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Expression profiling and local adaptation of Boechera 
holboellii populations for water use efficiency across 
a naturally occurring water stress gradient 

CHARLES A.  KNIGHT HEIKO VOGEL JUERGEN KROYMANN ALICE SHUMATE 
HANNEKE WITSENBOER  and THOMAS MITCHELL-OLDS 

Abstract 

We studied the physiological basis of local adaptation to drought in Boechera holboellii, a 
perennial relative of Arabidopsis thaliana, and used cDNA–AFLPs to identify candidate 
genes showing differential expression in these populations. We compared two populations 
of B. holboellii from contrasting water environments in a reciprocal transplant experiment, 
as well as in a laboratory dry-down experiment. We continuously measured the water con
tent of soils using time domain reflectometery (TDR). We compared populations for their 
water use efficiency (WUE), root/shoot ratios (R:S) and leaf mass per unit area (LMA) in the 
field and in the laboratory, and identified candidate genes that (i) responded plastically to 
water stress and (ii) were differentially expressed between the two populations. Genotypes 
from the drier site had higher WUE, which was attributable to a large reduction in transpi
rational water loss. The xeric-adapted population also had increased investment in root bio
mass and greater leaf mass per unit area. Reciprocal transplants in the field had 
significantly greater survival in their native habitat. In total, 450 cDNA-AFLP fragments 
showed significant changes between drought and control treatments. Furthermore, some 
genes showed genotype (population)-specific patterns of up- or down-regulation in response 
to drought. Three hundred cDNA-AFLP bands were sequenced leading to the identification 
of cDNAs coding for proteins involved in signal transduction, transcriptional regulation, 
redox regulation, oxidative stress and pathways involved in stress adaptation. Some of 
these proteins could contribute a physiological advantage under drought, making them 
potential targets for natural selection. 
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of how plants cope with water stress has been a central
topic in plant physiology for decades (Shrantz & Piemesal 
1927; Stebbins 1952; Bohnert et al. 1995; Bray 1997). With 
the recent advent of ecological genomics (Feder & Mitchell-
Olds 2003;  Thomas & Klaper 2004), it is now feasible to 

Introduction study changes in gene expression controlled by  water 
availability, and to positionally clone the loci responsible 
for adaptation to drought stress. Although Arabidopsis 
genomics has enabled enormous progress towards the first 
goal (Abe et al. 2003; Boyce et al. 2003; Cheong et al. 2003; 
Mckay et al. 2003; Oono et al. 2003), Arabidopsis  species are 
confined to mesic environments, and therefore provide 
limited information on the evolution of drought tolerance. 

Water availability is a primary factor limiting the distribution 
and abundance of plants. Understanding the mechanisms 



  

 

       

 

                  

 

      

 

    

 

      

 

  

 

In contrast, closely related species in the genus Boechera are 
adapted to mesic, xeric, and alpine habitats (Rollins 1993; 
Mitchell-Olds 2001) and display a wide range of adaptive 
variation for drought tolerance (McKay et al. 2001). These 
species provide an opportunity to identify genes that are 
responsive to drought both plastically and evolutionarily. 

The onset of water stress induces short-term changes 
in gene expression which can be studied using genomic 
methods such as transcription profiling or cDNA–AFLPs 
(complementary DNA–amplified fragment length poly
morphism) (Kreps et al. 2002; Chaves et al. 2003; Oono et al. 
2003; Kawaguchi et al. 2004; Rizhsky et al. 2004; Bartels & 
Sunkar 2005). Arabidopsis studies have been reviewed by 
Bray (2004), who categorized induced genes in the areas of 
metabolism, transporters, signal transaction, transcription, 
heat-soluble hydrophilic, and unknown genes. Drought-
regulated loci may also be induced by abscisic acid, salt or 
low-temperature stress, as well as wounding and herbivory 
(Reymond et al. 2000; Bray 2004). Transgenic experiments 
could verify the causal role of these induced genes in plant 
responses to drought (e.g. Oh et al. 2005). However, these 
experiments are rarely feasible for plants with interesting 
ecological attributes. Therefore, here we begin with a com
parative approach where we ‘ask the plant’ which genes 
are differentially expressed. 

