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Very young seedlings of wild barley Hordeum spontaneum have the ability to survive extended periods of
severe drought. This desiccation tolerance is considered an adaptation to the rain-limited and unpredictable
habitats that the species occupies. Genetic variation has been observed for this trait, but the limited evidence to
date does not consistently show that genotypes from more xeric populations have better desiccation tolerance.
As large seed endosperm volume may buffer the desiccating seedling from drought stress, we explored the
hypothesis that tolerance to temporary but severe drought is affected by seed mass. We crossed a big-seeded
with a small-seeded H. spontaneum genotype and measured seed mass and seedling survival rates after 6-d
desiccation in 140 F4 progeny families. A positive correlation was observed between family mean scores of
the two traits. At the genetic level, this indicated that at least some genes underlying variation in the two traits
overlapped (or show close chromosomal linkage), which is inevitable if seed mass causally affects desiccation
tolerance. Quantitative Trait Loci (QTL) analysis, which can identify chromosome regions responsible for trait
variation by exploring associations between trait expression and genetic markers dispersed over the genome,
did not confirm this hypothesis of shared genetic control. Despite the lack of QTL evidence, the observed
genetic association between seed mass and desiccation tolerance indicates that the two traits are not fully
independent, implying that selection targeting one trait will cause a correlated response in the other. We discuss
this finding in the context of adaptive differentiation of H. spontaneum populations, which is thought to
involve selection of increasingly smaller seeds along a gradient of decreasing predictability and amount of
annual precipitation.
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Introduction

In the highly seasonal growing environments of Mediterra-
nean and steppic climates, the scarcity and unpredictability
of precipitation events pose a main challenge to successful
germination and seedling establishment (Evenari et al. 1971;
Gutterman 1993; Blondel and Aronson 1999). In annual
plants, several strategies have been described to cope with this
problem. Seed dormancy prevents germination after inciden-
tal rain during the otherwise dry summer months (Evenari
1965; Gutterman 1993). A combination of delayed germina-
tion in a fraction of the seeds and high persistence in the
seed bank can distribute germination over different rain-
fall events or years (Cohen 1966), thereby spreading the risk
of mortality if early-season rain is followed by a long period
of drought. In addition, germinated seeds or seedlings of
some species can survive prolonged desiccation and develop
new roots and leaves on rewetting (Evenari et al. 1971;
Friedman et al. 1981). The ‘‘point of no return’’ (Evenari

et al. 1971), after which a seedling can no longer recover
from full desiccation, depends on the duration and rate of
dehydration (Friedman et al. 1981) and may be reached only
at a rather advanced stage of germination. For instance, bar-
ley seedlings with root lengths exceeding 4 cm and emerged
coleoptiles have been shown to survive severe desiccation
(Gutterman and Gozlan 1998).
In wild barley Hordeum spontaneum, seedling desiccation

tolerance varies between genotypes from different habitats
(Gutterman and Gozlan 1998; Zhang et al. 2002; Chen et al.
2004). Hordeum spontaneum, the recognized progenitor of
cultivated barley (Zohary 1969), is a diploid, self-fertilizing
annual grass species with generally low levels of outcrossing
(Brown et al. 1978) that occurs in Mediterranean and steppic
vegetation types in the Near East Fertile Crescent and pene-
trates into favorable desert microhabitats (Harlan and Zohary
1966; Zohary 1969; Nevo et al. 1979). Phenotypic and ge-
netic variation among Israeli H. spontaneum populations are
correlated to ecological and climatic factors (Nevo et al. 1984;
Snow and Brody 1984; Nevo et al. 1986), and local adapta-
tion at the regional scale is thought to be driven mainly by
a north-to-south gradient of decreasing amount and pre-
dictability of precipitation (Nevo 1992; Volis et al. 2002b).
Although desiccation tolerance conceivably confers a greater
fitness advantage in low-rainfall and low-predictability areas,
empirical evidence to date does not consistently show that
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genotypes from xeric populations show higher desiccation
tolerance than genotypes from mesic populations or even
commercial barley cultivars (Gutterman and Gozlan 1998;
Zhang et al. 2002; but see Chen et al. 2004).
In this study, we test the hypothesis that seedling desicca-

