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Abstract
Climate change affects the evolutionary potential and the survival of wild plant populations by acting on
fitness traits. Resurrection approach was applied to investigate the phenotypic changes during the
evolution of the wild progenitor of cultivated barley, Hordeum spontaneum K. Koch in Jordan. We
compared 40 Hordeum spontaneum K. Koch populations collected in Jordan in 1991 with 40 Hordeum
spontaneum K. Koch populations collected from the same sites in 2014. In the comparison we included
seven Hordeum vulgare checks (one local landrace and six improved varieties). The analysis of the
phenotypic data showed that the populations were aggregated according to their ecological geographical
pattern in two groups with a significant (p < 0.0001) correlation between groups. Four heritable traits,
namely plant height, biological yield, number of tillers, and awn length, determined the phenotypic
structure of the populations. The two populations collected at 23 years distance, diverged in two
distinctive phenotypic structure categories; a conserved structure and an evolved structure with a
reduction in the phenotypic trait diversity in the population collected in 2014. These results reveal the
value of combining phenotypic and environmental data to understand the evolution and adaptation of
the population to climate change over a long period and the consequences on the wild progenitor of
cultivated barley collection to avoid loss of genetic materials.

Key Message
Wild relatives’ evolution is considered as one of the main kinds of response and adaptation of natural
stresses. This study demonstrates the response of wild barley Hordeum spontaneum to natural selection
over a period of 23 years.

Introduction
Climate change threatens crop production and biodiversity (Lobell et al. 2011; Osborne et al. 2013),
causing increasing concerns about the ability of food production to meet the needs of a fast-growing
world population expected to reach 9–10 billion by 2050 (UN, 2015). Crop wild relatives (CWR) and
progenitors may play an important role in raising agricultural productivity and sustainability (Lala et al.
2018). The value of CWR as actual or potential donors of genes has been estimated in $115 billion per
year worldwide in increased crop yields (Pimentel et al. 1997). Around seven hundred species out of
estimated 50,000 to 60,000 crop and CWR species are considered of the highest global conservation
priority (Maxted and Kell 2009). Despite their high potential value, climate change, loss of habitat (Jarvis
et al. 2008; FAO 2013), and inadequate conservation, threaten many CWR species and their genetic
diversity (Vincent et al. 2013). Phenotypic and genetic variation harbored by CWR along with their
distribution range are the key to adapt and build resilience to ever changing environmental conditions
(Frankham et al. 2010). Weather fluctuations play an important role in determining the vulnerability of the
CWR’s populations conserved in situ. Most of the studies of the changes of CWR genetic diversity over
time used accessions conserved in gene banks (van de Wouw et al. 2010; Thormann et al. 2015). Few
studies used the resurrection and re-collection approach (Franks et al. 2017) that allows the study of
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contemporary evolution and understand whether there have been evolutionary responses to
environmental changes. The approach applied to changes in genetic diversity is useful to test the
effectiveness of ex situ as compared to in situ conservation. (Che et al. 2011; Greene et al. 2014).

Barley (Hordeum vulgare L.) is one of the oldest domesticated crops (Zohary et al. 2012), presently one of
the most important feed and food cereal ranking fourth for area harvested and production quantity after
wheat, maize, and rice. It is the predominant cereal crop in marginal and drought prone areas in
temperate environments, where other crops perform poorly or fail to survive. Therefore, in many non-
tropical dry areas it is the only possible rainfed crop that farmers can grow (Ceccarelli, 1994). Barley
domestication took place in the Fertile Crescent (Harlan and Zohary 1966), and the Jordan Valley has
been considered as one (although not the only) center of domestication (Badr et al. 2000; Mascher et al.
2016).

H. vulgare ssp. spontaneum (K. Koch) (hereafter referred to as H. spontaneum) is the wild progenitor of
cultivated barley from which it differs for traits associated with the domestication process (Paterson et al.
1995). It is a valuable source of useful genes for crop improvement such as yield (von Korff et al. 2006),
plant height under drought stress (Baum et al. 2003), drought and high temperature tolerance (Chen et al.
2008; Shakhatreh et al. 2010; Lakew et al. 2011, 2013), leaf-scald, and leaf rust resistance (Backes et al.
2003; Genger et al. 2003; von Korff et al. 2005; Repkova et al. 2006), seminal root characteristics (Grando
and Ceccarelli 1995), and straw quality characteristics (Grando et al. 2005). The wild progenitor of barley
is adapted to a broad range of eco-geographical conditions (Ivandic et al. 2002) despite its narrow
geographical distribution that extends from 30° N to 40°N (Haas et al. 2019).

Evolutionary changes in wild plants communities distributed over a range of different environments such
as the progenitor of cultivated barley, are caused by a combination of gene flow, genetic drifts, and
selective evolutionary forces (Levin 1988; Barrett and Kohn 1991), such as divergent selection and local
adaptation (Linhart and Grant 1996; Gram and Sork 2001). Environmental gradients can create
contrasting selective pressures due to intra- and inter-specific competition (Fowler 1986; Linhart 1988)
that shapes the genetic structure of plant populations because of environmental variables (Nevo 2001;
Andrew et al. 2010; Jump and Peñuelas 2005; Michalski et al. 2010; Shi et al. 2011).

The correlation between genetic structure and eco-geographical diversity may not hold for all species and
habitats (Maxted et al. 2008), such as wild oat in Jordan (Al-Hajaj et al. 2018). The genetic structure of H.
spontaneum had been characterized across its distribution range (Russell et al. 2011; Jakob et al. 2014).
An association between genetic diversity and environmental gradients and variables is reported in several
studies (Baum et al. 1997; Pakniyat et al. 1997; Gupta et al. 2002; Liviero et al. 2002; Chen et al. 2004;
Batchu et al. 2006). In Jordan, Shakhatreh et al. (2010) reported a correlation of genetic and phenotypic
diversity with ecogeographical factors, while Thormann et al. (2016) reported that population genetic
structure, spatial location, and climate were not correlated.

Jordan is in the transition zone, between arid and semiarid zones, with approximate distance of 350 km
between the northern and the southern borders. It is characterized by arid climate, long dray season, and
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insufficient precipitation with an annual rainfall ranging from 50 mm in southern and eastern desert
regions, to 600 mm in the north-western mountains. (Dahamsheh and Aksoy 2007), resulting in a
substantial spatial variation of aridity over a short geographic distance, including changes in the flora
composition (Zohary 1973; Freiwan and Kadioglu 2008). In addition to its climatic diversity, Jordan is
home to H. spontaneum and therefore well suited to study the diversity of the wild progenitor of
cultivated barley in space and in time.

