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Climate change is a major environmental stress threatening bio-
diversity and human civilization. The best hope to secure staple food
for humans and animal feed by future crop improvement depends
on wild progenitors. We examined 10 wild emmer wheat (Triticum
dicoccoides Koern.) populations and 10 wild barley (Hordeum spon-
taneum K. Koch) populations in Israel, sampling them in 1980 and
again in 2008, and performed phenotypic and genotypic analyses
on the collected samples. We witnessed the profound adaptive
changes of these wild cereals in Israel over the last 28 y in flowering
time and simple sequence repeat allelic turnover. The revealed evo-
lutionary changes imply unrealized risks present in genetic resour-
ces for crop improvement and human food production.
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In recent decades there have been increasing concerns about
the future of food production influenced by climate change (1-
7) to feed a fast growing world population reaching 9-10 billion
by 2050 (8). Aridization has alarmingly increased in summer,
resulting in dry regions of wheat growing areas, particularly in
the Americas, Asia, and Africa, and in the area of origin and
diversity of wild emmer wheat in the Near East (9). Cultivated
wheat, the number one world food staple, is genetically impov-
erished by long-term selective breeding (10). The wild progeni-
tors of cultivated cereals, especially wild emmer wheat Triticum
dicoccoides Koern. (TD) (9) and wild barley Hordeum sponta-
neum K. Koch (HS) (11), have become eroded by urbanization
and agriculture (12). Both progenitors are rich in genetic
resources adapted to abiotic (e.g., solar radiation, temperature,
drought, and mineral poverty) and biotic (e.g., pathogens and
parasites) stresses. These progenitors are the best genetic hope
for improving genetically impoverished cultivars for human food
production (9-17). Thus, it is crucial to evaluate the evolutionary
adaptation in natural populations of the progenitors under cli-
mate change and to understand the hidden risk in human food
security. Here we examined 10 TD populations and 10 HS
populations in Israel from 1980 and again in 2008 and performed
phenotypic and genotypic analyses on the collected samples. We
witnessed the profound adaptive changes of these wild cereals in
Israel over the last 28 y in flowering time (FT) and simple se-
quence repeat (SSR) allelic turnover.

Results

Phenotypic Analysis. In a greenhouse experiment, we compared
the time from germination until flowering of ~800 genotypes in
20 natural populations from different habitats and climates that
were subjected to 28 y of climate change. The sampled pop-
ulations (16, 17) were distributed across 350 km of their Israeli
range (SI Appendix, Fig. S1 and Table S1). A total of 57 in-
dependent pair-wise comparisons were made under dry (300
mm) and wet (600 mm) irrigation regimes. Dramatically, in all
TD and HS populations, without exception, the 2008 populations
reached FT earlier than those collected in 1980 (Sign test, P <
107'%). All populations displayed earliness (Fig. 1). Remarkably,
the shortening of FT was highly significant in all 20 populations.
The normal approximation for each population tested separately
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by a Wilcoxon rank-sum test, was —6.023 > z > —9.082 in TD and
—5.939 > z > —8.855 in HS. For each population the significance
was at least P < 1075,

The shortening of FT was greater in HS than in TD. The average
shortening for each population after the 28-y period in TD was
8.53 d (range, 7.19-10.45 d), whereas in HS it was 10.94 d (range,
8.21-17.26 d) (SI Appendix, Table S2). The difference between
species was significant (Wilcoxon rank-sum test, P < 0.01).
Greenhouse plants under 600 mm flowered significantly earlier
than those under 300 mm. This environmental effect, about 10-
times weaker than the genetic difference in FT, was caused pre-
sumably by climate change. In TD the greenhouse difference
between wet and dry was —1.07 (median), ranging from —2.60
to +0.57 d (P = 0.02 by Wilcoxon matched-pairs signed-rank test,
n = 19). In HS the difference was —0.775 (median), from —1.80
to +0.13 d (P < 0.01 by the same test, n = 18). The effect was
weaker in HS than in TD.