Physiological responses to drought can be studied in 
a controlled environment where drought is artificially 
induced, as well as with reciprocal transplant experiments 
in the field (Harlan & Martini 1938; Clausen & Heisey 1958; 
Schemske 1984; Jordan 1991; Nagy 1997). Here we use both 
approaches to study ecotypic variation between popu
lations of Boechera holboellii that naturally grow in quite 
different water environments ( Fig. 1). The simplest metric of 

Fig. 1 Volumetric soil water content, measured by 10 TDR probes 
at the HIGH and LOW field sites. Data are from 3 July to 11 
September 2002. The dashed line represents TDR probe data from 
the 29-day dry-down experiment in the laboratory. Notice the 
similarity in the rate of water loss between our dry-down experiment 
and what is commonly observed in the field. 

drought tolerance that can be gleaned from these experiments 
is survival. To better understand the physiological basis for 
differences in survival we also measured water use effi
ciency (WUE), root/shoot ratios (R:S), and leaf mass per 
unit area (LMA), which have all been used as indicators of 
drought tolerance. Here we define drought as the recur
ring limitation of water for extended periods during some 
part of the growing season rather than the other common 
use of the word that reflects abnormally dry periods on a 
decadal scale. 

The ratio between photosynthesis and transpiration, 
commonly referred to as WUE, is a useful metric for 
determining a plant’s strategy for dealing with drought 
(Raschke 1976; Carlson 1980; Fitter & Hay 2002). Drought-
tolerant species typically have higher WUE if they lack 
deep roots that can access water during the dry period. 
This can be partially attributed to the fact that xerophytes 
typically have smaller, thicker leaves, giving a higher ratio 
of photosynthetic mesophyll to transpiring leaf area, com
pared to mesophytes (Abrams et al. 1994). Drought avoid
ers typically have lower WUE, grow fast and set seed 
before the onset of drought. WUE can be calculated either 
instantaneously (as we do here using a gas exchange 
system) or by biomass harvests after measured irrigation. 
Clearly, variation for WUE may influence the distribution 
and abundance of species along moisture gradients. We 
expect that dry environment, locally adapted genotypes of 
B. holboellii will have higher WUE than populations from 
more mesic habitats. 

In addition to effects on WUE, species with small thick 
leaves have altered biophysical properties which tend to 
reduce heat load (Nobel 1974; Givnish 1979; Fitter & Hay 
2002). Furthermore, drought-tolerant plants cannot rely on 
turgor pressure to maintain leaf structure, and therefore 
often have an increased investment in the biomechanical 
support of leaves (Wright & Cannon 2001). This com
bination of factors leads to increased investment in LMA. 
Large comparative analyses suggest that LMA is closely 
related to photosynthetic and transpiration rates (Wright 
et al. 2004) and a variety of other plant physiological traits. 
Leaves with higher LMA typically have higher WUE (Wright 
et al. 2004). Therefore, one avenue towards altering WUE 
may involve selection acting on leaf anatomy. Species with 
high LMA typically have smaller, thicker leaves, although 
it should be noted that plants with large leaves can have 
high LMA in some cases. We expect that in dry envir
onments, locally adapted genotypes of B. holboellii will 
have higher LMA than populations from more mesic 
habitats. 

Drought-tolerant species typically have higher root
to-shoot ratios (R:S), especially if they are perennial (Fitter 
& Hay 2002). Plants that grow in drought-prone environ
ments must develop deep root systems quickly in order 
to survive the drought. B. holboellii is perennial and often 



        

 

     

 

    

 

              

 

      

 

                

 

        

 

      

 

grows in water-limited environments, and we expect that 
in dry environment, locally adapted genotypes of B. holboe
llii will have higher R:S than populations from more mesic 
habitats. 

Methods 

Species biology 

Genus Boechera (formerly Arabis) is a member of the 
Arabidopsis alliance (Mitchell-Olds et al. 2005), a monophyletic 
group that includes Boechera, Capsella, Halimolobos, Turritus, 
and species formerly classified within Arabidopsis, such as 
Crucihimalaya and Olimarabidopsis. Multilocus phylogenetic 
analysis (Oyama & Mitchell-Olds, unpublished) shows 
that all of these genera are equidistant from Arabidopsis. 
More than 50 Boechera species are widely distributed across 
North America (Al-Shehbaz 2003), where they are adapted 
to a broad range of desert, mesic, and alpine environments 
(Rollins 1993). More than 15 laboratories in North America 
and Europe are researching many aspects of Boechera 
biology, providing fundamental information on ecology, 
evolution, and genetics of these species (Rollins 1993; 
Hamilton & Mitchell-Olds 1994; Roy 1996, 2001; McKay 
et al. 2001; Mitchell-Olds 2001; Sharbel & Mitchell-Olds 
2001; Koch et al. 2003; Taskin et al. 2003; Dobes et al. 2004a, 
b; Sharbel et al. 2004; Schranz et al. 2005). 

