquhar 

 

et al

 

. 1989; Condon & Hall 1997). Thus,
there is an expected positive correlation between 

 

WUE

 

 and

 

δ

 

13

 

C. Numerous empirical studies have confirmed this
expected correlation between carbon isotope composi-
tion of C

 

3

 

 plant tissues and 

 

WUE

 

 (Farquhar 

 

et al

 

. 1989;
Ehleringer & Monson 1993; Araus 

 

et al

 

. 2002). Intraspecific

WUE
A
E

Ca
Ci
Ca

v
    

  

.
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genetic variation in 

 

δ

 

13

 

C is common and is often used as an
indicator of variation in integrated 

 

WUE

 

 for plants grown
in a common environment (Farquhar 

 

et al

 

. 1989; Araus 

 

et al

 

.
2002). Variation in 

 

δ

 

13

 

C reflects variation in 

 

Ci/Ca

 

, which
may be due to differences in photosynthetic capacity (

 

A

 

max

 

)
and/or stomatal conductance. Genetic differences in 

 

A

 

max

 

may reflect differences in the capacity for carboxylation or
the regeneration of ribulose bisphosphate (Farquhar & von
Caemmerer 1981) and may be indicated by differences in
leaf nitrogen concentration (Field & Mooney 1986; Virgona
& Farquhar 1996; Lambers 

 

et al

 

. 1998). In this study 

 

δ

 

13

 

C is
used as a relative index of integrated 

 

WUE

 

, due to differences
in stomatal conductance and/or photosynthetic capacity.

 

Drought escape

 

Flowering time is an important trait related to drought
adaptation in both crops and natural systems, where a
short life cycle can lead to drought escape (White 1993; Fox
1990; Araus 

 

et al

 

. 2002). In many annual crops differences
among genotypes in 

 

δ

 

13

 

C are positively correlated with
flowering time, suggesting that later flowering genotypes
may have higher 

 

WUE

 

 (Hall 

 

et al

 

. 1990; Craufurd 

 

et al

 

.
1991; Ehdaie 

 

et al

 

. 1991; Richards & Condon 1993; Richards
1996). This positive, genetically based correlation between

 

δ

 

13

 

C and flowering time exists across a number of hier-
archical levels (among species, among populations within
species and among genotypes within a population). This
trade-off in drought adaptation strategies suggests three
possible causes: tight linkage between 

 

δ

 

13

 

C and flower-
ing time loci, linkage disequilibrium generated by selec-
tion on both flowering time and 

 

δ

 

13

 

C, or pleiotropy. The
latter two are most plausible; it is unlikely that physical
linkage would be consistent across distantly related taxa.
We investigated variation and covariation in 

 

δ

 

13

 

C and
flowering time in 

 

Arabidopsis thaliana,

 

 a highly selfing
annual. These two traits are likely to be important in
climatic adaptation and are known to vary among acces-
sions of 

 

A. thaliana

 

 (Nienhuis 

 

et al. 1994; Koornneef et al.
1998).

Functional genetic variation in A. thaliana

A. thaliana has become the model angiosperm for functional
genetics, generating a wealth of genomic information.
Molecular population genetic studies in A. thaliana reveal
very low levels of within-population variation, but large
differences among populations at both molecular markers
and functional loci (Bergelson et al. 1998; Mitchell-Olds
2001). These data are consistent with observations of very
high levels of selfing (Abbot & Gomes 1989).

Relative to molecular data, there is a dearth of data
concerning genetic variation in ecological traits, although
research in this area is increasing (reviewed in Pigliucci

1998; Alonso-Blanco & Koornneef 2000). For example,
genetic differences among accessions have been found in
a number of traits that may be important in climatic
adaptation, including: relative growth rate (Li et al. 1998),
response to elevated CO2 (Norton et al. 1995), water use
efficiency (Masle et al. 1993; Nienhuis et al. 1994) and flower-
ing time (reviewed in Koornneef et al. 1998; Levy & Dean
1998; Juenger et al. 2000). Of these, flowering time has been
the subject of the most intense genetic scrutiny, permitting
a candidate gene approach to examining pleiotropy. In
most systems, distinguishing pleiotropy from tight linkage
is a major experimental challenge (Mather & Jinks 1982). In
contrast, near-isogenic and mutant knockout lines at
candidate loci in A. thaliana provide a unique opportunity
to examine the genetic basis of trait covariance (see
Methods). Thus, as an experimental system to investigate
the evolution of correlated traits in natural populations,
A. thaliana has many outstanding qualities.

Candidate genes

The genetics of flowering time in A. thaliana has been studied
intensively in the last 20 years (reviewed in Koornneef
et al. 1998; Levy & Dean 1998). Progress in dissecting the
genetics of flowering time in A. thaliana has benefited from
a combination of mutant screens and studies of natural
variation using common garden studies and quantitative
trait locus (QTL) mapping (Sanda et al. 1997; Johanson et al.
2000). Of at least 54 loci found to affect flowering time
by the knockout approach (Levy & Dean 1998), three
loci, FRIGIDA (FRI ) ( Johanson et al. 2000), FLOWERING
LOCUS C (FLC) (Sheldon et al. 2000; Schläppi 2001) and
most recently CRY2 (El-Assal et al. 2001), have been shown
to be polymorphic in nature. FRI has been shown to have
alleles of large effect on flowering time in a number of
independent mapping populations and near isogenic lines
(Napp-Zin 1957; Sanda et al. 1997; Johanson et al. 2000). FRI
interacts epistatically with FLC to determine the time to
flowering (Koornneef et al. 1994). Molecular analysis
shows that FLC encodes a transcription factor, which when
upregulated by FRI, acts as a flowering inhibitor but can
be offset by cold treatment of the rosette (Sheldon et al.
2000; Michaels & Amasino 2001). Naturally occurring FRI
null alleles have evolved independently multiple times
(Johanson et al. 2000; LeCorre et al. 2002). These greatly
reduce flowering time and the level of FLC mitochondrial
RNA (mRNA) (Michaels & Amasino 1999) and protein
(Rouse et al. 2002). In addition, weak and null alleles of
FLC have been described in accessions (Michaels &
Amasino 1999; Schläppi 2001) and in mutant screens
for early flowering, respectively (Michaels & Amasino
2000). Functional FLC alleles (Sheldon et al. 2000) are
polymorphic in their effect on flowering time and FLC
transcript levels in a population sample (Schläppi 2001).
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We first examined variation in δ13C and flowering time
in 39 natural accessions of A. thaliana collected from a wide
range of climates. Second, we compared variation in δ13C
and flowering time among six physiological mutants.
Third, we conducted a more detailed study of germination
time, flowering time, δ13C and per cent nitrogen of leaf tissue
in four flowering-time mutants and near isogenic lines
with naturally occurring alleles of flowering time QTL in
two genetic backgrounds. Fourth, we controlled for plant
age effects on δ13C while comparing near isogenic lines
(NILs). These four experiments enabled us to examine the
spectrum of genetic variation and covariation in traits
determining the acquisition and allocation of resources
to growth and reproduction in A. thaliana populations
adapted to differing drought regimes.