We ran Spearman rank correlations of FT on environmental
and demographic parameters in nature (16, 17), with the exclu-
sion of the outlier population of Mt. Hermon because of its
unique cold and rainy steppe in contrast to all other hot Israeli
steppes (16). In the greenhouse, the FT was correlated in TD in
both 1980 and 2008, but the interannual difference was not. In
TD the FT of 1980 and 2008 was correlated with population size
(r¢ = -0.87**, —0.87**), population marginality (-0.67*%,
—0.87**), soil type (—0.55, —0.82**), number of rainy days
(=0.76*, —0.77*), and number of dew nights (—0.75*, —0.88**),
respectively. The response to climate change during 1980-2008
showed a nonsignificant correlation with relative rainfall variation
(0.55) and annual rainfall (—0.40). In HS, the FT of 2008 was
correlated with rainfall (0.630%; P = 0.07) and plant formation
(0.79%). The FT of 1980 and the difference were nonsignificantly
correlated with mean August temperature (0.41 and 0.48, re-
spectively). The higher environmental correlations in 2008 may
suggest stronger adaptation.

SSR Analysis. We performed a SSR marker analysis (18) of about
15 individual samples for each population of the two wild cereals in
both sampling periods (SSR primers are described in SI Appendix,
Table S3). Both wild cereals revealed remarkable genetic di-
vergence, much more in TD than in HS populations (Fig. 2), in
response to 28 y of climate change. Allele depletion in 2008
compared with 1980 was found for both wild cereals (SI Appendix,
Table S4). In TD the total allelic count in 1980 was 318 alleles vs.
290 alleles in 2008, a highly significant reduction of 28 alleles
(8.8%; P < 0.0001). Population allelic counts in 1980 were 113-173
alleles, whereas counts in 2008 were 104-157 alleles. The largest
reduction was —46 alleles (Sanhedriyya). Seven populations
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Fig. 1. Differences in FT (days) of wild emmer wheat and wild barley collected in 1980 and in 2008. (A) The FT differences in 10 wild emmer wheat populations.
(B) The FT differences in 10 wild barley populations. The x axis shows populations numbered from north to south. The y axis shows days from germination to

flowering.

showed reductions and three populations showed increases in al-
lelic counts. In HS, the total allelic count in 1980 was 319 alleles
and 309 in 2008, which shows a nearly significant (P = 0.082) re-
duction of 10 alleles and the same reduction trend as in TD. The
population counts in 1980 were 94-144, whereas in 2008 it was
82-149 alleles. The largest reduction was —57 (Mt. Hermon). Six
populations showed an allelic reduction and four populations
showed an allelic increase. In TD, allele reduction was negatively
correlated with altitude (—0.854*), humidity (—0.673*), and nearly
significant with plant formation (—0.568%). In HS, without the Mt.
Hermon population, the difference was positively correlated with
rainfall (0.790*) but negatively correlated with evaporation
(—0.692*) and plant formation (—0.867**).

There are sharp genetic differences in allele frequencies within
and between the two wild cereals (SI Appendix, Figs. S2 and S3,
and Table S5). In all TD populations there was at least one new
allele that reached fixation (frequency 1) and at least one fixed
allele that was lost. In contrast, in HS a new allele reached fix-
ation in one population (Mehola) only, and a fixed allele was lost
in three populations (Rosh Pinna, Eizariya, and Mehola). The
average frequency of the new alleles was 0.474 (0.363-0.805) in
each TD population and 0.193 (0.151-0.244) in HS. The differ-
ence between the two wild cereals was significant (P < 0.01;
Wilcoxon rank-sum test). Interestingly, the lost and newly in-
troduced alleles were widely distributed over the chromosomes,
but the lost alleles became smaller in size than the new alleles for
both crops (SI Appendix, Tables S6 and S7). Remarkably, the
total variance present between 1980 and 2008 was 20.4% in TD
against only 4.4% in HS (SI Appendix, Table S8). Overall, the
SSR response of TD to climate change was much stronger than
that of HS during the 28 y studied, where global warming was
ongoing based on the Meteorological Service reports (6, 7).
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Discussion