Boechera holboellii is found across much of North Amer
ica, and is especially common in the western USA (Dobes 
et al. 2004a, b). It is a short-lived perennial ranging from 
xeric grasslands to subalpine meadows, spanning an ele
vation gradient > 2000 m in the northern Rocky Mountains 
(Mitchell-Olds, personal observation). The breeding sys
tem can be either apomictic or predominantly inbreeding 
(Schranz et al. 2005). Apomictic genotypes are diploid or 
triploid, while sexual individuals are diploid. 

Field sites 

We studied B. holboellii populations growing in the mountain 
ranges surrounding the Salmon River near Shoup, Idaho, 
in the Salmon-Challis National Forest. Two field sites were 
selected that differed considerably for water availability 
(see Fig. 1). We measured water availability at these field 
sites and in our common garden experiments using time 
domain reflectometry (TDR). TDR is based on the change 
in dielectric constant of the soil with changes in soil moisture, 
and provides a quantitative indicator of volumetric soil 
water content (Rhoades et al. 1976, 1989). For our study, we 
used Campbell Scientific (Logan) CS616 TDR probes that 
were 33 cm long. To ensure similar soil composition at 

a 1-cm wire mesh. These TDR probes were sampled by 
a Campbell Scientific CR10X datalogger and AM25T 
multiplexer. Because temperature can affect TDR measure
ments, we averaged midnight TDR measurements and 
compared these to noon TDR measurements on the 
previous day and the next day. Across all sampling days, 
we found that diurnal (temperature-related) fluctuations 
accounted for less than 10% of the absolute magnitude of 
TDR responses. 

We choose two field sites with drastically different water 
availabilities. The dry site was located near Trail Creek, a 
tributary of Panther Creek and the Salmon River (hence
forth the ‘LOW’ population). Vegetation on this steep 
south-facing slope at 1075 m includes bunch grasses and a 
few ponderosa pine and sagebrush. The cooler and wetter 
‘HIGH’ site was at 2525 m on the south-facing slope of Bear 
Ridge near Long Tom Mountain, among lodgepole pine, 
Douglas fir, and sagebrush. These populations are 26 km 
apart and differ by 1450 m in elevation. 

Common environment dry-down experiment 

We compared genotypes (families) from the LOW and 
HIGH field sites. We grew these lines for two generations 
in a common environment to remove maternal effects. For 
the common garden experiment we compared nine HIGH 
families and six LOW families (accessions BR2, BR3, BR5, 
BR6, BR7, BR69, BR74, BR75, BR78, BR79 for the HIGH 
population, and TC50, TC51, TC52, TC54, TC55, TC56 for 
the LOW population). In this experiment, approximately 
15 individuals survived from each family, for a total of 90 
LOW plants and 135 HIGH plants. 

We grew these plants in a sand/loam mix that mimicked 
soil composition at the LOW and HIGH field sites. We ger
minated seeds on moist filter paper in Petri dishes after a 
2-week cold stratification at 4 °C. Plants were then trans
ferred to 15-cm diameter, 0.5-m PVC tubes filled with the 
soil mixture. We chose this growth environment to ensure 
that root systems would have adequate volume for devel
opment. Plants were grown in a randomized block design 
and rotated every 2 weeks. The plants were grown inside 
a large growth chamber under artificial lighting (fluores
cent tubes with 400 PFD) on a 16 h day/8 h night cycle. 
After 4 months, WUE was measured for all plants. We then 
imposed a 29-day gradual dry-down without watering. 
Our observations showed that when using our soil and 
growth tubes, simply withholding water closely mimicked 
natural dry-down conditions in the field after precipitation 
pulses (see Fig. 1). Therefore, we infer that this dry-down 
experiment is a realistic test for how plants respond to 
water limitation in the field. WUE was measured approxi

each site and to protect TDR probes from damage during mately every 3 days for 29 days to capture the relative change 
emplacement, we first removed surrounding soil from in WUE between populations in response to drought. WUE 
each probe location, then added sifted rock-free soil using was sampled on nine different days. 



