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development and their sensitivities to temperature and evaporative demand in 12 wheat-related 

species and subspecies. 
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Abstract 

There is potential sources of alleles and genes currently locked into wheat-related species that could 

be introduced into wheat breeding programs for current and future hot and dry climates. However, 

neither the intra- nor the inter-specific diversity of the responses of leaf growth and transpiration to 

temperature and evaporative demand have been investigated in a large diversity of wheat-related 

species. By analysing 12 groups of wheat-related sub-species, we questioned the n-dimensional 

structure of the genetic diversity for traits linked to plant vegetative structures and development, 

leaf expansion and transpiration together with their responses to “non-stressing” range of 

temperature and evaporative demand. In addition to provide new insight on how genome type, 

ploidy level, phylogeny and breeding pressure together structure this genetic diversity, this study 

provides new mathematical formalisms and the associated parameters of trait responses in the large 

genetic diversity of wheat-related species. This potentially allow crop models predicting the impact 

of this diversity on yield, and indicate potential sources of varietal improvement for modern wheat 

germplasms, through interspecific crosses. 

 

Key words: evaporative demand, leaf expansion, leaf growth, genetic diversity, temperature, 

transpiration, vapour pressure deficit (VPD), wheat. 
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Short  summary 

There is potential sources of wheat improvement that are currently locked into wheat-related 

species. In order to allow crop models predicting the impact of this diversity under dry and hot 

climates, we (i) analyse 12 wheat-related sub-species for their responses to temperature and 

evaporative demand, (ii) provide new mathematical formalisms and the associated parameters of 

such response traits. (iii)and question how genome type, ploidy level, phylogeny and breeding 

pressure together structure this genetic diversity. 
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Introduction 

Cereal production is affected worldwide by high temperature, high evaporative demand and drought 

. The frequency of such events increases because of climate change , while agriculture is challenged 

by societal and policy requirements for a more sustainable and water-sparing agriculture. 

Developing new cultivars adapted to this dual context is not straightforward, knowing (i) the high 

diversity of climates and management practices in wheat-growing regions and (ii) that each 

genotypic trait can have positive effects on crop performance in one type of environment while 

being deleterious in another one .  

  A purely experimental approach cannot explore the effects on yield, plant resilience, or 

environmental balances of each combination of traits under all possible environmental scenarios. A 

combination of experimental and modelling approaches is required to define the best combinations 

of traits in a target environment , using models that predicts genotypic effects under various 

environmental scenarios . These models necessitate formalisms of specific responses to 

environmental constraints, adapted to a large genetic variability, together with associated 

trait/parameter values covering the range that breeders can meet within enlarged breeding pools .  

  This is not yet the case for the responses of wheat leaf expansion and transpiration to temperature 

and evaporative demand in crop growth models. However, for example, the control of transpiration 

under high evaporative demand can be the key if one aims at designing future cultivars that can 

produce “more crop per drop” . In wheat models, availability of efficient formalisms and parameter 

values differ largely between processes: 

   -The response of leaf expansion to temperature was found to be similar to that of plant 

development , at least in a “non stressing” range, in which processes are not durably affected, and 

reversible (Parent et al., 2010). In such ranges of temperature, which are not considered as “heat or 

cold stresses”, development responses to temperature are well-formalized and parameter values 

are determined in most cultivated species. Indeed, these responses are the base of the calculation of 

thermal time, a central concept of most process-based models. ) have indicated a very low variability 

of this response within each species they studied, while they found a wider variability between 

species. However, up to now, the variability of temperature responses and the possibility of seeking 

new alleles controlling temperature responses between closely-related species such as wheat-

related species has not been documented. 

   -While evaporative demand has been found as largely affecting leaf expansion rate (LER) in 

several species (e.g. , very little is known about how wheat growth is affected and whether 

significant genetic variability exist in wheat or wheat-related species. This is probably due to the fact 
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that temperature and vapour pressure deficit (VPD) are difficult to dissociate in natural 

environments. There is an urgent need to characterize these responses, both for the accuracy of 

model predictions and to inform breeders on the availability (or not) of an associated genetic 

variability in wheat. 

   -The response of transpiration to VPD has been studied in several crops including wheat . In 

wheat, breeders have indirectly selected genotypes that present a limitation in hydraulic 

conductance , allowing to decrease transpiration at high VPD. However, we do not know if the 

reported range of response represents a large part of the genetic variability in wheat related species 

(genus Triticum and Aegilops), or if genetic variability has been lost during wheat domestication and 

breeding.  

  Wheat-related species form a large family (> 300 species and subspecies), including wild and 

cultivated species domesticated over 10,000 years, three subgenomes (A, B and D), and three levels 

of ploidy (diploid: Au, Am, B and D genome; tetraploids: AB subgenomes; hexaploids: ABD 

subgenomes). Polyploid Triticum species originated by natural hybridization events between 

Triticum and Aegilops (Fig. 1) . Bread wheat (T. aestivum) represents 95% of global wheat production 

and is grown in a very wide range of latitude and altitude . Durum wheat (T. turgidum subsp. durum) 

is mainly grown under Mediterranean-type climates. Other wheat species are grown more 

marginally, such as spelt (T. aestivum subsp. spelta), einkorn (T. monococcum subsp. monococcum), 

or emmer wheat (T. turgidum subsp. dicoccum).  