Materials and methods

Our studies included natural variation, induced phenotypic
mutants and near isogenic lines. We first describe each of
our four experiments separately, including the rationale,
genotypes used, traits measured, where plants were grown
(greenhouse or growth chamber) and statistical analyses.
In the final section of the methods we provide details of
growth conditions (greenhouse and growth chamber) and
trait measurements for all experiments.

Natural variation

Experiment 1 consisted of 39 natural accessions (Table 1)
selected from the native range of Arabidopsis thaliana in
Europe, Asia and northern Africa, but not North America,
where A. thaliana has only recently been introduced.
Accessions were selected to represent a range of latitudes,
elevations and climates. In order to examine heritable
variation in potentially adaptive traits, 39 genotypes were
compared in a common garden experiment in a greenhouse
at UC Davis (growth conditions and phenotypic measures
are described below).

Four replicates of each genotype were planted (see
greenhouse below) and we tested for among-population
variation and covariation in δ13C and flowering time.
Genotypes are considered random replicates of adaptation
(Felsenstein 1985), an assumption consistent with the
well-supported star phylogeny of A. thaliana accessions
(Innan & Stephan 2000; Sharbel et al. 2000). The effect
of genotype was first tested using the nonparametric
Kruskal–Wallis test and then tested using individual trait
anovas. The genetic correlation between δ13C and flowering
time is presented as Spearman’s rank correlations among
genotype means. We also present estimates of rG based
on variance components estimated using the program
freestat (Mitchell-Olds 1986). The genetic correlation is
calculated as

(2)

where Cov(i,j) is the genetic covariance component for
traits i and j, and σi and σj are the square roots of the among
genotype (accession) variance components for traits i and j
(Robertson 1959; Falconer & MacKay 1996) and significance
is determined by permutation (Mitchell-Olds 1986).

Mutational covariance

Experiment 2 examined mutants artificially selected for
altered physiology or flowering time to determine patterns
of among-trait covariance. We asked whether mutants
selected for altered physiology also show altered flowering
time in a direction consistent with the genetic correlation
from natural populations (Experiment 1). Conversely, do
mutants selected for late flowering also show less negative
δ13C?

Physiological mutants were chosen which might alter
photosynthetic capacity or stomatal conductance, which in
turn affect δ13C (Table 2). Abi2-1 and abi3-1 represent muta-
tions at two different loci originally reported as affecting
ABA sensitivity (Koornneef et al. 1984; Leung et al. 1997;
Bies-Etheve et al. 1999). These abi mutants both synthesize
ABA and thus germinate readily, but show reduced sens-
itivity of germination and seedling growth to ABA. For
abi2-1 the phenotype extends into the vegetative stage,
with increased transpiration and a ‘wilty’ phenotype. For
the other ABA insensitive mutant abi3-1, at the time of the
experiment, the ABA phenotype was reported as being
confined to the seedling stage (but see Discussion). We also
examined two mutants at nuclear loci with altered chlo-
roplast size and chloroplast number per mesophyll cell.
Arc1, and arc2 are mutants with chloroplasts that are 1/2,
and 2 times the size of wild-type, respectively (Pyke &
Leech 1992). Finally, we selected hcs1 and hcs2, mutants
at two loci in the Columbia background that become
chlorotic at high CO2 (Artus 1990). All of these mutants
were ordered from the Arabidopsis stock centre in Ohio
(www.arabidopsis.org). These physiological mutants were
grown in the greenhouse with the natural accessions.

Four mutations affecting flowering time were already
known from the literature (Table 2). We selected: co1 and gi
(both late flowering, vernalization insensitive) and fve and
ld-1 (both late flowering, vernalization responsive). All
are in the Columbia genetic background, were provided by
R. M. Amasino, and are described in detail by Rédei (1962),
Koornneef et al. (1991, 1998) and Michaels & Amasino (2001).

Late flowering mutants were compared in a growth
chamber to examine covariance between flowering time
and carbon isotope ratio. Each genotype was replicated
across two day-length treatments, treated statistically as
experimental blocks: Block 1 (11 h days, three replicates)

r
Cov i j

G
i j

  
( , )

=
σ σ,
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and Block 2 (13 h days, four replicates). These blocks were
grown in the same growth chamber sequentially: immedi-
ately after Block 1 was harvested the day length of the
chamber was increased from 11 to 13 h, and Block 2 was
moved from the cold stratification chamber into the growth
chamber. Otherwise, plant growth conditions were identical
for both blocks (photoperiods).

