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Abstract

Flowering time and water-use efficiency (WUE) are two ecological traits that

are important for plant drought response. To understand the evolutionary sig-

nificance of natural genetic variation in flowering time, WUE, and WUE plas-

ticity to drought in Arabidopsis thaliana, we addressed the following questions:

(1) How are ecophysiological traits genetically correlated within and between

different soil moisture environments? (2) Does terminal drought select for early

flowering and drought escape? (3) Is WUE plasticity to drought adaptive and/

or costly? We measured a suite of ecophysiological and reproductive traits on

234 spring flowering accessions of A. thaliana grown in well-watered and sea-

son-ending soil drying treatments, and quantified patterns of genetic variation,

correlation, and selection within each treatment. WUE and flowering time were

consistently positively genetically correlated. WUE was correlated with WUE

plasticity, but the direction changed between treatments. Selection generally

favored early flowering and low WUE, with drought favoring earlier flowering

significantly more than well-watered conditions. Selection for lower WUE was

marginally stronger under drought. There were no net fitness costs of WUE

plasticity. WUE plasticity (per se) was globally neutral, but locally favored

under drought. Strong genetic correlation between WUE and flowering time

may facilitate the evolution of drought escape, or constrain independent evolu-

tion of these traits. Terminal drought favored drought escape in these spring

flowering accessions of A. thaliana. WUE plasticity may be favored over

completely fixed development in environments with periodic drought.

Introduction

Water availability significantly limits both natural (Lam-

bers et al. 1998) and crop (Boyer 1982) plant productivity

and distribution worldwide. Microhabitat and climatic

variation, including water availability, are likely drivers of

adaptive differentiation in ecological and physiological

traits (Turreson 1922; Stebbins 1952; Lexer and Fay

2005). Furthermore, extensive empirical data indicate that

plant populations (Clausen and Heisey 1958; Bennington

and McGraw 1995; Dudley 1996a; McKay et al. 2001; Hall

and Willis 2006; Lowry et al. 2008; Agren and Schemske

2012) and species (Angert and Schemske 2005; Lexer

et al. 2005; Wu and Campbell 2006; Dorman et al. 2009;

Campbell et al. 2010) are often locally adapted to envi-

ronmental conditions (reviewed in Arntz and Delph 2001;

Geber and Griffen 2003; Leimu and Fischer 2008; Here-

ford 2009).

For adaptation to habitats with limited water availabil-

ity, three broad strategies are described: tolerance, avoid-

ance, and escape (Ludlow 1989). Drought tolerant plants

are able to survive low levels of water availability, that is,

low soil water potentials. Drought avoiders prevent tissue

dehydration by increasing water uptake and/or decreasing

water loss, while drought escapers grow during specific

seasons and/or complete their life cycle and reproduce

before the onset of lethal drought. These adaptive

strategies represent multivariate phenotypes and are not
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mutually exclusive; plants can exhibit traits from more

than one strategy (Ludlow 1989). For example, rapid

flowering and a high root: shoot ratio may contribute to

drought escape and avoidance, respectively. Furthermore,

ecophysiological traits are often phenotypically and/or

genetically correlated (e.g., Geber and Dawson 1990; Dud-

ley 1996a; McKay et al. 2003; Sherrard and Maherali

2006), which may constrain or facilitate adaptation

depending on the direction of selection (Falconer and

Mackay 1996; Schluter 1996; Lynch and Walsh 1998).

Additionally, selection for local adaptation may often be

multivariate, where a particular combination of trait val-

ues leads to highest fitness (e.g., Dudley 1996a; Heschel

and Riginos 2005; Donovan et al. 2007). Ultimately, elu-

cidating which traits are important for drought response,

their functional integration and genetic architecture, and

how selection acts on multiple traits across variable envi-

ronments is central to understanding how different life-

histories and drought response strategies evolve (Ackerly

et al. 2000; Arntz and Delph 2001; Geber and Griffen

2003; Rausher 2005).

Here, we investigate the evolutionary significance of

natural variation in water-use efficiency (WUE) and flow-

ering time. Leaf photosynthetic WUE is the ratio of pho-

tosynthetic carbon gain to water loss via transpiration

and represents the fundamental trade-off all plants must

face—water for carbon (Wong et al. 1979; Farquhar et al.

1989; Geber and Dawson 1990, 1997). WUE can vary by

adjustments to photosynthetic rate, stomatal conductance,

or concurrent changes in both. In the context of drought

response strategies, plants with relatively low WUE that

grow rapidly and flower early are described as drought

escapers while plants with higher WUE that grow slowly

and flower later are described as drought avoiders (Lud-

low 1989). It is predicted that high WUE is favorable in

consistently water-limited or low competition habitats

while lower WUE is favored in wetter or highly competi-

tive environments, or in habitats with terminal drought

and/or short growing seasons (Cohen 1970). Likewise,

selection on flowering time is hypothesized to favor syn-

chronization with seasonal moisture in dry habitats or

early flowering in habitats with short seasons.

Empirical studies often find that selection on WUE

and/or gas exchange varies with water availability (Dono-

van and Ehleringer 1994; Bennington and McGraw 1995;

Dudley 1996a; Ludwig et al. 2004; Heschel and Riginos

2005; but see Donovan et al. 2007). Furthermore, selec-

tion on WUE may be influenced by other resources, such

as soil nitrogen availability (Donovan et al. 2007), or be

balanced with selection for increased growth (Bennington

and McGraw 1995). Consistent with drought escape,

water-limited conditions often favor earlier flowering

(e.g., Bennington and McGraw 1995; Heschel and Riginos

2005; Franks et al. 2007; Franks 2011; Ivey and Carr

2012; but see Sherrard and Maherali 2006). Plant species

and populations often show genetically based phenotypic

differentiation consistent with patterns of differential

selection and/or predictions of climatic adaptation (e.g.,

Dudley 1996a,b; McKay et al. 2001; Heschel et al. 2002;

Franks et al. 2007; Lowry et al. 2008; Wu et al. 2010;

Franks 2011). Additionally, WUE and flowering time are

often positively correlated (e.g., McKay et al. 2003; Sherr-

ard and Maherali 2006); however, this is not always the

case (Ivey and Carr 2012) and may depend on the scale

of comparison (Wu et al. 2010) or developmental stage

(Sherrard and Maherali 2006).