  Because of the availability of wild wheat-related species, there is a large reservoir of alleles and 

genes currently locked into wild backgrounds that can be introduced into wheat breeding programs 

through interspecific crosses. For example, bread wheat emerged from the natural hybridization 

between wild goatgrass (Ae. tauschii) and a cultivated tetraploid wheat (T. turgidum subsp. 

dicocccum, a progenitor of modern durum wheat). However, the genetic diversities of T. turgidum 

and Ae. tauschii are not fully represented in T. aestivum, probably because it has evolved from only 

few hybridization events. Introducing genes from wheat-relative species can therefore increase the 

genetic diversity of modern germplasms (Gorafi et al., 2018), for example by synthetic crosses 

between tetraploid wheats and Ae. Tauschii  and between T. aestivum and T. turgidum . 

  The higher tolerance of durum wheat to heat and drought stress compared with bread wheat is still 

debated . Indeed, inter-comparisons were generally performed based on yield only or yield 

components , and our knowledge regarding the differences in plant responses to abiotic constraints 

is still limited . Physiological responses at fine scales can be very different from macroscopic 
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responses, which are the emerging properties of numerous underlying processes, integrated over 

the whole growth cycle .  

Such inter-specific genetic variability can originate from genes or alleles currently locked in wild 

species but also from ploidy itself. Traits expressed in wild diploids may not predict the traits in 

progeny of higher ploidy after synthetic hybridizations. Indeed, ploidy itself can provide agronomic 

advantages or disadvantages , for example by conferring resistance to biotic and abiotic stresses .  

 In this study, we analysed 12 groups of wheat-related sub-species (five accessions each) for traits 

linked to vegetative structure and development, leaf expansion and transpiration together with their 

responses to ranges of “non-stressing” temperature and evaporative demand during the vegetative 

phase. We used an original experimental protocol and selected model formalisms adapted to this 

broad genetic diversity, in order to compare the intra-and inter-specific diversities. We concluded 

that the genome type, ploidy level and phylogeny together structure the genetic diversity, and that 

breeding pressure may have indirectly pushed these traits in specific directions. Overall, in addition 

to provide new formalisms of trait responses together with model parameters to be included in 

process-based models for large-scale simulations, this study indicates potential sources of varietal 

improvement for modern wheat germplasms, currently locked into related species. 

Materials and Methods 

Plant Material 

We analysed 12 wheat-related species (Fig. 1) and selected five accessions per species in order to 

maximise the genetic diversity in each species (Supporting Information Tables S1 and S2). This set of 

species includes wild and cultivated species with different levels of ploidy: 

- Wild diploid species: T. monocuccum subsp. boeticumm (Am genome), T. urartu (Au genome), 

Ae. tauschii (D genome) and Ae. speltoides (S genome, related to species belonging to Ae. 

sect. sitopsis from which B-genome originated).  

- Cultivated diploid species: einkorn wheat (T. monococcum subsp. monococcum, Am genome) 

domesticated from T. monocuccum subsp. Boeticumm. 

- Wild tetraploid species: wild emmer wheat T. turgidum subsp. dicoccoides (AB genome) 

coming from the natural hybridization event between T. uratu and an unknown species 

belonging to Aegilops sect. sitopsis.  

- Cultivated tetraploid species: cultivated emmer wheat (T. turgidum subsp. dicoccum, AB 

genome) domesticated from wild emmer wheat, rivet wheat (or poulard wheat, T. turgidum 
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subsp. turgidum, AB genome), which evolved from T. turgidum subsp. dicoccum, and durum 

wheat (T. turgidum subsp. durum, AB genome), which was domesticated from T. turgidum 

subsp. dicoccum, which we separated in two groups: landraces from before the green 

revolution and elite cultivars released after the green revolution. 

- Cultivated hexaploid wheats: spelt wheat (T. aestivum subsp. spelta) and bread wheat (T. 

aestivum subsp. aestivum) coming from natural hybridization events between T. turgidum 

subsp. dicoccum and Ae. tauschii. 

Plant growth conditions 

All experiments were conducted in the plant phenotyping platform Phenodyn, part of M3P plant 

phenotyping platforms (M3P, Montpellier, France, 

https://www6.montpellier.inrae.fr/lepse_eng/M3P). Briefly, this platform is set-up with balances to 

monitor plant transpiration, displacement transducers to monitor leaf expansion, a set of climatic 

sensors and automatic drip feed systems. Air temperature, relative humidity, and PPFD were 

measured at the plant level and stored every 15 min in a data logger (CR10X, Campbell Scientific 

LTD, Leicestershire, UK). The temperature of the leaf meristematic (growth) zone was measured with 

thermocouples inserted vertically inside the sheath of leaf 5 of three to six plants, and used to 

calculate meristem-to-air VPD. VPD was controlled based on measurements of relative humidity and 

temperature.  