Flowering time in A. thaliana is a highly plastic trait,
which responds strongly to day length, seed stratification
(cold treatment of imbibed seed) and vernalization
(cold treatment of vegetative seedling or rosette) in many
genotypes (Nordborg & Bergelson 1999). Vernalization is a

well-studied environmental factor that decreases flower-
ing time. Many mutations found to influence flowering
time are classified by their response to vernalization,
leading to the dichotomous classification of genotypes as
winter or summer annuals. However, all diploid A. thaliana
accessions appear capable of flowering in the absence of
vernalization of the rosette (JK McKay, personal observa-
tion). Day length and light intensity are two additional
environmental factors known to have a large effect on
flowering time (see also Crone & McDaniel 1997). We
manipulated day length in order to create environmental
variance in flowering time within genetic lines, and thus

Table 1 Thirty-nine natural accessions used in Experiment 1. Data are Accession no., name, geographical location, latitude, longitude, and
elevation of collection site. Mean δ13C and flowering time of each genotype in our greenhouse screening are also shown

Accession
no. Ecotype Collection site

Lat.
N Long.

Elev
(m)

δ13C 
(‰)

Flowering 
time (days)

900 aa-0 Rhon, Germany 51 E 10 200 −29.7 22.7
901 ag-0 Argentat, France 45 E 1.5 100 −30.5 21.8
902 cvi-0 Cape Verde Islands 16 W 24 1200 −30.5 22.5
903 kas-1 Kashmir, India 35 E 77 1580 −28.2 31.7
904 mh-0 Muhlen, Poland 53.5 E 20.5 100 −31.2 19.0
905 ms-0 Moscow, Russia 55.5 E 38 100 −28.9 31.7
910 di-g Dijon, France 47.5 E 5 300 −30.5 20.4
911 est Estland, Poland na na na −30.2 19.3
915 ws-3 Wassilewskija 52 E 30 na −31.0 21.0
916 kondara Tajikistan na na 1100 −28.9 29.3
917 da(1)-12 Czechoslovakia 18 E 49 na −30.6 20.0
922 hodja-obi-garm Tajikistan 39 E 70.5 1800 −29.9 25.7
924 je54 Czechoslovakia na na na −30.5 22.5
926 petergof Russia 60 E 30 na −31.0 23.0
927 rubezhnoe-1 Ukraine 52 E 30 na −29.8 26.7
930 sn(5)-1 Czechoslovakia na na na −30.6 19.8
931 sorbo Tajikistan na na 2200 −29.0 32.0
944 an-1 Antwerpen, Belgium 51.5 E 4.5 1 −29.8 19.8
958 bch-3 Buchen, Germany 53.5 E 10.5 100 −29.7 27.0
1064 can-0 Canary Islands 28 W 15.5 700 −28.9 32.0
1102 db-1 Tenne, Germany 60 E 30 400 −30.4 20.8
1122 edi-0 Edinburgh, UK 56 W 3 100 −29.1 32.0
1126 ei-4 Eifel, Germany 50.5 E 6.5 400 −29.4 25.7
1136 en-1 Enkheim, Germany 50 E 8.5 100 −30.2 19.5
1152 et-0 Etraygues, France 44.5 E 2.5 400 −28.7 32.0
1252 jl-3 Czechoslovakia na na 460 −30.4 18.7
1266 ka-0 Karnten, Austria 47 E 14 900 −30.6 22.0
1374 mrk-0 Markt, Germany 49 E 9.5 200 −29.9 27.5
1454 pi-0 Pitztal (Tirol), Austria 47 E 11 1000 −29.5 24.0
1482 rd-0 Rodenbach, Germany 49.5 E 9.5 500 −30.4 22.8
1494 rsch-4 Rschew, Russia 56.5 E 34 100 −30.1 22.5
1504 sei-0 Seis am Schlern, Italy 46.5 E 11.5 1000 −30.6 19.5
1548 ta-0 Tabor, Czechoslovakia 49.5 E 14.5 400 −30.7 22.8
1630 wl-0 Wilbad, Germany 48.5 E 8.5 500 −30.6 23.3
1639 wei-1 Weiningen, Switzerland 47.5 E 8.5 na −30.8 19.7
1640 tsu-1 Tsu, Japan 34.5 E 136.3 1 −30.6 25.5
1641 rld-2 Rschew, Russia 56.5 E 34 na −30.6 21.5
1643 oy-1 Oytese, Norway 46.5 E 11.5 1 −29.7 22.8
6180 shahdara Tajikistan 37.5 E 65 3400 −30.6 20.5
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quantify environmentally induced (nongenetic) covariance
between δ13C and flowering time.

Near isogenic lines

In Experiment 3, we examined the pleiotropic effects of
naturally occurring alleles at the FRI and FLC loci, which
are two cloned QTL responsible for naturally occurring
variation in flowering time. We used NILs consisting of the
dominant, functional FRIGIDA allele (FRI ) of the naturally
late flowering accession San Feliu-2 (sf-2) introgressed
into the homozygous background of the Columbia strain
(Col) and compared it with the early flowering wild-
type Col, which carries a null, recessive FRIGIDA allele
( fri) (Table 3). In addition, we examine the effect of the
FLOWERING LOCUS C genotype, by using NILs where
functional alleles FRI (sf-2) and FLC (Col) are introgressed
into the Landsberg erecta background (Ler), which carries a
null allele (flc) at the FLC locus. The genetics and molecular
biology of these NILs are further described in Lee &
Amasino (1995) and Michaels & Amasino (2001), and were
kindly provided by R. M. Amasino.

All traits in Experiment 3 were analysed using the fol-
lowing model, which was the best fitting five-parameter
genetic model for the flowering time data.

Trait = FRI + FLC + FRI*FLC + BLOCK + GENOME + error,

where genome is the wild-type background (Col or Ler)
into which the late flowering alleles were introgressed.
For these NIL experiments, blocks did not represent a
day-length manipulation and therefore block was con-
sidered a random effect in that analysis. Each effect was
tested over the mean square error. In our model fitting we
found no evidence of significant FRI*Block, FLC*Block or
FRI*FLC*Block interactions.

Common age at harvest

In an independent study, Experiment 4, we harvested
Columbia NILs at a common age, to control for ontogenetic
contributions to variation in δ13C. To account for within
plant variation, we measured δ13C separately for both root
and leaf tissue. These are the same Columbia NILs used in
Experiment 3 and the genetics and molecular biology of
these lines are further described in Michaels & Amasino
(2000). These were grown in the greenhouse as described
below for Experiment 4.