tion tolerance is affected by seed mass. In germinating barley
grains, water stored in the endosperm retracts toward the
embryo during desiccation, thereby reducing both the rate
and the degree of dehydration stress in the developing em-
bryo (Allen et al. 2000). This indicates that a larger endo-
sperm volume may confer better protection of the embryo, or
of basal meristematic tissue, against temporary drought. In
H. spontaneum, populations from xeric environments typi-
cally produce smaller seeds than populations from mesic en-
vironments (Nevo et al. 1984; Snow and Brody 1984; Volis
et al. 2002c), presumably because a trade-off between total
seed number and mean seed mass has different adaptive out-
comes in habitats that differ in predictability. It is thought
that more intense seedling competition in mesic habitats has
favored genotypes that produce big (but fewer) seeds,
whereas increased benefits of germination risk–spreading in
xeric habitats favored production of many (but smaller) seeds
(Volis et al. 2002a, 2002b). If seed mass affects desiccation
tolerance, then selection targeting the former trait will cause
a correlated response in the latter. As a result, and depending
on the strength of the association, variation in desiccation
tolerance among populations might not show the expected
correlation with water availability if selection on seed mass is
intense.
The hypothesis that desiccation tolerance is causally af-

fected by seed mass translates at the genetic level into the hy-
pothesis that there is at least partial overlap in the genetic
control of the two traits; there may be genes that only affect
desiccation tolerance, but the genes that affect seed mass
must also show an effect on desiccation tolerance. We used
a QTL (quantitative trait loci) approach to study the ge-
netic relationship between the two traits (Remington and
Purugganan 2003) and analyzed the F4 progeny of a H.
spontaneum cross between a big-seeded genotype from
a Mediterranean coastal population and a small-seeded geno-
type from an inland steppic population. In QTL analyses, as-
sociations are explored in a segregating population between
trait variation and allelic variation at genetic markers dis-
persed over the entire genome, thereby identifying chromo-
some regions on a linkage map that are responsible for trait
variation (Lander and Botstein 1989). Crossing and subse-
quent selfing of the progeny break up the specific combina-
tions of alleles that were present in the parental genotypes
(Falconer and Mackay 1996). Because of recombination and
segregation, many hybrid genotypes are created that possess
unique combinations of the two parental genomes. Unlinked
alleles are therefore not expected to remain consistently as-
sociated across the progeny population. The hypothesis of
shared genetic control, in contrast, predicts that seed mass
and desiccation tolerance remain associated despite recombi-
nation and segregation events. In the F4 progeny of our cross,
this should be reflected by (1) a significant correlation be-
tween line mean scores of the two traits across the recombi-
nant F4 genotypes; and (2) colocation on the linkage map of
at least some QTLs for the two traits.

Material and Methods

Plants

We analyzed the recombinant progeny of a cross between
a plant from a coastal Hordeum spontaneum population near
Ashqelon (AQ) and a plant from an inland population near
Mehola (ME), Israel (accessions 28–77 and 22–28 from the
Gene Bank of the Institute of Evolution, Haifa University,
Israel; an accession represents the selfed progeny from a sin-
gle seed collected in the field). The ME population is charac-
terized by fast-growing, early flowering plants that produce
many small seeds (Nevo et al. 1984; Elberse et al. 2003;
Verhoeven et al. 2004a, 2004b), typical of the steppic and
desert H. spontaneum ecotypes in Israel (Nevo et al. 1984;
Snow and Brody 1984; Volis et al. 2002a). Compared to
ME, plants from AQ produce bigger but fewer seeds and
flower later and grow taller, which is typical of Mediterra-
nean H. spontaneum populations in Israel (Nevo et al. 1984;
Snow and Brody 1984; Volis et al. 2002a). Annual precipita-
tion at both sites is low (AQ: 424 mm; ME: 270 mm; Nevo
et al. 1984); lower annual precipitation is associated with in-
creasing unpredictability of precipitation events (Jaffe 1988;
Volis et al. 2002b). Since the AQ and ME genotypes typically
differ in mean seed mass, recombinant progeny of the
AQ3ME cross are expected to show large genetic variation
for this trait, providing a suitable tool for assessing whether
and how seed mass affects seedling desiccation tolerance.
From the AQ3ME cross, 140 F2 individuals were self-