 Seeds were imbibed for 24 h at 4°C on water-saturated filter papers in Petri dishes, then placed at 

room temperature for 24 h and put back at 4°C for 48 h. Six germinated seeds were planted in 9-L 

plastic pots (id 20 cm) filled with a 40:60 (v:v) mixture of clay and organic compost and then thinned 

to three plants per pot when the third leaf emerged. A total of three pots (nine plants) per accession 

were sown, together with four pots with non-transpiring artificial plants mimicking real plants used 

to calculate evaporation from soil surface. Sowing was spread over eleven weeks in order to stagger 

measurements in the growth chambers. A fully randomized design was used. Pots with less than 

three emerged plant were sown again during the 12th week.  

  Plants were grown for three weeks in a growth chamber where temperature and VPD were 

controlled at 20.6 ± 2.6°C / 16.3 ± 1.9°C (day/night) and 1.4 ± 0.4 kPa / 0.9 ± 0.3 kPa (day/night), 

respectively. PPFD at plant level averaged 300 µmol s-1 m-2 during the 12-h photoperiod. Plants were 

watered daily to maintain the soil water potential above -0.05 MPa. Three weeks after plant 

emergence, two pots (six plants) of each accession were transferred to another growth chamber and 

were subjected to various temperature and VPD conditions (scenario 1) during a 4-days period and 
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one pot (three plants) underwent a second scenario (scenario 2), with more extreme temperatures 

(Supplementary Information Fig. S1). This period of measurement was selected because it 

corresponded to the appearance of leaf-5 in all genotypes, for comparing absolute values of leaf 

elongation rate, and because internode elongation had not started yet.  Indeed, the automatic 

measurement of leaf elongation with displacement transducers does not make possible to 

discriminate elongations of internode and leaves at latter plant stages. In both scenarios, plants 

were harvested at the end of the 4-days period. We used two scenarios applied in different growth 

chamber and on different plants to compare the response of LER to temperature on plants at similar 

development stages on the full range of target temperatures.  

In scenario 1, each night, plants were subjected to two air temperature values: a reference 

temperature of 20°C during 6 h, and another temperature value (the target temperature; either 

12°C, 16°C, 24°C, or 28°C) during the following 6 h. Each night, the lowest temperature (between the 

two temperatures) was applied first. During the first three days, during daily hours, plants were 

subjected to two VPD values: a 6-h period with a reference VPD of 1.3 kPa and a 6-h period with the 

target VPD value (either 0.5, 2.5, or 3.0 kPa). Each day, the lowest VPD value was applied first. The 

daytime air temperature was set in such a way that the target air VPD values were attainable (20°C 

for VPD at 0.5 kPa; 26°C at 2.5 kPa; 28°C at 3.0 kPa), but in all cases, temperature was similar for 

both the reference and the tested VPD. The fourth day, air temperature and VPD were maintained at 

20°C and 1.3 kPa, respectively. 

In scenario 2, a protocol similar to that of scenario 1 was applied but with more extreme 

temperatures and VPD values. The target air-temperature values were 4°C, 8°C, 32°C, and 36°C and 

the target air VPD values were 0.3, 2.5 and 4 kPa. Because VPD was not stable enough in these 

conditions, in latter analyses, data of plant responses to night temperature were used but not data 

measured during the light period. As in scenario 1, the fourth day temperature was maintained at 

20°C and VPD at 1.3 kPa. 

Response of leaf elongation rate to temperature 

The youngest growing leaf (leaf 4 or 5 during the first night and leaf 5 or 6 for the last day of 

measurements) was attached to a rotary displacement transducer (601–1045 Full 360 Smart Position 

Sensor; Spectrol Electronics, Ltd, Wiltshire, England). Leaf elongation was transmitted to the sensor 

via a pulley attached to it, which carried a thread attached to the leaf tip and to a 10 g 

counterweight. Leaf elongation was recorded on a data logger every 15 min. 
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 The response of leaf elongation rate (LER) to leaf growth zone temperature was calculated from 

both temperature scenarios during the night period to avoid confounding effects of temperature 

and evaporative demand. In all cases, LER stabilized within 2 h after the beginning of the night 

period or of the change in temperature (Fig. 2, checked on all plants). LER was averaged over the last 

4 h of each period. In wheat, LER of a given leaf is not steady and depends on leaf rank. Therefore, in 

order to compare LER of leaves of different lengths (relative to their final length) and rank, LER at the 

tested temperature was normalized by LER at the reference temperature (20°C) measured during 

the same night. To determine the cardinal temperatures of normalized LER, data were fitted with a 

3-parameter segmented linear function equation constrained to be equal to unit at the reference 

temperature: 