Greenhouse growth conditions

Natural accessions from Experiment 1 and physiological
mutants from Experiment 2 were grown together in the
greenhouse at UC Davis. Three seeds of each genotype were
sown into four 250 mL pots filled with a peat soil–vermiculite

Table 2 List of mutants used in Experiment 2 to test for mutational covariance

Accession
no.

Homozygous
mutant allele Genome Described phenotype

Predicted 
trait effect Reference

6172 WT – Col Col Early flowering
86 WT – Ler Ler Early flowering
23 Abi2–1 Ler Abscisic acid sensitivity δ13C Koornneef et al. (1984)
24 Abi3–1 Ler Abscisic acid sensitivity δ13C Koornneef et al. (1984)
262 Arc1 Ler 50% higher chloroplast density δ13C Pyke & Leech (1992)
263 Arc2 Ler 50% lower chloroplast density δ13C Pyke & Leech (1992)
6169 Hcs1 Col High CO2 δ13C Artus (1990)
6171 Hcs2 Col High CO2 δ13C Artus (1990)
* Co-1 Col Late flowering, vern insensitive flowering Rédei (1962)
* Gi Col Late flowering, vern insensitive flowering Michaels & Amasino (2001)
* Fve Col Late flowering, vern responsive flowering Koornneef et al. (1991)
* Ld-1 Col Late flowering, vern responsive flowering Rédei (1962)

*See Materials and methods.

Genotype Genome FRI FLC Expected phenotype Reference

WT — Columbia Col fri FLC Early flowering
FRI[sf2] Col FRI FLC Late flowering Lee & Amasino (1995)
WT — Ler Ler fri flc Early flowering Lee & Amasino (1995)
FRI[sf2] flc[Ler] Ler FRI flc Early flowering Lee & Amasino (1995)
FRI[sf2] FLC[Col] Ler FRI FLC Late flowering Lee & Amasino (1995)

Table 3 Near isogenic lines used in Experi-
ment 3. See methods for further explanation
of which alleles were introgressed into which
background
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mixture and 3–5 pellets of complete slow-release fertilizer.
Pots were then randomized into four complete blocks.
Blocks were watered, covered with plastic and then placed
into a walk-in cooler at 4 °C for seed vernalization. After
5 days of cold treatment, blocks were transferred to a warm,
lighted greenhouse. The average day length (natural
sunlight) during the experiment was a little over 10 h,
and supplemental lighting in the greenhouse was used
to extend day length to 16 h throughout the experiment.
Supplemental light provided PAR levels of 350 (µmol
photons/m2/s) and maximum levels during full sunlight
reached 1800 (µmol photons/m2/s1). Relative humidity
throughout the experiment ranged from 29 to 68%, with a
mean of 44%. Air temperature in the greenhouse ranged
from 16.8 to 24.2 °C, with a mean of 23.1 °C.

Once transferred to the greenhouse each pot was checked
daily for germination. All plants were kept well watered
by bottom watering trays. Once a single germination date
was recorded for each pot, subsequent germinants were
removed. Replicates (pots) that did not germinate in the first
2 weeks were excluded from the experiment. Plants were
checked daily and when they began flowering they were
harvested at the developmental stage of 1–3 open flowers.

Plants in Experiment 4 were grown in the same green-
house, at a different time. To facilitate recovery of clean
roots, plants in Experiment 4 were grown in a 1:1 mixture
of sand and fritted-clay. These lines were cold stratified as
imbibed seeds for 8 days and grown in a greenhouse at UC
Davis in 175 mL tubular pots. Plants were fertilized with
half-strength Hoagland’s solution weekly (three times total).

Chamber growth conditions

Plants were grown in 175 mL tubular pots. These pots were
filled with a peat soil–vermiculite mixture and 0.63 mL of
complete slow-release fertilizer. Soil was packed tightly
into tubes and tubes were then placed in standing water
until saturated. Five seeds of a given genotype were sown
directly into the soil at the centre of each tube. Once
planted, tubes were randomized into the racks made to
hold them, covered with black plastic and then cold treated
(4 °C) in the dark for 8 days. Following cold treatment,
blocks were transferred to an environmental growth
chamber at 21/11 °C (day/night) with fluorescent and
incandescent lighting, where PAR = 630 µmol photons/
m2/s at the level of the soil for both day-length blocks.
Relative humidity ranged between 50% (day) and 75%
(night). The soil in each tube was kept moist by bottom
watering throughout the experiment. In addition, to insure
adequate moisture for germination, tubes were hand-
watered with a syringe for the first 10 days in the growth
chamber, where 3 mL of water was added to the top of
each tube per day. Germination was scored daily and only
the first germinant per pot was retained for the experiment.

Trait screening

All plants were harvested at the initiation of flowering. All
above-ground biomass was transferred to glass test tubes
and oven dried at 60 °C (Farquhar et al. 1989). For natural
accessions grown in the greenhouse, some plants flowered
in as little as 18 days and produced very little biomass. For
the 14 plants with less than 1 mg of above-ground biomass,
all tissue was used for isotope analysis. For all other plants
from the greenhouse (natural accessions and physiological
mutants) the entire shoot was dried and ground (see
below), and between 0.8 and 1.2 mg of each sample was
transferred to a tin combustion cup for isotope analysis.
In the growth chamber, where maximum PAR (600) was
one-third that in the greenhouse (1800), plants took longer
to flower and produced much more biomass. Dried plant
tissue was processed for carbon isotope analysis, by randomly
subsampling 100–200 mg of crushed leaf material from
each individual into a 2-mL microfuge tube containing
four ball bearings, then shaking for 1 min on a paint shaker.
The result was a uniform powder, from which subsamples
(1 and/or 3 mg) from each plant were analysed. In addition
in the growth chamber experiment, we measured per cent
mass nitrogen (%N) in the leaf tissue, which may reflect
differences in biochemical photosynthetic capacity.