fertilized to yield 140 F3 families (described in H. Poorter
et al., unpublished manuscript). Ten plants per F3 family
were bulk propagated under greenhouse conditions by self-
fertilization, resulting in 140 seed batches that each represent
an F2-derived F4 family.

Desiccation Experiment

Dispersal units were deawned, leaving the lateral (sterile)
spikelets and glumes attached to the caryopsis; hereafter, we
will refer to these deawned dispersal units as seeds. After
storage at 40�C for 2 mo, seeds were weighed in batches of
16, yielding a mean seed mass score for each of the 140 F4
families and the two parental accessions. Seeds were surface
sterilized by submergence in 0.4% (w/v) sodium hypochlorite
for 5 min to minimize fungal infection during the experi-
ment, rinsed with demineralized water, and placed in 8.5-cm
petri dishes on filter paper moistened with 3.5 mL demineral-
ized water (16 seeds per petri dish, four dishes per geno-
type, 568 petri dishes in total). To synchronize germination,
petri dishes were kept at 4�C in darkness for 7 d and were
transferred to a growth cabinet (20�C, 16L : 8D, PAR
50–70 mmol m�2 s�1) for 4 d. Subsequently, germinated seeds
were transferred individually to marked positions in new
petri dishes on dry filter paper, and coleoptile length was de-
termined for each seedling. We only included seedlings with
coleoptile lengths exceeding 5 mm (on average 11.5 individu-
als per dish) and discarded less-developed seedlings that had
germinated late or grown slowly, in order to reduce variation
caused by (physiological) age differences between individuals.
Seedlings were dried for 6 d in open dishes at constant rela-
tive humidity of 30%–40% (20�C, in darkness), rewetted by
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adding 4 mL demineralized water to each petri dish,
and placed in a growth cabinet (20�C, 16L : 8D, PAR
50–70 mmol m�2 s�1). After 7 d, the fate of each individual
was determined; survivors were recognized by a turgid, green
basis of the coleoptile that indicated regrowth. The experi-
ment was carried out in four consecutive replicate blocks,
with each block containing one petri dish per genotype.

Data Analysis

Genotypic effects on seed mass were determined via uni-
variate ANOVA (Generalized Linear Models procedure in
SAS Institute 1997; four 16-seed mass scores for each fam-
ily). Survival probability of individual seedlings after desicca-
tion as affected by genotype and block effects was analyzed
using Generalized Linear Models (type III analysis with logit
link function and binomial error distribution; GENMOD
procedure in SAS). As survival probability is strongly depen-
dent on the seedling’s stage of development and may reach
an optimal value several days after the onset of germination
(Gutterman and Gozlan 1998), coleoptile length (at the start
of the desiccation treatment) and its quadratic value were in-
cluded in the analysis as covariates. To account for possible
dependence of responses within petri dishes, we modeled cor-
relations within the block3 genotype interaction, i.e., within
individual petri dishes, using the Generalized Estimation
Equation approach in the GENMOD procedure (SAS Insti-
tute 1997). Family mean values for desiccation survival prob-
ability were calculated as adjusted means in this model.
In order to compare the magnitude of genotypic effects on

seed mass and on desiccation survival probability, we also
analyzed survival probability at the petri dish level (i.e., pro-
portion of survivors per dish). Using dishes as replicates
(n ¼ 4), we calculated within-family and between-family var-
iance components for both traits via partitioning of the sum
of squares, and within-family and between-family covariance
components via partitioning of the sum of products. This
also permitted us to estimate the genetic correlation (ra) be-
tween seed mass and desiccation survival probability by di-
viding the between-family covariance component by the
square root of the product of between-family variance com-
ponents of the two traits (Falconer and Mackay 1996).
The relationship between family mean values for seed mass

and desiccation survival was analyzed using model 1 (ordi-
nary least squares) regression. Although both variables are
estimated with error and neither is under experimental con-
trol, model 2 regression was considered inappropriate, be-
cause the error variance in the estimates of the dependent
variable (survival probability) proved much larger than in the
estimates of the explanatory variable (seed mass; see ‘‘Re-
sults’’ section) (Legendre and Legendre 1998).