Many studies assessed the diversity of H. spontaneum in Jordan (Shakhatrah et al. 2010; Baloch et al.
2016; Shakhatreh et al. 2016; Thormann et al. 2016) and reported that Jordan is an important center of
diversity of H. spontaneum (Baek et al. 2003).

The main objective of this paper is to expand the previous studies by comparing two large collections of
H. spontaneum from Jordan made at 23 years distance from each other to investigate the effects of
bioclimatic gradients on the phenotypic diversity. Additional objectives of this study are a) to obtain a
better understanding of the structure of H. spontaneum collection in different climatic regions of Jordan
and the effect of bioclimatic variables during the time interval, b) what is the strength of the structure
pattern of germplasm in the two collection years, and assessing the potential of using ex-situ
conservation; c) how does the measures of climate change associate with the changes in phenotypic
traits.

Methods

Plant materials
The genetic material consisted of 91 barley entries including 84 populations of H. spontaneum, collected
at two different times from 42 different collection sites in Jordan, one two-row landrace (Baladi), and six
improved barley cultivars, three of which two-rows (Kv, Muta’a and Yarmouk) and three six-rows (Rum,
ACSAD 176 and Athrouh). Of the eighty-four H. spontaneum populations forty-two were collected from 17
May to 5 June 1991 by the National Agricultural Research Center (NARC) in collaboration with the
International Center for Agricultural Research in the Dry Areas (ICARDA) and forty-two were collected
between 15 April and 15 June 2014 from the same sites where the collection was done in 1991. The
original 1991 seed samples were stored for long term in sealed aluminum foil bags, in a standard
household deep freeze at − 18°C. The detailed data about the collection sites visited in 1991 included
geographical coordinates (latitude and longitude) and made it possible to repeat the collection in 2014
from the same sites. The populations were clustered into five groups (Table 1) according to bioclimatic
zones in Jordan (WorldClim at http://www.worldclim.org/bioclim). The year of collection are hereafter
referred to as collection time T1 = 1991 and collection time T2 = 2014.
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Table 1
List of 40 Hordeum vulgare subsp. spontaneum populations according to bioclimatic zones in Jordan
Population Name Zone Province Location Altitude Longitude latitude

1 Arid med,cool Mafraq West Mafraq 745 36 11 32 19

2 Arid med,cool Mafraq Bal'ama 660 36 03 32 13

3 Arid med,cool Amman Al Castal
village

770 35 56 31 43

4 Arid med,cool Karak Al Gdieda
village

935 35 50 31 17

5 Arid med,cool Karak Aie 960 35 38 31 07

6 Arid med,cool Tafila Abour 1335 35 42 30 46

7 Arid med,Warm Mafraq Al Zatari 700 36 17 32 17

8 Arid med,Warm Tafila Aimah village 860 35 32 30 51

9 Semi arid med, cool Tafila Al Rashadieh 1450 35 34 30 42

10 Semi arid med, cool Tafila Ain El Bieda 1140 35 37 30 46

11 Semi arid med, cool Tafila Al La'aban 685 35 40 30 53

12 Semi arid med, cool Ma'an Shoubak
Agri.

1450 35 32 30 31

13 Semi arid med, cool Ma'an Al Minshieh 1335 35 32 30 30

14 Semi arid med,
warm

Irbid Al-
Ashrafeyeh

485 35 40 32 27

15 Semi arid med,
warm

Irbid Kafr-Awan 460 35 38 32 24

16 Semi arid med,
warm

Irbid KafrRakib 510 35 39 32 26

17 Semi arid med,
warm

Irbid DairAbi-S'eid 200 35 39 32 28

18 Semi arid med,
warm

Ajlun Ousra 630 35 38 32 25

19 Semi arid med,
warm

Jordan
valley

DeirAbi Said 300 35 39 32 29

20 Semi arid med,
warm

Jarash Kafkafa
village

880 35 56 32 19

21 Semi arid med,
warm

Jarash Al Abbara 370 35 54 32 15
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Population Name Zone Province Location Altitude Longitude latitude