 ( )  {

(      )

(         )
            

(      )(         )

(         )(         )
             

      Eqn 1 

  where T (°C) is the temperature of the leaf meristematic-zone, Tref (°C) is the reference temperature 

at which  ( ) is equal to unit, Tmin (°C) is the base temperature at which normalized LER equals zero, 

Topt (°C) is the temperature at which normalized LER is maximal, and Tmax (°C) is the supra-optimal 

temperature at which normalized LER stops (Table 1). Eqn (1) was compared with a beta function  

and an Arrhenius-type function . Regression were performed with the BFGS method of the optim 

function (software R; . The goodness of fit of the three equations was evaluated with the root mean 

squared error and models were compared with the Akaike information criterion  and the Bayesian 

information criterion .  

 

 

Responses of leaf elongation rate and transpiration to vapour pressure deficit 

The response of LER and transpiration to leaf-air VPD was calculated during the day in scenario 1 

only. LER was measured as described above. Transpiration rate (TR) was calculated from the weight 

loss of each pot divided by the total leaf (sheath + blade) area. Direct evaporation from the soil was 

estimated by measuring the weight loss of pots carrying plastic plants, which were water to maintain 

a soil water potential similar to that of the studied pots. The weight of the pots was averaged and 

stored every 15 min.  

 LER of the youngest growing leaf measured at the 15 min time-step was first expressed with units of 

thermal time in order to remove the effects of temperature. It was then averaged for the period of 
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stabilized VPD (last 4 h of the 6-h period) and was then normalized by the average TR during 4 h at 

the reference VPD, removing effects of plant size and leaf area. Normalized LER and TR data were 

then fitted with a linear model, constrained to unit at the reference VPD, so that only one parameter 

described each response, the sensitivities of LER (sLER, kPa-1) and TR (sTR, kPa-1) to VPD. 

Traits linked to rates of development, leaf expansion and transpiration 

Progress of plant development one the main stem, was determined from leaf stage (LS; adapted 

from : 

      
 

 
 Eqn 2 

where n is the number of ligulated leaf, and l and L are the exposed and final lengths of the blade of 

leaf n + 1, respectively. The exposed length of a leaf was measured with a ruler as the distance from 

leaf tip to the upper collar of the sheath tube. LS was determined on all plants of scenario 1 from the 

day before to the last day of LER measurements. The rate of leaf appearance (LAR, leaf °Cd-1; inverse 

of phyllochron) was calculated as the slope of the relationship between LS and thermal time (base 

0°C). 

  Because LER of leaf 5 was measured during at least one night for all accessions, the absolute LER of 

all accessions was compared based on LER of leaf 5 (LERm, mm h-1) measured at 20°C, 2 to 3 days 

after leaf appearance (i.e. when LER was at its maximum value). TR at 20°C and 1.3 kPa was 

calculated as the average of TR measured each of the four nights during a 6-h period. At the end of 

the 4-days period, the whole-plant leaf area was measured (see below). TR per unit of leaf area (TR, 

g cm-2 h-1) was calculated by first removing evaporation of pots with plastic plants and then dividing 

it by the whole-plant leaf area. 

Traits linked to plant structure 

All plant structural traits were measured after the fourth day of LER and transpiration 

measurements. Total number of leaves per plant (TL, leaf plant-1) was counted. The leaf blades and 

sheaths of the main stem and tillers were then separated and their length, width, and surface area 

were measured with an electronic planimeter (LI-3100C, Li-Core Inc., Lincoln, NE, USA). Several traits 

linked to plant structure were calculated from these measurements. The total leaf area per plant 

was calculated (LAT, cm2 plant-1). The length-to-width ratio (rlw2, dimensionless) and surface area 

(LA2, cm2 plant-1) of the blade of main stem leaf 2 were calculated as proxies of plant early vigour . 

The slope of the relationship between main stem individual leaf blade surface area and leaf rank 
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normalized by the surface area of the blade of leaf 2 (sLAK, dimensionless) and the ratio of leaf blade 

to total leaf (sheath + blade) surface area (rLA, dimensionless) were also calculated. 

  The main stem leaf blades and sheaths of each plant were pooled and oven dried at 85°C until 

constant mass. The dry mass of the samples was measured and specific leaf mass (MLA, g DM cm-2 

leaf) was calculated by dividing total plant dry mass by TL. Samples were then milled and their total 

N concentration (N mass per unit dry mass) was determined with the Dumas combustion method 

(Association of Official Agricultural Chemists method no. 7.024) using a FlashEA 1112 N/Protein 

Analyzer (Thermo Electron) and the mass of N per plant was calculated (PN, g N plant-1). Specific leaf 

N mass (SLN, g N m-2 leaf) was calculated by dividing PN by TL. 