  

 

           

 

  

 

        

 

              

 

  

 

  

 

            

 

            

Reciprocal transplant experiment 

We compared genotypes (families) from the LOW and 
HIGH field sites. We grew these lines for two generations 
in a common environment to remove maternal effects. 
Plants were grown in ‘cone-tainers’ in a nearby greenhouse 
(Bitterroot Restoration, Inc.). Germination and survival 
were poor; hence, only 20 individuals were available from 
the LOW population, and approximately 120 individuals 
from the HIGH population. These plants were randomly 
divided into two groups of 10 LOW plants and 60 HIGH 
plants. These plants were transplanted to the field in a 
randomized design at each field site in June 2003. In the 
first week after transplanting we watered the plants to 
ameliorate the transplant effects. 

Traits 

WUE. We measured instantaneous WUE with a LI-COR 
6400 portable gas exchange system (Lincoln). We used the 
LI-COR Arabidopsis leaf chamber with internal CO2 set to 
360 mg/g. In the laboratory we used a high intensity metal 
halide light source suspended 0.45 m above the leaf 
chamber. Under these conditions, light measured near the 
chamber was 400 µmol m−2 s−1 and heating of the leaf was 
negligible. Light response curves indicated that this light 
level was near saturating for the test plants. We used 
ambient light in the field and only measured on sunny 
days. We took three 1-min average measurements for each 
sampled leaf. For our analyses we used only the measurement 
that averaged during the second minute because we found 
that the chamber did not equilibrate until that point in the 
measurement cycle. In our laboratory dry-down experiment, 
we measured three randomly selected individuals of each 
family (six LOW or nine HIGH) on each sampling day. 
In the field we measured every surviving individual in 
August 2003, in a similar manner to the laboratory dry-
down experiment. WUE was measured in the field and in 
the laboratory between 9:00 h and 13:00 h using mature 
fully expanded leaves. In most cases the leaf occupied the 
entire leaf chamber, but when it did not, we corrected our 
measurements to calculate WUE using the proper area. 

LMA. We measured leaf mass per unit area (LMA) using a 
0.5-cm hole punch. These leaf disks were then dried at 60 °C 
for 6 days before weighing using an analytical balance. 
LMA was measured for each plant in both common garden 
and reciprocal transplant experiments. 

R:S. We measured the dry root mass per dry shoot mass 
(including leaves) for each individual at the end of the dry-
down experiment. We extracted each plant from the PVC 
tube and washed the sand and dirt away from the root 
system, with care taken to extract as much fine root matter 

as possible. Because complete root retrieval was time 
consuming and difficult, we standardized this process 
with a 20-min timed harvest of root biomass for each plant. 
After these timed harvests all root material ≥ 3 mm 
diameter had been harvested, as well as a large fraction of 
all remaining root material. 

Analysis. We were primarily interested in the differences 
between the LOW and HIGH populations, therefore we 
performed two-way anovas with genotype nested within 
population (HIGH or LOW) to test for significant dif
ferences between population means in both the field 
and laboratory studies. For the laboratory dry-down 
experiment we performed both repeated measures ana
lysis on the complete (partially unbalanced) data set, and a 
more balanced anova on a subset of the data, with each 
plant measured only once. datadesk and systat were 
used for anova, and differential survival at the two field 
sites was tested using the log-linear model procedure in 
systat. 