In addition to being genetically variable, ecophysiological

traits (including water-use and reproductive traits) are

highly plastic in response to many environmental variables,

for example, water availability (e.g., Heschel et al. 2002;

Hausmann et al. 2005; Sherrard and Maherali 2006; Wu

et al. 2010), temperature (Stinchcombe et al. 2004a), and

conspecific plant density (Weinig et al. 2006). Phenotypic

plasticity is often assumed to be adaptive; however, the

potential costs of plasticity may outweigh the benefits (Ti-

enderen 1991; DeWitt et al. 1998; van Kleunen and Fischer

2005, 2007). Additionally, the costs and benefits of plastic-

ity may be limited to specific environments or have global

effects on fitness across all environments (DeWitt et al.

1998; van Kleunen and Fischer 2005). It is not always clear

whether selection acts directly on plasticity per se or if

selection acts indirectly on plasticity through direct selec-

tion on phenotypic trait values within different environ-

ments (Via 1993; Via et al. 1995). Both processes probably

occur, but the relative importance of each is likely deter-

mined by multiple factors, for example, the scale of envi-

ronmental heterogeneity, potential costs of plasticity, level

of migration between habitats, and clonality/family struc-

ture (Via et al. 1995; Sultan and Spencer 2002). For exam-

ple, selection may favor greater plasticity per se within

populations that grow in highly heterogeneous, fine-

grained environments, but favor more fixed trait expression

within populations in less heterogeneous environments

(e.g., Baythavong 2011). Moreover, experiments measuring

variation in phenotypic plasticity and its relationship to fit-

ness in and across environments (e.g., Schmitt et al. 1999,

2003; Stinchcombe et al. 2004a; Caruso et al. 2006; Weinig

et al. 2006; Maherali et al. 2010; Baythavong 2011) can

directly test whether the net effect of plasticity is adaptive,

neutral, or costly (Tienderen 1991; DeWitt et al. 1998; van

Kleunen and Fischer 2005, 2007; Auld et al. 2010).

Arabidopsis thaliana is a classic model system for study-

ing molecular genetics, genomics, quantitative genetics,

stress response, physiological variation (reviewed

in Alonso-Blanco and Koornneef 2000; Borevitz and

Nordborg 2003; Koornneef et al. 2004; Mitchell-Olds and
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Schmitt 2006; Koornneef and Meinke 2010; Verslues and

Juenger 2011; Assmann 2013; Juenger 2013), and more

recently, local adaptation (Fournier-Level et al. 2011; Han-

cock et al. 2011; Agren and Schemske 2012). Populations

of A. thaliana are locally adapted to their respective envi-

ronments (Agren and Schemske 2012), and climate is an

important force shaping adaptive genomic variation (Four-

nier-Level et al. 2011; Hancock et al. 2011; Banta et al.

2012; Lasky et al. 2012) and patterns of gene polymor-

phism (Lee and Mitchell-Olds 2012). A. thaliana popula-

tions are extremely genetically variable for flowering time

(McKay et al. 2003; Caicedo et al. 2004; Stinchcombe et al.

2004b; Aranzana et al. 2005; Juenger et al. 2005b; Atwell

et al. 2010; Brachi et al. 2010; Grillo et al. 2013) which is a

key component of fitness (Korves et al. 2007) and adapta-

tion to climate (Fournier-Level et al. 2011; Hancock et al.

2011). WUE is also genetically variable among populations

(Nienhuis et al. 1994; McKay et al. 2003), and it appears

divergence in WUE may be adaptive for drought response

among different habitats (McKay et al. 2003; Lovell et al.

2013). Furthermore, these two traits are positively geneti-

cally correlated among natural accessions across the geo-

graphic range of A. thaliana (McKay et al. 2003; Lovell

et al. 2013), and multiple QTL (Hausmann et al. 2005; Ju-

enger et al. 2005a) and genes (McKay et al. 2003; Kinosh-

ita et al. 2011; Lovell et al. 2013) pleiotropically affect both

flowering time and WUE (and/or physiological processes

that affect WUE). Despite this previous work, we do not

know how variation in WUE and flowering time is related

to plant growth or whether the genetic correlations among

ecophysiological traits are affected by water availability in

A. thaliana. Additionally, how selection acts on WUE and

flowering time across different moisture environments, as

well as the evolutionary implications of WUE plasticity to

drought, is unclear.

Here, we combine experimental manipulation, quanti-

tative genetics, and genetic selection analyses to address

the evolutionary significance of natural genetic variation

in flowering time, WUE, and WUE plasticity to drought

in Arabidopsis thaliana. Specifically, we focus on the fol-

lowing questions: (1) How are ecophysiological traits

genetically correlated within and between different mois-

ture environments? (2) Does terminal drought select for

early flowering and escape? and (3) Is WUE plasticity to

drought adaptive and/or costly?

Materials and Methods

Plant material

We studied 234 natural accessions (Table S1) of

the annual herb Arabidopsis thaliana (L.) Heyhn.

(Brassicaceae) to explore plant growth, physiology, and

reproduction in response to terminal drought. We

obtained the majority of accessions directly from the Ara-

bidopsis Biological Resources Center at The Ohio State

University. In addition, a small number of lines were pro-

vided through the generosity of individual researchers.

Our analysis exclusively includes “spring” accessions lack-

ing a strong vernalization requirement to flower under our

greenhouse growing conditions. We note that the flower-

ing time and WUE data from a majority of these lines in

the well-watered treatment (see below for treatment and

phenotype details) also appear in Lovell et al. (2013).