Samples were analysed for %N and δ13C at the Stable
Isotope Facility at UC Davis (http://stableisotopefacility.
ucdavis.edu/). Data are presented as carbon isotope ratios
relative to the PDB standard (RPDB), where δ13C(‰) = (RS/
RPDB − 1) * 1000 (Hubick et al. 1986). For many plants multiple
subsamples were analysed, the values were highly repeat-
able and the average was used for analysis.

We express all values as carbon isotope ratio, δ13C (lower
case delta), rather than carbon isotope discrimination,
∆13C uppercase delta). Although instantaneous (online)
measures of ∆13C are straightforward (Evans et al. 1986;
Hubick et al. 1988), estimates derived from plant tissue
require the assumption of a single value for the carbon
isotope ratio for the air, which was not the case in our growth
experiments. We sampled the air inside the growth chamber
repeatedly, and found large fluctuations in the carbon
isotope ratio in the source air, δ13Cair inside the growth
chamber. Thus converting to ∆13C would require a temporal
integration of the range of δ13Cair weighted by maximum
photosynthesis, Amax.

Results

Natural variation

Comparison of 39 population accessions of Arabidopsis
thaliana revealed significant genetic differences among
accessions for both of the focal drought traits, flowering
time and δ13C. anova showed a significant effect of genotype

http://stableisotopefacility
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for both flowering time (F = 7.5, d.f. = 38, P < 0.00001)
and δ13C (F = 5.7, d.f. = 38, P < 0.00001). The ratio of genetic
to total phenotypic variation was: flowering time VG/
VT = 0.66; δ13C VG/VT = 0.58 (based on variance compon-
ents estimated using restricted maximum likelihood). In
addition, we found a strong positive genetic correlation
(rG = 0.98) between our measure of dehydration avoidance,
δ13C, and flowering time, our index of drought escape
(Fig. 1, upper). This genetic correlation is greater than
the Spearman’s correlation among genotype means
(rho = 0.65, d.f. = 38, P < 0.0001) because it removes the
environmental contribution to covariance, which is largely
negative (see Fig. 1, lower and Discussion).

Mutational covariance

The mutant lines selected for altered physiology generally
showed variation in δ13C (significant effect of genotype
in the Ler background, d.f. = 4, F = 22.95, P < 0.0001). In
contrast, we found little evidence that these induced
physiological mutations had pleiotropic effects on flowering
time (no significant effect of genotype). A notable exception
was the arc2 mutant which showed marginal (after con-
trolling for multiple tests) differences from the wild-type in
both δ13C (P < 0.01) and flowering time (P < 0.05). The
arc2 mutant grew relatively poorly in our greenhouse
conditions, flowering later, but at a smaller size and more
negative δ13C than the wild-type (Ler). In addition the
mutants abi2-1 and abi3-1 had less negative δ13C than that
of the wild-type, but this was not significant.

In the flowering time mutants we found strong evidence
for pleiotropy. Mutations affecting flowering time did affect
δ13C in the direction predicted; genotypes with increased
flowering time had increased (less negative) δ13C. The
degree and direction of mutational covariation differed
among flowering time mutants, with the overall pattern
consistent with the genetic correlation that we found
among natural accessions (Fig. 1). The mean (of both blocks)
genotypic values of δ13C and flowering time in Table 4

are positively correlated (r = 0.7); this is not significant
with a sample size of 5.

For the flowering time mutants we also modified the
environment between blocks by manipulating day length,
and found a significant difference between 11- and 13-h

Day length (h)

Trait 
Germination
time (days)

Flowering 
time (days)

Leaf 
number δ13C (‰)

Leaf 
nitrogen
(%)

11 13 11 13 11 13 11 13 11 13

Genotype
Col 1.0 2.3 31.3 27.7 37 24 −33.8 −33.7 4.8 1.9
Co-1 1.0 2.7 31.0 26.0 69 23 −34.8 −33.7 4.4 2.2
Gi 1.5 2.7 35.0 35.0 33 29 −33.7 −33.3 3.3 3.1
Fve 2.0 2.3 34.7 30.0 32 31 −34.8 − 34.4 3.7 2.7
Ld-1 1.0 1.7 48.0 44.5 78 34 −33.6 −32.8 3.0 2.5

Standard error 0.26 0.22 1.7 1.8 6.0 1.7 0.18 0.19 0.4 0.4

Table 4 Phenotypic effects of four flowering-
time mutants and Columbia wild-type
(Experiment 2). Shown are means for each
genotype in both blocks (photoperiods,
11 day/13 night and 13 day/11 night) and
the standard error for each trait by
photoperiod combination. Refer to Table 5
for main effects anova, including Genotype,
Photoperiod and G × E

Fig. 1 Variation and covariation in flowering time and δ13C
among natural populations of Arabidopsis thaliana. (Upper) Genotype
means of 39 accessions. (Lower) Individual values of the replicates.
Both panels are shown to indicate the overall patterns of genetic
(upper) and phenotypic (lower) (co)variance (see Results).
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days for leaf number. The effect of longer day length was
in the direction expected, decreased number of leaves at
flowering for every genotype and decreased number of
days to flowering, although this latter result was not signi-
ficant and did not occur in the gi mutant. Leaf number is
often used as a surrogate for flowering time; we generally
found that days to flowering and leaf number at flowering
were well correlated, but there were exceptions. The co1
mutant did not differ from the wild-type under either 11-
or 13-h days, but this genotype did have significantly more
leaves at flowering than the wild-type at 11-h days. Closer
inspection shows that this is due to an increase in the
relative number of small leaves in the co1 mutant at 11 h.
Day length also had a noticeable, but not statistically sig-
nificant, effect on other measured traits in the flowering
time mutants (germination time, δ13C and %N in leaves),
the direction of effect was consistent across genotypes
(Table 4). In general, longer days increased germination
time and δ13C, and decreased time to flowering, leaf number
at flowering and %N (see Table 5 for significance tests).
Within lines we found no evidence for a positive pheno-
typic correlation of flowering time and δ13C (four of five
showed a nonsignificant negative correlation) suggesting

environmental covariance does not cause the pattern of
positive covariance among genotypes.