Expression profiling using cDNA–AFLP 

cDNA–AFLP analysis is a sensitive and reproducible 
technology that has a number of advantages over other 
methods for genome-wide expression analysis: it does not 
require prior sequence information, it allows the identi
fication of novel genes, and it provides semiquantitative 
expression profiles (Volkmuth et al. 2003). We compared 
5-month-old plants that had experienced the dry-down 
treatment to plants that had been well watered throughout 
their lives. Except for drought-stressed plants, most plants 
had already bolted or were in an early stage of flowering. 
For each treatment, leaf material from three (HIGH 
population) or four (LOW population) individual plants 
were pooled for RNA extraction. Three medium-aged leaves 
per plant were frozen in liquid nitrogen. Leaf material was 
ground to a fine powder in liquid N2, and total RNA was 
isolated using the TRIzol Reagent (Invitrogen, Carlsbad) 
according to the manufacturers’ protocol. A second puri
fication step was performed with RNAeasy columns 
(QIAGEN). An additional DNase treatment was included 
prior to the second purification step to eliminate any 
contaminating DNA. The DNase enzyme was inactivated 
according to the manufacturers’ recommendations (Ambion). 
RNA integrity was verified on nondenaturing agarose 
gels. RNA quantity was determined photospectrometrically. 
cDNA–AFLP analysis was performed at Keygene as 
described by Volkmuth and colleagues (2003). Restriction 
enzymes employed TaqI/MseI with 256 primer combinations 
with two selective nucleotides on the TaqI site and three 
selective nucleotides on the MseI site. Bands of interest 
were excised, sequenced, and compared to Arabidopsis 
using blast. 



          

 

       

 

    

 

Fig. 2 Mean differences for water use efficiency (A), transpiration 
(B), and photosynthesis (C) for the LOW (grey bars) and HIGH 
(black bars) populations in the laboratory common garden 
experiment. These values are averages across the 29-day dry-down 
experiment. Differences for water use efficiency and transpiration 
were significant (P < 0.001 by anova). Photosynthesis was not 
significantly different between populations. 

Results 

Common environment dry-down experiment 

Instantaneous WUE was significantly different between 
populations at the beginning of our dry-down experiment, 
and this difference was maintained throughout the experi
ment (Fig. 2). Repeated measures analysis of the entire 
data set and anova on a balanced subset gave similar 
results. No significant genetic variation was found among 
families within populations (F15,132 = 1.11; P > 0.05). The 
LOW population had significantly greater WUE and lower 
transpiration (both P < 0.002). There was no significant 
difference between populations for photosynthesis (P > 
−0.05). Indeed, even when plants were well watered, LOW 
genotypes had higher WUE, suggesting that these plants 
cannot adopt a water-spending strategy similar to HIGH 
genotypes when water is available. Interestingly, population-
mean WUE did not change significantly during the time 
course of this dry-down experiment (Fig. 3). This suggests 

Fig. 3 Differences between LOW (grey squares) and HIGH (black 
circles) for water use efficiency (A), Transpiration (B) and 
photosynthesis (C) during the 29-day dry-down experiment in the 
laboratory. There was no significant difference between popu
lations for photosynthesis. Error bars represent the standard error 
of the mean. Day 0 was the beginning of the experiment when 
the plants were well watered. 

esis or transpiration, which are influenced by many environ
mental and developmental variables (e.g. Figs 2 and 3). 

This experiment shows that the difference between 
populations for WUE was driven by a significant genetic 
difference between populations for transpiration rate 
(Figs 2 and 3). Photosynthesis did not differ significantly 
between populations. During the time course of the dry-
down experiment, both photosynthesis and transpiration 
declined substantially. 

TDR probes in soil surrounding representative plants in 
our dry-down experiment indicate these dry-down condi

that instantaneous WUE can be estimated under a variety tions were very similar to drought in the field (Fig. 1). Note 
of environmental conditions, and that WUE data may be a that the slope of the low end of the curve is similar between 
relatively stable quantitative trait, in contrast to photosynth- the dry-down and field data. The TDR data for the LOW 



  

 

 

 

 

 

 

 

Fig. 4 The difference between LOW and HIGH populations for 
LMA before the start of the laboratory dry-down experiment and 
for root/shoot ratio after the dry-down. 

and HIGH field sites also highlight some important environ
mental differences between these sites. In this sampling 
interval, precipitation affecting soil volumetric water content 
was much more frequent at the HIGH field site than at the 
LOW field site, even though they are in the same watershed, 
although at different elevations. 

There was also a significant difference between LOW 
and HIGH genotypes for LMA and root/shoot ratios 
(Fig. 4; P < 0.001 by anova). The LOW population had 
significantly greater LMA than HIGH genotypes, and 
developed a much more extensive root system, even though 
the plants were grown in the same environment. 