22 Semi arid med,
warm

Jerash Al-Faisal
nursery

320 35 53 32 15

23 Semi arid med,
warm

Zarqa Al Alouk 610 35 55 32 10

24 Semi arid med,
warm

Balqa' Zaai 1000 35 40 32 02

25 Semi arid med,
warm

Balqa' Zai 1000 35 40 32 02

26 Semi arid med,
warm

Amman Naour 880 35 48 31 51

27 Semi arid med,
warm

Amman Al-Rouda 920 35 48 31 50

28 Semi arid med,
warm

Madaba Jreneh 845 35 48 31 41

29 Semi arid med,
warm

Karak Al Karak
district

935 35 45 31 17

30 Semi arid med,
warm

Karak Al Wasiea 1060 35 45 31 10

31 Semi arid med,
warm

Karak Muta 1220 35 42 31 04

32 Semi aridmed,warm Tafila Garandal
village

1370 35 33 30 42

33 Semi arid med,
warm

Ma'an Al Jarba
village

1330 35 31 30 19

34 Semi arid med,
warm

Ma'an Wadi Musa 1500 35 28 30 23

35 Sub humid
mediterranean

Irbid Kufr-Youba 570 35 47 32 30

36 Sub humid
mediterranean

Irbid Sammo' 400 35 41 32 29

37 Sub humid
mediterranean

Irbid Sakeb-Jarash 1000 35 47 32 16

38 Sub humid
mediterranean

Balqa' Al-Yazedeyeh 955 35 44 32 01

39 Sub humid
mediterranean

Balqa' Al Yazidieh 955 35 44 32 01

40 Sub humid
mediterranean

Balqa' Al Rumman 490 35 49 32 05



Page 8/38

Phenotypic evaluation
The phenotypic evaluation was conducted at Maru experimental research station of the National
Agricultural Research Center (NARC) in the Irbid governorate of Jordan (32°36
3.95E) during the growing seasons 2014–2015 and 2015–2016. Maru is considered a high input
condition location under rainfed conditions with a long-term average rainfall of 414 mm. Ten seeds of
each population were sown in plots of three rows 0.5 m long, with 17 cm between the rows and 0.5 m
between plots. The experimental design was a partially replicated (p-rep) row and column design (Cullis
et al. 2006). Of the eighty-four populations, 69 were un-replicated and 15 were replicated twice based on
the number of seeds available; the seven H. vulgare entries were repeated three times resulting in 120
plots arranged in ten columns and 12 rows. Randomization was done with DiGGer
(http://www.austatgen.org/software), a software that generates efficient experimental designs for non-
factorial experiments with plots arranged in rows and columns (Coombes 2009; Cullis et al. 2006). Two
H. spontaneum populations (no. 41 and 42) from T1 and one population (no. 41) from T2 failed to
emerge and were considered as missing together with entry no. 42 from T2 because the corresponding
entry from T1 was not available (Fig. 1 and Table 1). The experiments were conducted under rainfed
conditions and weeds were controlled by hand weeding. Plants were bagged at the booting stage before
flowering to avoid cross-fertilization with the materials in adjacent plots, contamination, and seed loss.

Phenotypic data were collected on the following characters:

1. Plant emergence (EM in %): the percent of emerged seed;

2. Days to heading (DH in days): number of days from emergence to the day when the awns appeared
above the ligule of the flag leaf in 50% of plants in the plot;

3. Days to maturity (DM in days): number of days from emergence to the day when the peduncle was
entirely discolored in 90% of the plants in the plot;

4. Gain filling duration (GF in days): number of days from heading date to the first spikelet shuttering in
the spike;

5. Plant height (PH in cm): at maturity, measured from the ground level to the base of the spike and
expressed as average of all plants in the plot;

6. Tiller number (TN as number): total number of tillers per plant expressed as average of all plants in a
plot;

7. Awn length (AwL in cm): length from the top of the spike to the longest awn expressed as average of
all plants in the plot;

8. Biological yield (BY in g/m2): total above-ground dry matter yield;

20.16N and 32°54
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All phenotypic data were recorded on all entries except for plant height, tiller number and biological yield,
that were not collected on Kv, because the sample was lost.

Climatic conditions
Climate data were obtained from the WorldClim database version 1.4 (http://www.worldclim.org), a
global and freely available source of climate data layers generated by interpolating average monthly
climate data from weather stations (Hijmans et al. 2005). Layers for current climate conditions (1950–
2000) for the 19 bioclimatic variables were downloaded (Table 2). The values for the 19 variables were
extracted for each collection site using DIVA-GIS. Collection sites covered a range in altitude from 200 to
1500 m a.s.l., a range in latitude from 30o19’ to 32o30N, and in longitude from 35o 56’E to 36o03 E. The
collection sites covered five bioclimate regions with annual precipitation ranging from 152 to 491 mm,
and a mean annual temperature ranging from 12.9° to 20.4C.

Table 2 Coding of bioclimatic variables according to WorldClim at http://www.worldclim.org/bioclim.
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Code Code Description

Bioclim1 Annual Mean Temperature

Bioclim2 Mean Diurnal Range (Mean of monthly (max temp—min temp))

Bioclim3 Isothermality (Bioclim2/ Bioclim7) (* 100)

Bioclim4 Temperature Seasonality (standard deviation *100)

Bioclim5 Max Temperature of Warmest Month

Bioclim6 Min Temperature of Coldest Month

Bioclim7 Temperature Annual Range (Bioclim5- Bioclim6)

Bioclim8 Mean Temperature of Wettest Quarter

Bioclim9 Mean Temperature of Driest Quarter

Bioclim10 Mean Temperature of Warmest Quarter

Bioclim11 Mean Temperature of Coldest Quarter

Bioclim12 Annual Precipitation

Bioclim13 Precipitation of Wettest Month

Bioclim14 Precipitation of Driest Month

Bioclim15 Precipitation Seasonality (Coefficient of Variation)

Bioclim16 Precipitation of Wettest Quarter

Bioclim17 Precipitation of Driest Quarter

Bioclim18 Precipitation of Warmest Quarter

Bioclim19 Precipitation of Coldest Quarter

Data analysis

Environmental Characterization
The diversity of the phytogeographic regions in Jordan attracted the interest to study the genetic
materials of the area, which can be divided into four major regions: the Mediterranean (subhumid and
semiarid Mediterranean), the Irano-Turanian (arid Mediterranean), the Saharo-Arabian, and the Sudanian
regions (Zohary 1973; Al-Eisawi 1985, 1996; Freiwan and Kadioglu 2008). Al-Eisawi (1985, 1996) added
five extra subdivisions according to decreasing precipitations and increasing temperature: (i) sub-humid
Mediterranean; (ii) semiarid Mediterranean; (iii) arid Mediterranean; and (iv) Saharan Mediterranean
(referred to as sub-humid, semiarid, arid and Saharan bioclimate, respectively).
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Principal component analysis (PCA) was used to study the correlation patterns of all bioclimatic
variables and characterize the differences in the entries studied.

Phenotypic data analysis
The data were analyzed by a combined analysis of variance (ANOVA) over two years. Genotype x Year
(GY) interaction was computed by using a weighted analysis of variance (ANOVA) where the weight of
each mean was computed as the inverse of the square root of the estimated variance of that mean. The
weighted sum of squares was compared against the value of a chi-square distribution with GY interaction
degree of freedom to provide information on GY interaction's significance. Statistical analysis was carried
out using GenStat Edition 19 (VSN 2019). To evaluate the phenotypic diversity of the populations, mean,
standard deviation (SD), coefficient of variation (CV), and range were computed. Heritability was
estimated from the variance components from the ANOVA mean squares. Broad-sense heritability (h2)
was calculated by dividing the genetic variance (σg) by the phenotypic variance (σp) (Allard 1999).

The correlation between the phenotypic traits and the geographical variables were performed separately
for the two collection times, T1 and T2 and tested using the Spearman rank test. Mantel test was carried
out to examine the relationship between phenotypic differences between populations collected at T1 and
T2 and the geographical and environmental variables.

The phenotypic distance for the recorded traits was used to assess the differences between the
populations collected at T1 and T2. Principal component analysis (PCA) was carried out to identify the
variables accounting for the multivariate dataset variance, on the recorded morphological traits after
standardization. The PCA results were summarized in a scatterplot for each collection time, and the
cultivate barley (six and two-row types) with each collection time.