Near isogenic lines

FRI and FLC NILs showed dramatic pleiotropic effects
(Fig. 2, Table 6). The introgression of the late flowering FRI
allele into a genotype with a functional FLC allele (Col)
increased flowering time and also caused an increase in
δ13C. The genetic correlation in the NILs (rG = 0.97) was
nearly identical to that found for the natural accessions.
Our analysis (Table 6) shows that the FRI locus had
significant effects on flowering time and δ13C. The FLC
locus also had significant effects on flowering time and
δ13C. The FRI × FLC interaction had a significant effect only

Table 5 Statistical analysis of flowering time mutations (Experi-
ment 2). All traits were analysed in separate univariate anovas,
with genotype and block (= photoperiod) considered fixed effects.
Bold P-values indicate significance following a strict Bonferroni
controlling for multiple traits

Source of variation d.f. Mean square F-ratio P <

Genotype
Germination time (d) 4 0.4 0.4 0.8
Flowering time (d) 4 178.7 12.5 0.0005
Leaf number 4 451.8 9.6 0.0005
δ13C (‰) 4 1.8 6.2 0.005
Leaf nitrogen (%) 4 3.3E-05 0.1 1.0

Photoperiod
Germination time (d) 1 5.6 5.7 0.05
Flowering time (d) 1 43.3 3.0 0.1
Leaf number 1 2163.5 46.1 0.00001
δ13C (‰) 1 2.0 6.8 0.05
Leaf nitrogen (%) 1 1.3E-03 5.2 0.05

G × E
Germination time (d) 4 0.455 0.5 0.8
Flowering time (d) 4 11.8 0.8 0.9
Leaf number 4 502.7 10.7 0.0005
δ13C (‰) 4 0.24 0.8 0.6
Leaf nitrogen (%) 4 2.0E-04 0.8 0.6

Error
Germination time (d) 19 0.99
Flowering time (d) 17 14.21
Leaf number 15 46.96
δ13C (‰) 20 0.30
Leaf nitrogen (%) 20 2.6E-04

Fig. 2 Effects of FRI and FLC genotypes in two genetic back-
grounds on flowering time and δ13C (bars are 95% CI). See Table 3
for description of genotypes of the near isogenic lines. (Upper) The
phenotype of NILs in a Landsberg erecta background, where the
effect of the late flowering FRI allele depends on the genotype at
the FLC locus (Michaels & Amasino 2000). (Lower) The phenotypic
effect of the FRI allele in the Columbia background. Both panels
are at the same scale, demonstrating a greater increase on both
traits in the Ler background.
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on flowering time. Genetic background (Col or Ler) also
had a significant effect on flowering time and δ13C (Fig. 2),
consistent with the presence of additional loci affecting
differences between Col and Ler for these traits (T.
Juenger, personal communication). Blocks, which in this
case represent unknown environmental effects, had a
significant effect on all traits but flowering time. Within
NILs there was substantial plastic variation in all traits
but we found no evidence for environmental or ontogenetic
contributions to the positive genetic correlation of flowering
time and δ13C.

Common age at harvest

In Experiment 4, we harvested all genotypes after 18–
19 days of growth, to control for ontogenetic contributions
to δ13C, and measured δ13C separately from both root and
leaf tissue to account for within plant variation. We found
significant differences in δ13C between root and shoot
tissues, as well as overall genetic differences between
Col wild-type and Col NIL FRI sf-2. Col NIL FRI sf-2 had
significantly less negative δ13C than the early-flowering
wild-type Col. The respective means (SE) of δ13C for Col,
and Col FRI were: −29.1 (0.3) and −27.9 (0.2) for roots and
−31.3 (0.3) and −30.3 (0.4) for shoots.

Discussion

Our sample of natural accessions of Arabidopsis thaliana
displayed substantial genetic variation for ecologically
important traits. We found a large positive genetic cor-
relation between flowering time and δ13C among naturally

occurring ecotypes indicating a genetic trade-off between
different drought adaptation strategies (Geber & Dawson
1997). This genetically based trade-off suggests three
possible mechanisms: correlated selection, tight linkage and/
or pleiotropy. Although it is plausible that selection on
δ13C and flowering time might be correlated (Geber &
Dawson 1997), correlated response to selection in previous
studies (Menendez & Hall 1995) provides evidence for
pleiotropy or tight linkage.

We tested for pleiotropy by examining mutational
covariance introduced by alleles of known effect on one
trait. Most mutants had some effect on δ13C, whether they
were physiological or flowering time mutants. This was
expected for physiological mutants, but there was no evid-
ence for pleiotropy on flowering time (see Results). These
physiological mutations break up the tight positive genetic
correlation observed among accessions. In addition, nearly
all reduce δ13C. The exceptions were the ABA insensitive
mutants abi2-1 and abi3-1, which showed an increased δ13C
value. This is somewhat surprising for abi3-1, a transcrip-
tion factor homologous to vp-1 in maize, which mediates
ABA-regulated gene expression in A. thaliana (Giraudat
et al. 1992; Tamminen et al. 2001). In the rosette stage, abi3-
1 has wild-type stomatal behaviour and ABA sensitivity
(Koornneef et al. 1984). However, more recent results
suggest that this transcription factor is expressed in older
tissue and influences chloroplast development (Rohde
et al. 2000). Mutant alleles at this locus are now known to
act in ABA-independent pathways (Boneta & McCourt 1998),
and confer phenotypes in the vegetative stage (Rohde et al.
2002), including flowering time. Data now exist on a
number of unique induced mutations at the abi3 locus, and
these data suggest a wide spectrum of (pleiotropic) effects
among allelic variants at this locus (Nambara et al. 2002).
There are now at least 37 loci known to affect abscisic acid
synthesis or response; these also display varying patterns
of pleiotropy (reviewed in Finkelstein et al. 2002).