Reciprocal transplant experiment 

The reciprocal transplant experiment showed highly 
significant differential survival between HIGH and LOW 
populations at the two sites (χ2 = 31.82, d.f. = 1, P < 0.0001). 
By August 2003 there were no surviving HIGH genotypes 
at the LOW field site. This difference in survival (especially 
the complete lack of HIGH genotype survival at the 
LOW field site) suggests adaptive ecotypic differentiation 
between these two populations. Due to the restricted sample 
size for LOW genotypes, only limited inferences can be 
made regarding the performance of LOW genotypes at the 
HIGH field site. However, of the 10 LOW individuals 
transplanted to the LOW site, 4 survived, whereas none of 

Fig. 5 Instantaneous WUE for LOW and HIGH plants at the 
HIGH field site. WUE was significantly greater for the LOW plants 
(grey bar) compared to the HIGH plants (black bar; see text for 
details). None of the HIGH plants survived at the LOW field site 
— so comparisons could not be made there. 

the 75 HIGH individuals survived at the low site. At the 
HIGH field site, 7 of the 10 LOW plants survived, and 32 of 
60 HIGH plants survived. 

In August 2003 we measured instantaneous WUE for 
plants at the HIGH field site. WUE was significantly 
greater for the LOW plants compared to the HIGH plants 
(Fig. 5, F1,38 = 3.67, P < 0.05). This field result corroborates 
the findings of our common garden dry-down experiment 
conducted in the laboratory. The magnitude of WUE val
ues that we observed in the field fell within the same range 
of values that we observed in the laboratory experiment. 

CDNA–AFLPs 

Our cDNA–AFLP experiments identified candidate genes 
that may be differentially induced by drought in a wild 
relative of Arabidopsis. We pooled tissue samples from 
several plants to reduce variability, and compared geno
types from two locally adapted populations. Furthermore, 
these experiments identified a number of Boechera holboellii 
genes showing responses in accord with results from 
Arabidopsis (Table 1). Nevertheless, further experimentation 
is required to verify quantitative responses to drought by 
these candidate genes in B. holboellii, and to determine their 
possible functional role in drought tolerance. 

Gene expression was inferred on cDNA–AFLP gels using 
a visual scale ranging from 0 (no expression) to 3 (strong 
expression; see Table S1, Supplementary material). Genes 
up-regulated by drought included homologues of the fol
lowing Arabidopsis loci: At5g49330, an MYB family tran
scription factor; At5g13170, a nodulin protein similar to 
MtN3; as well as At5g15250, which is similar to FtsH-like 
protein. We also identified drought-induced homologues 
of two Arabidopsis expressed proteins (At5g53660 and 
At5g63350), whose functions are unknown in Arabidopsis. 
Finally, homologues of At2g27420 (a putative cysteine 



 

 

 
 

 

 

 

 

 

Table 1 Boechera holboellii genes showing responses to drought 
treatment as predicted by water stress experiments in Arabidopsis 

Arabidopsis 
Gene name locus 

leucine-rich repeat transmembrane protein kinase At1g09970 
dehydrin (COR47) At1g20440 
late embryogenesis abundant protein (LEA 76) At1g52690 
AAA-type ATPase At1g64110 
alcohol dehydrogenase (ADH) At1g77120 
zinc finger homeobox family protein At2g02540 
cold-responsive protein (cor15a) At2g42540 
galactinol synthase At2g47180 
ATPase, plasma membrane-type At3g47950 
zinc finger (DHHC type) family protein At3g48760 
homeobox-leucine zipper protein 12 (HB-12) At3g61890 
dehydration-responsive protein ERD3 At5g06050 
myb family transcription factor (MYB29) At5g07690 
sugar transporter, putative similar to ERD6 protein At5g18840 
myb family transcription factor At5g37260 
LTI78/desiccation-responsive protein 29A (RD29A) At5g52310 
ABA-responsive protein (HVA22b) At5g62490 

proteinase) and At5g49360 (a glycosyl hydrolase family 3 
protein) were down-regulated by drought. 

Next, we identified genes that are capable of high 
expression in both HIGH and LOW populations (which 
ensures effective primer binding in both populations), but 
which show population-specific differences in expression 
depending on water availability. Chief among these was a 
homologue of At5g40880, a WD-40 repeat family protein/ 
zfwd3 like-protein, which was more induced in the LOW 
population under drought conditions. 