A biplot (Gabriel 1971) projection of the original axes (variables) was also included in the scatterplot. In
the biplot, angles between vectors are proportional to the correlations between the variables, angles < 90°
indicate positive correlation, angles ≈ 90° indicate independence, and angles > 90° indicate negative
correlation. PCA, scatter plot and biplots were performed using Past software version 4 (Hammer et al.
2001).

Results

Environmental characterization.
The principal component analysis in Fig. 2 revealed two major groups based on the relationships
between environmental variables, and the variables within each group were highly and positively
correlated. The first two PCA explained 79.93% of the total variation (Fig. 2). The first group was divided
into two sub-groups as one was grouped according to the precipitations variables, while the other was
grouped according to the diurnal temperature variables. Altitude did not group at all. The populations
collected in the south of the country were discriminated from the populations collected in the north on
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PC1 that was dominated by high temperature and low rainfall. The effect of the dominant weather
conditions on the populations was stronger than bioclimate type. Most of the environmental variables
have large effects on the ordination of the environments as shown by the lengths of their vectors. By
contrast, mean diurnal range, mean temperature of wettest quarter, the temperatures seasonality,
precipitation seasonality, and altitude had a lower effect as shown by their shorter vectors (Fig. 2).

Phenotypic data analysis

Analysis of variance
The combined analysis of variance (ANOVA) revealed a significant difference among genotypes for most
of the traits recorded (Table 3). Genotype effects accounted for 66.4%, 77.7%, and 65.9% of the total
variance for plant height, awns length, and biological yield, respectively. By contrast, year effects
accounted for 63%, 89%, and 73% of the total variance for days to heading, days to maturity and grain
filling duration, respectively. The same trend was observed for Y, G and G x Y interaction for number of
tillers and percent seed emergence. The performances of the populations were stable across the two
years and their response patterns were similar in the case of plant height, awns length, and biological
yield. The number of tillers and percent seed emergence were less affected by the year variability. The
other traits showed relatively distinct patterns of responses corresponding to the years variability. Broad-
sense heritability ranged from 0.49 for tiller number to 0.82 for awn length: these are relatively large
values resulting from both high additive genetic variance and low residual variance (Table 3).

Table 3 Combined analysis of variance for percent of seed emergence (Em), days to flowering (Dh), days
to maturity (Dm), grain filling duration (Gf in days), tiller number (Tn), plant height Ph), awn length (Awl),
biological yield (By) and corresponding heritability (H2).
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Traits   df SS MS SS% P-value H²

Em Years 1 8.4 8.4 3.2 0.02  

  Geno 87 125.7 1.5 47.4 0.004 0.50

  Years. x Geno 87 131.2 1.5 49.5 0.002  

  Total 157 265.4        

Dh Years 1 373.4 373.4 62.8 <.001  

  Geno 87 118.5 1.4 19.9 0.014 0.54

  Years x Geno 87 102.8 1.2 17.3 0.11  

  Total 175 594.7        

Dm Years 1 1719.7 1719.1 89.10 <.001  

  Geno 87 119.3 1.4 6.18 0.012 0.56

  Years x Geno 87 91.0 1.1 4.71 0.365  

  Total 175 1929.9        

Gf Years 1 575.7 575.7 73.2 <.001  

  Geno 87 124.9 1.5 15.9 0.005 0.61

  Years x Geno 87 85.6 0.98 10.9 0.522  

  Total 175 786.2        

Tn Years 1 274.5 274.2 27.4 <.001  

  Geno 86 356.3 4.1 35.6 0 0.49

  Years X Geno 86 370.9 4.3 37.0 0  

  Total 173 1001.4        

Ph Years 1 105.1 105.1 18.2 <.001  

  Geno 86 383.2 4.5 66.4 <.001 0.80

  Years x Geno 86 88.8 1.1 15.4 0.395  

  Total 175 577.1        

By Years 1 58.9 58.9 12.2 <.001  

  Geno 86 302.5 3.6 65.9 <.001 0.75

  Years X Geno 86 97.1 1.2 21.2 0.195  

  Total 173 458.5        
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Awl Years 1 30.6 30.6 5.4 <.001  

  Geno 87 437.9 5.5 77.7 <.001 0.82

  Years X Geno 87 94.7 1.2 16.8 0.125  

  Total 175 563.4        

The correlation coefficients between the phenotypic traits are shown in Table 4. Number of tillers was
positively and significantly correlated with biological yield, plant height, and awns length. Also, awns
length, plant height, and biological yield were positively and significantly correlated. Number of days to
heading was negatively correlated with grain filling duration (r = − 0.28) and number of tillers (r = − 0.27).
By contrast, number of days to maturity was positively and highly correlated with grain filling duration (r 
= 0.46) and negatively correlated with plant height and biological yield (Table 4). 

Table 4 The correlation coefficients among phenotypic traits of wild barley population.

Traits Em Dh Dm Gf Tr Ph By Awl

Em 1              

Dh -0.06 1            

Dm -0.17 0.67** 1          

Gf -0.10 -0.28* 0.46** 1        

Tr 0.05 -0.27* -0.25* -0.04 1      

Ph 0.01 -0.11 -0.13 -0.04 0.50** 1    

By 0.09 -0.19 -0.24* -0.04 0.74** 0.67** 1  

Awl 0.13 -0.09 -0.17 -0.09 0.50** 0.45** 0.65** 1

 **’* significant ≤ 0.001 and 0.0 5, respectively.

In this study, we used principal component analysis to describe the populations distribution by
considering both morphological and agronomic data. Considering an eigenvalue greater than one, the
PCA results showed that the first three principal components of T1 and two principal components of T2
accounted for 75% and 64% of the overall variation, respectively (Table 5). The variation in PC1, which
explained 41% and 38% of the total variation on collection times T1 and T2, was correlated mainly with
the number of tillers per plant, plant height, biological yield, and awns length. The grain filling duration
showed the most significant loading to PC2, while the number of days to heading and maturity were the
traits contributing to PC3, which explained the variation 20% and 14% in PC2 and PC3 of the total
variation of collection time T1, respectively. However, these three traits showed the highest contribution to
PC2 by explaining 26.2% of the total variations on collection time T2. 
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Table 5 Eigenvectors and eigenvalues of the first PCs of collection time study traits of wild barley
populations.