Our growth chamber screening of late flowering mutants
and their earlier flowering wild-types revealed evidence
for pleiotropy, in the form of mutational covariance
between δ13C and flowering time (Tables 4 and 5). Three of
four mutations described with a flowering time pheno-
type also show an effect on δ13C in at least one photoperiod
(Table 4). Not surprisingly, we found that the degree of
pleiotropy depends on the environmental conditions
(Fry 1996). We observed pleiotropy only in some flowering
time mutants and not in the physiological mutants, show-
ing that pleiotropy is far from absolute (these traits do not
always covary), and depends on the particular genotypes
and environments.

Stronger evidence for pleiotropy influencing adaptation
comes from the genetic covariance caused by FLC and
FRI alleles (Fig. 2), which are known to be responsible for
natural variation in flowering time. Although these NILs

Table 6 Mixed-model anova of NILs of FRI and FLC loci intro-
gressed into isogenic Columbia and Landsberg erecta backgrounds
(Experiment 3). The model used was the best-fitting 5-parameter
model for the flowering time data. Genotype at FRI and FLC,
and the interaction FRI × FLC were considered fixed effects.
Block and genome (Ler or Col) were treated as random effects.
All F-ratios represent the factor mean square, tested over the
error. One or more * in the P-values indicates significance fol-
lowing a strict Bonferroni controlling for multiple traits

Source

Germination
time (days)

Flowering 
time (days) δ13C (‰)

Nitrogen
(%)

F-ratio P < F-ratio P < F-ratio P < F-ratio P <

FRI 0.29 ns 40.5 *** 12.4 * 5.5 ns
FLC 1.2 ns 122.3 *** 55.3 *** 6.0 ns
FRI × FLC 1.2 ns 21.8 *** 2.8 ns 1.6 ns
Block 68.2 *** 1.0 ns 9.8 * 19.8 **
Genome 0.54 ns 52.4 *** 14.0 ** 0.01 ns
d.f. = 28 25 25 25

ns, not significant, *P < 0.01, **P < 0.001, ***P < 0.0001.
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likely contain introgressed alleles other than FRI (sf-2) and
FLC (col), the effect of these two introgressed regions is to
increase both flowering time and δ13C (Fig. 2). In addition,
the results in the Landsberg erecta line (Fig. 2, upper) sug-
gest the effect on δ13C requires the presence of a functional
FLC and the pleiotropic effects may be due in part to the
regulation of the transcription factor FLC. We are currently
using lines overexpressing FLC with a heterologous pro-
moter (CAMV 35:s) to determine if FLC expression per se
results in less negative δ13C.

In total, our data suggest that population differences in
flowering time may involve alleles that pleiotropically
affect drought physiology. It is reasonable to expect both
flowering time and water-use physiology to experience
episodes of selection. In A. thaliana, later flowering results
in greater fecundity in some environments (Mitchell-Olds
1996). Thus, for A. thaliana plants exposed to drought
stress, genetic differences, in both mean phenotype and the
degree of plasticity of flowering time, are important com-
ponents of fitness (JK McKay, unpublished data).

A positive genetic correlation between flowering time
and δ13C has also been shown across hierarchical levels:
among species (White 1993), among genotypes and cultivars
within a species, and among families within populations.
Detailed data come from a number of C3 annual crops,
including barley (Craufurd et al. 1991), common and tepary
bean (White 1993), cowpea (Menendez & Hall 1995) and
wheat (Ehdaie et al. 1991). In cowpea, later flowering is
often an unwanted correlated response to selection for
reduced transpiration (Menendez & Hall 1995), suggesting
pleiotropic effects of mutations that went to fixation while
screening for reduced stomatal conductance or water loss.
This positive genetic correlation also exists within popula-
tions, where later flowering families have greater WUE
and less negative δ13C (Geber & Dawson 1990, 1997).
From a simple physiological argument, reduced stomatal
conductance will result in a lower rate of carbon fixed
during photosynthesis, and may explain increases in both
δ13C and the time required to acquire sufficient resources
to flower. The scenario is probably more complicated as
later flowering plants typically flower at a larger size with
more leaves and have higher fecundity.

Genetic and environmental contributions to covariance

All plants made the transition to flowering in our green-
house or growth chamber conditions without vernalization
of the rosette, and at all day lengths. As expected, we found
a large effect of day length on flowering time, as well as
unexpected differences in other traits such as germination
and percentage nitrogen. In the greenhouse (16-h days),
plants of a given genotype flowered much earlier than
plants in the growth chamber. Comparing Figs 1 and 2
demonstrates that overall the pattern of environmental

covariance between flowering time and δ13C was opposite
to the genetic covariance: plants in the greenhouse experi-
ment flowered earlier and had less negative δ13C than
plants grown in the growth chamber. In addition, the pheno-
typic correlation between flowering time and δ13C was
consistently lower than the genetic correlation, in our
experiments (Fig. 1, lower) as well as in other species
(Menendez & Hall 1995).

All plants in Experiments 1–3 were harvested at the same
developmental stage (bolting), whereas in Experiment 4
they were harvested at a constant age (Coleman et al. 1994).
It is known that age at sampling may influence δ13C (Fu
et al. 1993; Araus et al. 2002). We can estimate such environ-
mental (nongenetic) contributions to trait covariance by
looking within lines, where replicates within genotypes
show trait differences for environmental or ontogenetic
reasons. If older plants discriminate less per se, then within
genotypes δ13C should be correlated with later flowering.
No such correlation was found within genotypes, in the
natural accessions, EMS mutants or NILs. This is most clearly
demonstrated in Experiment 2 (late flowering mutants),
where manipulation of day length had surprisingly large
effects on leaf number, flowering time and leaf nitrogen,
but no significant effect on δ13C (Table 5). Differences
among lines are determined primarily by genetic rather
than environmental covariation.