Growth conditions and experimental design

Replicate plants from each accession were grown under

standard greenhouse conditions using Promix BT potting

soilTM and 164-mL Cone-tainersTM (Stuewe and Sons, Tan-

gent, Oregon, USA). Several seeds were initially planted

into each Cone-tainerTM and subsequently thinned at the

first true leaf stage to a single replicate individual per pot.

Individual Cone-tainersTM were organized in 2 9 1-ft.

trays at half the possible density (49 plants per tray, skip-

ping every other position). Seeds were cold stratified at

4°C for 5 days in a walk-in environmental chamber, then

transferred to a greenhouse with long-day photoperiod

conditions (16 h light/8 h dark). Light levels were main-

tained above a minimum of 1000 lmol m�2 s�1 with

supplemental light provided by 600 watt high-intensity

discharge lamps as needed. Greenhouse temperature was

maintained at ca. 18–21°C. Plants were tended daily and

hand-watered with a spray wand.

To study plant responses to water availability, we

altered the watering regime to create two treatments—
either a long growing season where plants were well

watered for 6 weeks, or terminal drought where plants

were water-limited after 4 weeks. Both groups of plants

were treated identically until week 4, when watering

ceased in the terminal drought treatment. In general, the

complete dry down of pots was slow and corresponded to

approximately 8 days. At the time of treatment initiation,

~70% of the accessions had begun flowering. Thus, our

terminal drought treatment mimics a drought that occurs

in the middle of, and effectively truncates, the growing

season. The earliest plants flowered after approximately

2 weeks in the greenhouse, leading to an overall period of

~4 weeks of flowering time initiation among the accession

panel. At treatment initiation, all plants were green and

flowering individuals were still producing new flowers

and fruits. At the end of the experiment, most plants had

completed flowering and many were senescing.

We note that the timing of the treatment initiation rel-

ative to the span of flowering initiation limits some

aspects of our analyses and conclusions (see Results and
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Discussion). Our experiment specifically mimics a season-

ended drought, where the growing season is truncated

and there is some variation in flowering time within a

population. Although imperfect, applying the treatment

after/before some lines have initiated flowering allows all

the plants to experience the drought while they are still

growing, rather than some plants completing their life

cycle before the drought (if drought occurred after all

plants flowered) or many plants dying and never getting a

chance to flower (if drought occurred before all plants

flowered).

We assessed the effect of drought using a fully factorial

randomized block design with accession and treatment as

experimental factors. The two levels of the irrigation

treatment (long season and terminal drought) were

applied at the level of individual pots. In total, ~2340
plants were evaluated for responses to the irrigation treat-

ment (234 lines 9 2 treatments 9 5 replicates = 2340).

The experiment was planted in late November and

harvested in early January.

Phenotypic measurements

For each experimental plant, we recorded the rank

ordered date of first flowering, aboveground dry biomass

at harvest, the final number of fruits (siliques) at harvest,

and an estimate of average fruit length per plant (mean

of 3 haphazardly chosen fruits). Fruit length and number

of ovules (or seeds) per fruit have been shown to be posi-

tively correlated in A. thaliana (Alonso-Blanco et al.

1999); therefore, we considered the product of final fruit

number and average fruit length as an estimate of lifetime

reproductive fitness (total fruit length; also used in Haus-

mann et al. 2005). Flowering time was recorded through

daily inspection of the plants and was scored upon the

observation of the first open flower bud. We transformed

the calendar date of first flowering to an ordered quanti-

tative trait by assigning the first flowering day in the

experiment a value of one.

Water-use efficiency (WUE) estimates

We estimated integrated WUE as the carbon isotopic

composition (d13C) of aboveground biomass of all acces-

sions (Farquhar et al. 1989; Lambers et al. 1998; Dawson

et al. 2002; McKay et al. 2003; Juenger et al. 2005a). We

used d13C rather than D13C because of the variability of

the source CO2 d13C in the greenhouse. We used a pool-

ing scheme to derive an independent point estimate of

d13C for each accession in each treatment. At the end of

the experiment, the aboveground material from all avail-

able replicate plants from each accession was pooled and

course ground in centrifuge tubes, after which subsamples

were fine ground in microcentrifuge tubes with ball bear-

ings. Two mg of finely ground tissue was loaded into a

tin capsule and analyzed at the UC Davis Stable Isotope

Facility (http://stableisotopefacility.ucdavis.edu). Data are

presented as carbon isotope ratios relative to the V-PDB

standard (RPDB), where d13C (&) = (Rsample/RPDB�1)

*1000. These values are expressed per mil (&).

Data analysis

Quantitative genetic analyses

To determine the significance of each experimental fac-

tor’s contribution to the variance in each measured trait,

we performed linear mixed model analyses using Proc

Mixed in SAS (SAS/STAT� software version 9.2, Littell

et al. 2006). Unless otherwise noted, all subsequent analy-

ses were performed using Proc Mixed. Accession, acces-

sion*treatment, block, and tray nested within block were

treated as random effects. Treatment was analyzed as a

fixed effect and tested for significance using an F-ratio

test. Variance components were estimated for random

effects using restricted maximum likelihood (REML;

Lynch and Walsh 1998). Individual components were

tested for significance using likelihood ratios tests com-

paring a full model to one with that single component

removed. A significant treatment effect indicates there is

significant plasticity to the drought treatment. A signifi-

cant among-accession variance component indicates there

is significant genetic variance (Vg). A significant acces-

sion*treatment variance component indicates there is sig-

nificant genetic variation for plastic response to terminal

drought. Variance components were not estimated for

d13C because the replicates within treatment were pooled

for a point estimate of WUE for each accession. We

tested for a significant fixed effect of the drought treat-

ment on d13C using an F-ratio test.

To estimate quantitative genetic parameters separately

for plants growing within long season and terminal

drought conditions, we estimated variance components

within each treatment. Accession, block, and tray nested

within block were treated as random effects. Here, the

among-accession variance component (Vg) is an estimate

of quantitative genetic variation within each environment.