  Collection time T1 Collection time T2

  Eigenvectors  Eigenvectors 

Traits PC1 PC2 PC3 PC1 PC2

Em 0.09 0.02 0.24 0.01 -0.37

Dh -0.41 -0.79 0.43 -0.24 0.46

Dm -0.68 0.02 0.72 -0.08 0.71

Gf -0.29 0.89 0.33 0.15 0.31

Tr 0.66 -0.12 0.29 0.53 0.17

Ph 0.79 0.11 0.26 0.46 -0.01

By 0.89 0.06 0.28 0.52 -0.03

Awl 0.80 -0.13 0.19 0.38 0.14

Eigenvalues 3.42 1.68 1.22 2.81 1.93

% of total variance explained 41.03 20.15 14.73 38.06 26.2

% cumulative variance explained 41.03 61.18 75.91 38.06 64.26

The biplot highlighted some notable differences between the eighty populations resulting from two
collecting times (Fig. 3). Half of the collected populations, regardless of collection time, were
characterized by early heading and maturity, high number of tillers, tall plants, long awns, and high
biological yield, were mainly from the northern part of the country. The biplot differentiated the
populations in four groups as follows; Group 1 (G1) included 24 populations (collected from the same
twelve sites both at T1 and T2) characterized by early heading and maturity, high number of tillers, tall
plants, long awns, and high biological yield; Group 2 (G2) included 22 populations (collected from the
same eleven sites both at T1 and T2) characterized by late heading and maturity, few tillers, short plant
height and awns and low biological yield; the 34 populations representing the remaining 17 collection
sites, showed a different performance depending on the collection time. Theses 34 populations were
classified in two groups; Group 3 (G3) included 16 populations (representing eight collection sites), of
which 8 populations collected at T1 showed the same performance as the populations in Group 1, while
the same populations collected at T2 showed a performance similar to the populations classified in
Group 2; 2) Group 4 (G4) included 18 populations (representing nine collection sites) of which 9
populations collected at T1 had a performance similar to the populations classified in Group 2, while the
same populations collected at T2 had a performance similar to the populations classified in Group 1.
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Phenotypic distances assess the differentiation between the population groups, where the smallest
phenotypic distances (d = between 2.94 and 3.88) were found within populations for each group, while
the largest phenotypic distances (d = between 5.02 and 5.50) were found between populations groups
with different performance (Table 6). Cluster analyses of phenotypic distances aggregated the
populations into two major groups (Fig. 4). The first cluster included the T1G2, T2G2, T1G4, and T2G3,
where all population were characterized by late heading and maturity, few tillers, short plant height and
awns and low biological yield. The second cluster included T1G1, T2G1, T1G3, and T2G4, where all
population were characterized by early heading and maturity, a high number of tillers, tall plants, long
awns, and high biological yield.

Table 6 Phenotypic distance determined between 8 morphological traits in the Jordanian populations of
Hordeum vulgare spp. spontaneum from two collection times.

Population T1G1 T1G2 T1G3 T1G4 T2G1 T2G2 T2G3 T2G4

T1G1 3.70              

T1G2 5.09 3.55            

T1G3 4.14 5.16 2.94          

T1G4 5.11 4.47 5.50 3.49        

T2G1 4.48 5.14 4.52 5.06 3.88      

T2G2 4.99 4.24 5.12 4.05 5.06 3.12    

T2G3 5.10 4.30 5.43 4.28 5.22 4.22 3.32  

T2G4 4.09 4.95 3.80 5.02 4.16 4.89 4.77 3.05

Trait diversity amongst the grouping of population is presented in Table 7. In general, the diversity among
each collection times showed that T1 has relatively wider diversity (mean CV across the 8 traits 18.45%)
and its groups represent the maximum variations (12.25% to 19.05), while T2 (mean CV across the 8
traits 17.44%) and its groups represent the variations from 11.93–16.23%. The highest variability
amongst traits was found within G1T1 (19.05%) followed by G2 T2 (16.23%), followed by G4 T2 (14.9%).

Table 7 Mean, minimum, maximum, SD and CV for emergence plant%, days to flowering and maturity,
day of grain filling, tiller number, plant height, biological yield and awn length for wild barley according to
collection time.
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Collection time   Em Dh Dm Gf Tr Ph By Awl

  Mean 48.5 80.2 109.2 28.9 17.6 59.1 14.9 15.0

Collection T1 Sd 12.2 3.1 3.2 2.1 4.6 11.2 6.7 2.7

  Cv 25.2 3.9 3.0 7.3 26.2 18.9 44.8 18.3

                   

Collection T2 Mean 51.7 81.6 109.4 27.9 17.3 62.4 16.9 15.7

  Sd 13.4 3.2 3.1 2.9 3.5 11.8 6.5 3.0

  Cv 25.9 3.9 2.8 10.4 20.1 18.9 38.3 19.2

Group1, T1 (T1G1) Mean 47.5 79.1 108.9 29.6 18.9 62.3 15.6 15.7

  Sd 8.6 3.2 4.1 2.4 5.2 14.5 7.3 3.3

  Cv 18.1 4.0 3.7 8.0 27.6 23.2 47.0 20.8

Group1, T2 (T2G1) Mean 53.8 81.8 109.0 27.3 19.5 69.6 20.8 17.3

  Sd 10.9 3.6 2.6 3.1 3.1 8.0 4.0 1.8

  Cv 20.4 4.4 2.4 11.2 16.0 11.5 19.0 10.5

Group2, T1 (T1G2) Mean 53.6 80.2 108.7 28.5 14.0 53.7 10.6 13.7

  Sd 12.7 2.5 3.0 1.6 2.0 4.8 2.4 2.3

  Cv 23.6 3.1 2.8 5.7 14.4 9.0 22.6 16.8

Group2, T2 (T2G2) Mean 51.1 83.3 111.2 28.0 15.7 55.3 12.0 13.4

  Sd 17.2 3.0 2.9 3.1 2.9 9.5 2.8 2.7

  Cv 33.5 3.7 2.6 11.2 18.6 17.1 23.2 19.9

Group3, T1 (T1G3) Mean 42.8 83.4 111.5 28.5 16.1 53.0 11.6 14.0

  Sd 16.3 2.3 2.1 2.9 3.1 4.9 2.2 0.7

  Cv 38.2 2.8 1.8 10.1 19.4 9.2 18.6 4.7

Group3, T2(T2G3) Mean 48.1 80.0 106.1 26.3 18.7 72.1 22.5 17.8

  Sd 8.7 2.1 1.3 1.3 2.8 8.4 8.2 3.0

  Cv 18.2 2.7 1.2 5.1 15.1 11.6 36.4 17.0

Group4, T1(T1G4) Mean 48.6 79.0 108.0 28.9 21.7 66.8 22.2 16.6

  Sd 11.2 2.7 2.5 1.6 3.3 10.6 5.9 2.8

  Cv 23.0 3.5 2.3 5.6 15.0 15.9 26.7 17.1
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Group4, T2 (T2G4) Mean 52.8 80.8 110.8 30.1 14.9 52.7 12.8 14.4