Experiment 4 shows that differences in δ13C can be found
in A. thaliana genotypes harvested at the same age. We also
found large differences between root and shoot tissue, with
roots having less negative δ13C. Our results using sequen-
tial harvests suggest that in our high light environments
A. thaliana leaf tissue δ13C is generally most negative and
similar among genotypes in the first two weeks and then
reaches the most positive value for a given genotype about
the time of flowering (JK McKay, unpublished).

Pleiotropy and functional genetics

Mutant screening and large-scale sequencing in A. thaliana
have identified many genes that are thought to play a role
in drought adaptation. In A. thaliana it is now possible
to identify all gene products that are expressed when
exposed to drought stress, indicating that they are involved
in the pathways that regulate water stress responses
(Seki et al. 2002). These assays of gene expression can be
combined with a mutant screening approach to elucidate
the biochemical function of these genes (Pesaresi et al.
2001). Identifying the genes involved in each biochemical
pathway is a tremendous task, and an important com-
ponent in attempting to understand the water relations of
plants (Bray 2002; Ramanjulu & Bartels 2002).

To take full advantage of these candidate genes, we are
examining natural populations. This will allow elucidation
of which genes, of all the possible genes in each biochemical



1148 J .  K .  M C K A Y ,  J .  H .  R I C H A R D S  and T .  M I T C H E L L - O L D S

© 2003 Blackwell Publishing Ltd, Molecular Ecology, 12, 1137–1151

pathway, have been involved in the evolution of trait
differences among natural populations. Using this approach
it may be possible to find a subset of the estimated 26 000
loci in A. thaliana, at which alleles have evolved without
deleterious pleiotropic effects on fitness. At the molecular
level, expression of some of these traits (including drought
tolerance and flowering time) is particularly well understood,
permitting candidate gene approaches in population
studies (Thornsberry et al. 2001; LeCorre et al. 2002). In
addition, identifying loci that contribute to trait variation
and are polymorphic can provide data on the genetic basis
of adaptation, information that is fundamental to our
understanding of evolution and biodiversity.

Mutant screens by necessity focus on a limited number
of traits. Not surprisingly, we found correlated effects on
traits other than those listed in the description of the
mutants. This phenomenon was also demonstrated by
Boyes et al. (2001), where five biochemical pathway mutants
resulted in substantial effects on life history traits. In
addition, QTL studies of nearly any trait in the Col × Ler
or Ler × Cvi recombinant inbred lines have found some
effect of the induced mutation erecta ( JK McKay, personal
observation). Other examples of pleiotropy can be found
in almost every detailed description of mutants. This is
expected as most mutant screens impose strong directional
selection on particular traits, and minimal selection for
fitness traits.

Population genetic theory suggests that most mutations
of substantial effect will have pleiotropic effects on fitness
(Fisher 1958). In contrast, we expect that in natural popula-
tions, natural selection has filtered the spectrum of possible
mutational effects, eliminating those mutant alleles with
deleterious pleiotropic effects. However, a recent mutation
accumulation experiment in A. thaliana (Shaw et al. 2000),
found the distribution of mutational effects symmetric
(new mutations both increasing and decreasing fitness as
measured in the lab). In addition, they found positive
mutational covariance, where mutations either increased
or decreased all traits. We found a similar pattern due to
allelic variation at the FRI and FLC loci (this study). In this
case, it appears that the pleiotropic effects may be due in
part to the regulation of the transcription factor FLC.

Detailed work has shown allelic variation at the FRI and
FLC loci to be responsible for naturally occurring variation
in flowering time and leaf number at flowering. Later flower-
ing appears to be the ancestral state (Johanson et al. 2000;
LeCorre et al. 2002). Early flowering in natural accessions
appears to have evolved to a large degree by selection for
(at least eight) independent loss of function mutations at
the FRI locus (LeCorre et al. 2002). In addition, weak and
null alleles of FLC have been described in accessions
(Michaels & Amasino 1999; Schläppi 2001) and in mutant
screens for early flowering, respectively (Michaels &
Amasino 2000). Although natural FLC alleles are polymorphic

in their effect on flowering time and FLC transcript levels
in a population sample (Sheldon et al. 2000; Schläppi 2001),
this phenotypic variation may be due to cis-acting pro-
moters, as the sequence of these alleles is identical (Sheldon
et al. 2000; Schläppi 2001).

Although continuously distributed, flowering time is
often analysed as a categorical trait (late or early), in which
case FRI behaves as a dominant allele for late flowering.
Categories for the dichotomy early and late are arbitrary
and vary across experiments, and mask the effects of other
loci. At least 20 substantial flowering time QTL have been
identified in A. thaliana (Alonso-Blanco et al. 1998; Levy &
Dean 1998; Juenger et al. 2000; Weinig et al. 2002) some of
which map close to one or more of the over 50 candidate
loci shown to affect flowering time using a knockout
approach. Most recently, El-Assal et al. (2001) cloned a
novel natural allele of CRY2 which underlies flowering
time variation. In addition there is growing evidence that
QTL determining flowering time in other species may
involve homologues of A. thaliana flowering time loci
(Yano et al. 2000; Schranz et al. 2002). If natural variation is
due to the repeated fixation of functional alleles at one or
a few of the many loci involved in a particular pathway
or network, these may be loci with minimal deleterious
effects on fitness. The relative prevalence of adaptive
evolution along genetic vs. ecological (selective) lines of
least resistance (Schluter 1996) remains to be seen.

Here we have shown a large positive genetic correlation
between flowering time and δ13C among naturally occur-
ring accessions of A. thaliana, indicating a genetic trade-off
between different drought adaptation strategies. This
genetically based trade-off suggests three possible mechan-
isms: correlated selection, tight linkage and/or pleiotropy.
We found strong evidence for pleiotropy using near-
isogenic lines of Frigida and Flowering Locus C. Naturally
occurring alleles at these two flowering time loci also have
significant effects on δ13C. These data suggest that the cor-
related evolution of δ13C and flowering time is explained in
part by the fixation of pleiotropic alleles that alter both δ13C
and time to flowering. At the molecular level the effect of
FLC and FRI on δ13C may be due, in part, to differences in
levels of the transcription factor FLC.
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