Data analyses 

All data analyses were carried out with the statistical program software R . Analyses of variance on 

each variable were performed with the function aov, considering species as factors and genotypes as 

replicates. Confidence intervals of differences between means of each couple of species were 

calculated using a Tukey test (R function TukeyHSD) and significance of these differences were 

calculated with function HSD.test with  =0.05  

The procedure for building correlograms included the following step: (i) normality Shapiro-Wilk test; 

(ii) calculation of Spearman correlations; and (iii) calculation of q-values (P-value corrected for false 

discovery rate). Significant correlations were considered at q-value < 0.01. To compare the inter-

specific variability versus inter-specific variability of each trait we calculated the ratio of the 

corresponding coefficient of variation of standard deviation. 

  Principal component analyses (PCA) were performed using the function PCA of the FactorMineR R 

package . We considered several sets of traits (e.g. all traits, or traits linked to sensitivities to 

temperature and VPD only), with data at the accession level. Values of each species on the first five 

axes of the PCA were determined by calculating the barycentre of all accessions in each species. A 

hierarchical clustering on principal components analysis (HCPC) of species was then performed 

based on these values on the first five axes of the HCPC using the ‘HCPC function of the FactorMineR 

package. Approximately Unbiased (AU) p-values (%) were calculated with the pvclust function from 

pv.clust R package, with 1,000 bootstrap replications. 
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Results 

Inter-specific variability of traits related to plant structure and rates of development, 

leaf expansion, and transpiration and their response to temperature and vapour 

pressure deficit 

We measured nine traits related to plant structure and three traits related to the rate of plant 

development and growth in 60 accessions covering a wide genetic diversity in 12 groups (5 

accessions in each group) of wheat-related species and subspecies (Fig. 1). Traits related to the rates 

of plant development and growth (LAR, LERm) and plant size (LA2, LAT, and PN) showed a high 

variability and significant differences between species (Fig. 3, Supplementary Table S3). Among 

these traits, LAR increased with ploidy level (Fig. 4l, P < 10-3), while LA2, LAT, and PN were higher for 

the diploid species than for the polyploid species (2n > 4n > 6n; Fig. 4a,d,h, P < 10-3 for these three 

traits). Traits linked to plant structure but expected not to be linked to plant size (i.e. rlw2, rLA, and 

sLAK) showed no clear patterns with ploidy (Fig. 4b,f,g). The other traits (TL, SLN, and TR) showed 

less clear pattern. As MLA, SLN showed a low overall variability compared to the other traits we 

measured.  

We analysed the sensitivities of LER to temperature and VPD in the 60 studied accessions. Each 

night, a temperature between 4°C and 36°C was tested during 6 h after a period of 6 h at the 

reference temperature of 20°C (Supporting Information Fig. S1). Figure 2 shows an example for T. 

turgidum subsp. durum, cultivar Brumaire, where temperature was first maintained at 20°C during 6 

h and then increased to 24°C during 6 h. LER oscillated around 4 mm h-1 during the first period at 

20°C and then increased rapidly to about 5 mm h-1 when temperature was increased to 24°C (Fig. 

2c). We normalized LER measured at the tested temperature by that measured during the same 

night at the reference temperature to analyse the effect of temperature change regardless of 

differences in LER, due to differences in leaf rank or time since leaf emergence (Fig. 4a). We fitted 

the data to three different function equations to estimate the cardinal temperatures of LER: a beta 

function , an Arrhenius function , and a segmented linear equation (Eqn 1). For all accessions, the 

segmented linear model was the best model (Supporting Information Fig. S2 and Table S5). All data 

were thus analysed using this model. The type of responses we obtained is illustrated in Figure 4a. 

The three cardinal temperatures showed a moderate but significant variability between the 12 

groups of species and subspecies (Fig. 3), Tmin ranged from -1.7°C to 3.9°C, Topt from 24.0°C to 31.6°C 

and Tmax from 36.2°C to 53.4°C (Supplementary Information Table S6). We observed no clear pattern 

between ploidy levels, genomes, or between wild versus domesticated species (Fig. 4d-f).  
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  We quantified the responses of LER and TR to VPD during the day using an approach similar to that 

described above for the response of LER to temperature during the night. VPD in the growth 

chamber was controlled at 1.3 kPa during the first 6 h of the day, then it was changed between 0.5 

and 3.0 kPa until the end of the day. The type of responses we obtained is illustrated in Figure 4b 

and 4c for LER and TR, respectively. LER oscillated around 5.5 mm h-1 at the reference VPD and 

decreased to 4 mm h-1 when VPD was increased to 2.7 kPa. At the same time, TR, which stabilized at 

13 g h-1 at the reference VPD, increased to 19 g h-1. LER and TR at the tested VPD were normalized by 

their corresponding value at the reference VPD, removed the effects of leaf rank, time since leaf 

emergence, and plant leaf area. Both responses to VPD were modelled with a linear model, the 

slope of which is the response of LER (sLER) or TR (sTR) to VPD (Fig. 4b,c). Both sensitivities showed a 

significant variability between species and subspecies (Fig. 4g,h), with sTR ranging from -0.268 to -

0.037 kPa, and sLER from 0.260 to 0.805 kPa (Supplementary Information Table S6). However, at the 

level of single traits, we did not observe  clear pattern between the 12 groups of species. 