We calculated broad-sense heritability (H2) by dividing

the genetic variance by the total phenotypic variance, that

is, the sum of all variance components (H2 = Vg/Vp;

Lynch and Walsh 1998). Note that broad-sense heritabil-

ity in this context includes additive effects and epistasis,

but that dominance variation is likely minimal due to

high homozygosity in A. thaliana.

To produce estimates of breeding values for each acces-

sion within each treatment, we generated least squares
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means (LSMeans) using Proc Mixed for each accession-

by-treatment combination. Satterthwaite degrees of free-

dom were specified in the LSMeans statement. We con-

sidered the pooled estimate of d13C for each accession-by-

treatment combination a breeding value for WUE.

To estimate genetic correlations between traits, we cal-

culated the Pearson’s product–moment correlation coeffi-

cient between the breeding values for all pairwise

combinations of measured traits using Proc Corr (SAS/

STAT). As a quantification of variation in phenotypic

plasticity, we calculated the genetic correlation between

treatments for each trait. Values significantly less than 1

demonstrate genetic variation in plasticity (Lynch and

Walsh 1998). 95% confidence intervals around all correla-

tion coefficients were estimated from 5000 replicate boot-

strap samples using the Boot package in R (sampled with

replacement, intervals are from “basic bootstrap inter-

vals”; Canty 2002; R Core Team 2013).

We calculated WUE (d13C) plasticity as the difference

in d13C between the long season and drought treatments.

Long season values were subtracted from drought values

(plasticity = drought � long) such that all WUE plasticity

values represent the response to the drought treatment

relative to the long season treatment. These signed differ-

ence values were used for estimating genetic correlations

and selection on WUE plasticity so that analyses would

correctly distinguish between increases and decreases in

trait values across treatments (van Kleunen and Fischer

2005, 2007).

Genetic selection analyses

To gain a comprehensive understanding of how selection

may act within and across different environments, we

performed several univariate and multivariate genetic

selection analyses. First, to estimate total selection (i.e.,

direct + indirect selection), we calculated directional

selection differentials for each trait within each treatment

as the regression coefficient of relative fitness regressed on

an individual trait (Lande and Arnold 1983). Analyses

were performed using standardized LSMeans of pheno-

typic traits as genetic breeding values (accession means

for d13C). Phenotypic traits, including d13C plasticity,

were standardized to a mean of zero and unit variance

within each treatment [(individual value � treatment

mean)/treatment standard deviation]. Relative fitness was

calculated by relativizing the LSMeans of absolute fitness

to the mean within each treatment (individual value/

treatment mean). Regression coefficients, standard errors,

and P-values for nonzero significance tests were generated

using Proc Mixed. 95% confidence intervals around

regression coefficients were estimated as above for genetic

correlations.

Second, we calculated multivariate direct selection gra-

dients within each treatment as the partial regression

coefficients from a multiple regression of relative fitness

on all measured traits (Lande and Arnold 1983). Fitness

and phenotypic trait values were relativized and standard-

ized as above. Linear selection was determined from mod-

els with main effects only. Nonlinear and correlational

selection gradients were estimated by adding all trait*trait
terms to the multiple regression model. Nonlinear regres-

sion coefficients, standard errors, and confidence intervals

were doubled to produce correct nonlinear selection gra-

dients (Stinchcombe et al. 2008).

Finally, for comparability to other studies that estimate

the benefits and costs of plasticity, we performed two

kinds of modified analyses to estimate selection on WUE

(d13C) plasticity to drought. First, we estimated local

selection on plasticity by modeling relative fitness as a

function of WUE (d13C) and plasticity within each treat-

ment (DeWitt et al. 1998; van Kleunen and Fischer 2005).

WUE (d13C) and fitness were standardized and relativized

within treatment, respectively. Second, we estimated glo-

bal selection on WUE (d13C) plasticity by modeling rela-

tive fitness across treatments as a function of average

WUE value and WUE plasticity (van Kleunen and Fischer

2005). For this analysis, d13C values in the long season

and drought treatments were averaged for each accession

then standardized to a mean of zero and standard devia-

tion of 1. Fitness was averaged across treatments then rel-

ativized to the global mean. Linear selection was

determined from models with main effects only and cor-

relational selection was determined from models with the

trait*plasticity interaction term added.

To determine whether selection on the same trait was

significantly different between treatments, we performed

t-tests (Sokal and Rohlf 1995). This specifically tests

whether the proportional change in relative fitness as a

function of change in standardized trait value is different

between treatments. For multivariate selection, this specif-

ically tests whether the proportional change in fitness

after accounting for the effects of other traits is different

between treatments.

Results

Plasticity to drought and genetic variation

We detected a significant response to terminal drought

for growth, physiology, and fitness (Table 1, Fig. 1). In

general, most plants in the drought treatment had higher

WUE (higher d13C, F = 47.44, P < 0.0001), lower bio-

mass, made fewer and smaller fruits, and had lower abso-

lute fitness than plants in the long season treatment

(Table 2, Fig. 1). These plastic changes are similar to
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Table 1. Genetic and environmental effects on phenology, growth, and fitness.

Trait Flowering date Biomass No. fruits Fruit length Absolute fitness

Random effects

Accession 14.67*** 152.58*** 56.16*** 3.73*** 11,405.00***

Accession 9 Treatment 0.28* 29.99*** 16.32*** 0.53*** 3842.54***

Block 0.20*** 4.35* 3.36*** 0.19*** 1012.99***

Tray (Block) 0.08* 15.33*** 2.28*** 0.11*** 478.55***

Residual 4.31 161.14 56.97 2.70 12,515.00

Fixed effects

Treatment

F-ratio 2.00 1084.03*** 1115.57*** 188.76*** 992.30***

df 1208 1230 1227 1213 1229

Variance component estimates are provided for random effects. F-ratios and degrees of freedom are provided for fixed effects. Absolute

fitness = number of fruits 9 fruit length.