QTL Analysis

F2 progeny from the AQ3ME cross used in this study were
characterized for 196 AFLP and six SSR markers, and a ge-
netic linkage map was constructed as described in H. Poorter
et al. (unpublished manuscript). The map was estimated to
cover 55% of the entire genome, and a core map was derived
for QTL analysis containing 96 of the most informative and
equally spaced markers. Using F3 trait scores, this mapping

population has been used previously to map QTLs for seed
mass, growth rate–related traits, plasticity in growth traits,
and fitness traits (Verhoeven et al. 2004b; Elberse et al., in
press; H. Poorter et al., unpublished manuscript). In this
study, we searched for QTLs affecting seedling desiccation tol-
erance and seed mass using the MapQTL mapping software
(PRI, Wageningen, Netherlands). We used mean trait values
of each F4 family as estimates for their respective F2 grandpar-
ents and analyzed the data set as an F2 design. Interval map-
ping analyses were carried out, followed by composite
interval mapping (MQM) with markers near previously de-
tected likelihood of odds (LOD) peaks (>2.0) included in the
analysis as cofactors. The MQM procedure was repeated with
gradual addition of cofactors until the LOD profiles stabi-
lized, and the final LOD scores were determined using re-
stricted MQM. To control the type I error rate caused by
multiple tests during the genome scan, we used permutation
tests to set a LOD significance threshold for QTL detection
(van Ooijen andMaliepaard 1996). These tests indicated a 5%
mapwise error rate at LOD 3.3 and a 10% mapwise error rate
at LOD 2.9.

Results

The AQ and ME parents of the cross differed strongly in
seed mass. Seeds from the AQ parent were more than twice as
heavy as seeds from the ME parent (fig. 1A; accession effect in
univariate ANOVA: F1;6 ¼ 1002, P < 0:001). In the recombi-
nant F4 progeny, the among-genotype effect on seed mass re-
mained highly significant (family effect in univariate ANOVA:
F139;420 ¼ 13:8, P < 0:001). Of the total variance in seed mass
scores, 76% was partitioned among families. Survival proba-
bility after desiccation differed strongly between the parental
accessions (fig. 1B; table 1). More than 80% of the seeds from
the AQ parent survived the desiccation stress, whereas less
than 5% of the seeds from the ME parent survived. There was
also significant variation for desiccation tolerance between
the recombinant F4 families (table 1). The among-family vari-
ance component in observed survival proportions per dish
was 18% (25% after correction for variation introduced by
among-block variation); this indicates that the proportion of
the phenotypic variance that can be explained by genetic dif-
ferences is much smaller for desiccation tolerance than for
seed mass. For neither trait did we observe transgressive segre-
gation; all recombinant F4 families showed mean trait values
falling between the two parental scores (fig. 1).
The big-seeded AQ parent showed better survival after

desiccation than the small-seeded ME parent, and this posi-
tive association between seed mass and desiccation tolerance
was maintained in the F4 progeny (fig. 2). Although highly
significant, scatter around the regression line was consider-
able (r2 ¼ 0:08), and the regression slope was rather modest
compared with the differences in parental scores (see fig. 2).
The correlation of line means (r ¼ 0:28, P< 0.001) provides
an estimate of the genetic correlation between the two traits.
A slightly higher estimate of ra ¼ 0:36 was obtained from
analysis of the between-family covariance and variance com-
ponents for the traits.
Two QTLs for seed mass were detected around or below