 

Ploidy level, phylogeny, and breeding together explain the phenotypic space of all 

traits 

Apprehending the structure of the interspecific diversity and how the intra-specific diversity is 

nested inside is possible by considering the n-dimensional space constituted by all traits together 

(phenotypic space). We found significant correlations between most traits (Fig. 5 and Supporting 

Information Table S7). The strongest positive correlations were between traits related to plant 

structure and plant size. However, we also found significant correlations between traits of different 

types, for example between response traits and traits related to plant structure. 

  We reduced the dimension of the phenotypic space to five dimensions by using principal 

component analyses (PCAs). PCA based on all traits at the accession level (Fig. 6a-d) showed that 

within each group of species, the diversity of values for the three first components was low 

compared to the overall diversity observed at the interspecific level (Fig. 6b). The first principal 

component (PC1) explained 30% of the observed variance and was mainly explained by traits related 

to development rate (e.g. LAR and LERm) and traits linked to plant size (e.g. LAT and TL; Fig. 6a) and 

discriminated diploid species from tetraploid and hexaploid species (Fig. 6b). Diploid species had 

smaller leaf 2 (LA2), lower leaf appearance rate (LAR), less leaves (TL) and a lower leaf area (LAT) 

compared with tetraploid and hexaploid species (Fig. 3). However, because most of the wild species 
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used in this study are diploids, and because T. turgidum subsp. dicoccoides was close to the origin of 

PC1, we cannot conclude if this axis discriminated species based on domestication or ploidy level. 

  The clustering analysis based on the first five components of the PCA classified the 12 groups into 

six clusters (Fig. 6e). The first branching of the dendogram (corresponding to the highest relative 

distance) separated the diploid and polyploid species. For the diploids, the second order of the 

dendrogram separated the genome A from the other two diploid genomes, and for the polyploidy it 

separated T. turgidum subsp. dicoccoides and T. turgidum subsp. dicoccum from the others polyploid 

species. The third order of clustering grouped together T. turgidum subsp. durum elite cultivars and 

the two hexaploid species (T. aestivum subsp. aestivum and T. aestivum subsp. spelta), while T. 

turgidum subsp. durum landraces were grouped with T. turgidum subsp. turgidum. The wild and 

cultivated emmer wheat species (T. turgidum subsp. dicoccoides and T. turgidum subsp. dicoccum) 

were grouped together. Therefore, the phenotypic space based onb the 17 traits we studied 

discriminated wheat-related species and subspecies based on their ploidy level, domestication and 

breeding, and the resulting clustering of species fitted well the phylogeny of the 12 groups of species 

and subspecies. 

Phylogeny structured the phenotypic space of traits related to the rate of plant 

development and growth and their responses to temperature and vapour pressure 

deficit 

A similar analysis combining PCA and HCA but based on traits linked to plant structure only 

(Supporting information Fig. S3) showed similar results as that performed on all 17 traits (with 

marginal differences), suggesting that structure traits drove the clustering of the 12 groups of 

species. Therefore, we performed a similar analysis on traits linked to rates and sensitivities, and 

excluding structure traits (Fig. 7).The first axis opposed species with high LAR to species with low TR, 

sLER and Tmax, while the second axis opposed species with high Tmax to species with low Tmin, Topt and 

sTR. Topt was negatively correlated with LERm (Supplementary Information Table S7) and were the 

main contributing traits to the third axis. The resulting HCA first segregated two groups. The first one 

consisted of the cultivated tetraploid and hexaploid species, as well as Ae. Tauschii, while the second 

one consisted of the wild and cultivated diploids and the wild tetraploid species T. turgidum subs. 

dicoccoides. Within these two groups, the HCA produced only few unexpected results : (i) T. 

turgidum subs. dicoccoides clustered with T. monococcum (subsp. monococcum and beoticum), (ii) T. 

aestivum subs. spelta clustered with a group of three T. turgidum and (iii) Ae. tauschii was in the 

same cluster as T. aestivum subs. aestivum. Overall, these results indicated that the rate of 
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development of growth and the sensitivities to temperature and VPD are well-conserved, with a low 

variability within species compared to the phenotypic space of wheat-related species, and that their 

inter-specific variability is mainly structured by phylogeny. 