***P < 0.0001; *P ≤ 0.05.
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Figure 1. Plastic response of Arabidopsis thaliana to terminal drought. Values are least squared means for all individually measured traits within

the long season and drought treatments. WUE (d13C) values are the pooled accession values within each treatment. Flowering date = rank

ordered flowering date. Biomass = final dry biomass. No. fruits = number of fruits at harvest. Fruit length = average length of three haphazardly
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other studies on drought response in A. thaliana (e.g.,

Hausmann et al. 2005) and other species (e.g., Heschel

et al. 2002; Sherrard and Maherali 2006; Wu et al. 2010).

d13C plasticity ranged from �1.75 to 3.35 (mean = 0.55

higher d13C under drought), with ~79% of the accessions

having positive plasticity values. The reduction of fitness

in the terminal drought treatment was due more to

reduced fruit number than reduced fruit length (Table 2,

Fig. 1). We note that we included flowering time in the

standard quantitative analyses in Table 1 for consistency,

but that due to the timing of the treatment, we did not

expect a strong effect of drought on flowering initiation.

For this reason, all other analyses and discussions of plas-

tic response focus on WUE and the other measured traits

and do not include flowering time.

We detected a significant among-accession variance

component for all individually measured traits (Table 1,

Fig. 1), demonstrating quantitative genetic variation for

flowering time, growth, and fitness. Accession-by-treatment

interactions explained a significant proportion of the phe-

notypic variance for all traits (Table 1), demonstrating

drought differentially affected trait expression for different

accessions, that is, there is genetic variation for plasticity to

drought. Broad-sense heritability (H2) was moderate

(range: 0.49–0.77) for all traits across both treatments

(Table 2). Total phenotypic variance (Vp) was generally

greater in the wet treatment for most traits, with H2 being

relatively similar across treatments (Table 2). Accession

pooling precluded variance component analyses and herita-

bility estimates of d13C; however, the range of d13C values

was biologically and physiologically significant based on

previous work (McKay et al. 2003; Juenger et al. 2005a),

indicating there is likely genetic variation for WUE.

Genotypic correlations

d13C was positively correlated with flowering time within

both treatments (lower WUE correlated with earlier flower-

ing; Fig. 2) and negatively correlated with fitness (lower

WUE correlated with higher fitness; Table 3a). Within both

treatments, the greatest correlation was a negative relation-

ship between flowering time and fitness (earlier flowering

correlated with higher fitness), a result that is mirrored in

our selection analyses below. Overall, patterns of among-

trait genotypic correlations were similar within both treat-

ments, demonstrating that drought did not drastically alter

the relationships between traits (Table 3a). One difference

between treatments included a significant negative correla-

tion between flowering time and biomass in the drought

treatment (earlier flowering correlated with greater bio-

mass), but no correlation in the long season treatment.

Within-trait between-treatment correlations were all

positive and significantly less than 1, and ranged fromT
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r = 0.51 to 0.75 (Table 3b), demonstrating that genetic

variation in plasticity varies among traits. d13C had the

greatest variation in plasticity to drought (lowest correla-

tion between treatments; r = 0.51).

Genotypic correlations between WUE (d13C)
plasticity and phenotypic traits

Accessions with the greatest WUE plasticity (either

increase or decrease in WUE) had the most extreme val-

ues of WUE in both the long season and drought treat-

ments (Fig. 3). For example, WUE plasticity was

positively correlated with higher WUE in the drought

treatment; accessions with the highest WUE values under

drought also had the greatest increase in WUE from long

season to drought, while plants with the lowest WUE

under drought showed a decrease in WUE from long sea-

son to drought (Fig. 3). This relationship was reversed

when considering WUE in the well-watered long season

treatment. WUE plasticity was negatively correlated with

WUE in the long season treatment; accessions with lower

WUE in the long season treatment also had the greatest

increase in WUE from the long season to drought (and

the highest WUE under drought). Likewise, the accessions

with the highest WUE in the long season treatment had

the lowest WUE in the drought treatment (Fig. 3). It

seems there were two classes of plastic response to

drought: accessions with increased WUE under drought

Table 3. Genotypic correlations within (a) and between (b) treatments.

d13C d13C Plasticity Flowering date Biomass Absolute fitness

(a) Between traits, within treatment

d13C �0.37***

(�0.51, �0.24)

L 0.59***

(0.50, 0.71)

L 0.07

(�0.05, 0.21)

L �0.43***

(�0.57, �0.31)

L

d13C plasticity 0.61***

(0.51, 0.73)

D 0.06

(�0.10, 0.21)

L 0.03

(�0.10, 0.15)

L 0.03

(�0.13, 0.19)

L

Flowering date 0.57***

(0.47, 0.68)

D 0.14*

(�0.04, 0.32)

D �0.06

(�0.18, 0.05)

L �0.64***

(�0.72, �0.56)

L

Biomass 0.01

(�0.13, 0.16)

D 0.05

(�0.09, 0.18)

D �0.32***

(�0.41, �0.24)

D 0.59***

(0.50, 0.69)

L

Absolute fitness �0.47***

(�0.59, �0.37)

D �0.07

(�0.23, 0.08)

D �0.79***

(�0.83, �0.74)

D 0.57***

(0.48, 0.67)

D

r 95% CI

(b) Same trait, between treatments

d13C versus d13C 0.51*** (0.41, 0.62)

Biomass versus

Biomass

0.75*** (0.67, 0.87)

Absolute fitness

versus Absolute

fitness

0.70*** (0.64, 0.76)

Values above and below the diagonal in (a) represent correlations within the long season (L) and drought (D) treatments, respectively. N = 206–