the 5% mapwise error rate (fig. 3), together explaining 22.9%
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of the variation in family mean scores for mean seed mass
(QTL 1: chromosome 4, peak position 14.0 cM, LOD 3.21,
additive effect 5.6%, explaining 9.6% of variation in family
mean scores for seed mass; QTL 2: linkage group Ua, peak po-
sition 0.0 cM, LOD 4.23, additive effect 6.4%, explaining
13.3% of variation in family mean scores for seed mass). The
AQ alleles increased seed mass values at both QTLs. No sig-
nificant QTLs were found for survival probability after desic-
cation. LOD scores reached maximum values on linkage
groups 3a, 6, and Ua (LOD 2.16, 1.82, and 1.80 respectively).
One of these LOD peaks (on Ua) colocated with a QTL for
seed mass, with allelic effects in the same direction. The chro-
mosome region that affected seed mass on linkage group 4
showed no convincing effect on desiccation tolerance.

Discussion

Phenotypic Evidence

Our study showed high survival rates of Hordeum sponta-
neum seedlings that were subjected to 6-d desiccation stress

at a rather advanced stage of germination (Gutterman and
Gozlan 1998; Zhang et al. 2002; Chen et al. 2004) for the
big-seeded AQ genotype but not for the small-seeded ME ge-
notype. A genetic basis of variation in seed mass and desicca-
tion tolerance was indicated by significant genotypic effects
for these traits, both among the parental genotypes and
among the F4 progeny families. Note that our interpretation
of significant among-family variation as reflecting genetic dif-
ferences assumes that environmental causes of seed trait vari-
ation prior to the experiment were negligible. Per family, F4
seeds for the experiment were obtained from 10 F3 plants
that were bulk propagated in one large pot. Pots were not
replicated, and although the controlled greenhouse condi-
tions provided a rather uniform growing environment for all
plants, it is therefore possible that environmental gradients
during propagation affected among-family variation in F4
seed traits due to environmental differences in maternal (F3)
effects. However, evidence for true genetic differences be-
tween families comes from detection of significant QTLs for
seed mass; in QTL analysis environmental causes of among-
family variation are not expected to lead to significant re-
sults, since this variation will not be consistently associated
with a specific allele across all families.
The observation that family mean scores of the two traits

remained associated in the F4 progeny, despite recombination
and segregation, indicates that the inheritance of seed mass
and desiccation tolerance is not fully independent: at least
some genes controlling the two traits are either closely linked
on the chromosomes, or they are, indeed, the same genes.
Our crossing design (AQ3ME and three subsequent genera-
tions of selfing) cannot distinguish between these two op-
tions, because quite large segments of chromosomes may
remain associated, but this result is certainly consistent with
the hypothesis that seed mass affects seedling desiccation tol-
erance. The apparent weakening of the association between
seed mass and desiccation tolerance from the parental gener-
ation to the recombinant F4 families (fig. 2) is consistent with
partial, and not complete, overlap in genes controlling the

Fig. 1 Histograms showing mean seed mass (A) and survival

probability after desiccation (B) for the 140 F4 families from the
AQ3ME cross. Arrows indicate accession mean scores for the two

parents.

Table 1

Survival Probability after Desiccation of the AQ and ME Parental
Accessions and the Recombinant F4 Progeny Families as

Affected by Coleoptile Length (Linear and
Quadratic), Block, and Genotype

df x2 P

Parents:
Length 1 2.57 0.109

Length2 1 2.01 0.156

Block 3 3.70 0.296

Accession 1 7.85 0.005
F4 progeny:

Length 1 2.10 0.147

Length2 1 5.74 0.017

Block 3 85.59 <0.001
Family 139 200.65 0.001

Note. Score statistics from Generalized Linear Models (General

Estimation Equation approach). Deviance values indicated a good
fit of the overall models (parents: D ¼ 62:9, df ¼ 81, corresponding

x2 ns; F4 progeny: D ¼ 7612, df ¼ 6139, corresponding x2 ns).
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two traits. If there is segregation not only at loci that control
both traits but also at independent loci that control just one
of the traits, then extreme genotypes for one trait (i.e., geno-
types possessing all trait-enhancing or all trait-reducing
alleles at the polymorphic loci controlling this trait) will
generally not be extreme for the other trait as well. This is
exactly what we observed; the slope of the regression line of
survival probability on mean seed mass in the recombinant
F4 progeny was less steep than the slope connecting the par-
ents (fig. 2), which possessed extreme genotypes for both
traits, as indicated by the lack of transgressive segregation
(fig. 1). Our phenotypic analysis therefore suggests that some
chromosome regions affect both seed mass and desiccation
tolerance and that other regions may affect only seed mass or
only desiccation tolerance.