  Sd 15.8 2.9 2.9 2.4 3.0 8.5 2.9 2.3

  Cv 30.0 3.6 2.6 7.9 20.2 16.1 22.9 16.1

There were different levels of variations in both collection times for the traits we recorded (Table 7). A).
The two collection times T1 and T2 showed a coefficient of variation ranging from 10.4–44.8% for all
traits, except for days to heading and days to maturity for which the coefficient of variation varied from
2.8–3.9%. The populations collected at T1 in G1 were diversified in the stable traits more than
populations from collection T2 except in emergence percentage and grain filling. The populations from
collection T2 in both G 2 and G3 diversified in all traits more than the population from collection T1
except in the emergence percentage and grain filling where the populations from collection T1 showed
more variation in G3. Also, the populations’ collected at T2 in group 4 diversified in plant height and the
number of tillers more than those collected at T1, though the populations collected at T1 diversified in
percent emergence, biological yield, and awn lengths more than those collected at T2.

Phenotypic variation and the impact of environmental
conditions
Mantel test showed significant relationship between bioclimate variables and altitudes within the four
sub population groups (G1, G2, G3 and G4) collected at T1 and T2 (r = 0.76, p < 0.0001; r = 0.81, p <
0.0001; r = 0.70, p < 0.0001; r = 0.76, p < 0.0001, respectively), and among populations (r = 0.79, p <
0.001).  On the other hand, no relationship was found between all groups with geographical variables,
except for populations in group G2 and among populations were bioclimatic variables correlated
moderately with altitudes (r = 0.33, p= 0.01; r = 0.30, p= 0.01, respectively).

The correlations between agronomic traits, bioclimatic variables, and altitude for both collection time T1
and T2 are shown in Figure 5. The populations biological yield and awns length relatively correlated
significantly and positively with the bioclimate variables in collection times T1 and T2. The correlations
between agronomic traits and bioclimate variables showed a more varied pattern among populations in
G3 and G4 than G1 and G2 in both collection times. Indeed, the grain filling period of populations in G1
collected at T1 correlated positively with precipitation variables and significantly with precipitation
seasonality, and days to heading correlated positively with temperature variables at T2. In the case of
populations of G2 collected at T1, their days to heading, days to maturity were significantly correlated
with temperature variables, while in the same populations collected at T2, tiller number was positively
correlated with precipitations variables. In the populations of G3 collected at T1, only grain filling periods
was positively correlated with precipitation variables, and negatively with the bioclimate variables. By
contrast, days to heading and days to maturity were significantly and positively correlated with
temperature variables. In the populations of G4 collected at T2, percent emergence and biological yield
were positively correlated with precipitations variables.
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A principal component analysis of the phenotypic data including control varieties is shown in Figure 6. In
the case of the population collected at T1, the first two axes accounted for 34.29% and 24.25% of the
total variation, respectively. In the case of the populations collected at T2, the first two axes accounted for
33.18% and 28.69% of the total variation, respectively. The PCA separated the control varieties in two
groups (Figure 6). The biological yield and tiller number of the H. spontaneum populations, namely
collected at T2 were higher than the improved cultivars as compared with the H. spontaneum populations
collected at T1. They were also taller and with a longer grain filling period 

Discussion
Our study used the resurrection and re-collection approach (Nevo et al. 2012; Thormann et al. 2017) to
investigate the phenotypic changes of 40 H. spontaneum populations that were collected from
40locations at two collection times T1 = 1991 and T2 = 2014.

The study identified adaptive changes of H. spontaneum populations from different eco-geographic
regions in Jordan partly associated with the impact of environmental variables on the evolution of
phenotypic diversity. Because of the substantial variation in the environmental conditions of the
collection sites, we assume that the collection is a representative sample of the overall distribution of
diversity and population structure of H. spontaneum across Jordan. The increasing variation in
environmental conditions is expected to increase the additive genetic variance for fitness (Shaw and
Shaw 2014), and the high heritability estimates found in the 40 populations suggests a strong
evolutionary potential. We found a clear differentiation between the phenotypic traits measured in the
populations collected at 23 years interval. This suggests that the populations evolved over the years,
showing that the H. spontaneum in Jordan diverged in response to ecogeographical diversity. The
response to different selection pressure due to local/regional variations is apparent in the phenotypic
changes, such as flowering time (Qian et al. 2020). Principal component analysis grouped the 40
populations in four groups based on phenological and agronomic traits. These traits are characterized by
high heritability and stability across years. Each group responded differently to ecogeographical variables
before collection time T1 and between the two collection times, which is consistent with the work of
Bedada et al. (2014) and of Morrell et al. (2003), as two out of the four groups maintained their
phenotypic structure (Fig. 3). In contrast, a similar study (Thormann et al. 2017) reported no changes in
the genetic structure of the populations despite the evidence of changes in the climatic conditions.
Therefore, this study adds to the growing body of literature by reporting that crop wild relative diversity
like H. spontaneum is evolving and adapting in response to environmental variables (Shakhatreh at al.
2016; Nevo et al. 2012; Thormann et al. 2016, 2017; Qian et al. 2020).