234. Values are Pearson’s product–moment correlation coefficients. Values in parentheses are 95% confidence intervals.

Significant values are in bold. ***P < 0.0001; *P ≤ 0.05.
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Figure 2. Positive genetic correlation between WUE (d13C) and

flowering time among spring annual accessions of Arabidopsis

thaliana. Genetic correlations within the long season (blue, open

circles, and dashed line) and drought (orange, closed circles, and solid

line) treatments are r = 0.59 and r = 0.57, respectively (P < 0.0001

for both). Flowering time values are the least squared means within

each treatment. WUE (d13C) values are the pooled accession values

within each treatment. Best-fit regression equations are

Y = 3.40X + 115.4 in the long season (R2 = 0.32, P < 0.0001) and

Y = 2.34X + 79.1 in the drought treatment (R2 = 0.35, P < 0.0001).
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(155 lines/75.2% with ≥0.1 d13C increase) and accessions

with decreased WUE under drought (36 lines/17.5% with

≥0.1 d13C decrease; Fig. 1). It may be that plasticity for

increased WUE reflects physiological adjustments to con-

serve water (e.g., decreased stomatal conductance) while

decreased WUE under drought reflects physiological

adjustments to hasten development or less efficient pho-

tosynthesis due to limited resources. WUE plasticity was

also positively correlated with mean between-treatment

WUE (r = 0.18, P = 0.009); accessions with higher mean

WUE overall had greater plastic increase in WUE from

the long season to drought. WUE plasticity was margin-

ally, positively correlated with flowering date in the

drought treatment (accessions with greater plastic increase

in WUE flowered later) but not in the long season

treatment (Table 3).

Selection in long season versus drought
conditions

Total selection—selection differentials

We detected total selection (i.e., direct + indirect) on all

traits, except WUE (d13C) plasticity, as significant selec-

tion differentials in both the long season and drought

treatments (Table 4a). The direction of total selection on

mean trait values was the same across environments with

selection favoring lower WUE (lower d13C; Fig. 4A), ear-
lier flowering (Fig. 4B), and greater biomass. Within both

treatments, flowering time was under the strongest selec-

tion (Table 4a). The strength of total selection on both

flowering date and biomass was significantly greater

under drought than in the long season treatment

(Table 4a). Total selection for lower WUE was marginally

stronger in the drought treatment (Table 4a).

Direct selection—multivariate selection gradients

Selection gradients from multivariate analyses of fitness

demonstrate significant direct linear selection on all mean

trait values in both treatments (Table 4b). Direct selection

favored lower WUE (d13C), earlier flowering, and greater

biomass in both treatments. Similarly to total selection,

direct selection for earlier flowering was significantly

higher in the drought treatment (Table 4b). There was a

trend for stronger selection for lower WUE in the

drought treatment, but this was not significant

(Table 4b). Selection favored greater WUE (d13C) plastic-

ity in the drought treatment, while there was no direct

selection on WUE plasticity in the long season treatment

(Table 4b). In contrast to total selection, direct selection

on biomass was not significantly different between treat-

ments (Table 4b).

Neither nonlinear nor correlational selection were

major modes of selection (Table S2). One pattern was a

positive, nonlinear selection gradient for flowering date in

the drought treatment (cii = 0.148, P = 0.009), resulting

in a nonlinear increasing function of fitness with earlier

flowering time. There was weak evidence for nonlinear

direct selection on biomass (cii = �0.085) and correla-

tional selection on WUE plasticity and biomass

(cij = 0.053; Table S2) under drought.

Global versus local selection on WUE (d13C)
plasticity

We detected global linear selection for lower WUE (lower

d13C), but no global selection for or against WUE plastic-

ity and no global selection on the interaction between

WUE and WUE plasticity (Table 5b). In contrast, we

detected significant local selection for greater WUE plas-

ticity (larger plastic increase in WUE under drought)

within the drought treatment, but not the long season

treatment (Table 5a). No local selection on the interac-

tion of WUE and WUE plasticity was detected in either

treatment. This suggests that plasticity was globally neu-

tral, but that selection favored greater plastic development
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Figure 3. Genetic correlation between WUE (d13C) and WUE

plasticity to drought within the long season (blue, open circles, and

dashed line) and drought (orange, closed symbols, and solid line)

treatments. Flowering time values are the least squared means within

each treatment. WUE (d13C) values are the pooled accession values

within treatment. Genetic correlations are r = �0.37 and r = 0.61

(P < 0.0001 for both) for the long season and drought treatments,

respectively. Best-fit regression equations are Y = �0.40X � 11.55

(R2 = 0.13, P < 0.0001) in the long season treatment, and

Y = 0.56X + 17.30 (R2 = 0.37, P < 0.0001) in the drought treatment.
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Figure 4. Relative fitness as a function of WUE (d13C; A) and

flowering time (B) within the long season (blue, open circles, and

dashed line) and drought (orange, solid circles, and solid line)

treatments. Flowering time values are the least squared means within

each treatment. WUE (d13C) values are the pooled accession values

within treatment. Relative fitness = least squared means of absolute

fitness relativized to the mean within each treatment. Best-fit

regression equations for WUE are Y = �0.28X � 7.19 (R2 = 0.22,

P < 0.0001) in the drought treatment, and Y = �0.22X � 5.63

(R2 = 0.18, P < 0.0001) in the long season treatment. Best-fit

regression equations for flowering time are Y = �0.10X + 1.99

(R2 = 0.62, P < 0.0001) in the drought treatment and

Y = �0.05X + 1.54 (R2 = 0.40, P < 0.0001) in the long season

treatment.
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per se within the drought treatment. Additionally,

separating out selection on WUE and WUE plasticity

yielded significantly different selection gradients on WUE

between the long season and drought treatments

(Table 5a), suggesting stronger selection for lower WUE

under drought after accounting for correlations with

plasticity.