This comprehensive study on adaptive changes of the progenitors
of cultivated wheat and barley under climate change is unique.
Climate change, and its ramifications, is the only likely factor that
could have caused earliness and allelic SSR turnover across the
20 populations (10 TD and 10 HS), across 350 km from north to
south Israel. Notably, in Israel and other world hot and dry
environments, the most important climatic factors are highly
intercorrelated, with no possibility to disentangle them. The fol-
lowing climate scenarios were projected for Israel by the year
2100 (6, 7): (i) an increase of average temperature from 1.6 °C to
1.8 °C; specifically, 1.5 °C before 2020 and 3.5 °C in 2071-2100
were predicted compared with the years 1961-1990; (ii) a 10%
reduction in precipitation by 2020 and a 20% decrease by 2050;
(iii) a 10% increase in evapotranspiration; (iv) delayed winter
rains; (v) increased rains intensity and shortened rainy seasons;
(vi) greater seasonal temperature variability; (vii) increased fre-
quency and severity by extreme climate events; (viii) greater
spatial and temporal climatic uncertainty; and (ix) a tendency
toward a more arid climate in Israel, conforming with In-
tergovernmental Panel on Climate Change predictions (7). These
predictions were based on climatic changes during 1960-1990 (7)
and on facts of increased anthropogenic CO, emissions from 50
million tons in 1996 to 65 million tons in 2007. The constant
increase in CO, because of energy production will accelerate the
sophisticated effects of all climatic factors, such as temperature,
rainfall, and evaporation, as observed in Israel (6, 7). There are
no specific data for climate change available on all of the studied
populations, reflecting the inherit limitation of this study. How-
ever, additional assessments on the climate change trends in Is-
rael showed a rising temperature and declining rainfall over the
last 30 y (SI Appendix, Figs. S4-S6), which aligns well with the
climate change predictions above. Moreover, the existing climate
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Fig. 2. Genetic associations of individual wild emmer wheat and wild barley plants, as revealed by the principle coordinates analysis of SSR markers. (4) The
associations of 143 and 149 individual samples collected in 1980 and in 2008 of the 10 wild emmer wheat populations, respectively. (B) The associations of 148
and 148 individual samples collected in 1980 and in 2008 of the 10 wild barley populations, respectively.
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data in 1980 and 2008 imply that climate differences between the
two years were representative of overall trends (6, 7). Greater
responses to climate change in the xeric compared with mesic
populations are expected and empirically confirmed here.

The assayed natural populations of wild cereals were exacer-
bated from 1980 to 2008, and surprisingly behaved essentially the
same in phenotypic and genotypic SSR responses, presumably
because of climate change in Israel. To our knowledge, no other
factors, other than global warming in Israel, would induct such
essentially similar behaviors for many natural populations across
Israel. Without exception, the earliness across Israel, both in
mesic and xeric habitats, underlines a major effect of climate
change on wild cereals, paralleling earliness in other species (3)
and negating neutrality. FT is selected in the major cereals.
Heading date/FT is an important criterion for regional adapta-
tions and yield in all cereals. The control of heading date is
critical for reproductive success and has a major impact on grain
yield in Triticeae (15). This finding also includes wild cereals that
display adaptive lateness (Mount Hermon) or earliness (Samaria
steppes), indicating the existence of genetic variation and se-
lection of FT (15, 19). Total earliness in both wild cereals across
Israel is a red light that may predict the future extinction of these
precious genetic resources (9, 11). Climate change appears to be
already affecting global wheat production, with an estimated
5.5% yield decline from warming since 1980 (4). Climate change
impact on wild-crop relatives shown here necessitates the con-
tinuous efforts for in situ and ex situ conservation of these im-
portant genetic resources for future crop improvement. Total
earliness in flowering indicates escape from an increasing
drought (20), as is also true spatially across Israel, where xeric
populations flower much earlier than mesic ones (9), thereby
shortening the growth period. Eventually, grain yield will be re-
duced and food production decreased (4).

The SSR results are also instructive (SI Appendix, Tables S1
and S3-S8), because SSRs are substantially important in gene
regulation (21, 22). The general depletion of regulatory genetic
diversity (SI Appendix, Table S7) may lead to deterioration of
environmental adaptation. Importantly, the SSR variance in re-
sponse to climatic change was clearly higher in TD than in HS
(20% vs. 4% between years and samples, respectively). Re-
markably, specialist TD significantly suffered more genetic re-
duction than generalist wild barley, which is more adapted to
climatic extremes (penetrating into the desert) and fluctuations
than wild emmer (9). The former is more restricted geo-
graphically, climatically, and edaphically than the latter (16, 17).
Nevertheless, some new alleles detected in both wild cereals
(SI Appendix, Table S7) may be adaptive and valuable for
breeding. Similarly, the genotypes/populations that displayed
high yield under the stressful regime (300 mm) may prove valu-
able in breeding for higher drought tolerance. Although more
points of comparison might be desirable, we are confident that
the cereal adaptation found in Israel reveals the general pattern
of wild cereals in the Near East Fertile Crescent.