  Finally, we analysed the structure of the phenotypic space of response traits only, knowing that 

values of individual traits did not show clear trends (Fig. 4). Because the phenotypic space was 

naturally reduced to five dimensions (five variables), which appeared as independent in a PCA 

analysis (Fig.8a), we performed aHCA based on these five traits.Here again, clear patterns appeared 

on the dendogram. The HCA first segregated two wild diploid species Ae. speltoïdes and T. uratu 

from the other species, indicating that these two wild species had significantly different responses to 

temperature and evaporative demand compared to the other species. But overall, HCA clustered 3 

other groups: (i) one group comprising all tetraploid species, regardless of wild/domesticated 

subgroups, (ii) one group with the two wild and domesticated T. monococcum species, and (iii) one 

group with the two hexaploid species (T. aestivum subs spelta and aestivum) and Ae. Tauschii, that 

is, all species with a D genome.  This analysis therefore indicated that the inter-specific variability in 

temperature and VPD responses was structured by both the ploidy level and the phylogenetic 

relationships. However, domestication and/or breeding pressure does not appear has having modify 

such responses. 

 

Discussion 

Modelling the sensitivities of leaf elongation rate to temperature and vapour 

pressure deficit and of transpiration rate to vapour pressure deficit for a large 

genetic diversity in wheat-related species 

The response of plant organ expansion processes to temperature has been extensively studied (. 

Most of these studies concluding in a similar response as that of plant development, and the few 

studies assessing the intra-specific variability of this response indicated a very low genetic variability 

within each species (Parent & Tardieu, 2012). It results that most crop models use similar formalisms 

and parameters values for both the response of development and expansion processes without 

genetic variability on these parameters (Parent & Tardieu, 2014). Several model formalisms are used 

in crop models, from the simplest linear model, to more complex curvilinear models . In this study, 

we used a segmented linear formalism, which adequately fitted to the observed sensitivities in 60 

accessions of wheat-related species. As expected, the observed intra-specific variability was low, so 
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was the inter-specific variability (albeit non-null, see below). It indicates that a modelling strategy 

based on parsimony; with a single set of parameter values for all wheat-related species was probably 

a good strategy (Parent et al., 2016). Such a model with no genotypic variation would be probably 

very close to a model assuming organised genetic variation, but avoiding time consuming 

experiments on each single wheat accession.  

  Up to now, to our knowledge, there was no study that assessed the response of leaf elongation to 

VPD in wheat. However, most cereal species react strongly to changes of evaporative demand and a 

large genetic variability of the response of LER to VPD has been found in species in which this 

process has been studied . Here, we show that a linear model can fit this response in a large diversity 

of wheat-related species. The range of sensitivities  at the interspecific level (from -10% to -20% per 

kPa) was very close to that observed in maize . Because considering this response can greatly 

improve prediction of leaf area in contrasted field sites in maize, it should also be the case in wheat 

growth predictions. 

  While the response of transpiration to VPD has been investigated in many species including bread 

wheat , and a very high variability was found across generations of selections of Australian wheat , 

there was no information about its variability in wheat-relative species. Unexpectedly, the variability 

of responses observed in this study was very low, at both the intra- and inter-specific level compared 

to that found in 23 cultivars released from 1890 to 2010 in Australia . For some genotypes, 

Schoppach et al. (2012) observed a break point in the TR-VPD relationship between 2.4 and 3.9 kPa. 

In the range of VPD we tested, a linear model fitted the response of all accessions without any 

breakpoint. These results could be explained by the limited range of VPD used here (0.5-3.0 kPa 

compared with 0.8 to 4.5 kPa in Schoppach et al. (2012)), but which correspond to a physiological 

range observed in the spring in most temperate regions. 

Most traits have probably evolved slowly, following polyploidisation, phylogeny and 

breeding pressure 

A striking result of this study was the fact that a hierarchical clustering of species based on traits that 

have not been directly selected could reproduce almost perfectly our knowledge about phylogeny of 

wheat-related species and subspecies. The hierarchical clustering based on traits linked to plant 

structure discriminated diploid from polyploid species, regardless of domestication (e.g. T. 

mocococcum subsp. mocococcum and boeoticum clustered together and T. turgidum subsp. 

dicoccoides and dicoccum clustered together). This results suggest a specific effect of ploidy on plant 

physiology such as that observed in trees . In addition, we found variations depending on the 
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genome, with different sets of trait values between diploid species with genome A, D or S. Finally, 

selection pressure seems to have affected these traits (but much less than phylogeny and ploidy), 

with different clusters of trait values for the earliest tetraploid species (T. turgidum subsp. 

dicoccoides and dicoccum) and landraces of T. turgidum subsp. durum selected before the green 

revolution, compared with later-released durum wheat cultivars. 

  At the level of individual traits, values of the five traits related to sensitivities to temperature and 

VPD did not indicate clear patterns, with no obvious impact of selection pressure, domestication, 

genome or sub-genome, ploidy, or phylogenetic links between species. On the contrary, a clustering 

based on  these traits was showing clear patterns, with an effect of both ploidy and phylogenetic 

relationships Overall, species that are phylogenetically close showed similar phenotypic spaces, 

indicating that these traits are well-conserved and have probably evolved slowly, following 

phylogeny, as proposed earlier for the response to temperature in a much wider genetic diversity of 

cultivated plants .  

Which sources of genetic improvement within species and between related-species? 