QTL Evidence

As expected from the analysis of the parental phenotypes,
the AQ alleles significantly increased seed mass scores at the
two QTLs detected for this trait. In the F3 progeny of the
same AQ3ME mapping population, several seed mass QTLs
were detected that we did not pick up in this study (Verhoeven
et al. 2004b; Elberse et al., in press; H. Poorter et al., unpub-
lished manuscript; typically showing beneficial effects of AQ
alleles). Some of these previously detected QTLs colocated
with LOD peaks in our analysis that did not reach the signifi-
cance threshold (fig. 3). Poor overlap in seed mass QTLs be-
tween studies can be partly caused by differences in
experimental conditions for maternal plants and by the use of
different measures for seed mass between studies (e.g., mass
of entire dispersal units in some studies compared with
cleaned kernels in others). But even for truly identical traits,
QTLs of small effect are often not consistently detected over
replicate experiments because of sampling effects and limited
statistical power (Beavis 1994). The combined results of the
studies using the AQ3ME mapping population strongly indi-

cate that seed mass variation is controlled by many genes of
modest effect, which is similar to the genetic control of seed
mass in Arabidopsis thaliana (Alonso-Blanco et al. 1999),
with mass-increasing alleles at nearly all polymorphic loci
brought together in the AQ genotype.
We did not detect QTLs for desiccation survival probabil-

ity, despite pronounced and highly significant variation for
this trait between the parents and also among the F4 progeny
families. It seems unlikely that this among-family effect is
caused by other factors than nuclear genetic variation, such
as environmental or maternal effects, because environmental
conditions during propagation and in the randomized experi-
ment were well controlled and because all families in the
mapping population shared the same maternal ancestry. We
therefore believe that QTLs for this trait must be segregating
in the mapping population. Failure to detect QTLs in our
study can be caused by inadequate statistical power. Notably,
survival-probability measurements showed a much larger
error variance than did seed mass measurements. Environ-
mental effects typically have lower impact on mean seed
mass than on other fitness-related traits in H. spontaneum
(Volis et al. 2002c). Also, QTLs are conceivably missed be-
cause of the incomplete genome coverage of the chromosome
map used (H. Poorter et al., unpublished manuscript).
Given the absence of QTLs detected for desiccation toler-

ance, the QTL results cannot support the hypothesis that
seed mass causally affects desiccation tolerance. The absence
of an effect on desiccation tolerance of the QTLs that were
detected for seed mass (linkage groups 4 and Ua) would even
argue against this hypothesis. However, as the seed mass
QTLs showed effects of modest strength (each QTL explain-
ing <15% of observed variation in family mean scores), it is
unclear whether the absence of significant effects on desicca-
tion tolerance reflects true absence or inadequate statistical
power. Notably, one seed mass QTL on linkage group Ua co-
located with one of the three highest (but nonsignificant)
LOD peaks for desiccation tolerance.