Environmental variation among sites
There is substantial evidence supporting the hypothesis that the climate has been changing since the
early twentieth century (IPCC 2001; Jones et al. 2001). Climate change already has and will even have
more adverse impact on agricultural productivity in the Arab region due to increase in temperature and
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precipitation uncertainty (RICCAR 2017) as well as sea level rise leading to increase in soil salinity in
some countries. The 4th assessment report of the Intergovernmental Panel on Climate Change (IPCC)
predicts that climate change is location specific (Ceccarelli and Grando, 2020). Based on climatic
changes during 1973–2003, the following climate scenarios were projected for Jordan for the time
horizon 2010–2040: an increase of average annual temperature from 1°C to 1.5°and a 10%-25%
reduction in monthly precipitations specifically, in March and April in agreement with the outcomes
presented by Intergovernmental Panel on Climate Change predictions (Saba et al. 2014). The forty H.
spontaneum populations used in this study, were collected from five bioclimatic regions in Jordan.
Bioclim layers, provided by World Clim climatic data, are used in a range of studies (Phillips et al. 2006;
Parra-Quijano et al. 2012 a and b; Kantar et al. 2015; Thormann et al. 2016).

Based on the climate variables and altitude, the forty populations were classified into two major groups
according to the longitudinal distribution of distinct habitats type; the populations from the central and
northern areas grouped in one group while those from the southern areas grouped in a second one
confirms what found in a study on the genetic structure of H. spontaneum in Jordan (Thormann et al.
2016). In other words, the 40 populations used in this study grouped eco-geographically in agreement
with the bioclimatic regions in which they were collected, because the populations collected from
climatically similar sites grouped together regardless of the geographic distances between the collection
sites. Adaptation of the H. spontaneum was selectively driven by the frequency of droughts and by the
temperature gradients (Hübner et al. 2009).

Phenotypic variation
Our result revealed that H. spontaneum populations differ in their degree of phenotypic diversity either
within time or across the 23 years interval. We examined the phenotypic variation that could be useful in
developing improved cultivars or could be a model of plant species evolution (Volis et al. 2000;
Shakhatreh et al. 2010; Nevo et al. 2012; Thormann et al. 2017). A CV of at least 10% is a good indication
of broad diversity in varieties and landraces of wheat (Dotlacil et al. 2000). Therefore, and on this basis,
we concluded that the phenotypic diversity in the population collected in 1991 was comparatively higher
than the diversity in the population collected in 2014. This is in disagreement with the findings of a
similar study (Thormann et al. 2017). The phenotypic diversity explains the evolutionary potential under
both genetic drift and natural selection in the temporal pattern of the genetic variation (Mitchell-Olds et al.
2007; Ellegren and Sheldon 2008). H. spontaneum populations are diverse in their biomass, plant height,
and awn length, while the tiller number is characterized by high stability across the two years (Table 3).
The heritability of these traits in both years was high, ranging, on average, from 44–73%, and associated
positively and significantly with those traits (Table 5). On the contrary, the number of days to heading and
maturity, and grain filling period were not stable across years, and were negatively correlated with both
plant height and biomass. Based on this, we conclude that the differences between collection time
reflects heritable adaptation. H. spontaneum can maintain a long stem even under severe drought
conditions (Ceccarelli 2014), and particularly the H. spontaneum from the Mediterranean basin countries,
is characterized by having awns (Börner et al. 2005). Awn length and plant height are related to larger
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straw yield and increased duration of photosynthetic activity (Kjack and Witters 1974; Ceccarelli et al.
1987). Geographical and climate variables positively affect the morphological variations among H.
spontaneum populations has been demonstrated in several studies (Baek et al. 2003; Batchu et al. 2006;
Hübner et al. 2009 and 2013; Jakob et al. 2014; Russell et al. 2016).

It is assumed that the phenotypic variation is more affected by the selection, being the direct target.
Biomass, plant height, awn length and tiller number had mainly re-ordinate the population collection
between the two collection times (T1 and T2) (Fig. 3). The results shown that the collection conducted at
two different times revealed two response patterns. In fact, two of the four population groups mostly
maintained their response over time, while the other two population groups evolved as a response to
environmental pressure over the 23 years. Two groups of the populations showed unexpected responses
to environment variables for a long period of natural selection, similarly to the findings of Thormann et al.
(2017), who reported that the overall Jordanian H. spontaneum population structures were conserved.
Maintenance of phenotypic and adaptive diversity is likely another population strategy to maintain
fitness in variable environments (Kind and Masel 2007; Olofsson et al. 2009). By contrary, the other two
groups of the population showed a response to the environmental variation that led to an increase in its
the additive genetic fitness variance (Shaw and Shaw 2014).

Environmental role in population phenotypic differentiation
Our field experiment showed that the populations used were different by four phenotypic patterns across
different environments in response to climate change with a different level in their phenotypic
diversification as found by Jump and Penuelas (2005). Root et al. (2003), and Wang et al. (2014). The
phenotypic structure for the four groups (G1, G2, G3, and G4) correlated highly and significantly with the
environment variables (r = 0.76; r = 0.81, r = 0.70, r = 0.76, p < 0.0001, respectively), but not with
geographical variables. The associations between environmental variables and phenotypic traits could
result from neutral evolutionary processes, but such associations may also show a selective and
adaptive process. Environmental pressure in stressful habitats might select the most significant
phenotypic diversity levels, probably because of their buffering effects in heterogeneous environments
(Nevo 2001). Therefore, two of the groups of H. spontaneum populations showed a difference in
flowering time because of the ecogeographical adaption (Bedada et al. 2014; Morrell et al. 2003; Nevo et
al. 1986; Nevo et al. 2012), regardless of the heterogeneity of the environment (Nevo et al. 2012).

H. spontaneum is a highly self-pollinated species (Goodwillie et al. 2005), with an average outcrossing
rate of 1–2% (Abdel-Ghani et al. 2004). However, outcrossing rates up to 10% have been reported (Nevo
1992). Although self–pollinated species are expected to have a lower intra-population genetic diversity,
the H. spontaneum populations from the Fertile Crescent usually show a high intra-population genetic
diversity (Baek et al. 2003; Hübner et al. 2009). Many of the studies reported the presence of phenotypic
diversity both between and within H. spontaneum populations in Jordan and in other countries (Elberse et
al. 2003; Hübner et al. 2013; Nice et al. 2017; Shakhatreh et al. 2010; Thormann et al. 2017; Van Rijn et al.
2000; Volis et al. 2002).
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We can explain the phenotypic differentiation among collection times of H. spontaneum populations
based on the evidence mentioned above; half of the populations (40 out of 80), namely those that we
classified in group 1 and group 2, did not show evidence of evolutionary changes over the 23 years
between the two collections. The populations of G1 collected at T1 had a higher level of phenotypic
diversity that the populations of the same group collected at T2. The distance between the individual
points of collection strongly suggests that gene flow -between populations by seed or pollen dispersal is
rare and not related to geographical variables. Fu et al. (2019), reported similar results with a wild emmer
wheat study. Our results are in line with a study of wild rice (Gao et al. 2000). On the contrary, the
populations of G2 collected at T2 showed a higher phenotypic diversity in all traits than the populations
of the same group collected at T1. Thormann (2017), reported similar results and this could be attributed
to an increased dispersal of seeds and pollen with a consequent gene flow from cultivated barley to H.
spontaneum (Hübner et al. 2013).