Discussion

Genetic variation in ecophysiological traits
and potential for evolutionary response to
selection

We detected significant genetic variation for all individu-

ally measured traits in both treatments, including fitness,

in our panel of A. thaliana accessions as significant

genetic variance components and moderate broad-sense

heritabilities. The range of WUE (d13C = �31.80 to

�26.64 under drought, more than five d13C units) was

large and biologically significant. In A. thaliana, a 0.5

increase in d13C can correspond to a 25% increase in

transpiration efficiency (biomass gained/water transpired;

Juenger et al. 2005a). These results demonstrate there is

substantial genetic variation for important ecophysiologi-

cal traits and fitness among Arabidopsis accessions and

potential for future evolutionary response to selection

(Falconer and Mackay 1996; Lynch and Walsh 1998).

Genetic correlation as adaptive facilitation
or constraint?

We found highly significant genetic correlations between

multiple ecophysiological traits, including fitness, within

both treatments. Of particular note is the consistent, posi-

tive genetic correlation between WUE and flowering time,

which may facilitate adaptation as a “line of least resis-

tance” to the evolution of fast escapers and/or late avoid-

ers (Schluter 1996). However, this may also act as an

evolutionary constraint to the evolution of different com-

binations of traits, for example, high WUE and early

flowering (Falconer and Mackay 1996; Schluter 1996;

Lynch and Walsh 1998). The extent to which this genetic

correlation is due to pleiotropy, linkage disequilibrium,

and/or genetic linkage will likely determine the potential

for future independent evolution of WUE and flowering

time (Falconer and Mackay 1996; Lynch and Walsh

1998). Furthermore, correlations with additional perfor-

mance traits (such as the strong correlation between flow-

ering time and biomass in the drought treatment) will

also affect the total selection on and potential response

to selection of ecophysiological traits. Similarly, it is

important to note that the presence of G x E in ourT
a
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experiment indicates that patterns of trait variation and

genetic correlation may change under other types of

drought, which would also likely affect patterns of selec-

tion on drought response.

Complementary genetic studies suggest the genetic cor-

relation between flowering time and WUE may be largely

due to pleiotropy affecting both physiology and phenol-

ogy in A. thaliana. Multiple quantitative trait loci (QTL)

colocalize for WUE and flowering time (Hausmann et al.

2005; Juenger et al. 2005a). Furthermore, the genes FRIG-

IDA (McKay et al. 2003; Lovell et al. 2013) and Flowering

Locus C (McKay et al. 2003) pleiotropically affect WUE

and flowering time in A. thaliana. Flowering Locus T, a

known flowering time gene, also regulates stomatal open-

ing, a trait that directly affects WUE (Kinoshita et al.

2011). It is unknown if other loci annotated as flowering

time genes also have effects on WUE.

Although pleiotropy likely underlies much of the

genetic correlation observed in our experiment, it is also

possible that local adaptation to climate (Fournier-Level

et al. 2011; Hancock et al. 2011) has created linkage dis-

equilibrium between genes that independently affect flow-

ering time and WUE, which would also contribute to this

genetic correlation. Along these lines, pleiotropic QTL

may actually represent variants at multiple tightly linked

genes with each affecting WUE and flowering time inde-

pendently. Also, in addition to the pleiotropic loci under-

lying WUE and flowering time, there are also multiple

separate QTL affecting each of these traits (e.g., Juenger

et al. 2005a; Lovell et al. 2013), some of which act epi-

statically, further demonstrating their complex genetic

basis. To date, most studies of natural variation in flower-

ing time have assumed that genetic loci act via a develop-

mental switch leading to rapid transitions from vegetative

to reproductive states. However, the presence of genetic

correlations and pleiotropy suggests that future studies

would benefit from whole plant, integrative approaches

that incorporate interactions with autonomous pathways

related to carbon fixation. These efforts may ultimately

lead to a better understanding of the transition to flower-

ing.

Season-ending drought favors drought
escape in spring flowering A. thaliana

We found selection favoring early flowering and lower

WUE under both well-watered and terminal drought con-

ditions. WUE was marginally stronger in the drought

treatment; however, when accounting for correlations

with WUE plasticity in our focal plasticity analysis, selec-

tion on WUE was significantly more negative in the

drought treatment. Strikingly, both total and direct selec-

tion for earlier flowering were significantly stronger in the

drought treatment. There was also significant nonlinear

selection on flowering time under drought. These results

indicate terminal drought conditions favor drought escape

rather than a more conservative avoidance strategy in

spring flowering accessions of A. thaliana and demon-

strate the importance of water availability for the evolu-

tion of both flowering time and WUE. Furthermore,

these results are consistent with field studies in A. thali-

ana that show selection on flowering time loci is season

and environment-specific (Weinig et al. 2003; Korves

et al. 2007) and recent population genomic studies on cli-

mate as a major force shaping local adaptation among

populations of A. thaliana (Fournier-Level et al. 2011;

Hancock et al. 2011; Lasky et al. 2012).

Although selection favored drought escape in the cur-

rent study, this panel of spring flowering A. thaliana

accessions has a range of drought response phenotypes

from escape to more avoidance-like (i.e., higher WUE

and later flowering). A. thaliana grows over a large geo-

graphic and climatic range (Banta et al. 2012; Lasky et al.

2012) and environments with more severe, sustained,

and/or frequent drought may shift the optimum pheno-

type more toward drought avoidance. This is important

to note, as the current experiment specifically mimics a

season-ending drought. Patterns of selection may be sub-

stantially different under different experimental condi-

tions (e.g., more sustained drought could favor higher

WUE and either intermediate or later flowering). Results

of the current experiment are also specific to a spring

flowering life history; an experiment designed for and

including later flowering and/or vernalization-requiring

accessions may draw different conclusions regarding selec-

tion on drought response. Moreover, previous work in

other species demonstrates that selection on ecophysiolog-

ical traits such as WUE and flowering time is dependent

on the genetic background and environment and is likely

balanced with selection driven by resources other than

water (see citations in introduction for examples).

Is WUE plasticity to drought adaptive and/or
costly?

Plasticity is typically considered adaptive if the direction

of plastic change between environments mirrors the dif-

ference in selection on phenotypic traits (Schmitt et al.