Discussion 

We examined the physiological basis of local adaptation 
to drought stress in a perennial relative of Arabidopsis 
thaliana and used cDNA–AFLPs to identify candidate genes 
showing differential expression in response to moisture 
availability. These populations are separated by an elevation 
difference of 1450 m and showed a large difference in soil 
moisture, with higher moisture levels at the higher eleva
tion. Reciprocal transplant experiments between the field 
populations showed that genotypes have significantly higher 
survival in their native habitat. Genotypes from the dryer 
site had higher WUE, which was attributable to a 30% 
reduction in transpirational water loss. However, there 
was no genetic difference for photosynthetic rate between 
populations. The drier, low-elevation population also had 
thicker leaves and increased investment in root biomass. 

patterns in Arabidopsis (Kirch et al. 2005). For example, 
homologues of dehydrin, ERD3 dehydration-responsive 
protein, RD29A desiccation-responsive protein, an ABA-
responsive protein, and several transcription factors are 
up-regulated by water stress in Arabidopsis and Boechera 
holboellii. Several findings also extend previous results 
from Arabidopsis. We found, for example, several drought-
induced genes of unknown function, as well as a WD-40 
repeat protein, which shows population-specific induction 
patterns in response to water availability. Also of interest 
are the pentatricopeptide (PPR) repeat-containing pro
teins that we identified as being differentially expressed in 
these populations. They act as central switches for RNA 
editing and RNA metabolism in the chloroplasts (Schmitz-
Linneweber et al. 2005). To our knowledge these proteins 
have not previously been associated with responses to 
drought. These candidate genes can now be used to verify 
inferred expression patterns and to examine possible func
tional roles in drought tolerance. 

Genetic variation for WUE and related traits has been 
documented in a number of species (e.g. Dudley 1996a, b; 
Geber & Dawson 1997; Sandquist & Ehleringer 2003a, b; 
Condon et al. 2004). Early studies of heritable variation 
for WUE have been reviewed by Ackerly et al. (2000) and 
Arntz & Delph (2001). More recently, Caruso et al. (2005) 
examined genetic constraints on photosynthetic and water 
use traits in two Lobelia species. High levels of quantitative 
genetic variation were observed in Lobelia siphilitica, and 
lower levels in Lobelia cardinalis. Rates of carbon assimi
lation and water loss were genetically independent within 
both species. However, plant growth and WUE showed 
significant negative genetic correlation in L. siphilitica, sug
gesting a physiological and genetic cost to high WUE. In 
addition, Heschel and colleagues (2002 2005) found con
trasting patterns of natural selection in Impatiens capensis, 
depending on early vs. late onset of drought stress. Natural 
selection favoured drought avoidance (early flowering, 
increased stomatal conductance, and decreased WUE) under 
early season water stress, whereas late-season drought 
favoured higher WUE. Thus, strategies of drought avoid
ance or drought tolerance may be favoured in different 
populations and years, depending on local climate. 

Several studies have documented genetic variation for 
WUE in Arabidopsis. McKay et al. (2003) found significant 
genetic variation for WUE among Arabidopsis ecotypes, and 
evidence for a genetic trade-off between WUE and drought 
avoidance via early flowering. Recently Hausmann et al. 
(2005) mapped quantitative trait loci influencing WUE and 
found genotype–environment interaction in response to 
water availability. In two species of Boechera, McKay et al. 
(2001) found adaptive, genetically based differences across 

Analysis of cDNA–AFLPs identified candidate genes a gradient of water availability. In Boechera fecunda, low-
associated with physiological responses to drought. A elevation genotypes had greater WUE, as well as morpho-
number of loci showed response patterns concordant with logical differences in root/shoot ratio and leaf characteristics. 



 

 

 

  
 

 

  
 

 

 
 

 

 

 

 

 

 

  

These evolutionary responses to moisture and elevation 
gradients in Boechera species are consistent and predicta
ble, and have been independently verified in the present 
study. Positional cloning of ecologically important genetic 
polymorphisms is now feasible in this close wild relative of 
Arabidopsis. 

Genetic variation between mesic and drought-prone 
populations for LMA and R:S is well known (Fitter & Hay 
2002). However, the molecular basis of differences in these 
complex traits has not been established. The candidate 
genes (Table S1) that we identified by cDNA–AFLPs may 
be useful in future studies of this ecologically important 
trait variation (e.g. Wright et al. 2004). 
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