Seventeen populations, namely those classified in G3 and G4 showed evidence of evolution during the 23
years between the two collection times. Population phenology shifted relative to the timing of climate
events critically important to its fitness (Bertin 2008), and flowering time changed in both groups. We
assume that the small-scale variations between local environment at the collection sites might contribute
to the divergence of flowering time between populations. In wild plants a shift to early flowering has been
reported as a response to the global climate change (Craufurd and Wheeler 2009; Brunet and Larson-
Rabin 2012; Bock et al. 2014). The populations in G3 and collected at T2 shifted in the direction of a
lower phenotypic diversity for most traits and late flowering compared with those in the same group but
collected 23 years earlier (T1). The population in G4 collected at T2 shifted to a higher phenotypic
diversity for most traits and early flowering T2 compared with those in the same group and collected at
T1. G3 and G4 correlated positively and significantly with precipitation variables and with temperature
variables, respectively, supporting the hypothesis that population response to rapid climate change is
driven by adaptive evolution in adjusting phenotypic variation for traits such as the allocation of biomass
or biological yield and phenology (Jump and Penuelas 2005; Root et al. 2003; Wang and Ottle et al.
2014).

Mediterranean climate is characterized by strong inter-annual and seasonal weather fluctuations
(Etterson 2004; Peleg et al. 2008). Jordan is in the transition zones between Sub Humid-Mediterranean
and arid bioclimates over short geographic distances. Within approximately 350 km from north to south,
rainfall varies from as high as 600 mm in north western mountains to as low as 50 mm in the southern
and eastern desert regions (Dahamsheh and Aksoy 2007). Variability in soil moisture causes different
selection pressures in different bioclimatic regions on traits such as flowering time and time of seed
germination (Hamasha and Hensen 2009 and Hamasha et al. 2013). Notably, percent of seed emergence
showed less diversity in populations in both G1 and G2 collected at T1 than in those collected at T2,
while the diversity of percent of seed emergence was higher in populations collected at T1 in both G3 and
G4 than in those collected at T2. The percent of seed emergence in the two groups showing evidence of
evolution (G3 and G4), correlated positively with annual precipitations, Thus, the differences in
phenotypic diversity between populations from different bioclimatic regions may have been caused by
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local adaptation rather than solely by demographic processes (Hamasha et al. 2013), as adaptive
process to the climate gradients (Michalski et al. 2010). This result is in agreement with many studies (for
example Johansson et al. 2013).

The study emphasized the importance for plant breeding programs of the material collected at either T1
or T2, because it might possess important adaptive traits to improve cultivated barley for adaptation t
climate change. The populations collected in 2014 performed generally better than the populations
collected in 1991for most of the traits examined when compared to the improved varieties used as
checks. Because H. spontaneum evolve, newly collected populations may contain a higher frequency of
adaptive traits than population in the gene bank, thus should be an actively conserved throughout the
geographical range (Shakhatreh et al. 2010).

We assume that the phenotypic changes observed in this study with H. spontaneum populations
collected in a time span of 23 years, represent an adaptive response to avoid/escape the increasing level
of abiotic stresses associated with environmental changes. In this study, based on the analysis of the
evolutionary fate of the morphological traits variation in the populations collected over a long period of
environmental changes, we concluded that the phenotypic variation among the present populations
increased significantly improving the level of local adaptation. Moreover, through the temporal analysis
of changes in the expression of morphological traits, we found that the heritable traits affected by natural
selection were fixed in all the present populations and would together orchestrate different patterns of
flowering times to adapt to the environment changes. This study represents a novel example to
understand the phenotypic basis of parallel evolution in natural populations. It provides informative
phenotypic information for crop improvement in the face of the rapidly growing world populations and
continuous global climate change. Finally, we suggest further genetic investigations to examine the level
of changes and natural selection power that might hide by phenotypic trait.
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Figure 1

Geographical distribution of the collection, Hordeum vulgare subsp. spontaneum in Jordan. For
bioclimatic and population codes, refer to Table 1.
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Figure 2

Principal component analysis (PCA) for 40 wild barley populations from different collection sites and 17
climate variables and altitude. Filled dots represent the wild barley population collection sites, while
climate and geographical variables are represented by vectors.
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Figure 3

Principal component analysis (PCA) for Hordeum vulgare ssp. spontaneum collected at 40 sites in 1991
(T1) and 2014 (T2). Filled dots represent sites with similar performance in PC1 from both collection
times; squares represent sites with similar performance in PC2 from both collection times; triangles
represent sites from collection times T1in PC1 with different performance in PC2 when collected at T2;
stars represent sites from collection times T1 in PC2 with different performance in PC1 when collected at
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T1. (Em = plant emergence, Dh = day of flowering, Dm = day of maturity, Gf = grain filling duration, Ph =
plant height, Tn = tiller number, Awl = awn length and By = biological yield.

Figure 4

Dendrogram based on phenotypic distance: Method = UPGMA using morphological traits the population
groups based on the time of collection and performance (t equal to the time of collection and G equal of
population Grouping performance).
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Figure 5

Correlation coefficients between the phenotypic traits collected on 40 Hordeum vulgare ssp. spontaneum
populations and both bioclimate variables and altitude, based on collection times T1 (1994) and T2
(2014). Blue circle = positive correlation, red circle = negative correlation and box significant ≤ 0.05.
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Figure 6

Principal component analysis (PCA) of the phenotypic traits recorded on 40 populations of Hordeum
vulgare ssp. spontaneum from two collection times (T1 =1991 and T2 – 2014) and 7 improved cultivars;
Ch1 =ACSAD 176, Ch2 = Yarmouk, Ch3 = Muta'a, Ch4 = Kv, Ch5 = Baladi, Ch6. = Athrouh and Ch7 = Rum.