Ecological Implications

Our phenotypic analysis revealed a genetic correlation be-
tween seed mass and tolerance to short but severe desiccation
that is based on close linkage or shared genes, but our QTL
analysis could not confirm this at the genetic level. Because
the observed correlation between the two traits did not sug-
gest full overlap in their genetic control, the traits will be
partly independent in their responses to selection. However,
the genetic association indicates that the traits cannot evolve
completely independent of each other: selection targeting one
trait will cause a correlated response in the other (Arnold
1992). The generality of the positive association between
seed mass and desiccation tolerance can only be established
by additional tests. Clearly, QTLs for desiccation tolerance
that we did not detect in our experiment may segregate in
natural H. spontaneum populations, and such QTLs may or
may not be associated with seed mass. For instance, expres-
sion of desiccation tolerance is highly dependent on seedling
age (Gutterman and Gozlan 1998), and genes that cause vari-
ation in desiccation tolerance only at an earlier stage of ger-
mination than tested in our experiment will have remained

Fig. 2 Relation between seed mass and desiccation tolerance

expressed as survival probability after the desiccation treatment in the

F4 progeny of the AQ3ME cross. Regression analysis based on family
mean values (n ¼ 140). The two large circles indicate the two parents

(not included in the regression analysis), connected by a dashed line

for comparison with the regression slope in the F4 progeny.
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Fig. 3 Chromosomal locations of loci for survival probability after desiccation (top panels) and seed mass (bottom panels). At each position on

the linkage map, the 140 families are grouped according to their genotype at that position (AQ homozygote, ME homozygote, or heterozygote),
and locus-specific phenotypic values are estimated for each genotype from the observed data (right Y-axis). The LOD test statistic (left Y-axis)
indicates the probability that an allelic substitution affects the phenotypic value. Likelihood of odds (LOD) scores above a significance threshold of

2.9 (dashed line) indicate the presence of a Qualitative Trait Loci (QTL) at an adjusted a level of 0.10. Each panel represents one linkage group of

the molecular marker map (H. Poorter et al., unpublished manuscript), with marker positions indicated along the X-axis. Numbers refer to the
seven chromosomes. Two small linkage groups were unassigned (Ua, b). QTLs detected in this study are highlighted as horizontal filled bars, with

boxes and whiskers indicating 1 LOD and 2 LOD support intervals, respectively, that correspond roughly to 90% and 95% confidence intervals

for LOD peak location (van Ooijen 1992). Open bars indicate QTL positions for seed mass that were detected previously using the same AQ3ME

mapping population (see text).



unnoticed. Also, the AQ and ME parents of our cross may not
have been polymorphic for part of the desiccation tolerance
genes, which precludes their detection in QTL analysis. How-
ever, if the positive association between seed mass and desic-
cation tolerance that we detected in our study does reflect
a general phenomenon, then indirect selection of desiccation
tolerance via selection targeting seed mass may be nontrivial
in natural populations, since seed mass is considered an im-
portant adaptive trait (Harper et al. 1970; Silvertown 1989).
Selection pressures favoring big seeds in dry environments
would reinforce desiccation tolerance, while selection pres-
sures favoring small seeds would counteract desiccation toler-
ance. Fitness benefits of big seeds via a positive effect on
seedling establishment and competitive ability are well docu-
mented (Stanton 1984; Giles 1990; Houssard and Escarré
1991; Volis et al. 2002a). Big seeds are thought to be particu-
larly advantageous in arid environments because their larger
seedling size allows deeper penetration of drying soil (Baker
1972; Schimpf 1977; Wulff 1986; Lloret et al. 1999; Schütz
et al. 2002). Our study of desiccation tolerance indicates an
additional advantage of big seeds in arid environments. How-
ever, negative correlations between seed mass and other eco-
logically relevant traits such as dispersal ability, persistence in
the soil bank, and seedling relative growth rate (as suggested
in interspecific studies; Marañón and Grubb 1993; Thompson
et al. 1993; Westoby et al. 1996), and between seed mass and

the total number of seeds that a plant produces (the offspring
size vs. number trade-off; Smith and Fretwell 1974), may
override the positive fitness consequences of big seeds. The
seed size–number trade-off plays a particularly important role
in ecotypic differentiation of H. spontaneum; selection is
thought to have favored production of more, but necessarily
smaller, seeds in more xeric environments because this can
aid in germination-risk spreading (Volis et al. 2002a, 2002b).
The fitness advantage of producing many seeds may outweigh
the drought-tolerance advantage of big seeds, causing a con-
straint in adaptive evolution of desiccation tolerance to the
extent that the two traits cannot vary independently of each
other.
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