1999; e.g., Weinig et al. 2006). However, this view does

not formally consider potential costs or benefits of plastic

development per se, which may act independently of

direct selection on phenotypic trait values and/or alter net

selection on plasticity. Quantifying variation in pheno-

typic plasticity and its relationship to fitness in and across

environments can directly test for benefits and costs of
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plasticity (Tienderen 1991; DeWitt et al. 1998; van Kleun-

en and Fischer 2005, 2007; Auld et al. 2010).

In the current experiment, WUE (d13C) plastic

response to drought was in the opposite direction of

selection on WUE, which would suggest that WUE plas-

ticity to drought is maladaptive. However, our genetic

selection analyses (which included WUE and WUE plas-

ticity) suggest plasticity per se is either neutral or poten-

tially beneficial, depending on the environment. First, we

found that total selection (from selection differentials) on

WUE plasticity was not significant in either treatment,

suggesting WUE plasticity is neutral overall, neither adap-

tive nor costly. However, it is important to account for

possible correlations between plasticity and mean trait

values, as well as with other traits, when interpreting

selection on plasticity (van Kleunen and Fischer 2007;

Auld et al. 2010). Strong correlations between plasticity

and mean trait values can bias selection coefficients (Auld

et al. 2010) and possibly result in over- or under-estimat-

ing selection on plasticity. In the current analysis, WUE

plasticity was correlated with WUE in both treatments,

particularly in the drought treatment where higher WUE

was strongly correlated with greater plasticity. Because

selection favored lower WUE, if this were to introduce a

bias, the effect would most likely be to reduce the esti-

mated selection on plasticity. Additionally, because plas-

ticity was (weakly) positively correlated with flowering

time in the drought treatment (later flowering correlated

with greater plasticity), selection on earlier flowering

could cause a similar downward bias in selection on plas-

ticity. Therefore, based on these correlations, we believe

our estimates of direct selection on WUE plasticity may

be conservative. Moreover, after accounting for these rela-

tionships in our multivariate selection analyses, we found

that direct selection significantly favored greater WUE

plasticity in the drought treatment, but remained neutral

in the long season treatment. Our global versus local

selection analyses (van Kleunen and Fischer 2005) mir-

rored these results; greater WUE plasticity was locally

favored under drought, but neutral in the long season

treatment and globally across treatments. Also, direct

selection on WUE plasticity in the drought treatment was

in the same direction as plasticity itself, indicating that

greater plastic response per se was adaptive after account-

ing for mean phenotypic trait value. These results indicate

that for individuals with the same phenotypic trait value,

those that attained their phenotype through greater plastic

development were more fit than plants with relatively

more fixed development (DeWitt et al. 1998). Given that

plants with greater plasticity to drought also had lower

WUE under well-watered conditions, it may be that

greater plasticity allowed some plants to more fully use

water resources when they were plentiful, but then con-

serve to maximize fitness after the onset of terminal

drought.

We found limited evidence for constraints on the evo-

lution of WUE plasticity to drought in A. thaliana. First,

rank-changing G 9 E for d13C, moderate between-treat-

ment genetic correlation, and the range of d13C plasticity

values indicate there is significant genetic variation in

WUE plasticity and potential for future response to selec-

tion (Falconer and Mackay 1996; DeWitt et al. 1998;

Lynch and Walsh 1998). Second, the most plastic geno-

types had the most extreme trait values in both treat-

ments, demonstrating that plastic genotypes are not

limited in the range of phenotypes they can produce (De-

Witt et al. 1998; van Kleunen and Fischer 2005). Third,

in contrast to studies on plasticity for other traits in

A. thaliana, for example, flowering time plasticity to tem-

perature (Stinchcombe et al. 2004a), incomplete vernali-

zation (Callahan et al. 2005), and apical branch plasticity

to density (Weinig et al. 2006), we did not detect fitness

costs of WUE plasticity. Finally, the one constraint we

observed was the strong genetic correlation between WUE

and WUE plasticity, which may limit the evolution of dif-

ferent trait-value/plasticity combinations (Falconer and

Mackay 1996; Schluter 1996; Lynch and Walsh 1998). The

extent to which this correlation may constrain the inde-

pendent evolution of WUE plasticity will depend on the

extent that mean WUE and WUE plasticity share a

genetic basis. Molecular studies have revealed some of the

pathways controlling stomatal opening and closing to reg-

ulate gas exchange in the Columbia accession of A. thali-

ana (Schroeder et al. 2001; Nilson and Assmann 2007;

Acharya and Assmann 2009; Ward et al. 2009). Molecular

studies have also identified genes affecting leaf develop-

ment, with effects on photosynthetic capacity (e.g., Masle

et al. 2005) and/or transpiration (e.g., Masle et al. 2005;

Boccalandro et al. 2009). Moreover, variation in photo-

synthetic capacity can be caused by a multitude of possi-

ble components and both this and stomatal regulation

affect WUE. Future studies will need to determine what

subset of these components are responsible for the strik-

ing differences in acclimation and adaptation we see

within and among crops and wild species.

Overall, our results suggest plasticity may be important

for the evolution of drought response in spring flowering

A. thaliana. Whether plasticity per se is under selection in

A. thaliana likely depends on the nature of environmental

variation experienced by individual genotypes. Global

selection on plasticity and the response to selection will

be influenced by the frequency and distribution of differ-

ent environments in nature (note that our global analysis

assumes equal frequency of the two environments).

A. thaliana has a predominantly selfing mating system

and multiple individuals within the same population
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often have the same multilocus haplotype (Bakker et al.

2006). Additionally, different populations within North

America often share multilocus haplotypes (Bakker et al.

2006). Therefore, individual genotypes likely experience

multiple environments over time and/or across space, and

it is possible that selection on plasticity in A. thaliana can

act both directly on plasticity per se and indirectly

through selection on mean trait values (Via et al. 1995).

It would be of great theoretical and applied interest to

understand which molecular variants underlie this varia-

tion in adaptive plasticity.
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