The earliness of the wild cereals discovered here is not an
exception for Israel, but is rather general to the growth perfor-
mance of current and future cultivars around the world—as well
as elsewhere—under hot and dry environmental stresses (3).
Increasing risk from climate change will affect human food
production (4). Thus, only the use of new adaptive evolving ge-
netic resources may bring the best hope to secure food for
humans and animals in the future. Both wild cereals in the Near
East Fertile Crescent, particularly in northern Israel (9, 12, 16),
are rich in adaptive genetic resources against abiotic (e.g.,
drought, cold, heat, salt, and mineral scarcity) and biotic (viral,
bacterial, fungal, and herbicide) stresses, and with high quantity
and quality storage proteins (glutenins, gliadins, and hordeins),
amylases, and photosynthetic yield (9-14, 16, 17) (see also E.N.’s
list of wild cereals at http://evolution.haifa.ac.il). Most of these
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resources, and many others, are yet untapped and are valuable
for crop improvement (9-14, 16, 23). The current rich genetic
map and detected quantitative trait loci of TD (24) and that of
HS (25) permit the unraveling of beneficial alleles of candidate
genes, but an effective marker-assisted selection could enhance
the introgression of useful alleles into cultivated wheat.

The reported impact of climate change (1, 2) and the extensive
and impressive fingerprint of climate change on wild animals and
plants (26) alert mankind to an uncertain future. The potential risk
of losing precious genetic resources should be balanced by using
presumably adaptive novelties in breeding programs for earliness
and drought resistance that were derived from climate change dur-
ing 19802008 (see also ref. 20). This need for balance is particularly
true in an increasing world population, where hunger is prevalent,
water and fertile land resources are limited, and desertification and
salinization are dramatically increasing. We can advance from the
green revolution to the gene (27) and genomic revolution (28) if we
appreciate both the red and green lights highlighted by the current
status of our wild cereals derived from climate change.

Materials and Methods

Sampled Populations. We compared and contrasted 10 populations of wild
emmer wheat (TD) and 10 populations of wild barley (HS) spread across 350 km
from Mt. Hermon in the north to Sede Boger in the south in Israel. S| Appendlix,
Fig. S1 displays the geographical distribution of the populations. Seeds were
collected first in 1980 and again in the same sites in 2008, after 28 y of global
warming. S/ Appendix, Table S1 lists the studied populations from north to
south with their annual rainfall and temperature. Statistical significance is
symbolized by: @, P < 0.10; *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Greenhouse Experiment. We conducted a phenotypic assessment of 20 gen-
otypes in each population by testing in two irrigation regimes (dry, 300 mm
and wet, 600 mm) with two repeats for the dry regime and one repeat for the
wet regime. All 800 genotypes were grown in a greenhouse at the Aaronshon
Experimental Farm near Atlit in winter-spring 2008-2009. The genotypes of
1980 have been propagated several times to retain full germination. The
greenhouse planting followed a randomized split-plot factorial (genotype x
irrigation regime) block design (29). Several parameters were recorded, in-
cluding flowering time from germination, biomass, and seed weight.

SSR Analysis. About 15 individual samples for each population of emmer
wheat or wild barley in either sampling period were randomly selected.
Young leaf tissues were collected for DNA extraction and quantification as
described previously (30). SSR analysis (18) was performed using 32 wheat
and 29 barley SSR primer pairs (S/ Appendix, Table S3), as described pre-
viously (30-32). These applied SSR markers should sample both transcribed
and nontranscribed chromosomal regions of wild emmer wheat and wild
barley genomes (S/ Appendix, Table S3). Duplicated samples were also ap-
plied to each gel to minimize scoring errors, and DNA fragments were
manually scored as 1 for presence or 0 for absence.

SSR Data Analysis. SSR data of each species were analyzed essentially fol-
lowing those described previously (10, 33) with respect to allele poly-
morphism, allelic count difference, variation partition, and individual
sample association. One exception is that the Shannon entropy of each
marker was calculated, as previously described (34), to estimate the di-
versity content per locus.

Contrast and Correlation Analyses. Phenotypic and genotypic data among
populations and crops were compared and tested with respect to population,
sampling period, and species, using the Wilcoxon rank-sum test (35). Correlations
of phenotypic and genotypic data with environmental factors or population
features were performed for each species using the Spearman rank test (35).
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