Our initial intention, in addition to providing formalisms and parameter values for process-based 

models, was to test the hypothesis that new sources of genetic diversity for the response of LER and 

TR to VPD and temperature could be found in wheat-related species, in particular in wild or 

cultivated T. turgidum or diploid species, and if this diversity could enrich the genetic diversity of 

cultivated wheat using a synthetic-wheat strategy . 

  Most wheat synthetic derived cultivars have been developed by crossing Ae tauschii with elite 

durum wheat cultivars, and more recently T. dicoccoides, T. dicoccum, or T. turgidum . Several 

studies have reported significant improvements in heat and drought tolerance of bread wheat 

cultivars derived from Ae tauschii x T. durum crosses compared with locally adapted elite cultivars . 

However, the inter-specific variability of wild and cultivated wheat related species for traits related 

temperature and evaporative demand has been not explored yet. 

  As expected, our results showed that the genetic variability of structure traits observed within 

wheat ancestors or the secondary gene pool is far from that observed in modern durum or bread 

wheat cultivars but mostly presented lower values, which would not give advantage in agronomical 

conditions. For these traits, a source of enrichment of genetic diversity should therefore be sought in 

other wild species. To the contrary, for response traits, some wild relative species or wheat 

ancestors may provide an adaptive value if introduced in cultivated wheat species. 
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  The response of LER and TR to temperature or VPD in Ae tauschii and T. dicoccum were similar to 

those of T. aestivum. In particular, accessions of Ae. tauschii presented very similar trait values 

compared to modern wheat lines and they delimitated a phenotypic space that was almost nested in 

that of T. aestivum. In contrast, T. uratu and Ae. speltoïdes showed very distinct responses and had 

higher Tmax and lower sLER than elite bread and durum wheat cultivars. Synthetic tetraploid and 

hexaploid lines have been created with T. urartu or Ae. speltoïdes but, to our knowledge, they have 

not been evaluated for their response to temperature or evaporative demand . Although the 

introgression of these species into wheat is practically and methodically more challenging, recent 

development of genomic resources and biotechnology have good promise to accelerate the use of 

diploid wheat related species other than Ae. tauschii . Several studies therefore focused on the 

response of vegetative and/or reproductive traits to high temperature in Aegilops species, and 

observed genetic variability at both intra- and inter-specific levels (Pradhan et al., 2012). Although 

we considered only a very limited number of accessions in each species, our results suggest that T. 

urartu and Ae. speltoïdes could be interesting sources of genes to develop wheat cultivars able to 

maintain high LER under high temperature and evaporative demand. 

Conclusion 

In addition to (i) providing new formalisms of trait responses together with model parameters in 12 

wheat-related species and subspecies, this study (ii) indicates that traits linked to the responses of 

LER and TR to temperature and VPD are well-conserved, with an unexpected low genetic variability 

within species; (iii) that vegetative traits have probably evolved slowly, following phylogenetic links 

between accessions; (iv) that both domestication and phylogenetic relationships drove the slow 

evolution of temperature and VPD responses; (v) and identify sources of varietal improvement 

currently locked in wheat-related species. 
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Tables 

Table 1. Symbol, units and definition of the structural, rate and response phenotypic trait measured 

in this study. 

Trait type Symbol Units Definition 

Structural 

 

 

 

 

 

 

 

 

LA2 cm² Leaf area of leaf 2 

rlw2 - Ratio length / width for leaf 2 

TL Leaf plant-1 Total number of leaves per plant (main stem + tillers) 

LAT cm² (leaf) plant-1 Leaf area per plant (sheath + leaf blade) 

MLA g m-² Specific leaf mass 

rLA - Ratio of sheath to blade leaf area 

sLAK - 
Slope of the relationship between individual leaf area 

and leaf rank normalized by the leaf area of leaf 2 

PN g N plant-1 Shoot nitrogen mass 

SLN g N m-² Specific leaf (sheath + blade) nitrogen 

Rates 

 

 

LERm mm h-1 Maximal elongation rate of leaf 5 at 20°C and 1.0 kPa 

TR g H20 h-1 m-2 Plant transpiration rate at 20°C and 1.3 kPa 

LAR leaf °C d-1 Average leaf appearance rate 

Responses 

 

 

 

 

Tmin °C Minimum temperature for leaf elongation 

Topt °C Optimum temperature for leaf elongation 

Tmax °C Maximum temperature for leaf elongation 

sLER kPa-1 
Response of leaf elongation rate to vapour pressure 

deficit 

sTR kPa-1 
Response of transpiration rate to vapour pressure 

deficit 
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Figure legends 

 

Fig. 1 The evolutionary and genome relationships between cultivated wheat species and related wild 

species used in this study. The origin of B genome is still unclear but it comes from an Ae. Sect. 

Sitopisis, represented here by Ae. speltoides. T. turgidum subsp. durum was separated in two groups: 

landrace populations grown before the green revolution and elite cultivars released after the green 

revolution. 

 

Fig. 2 Time courses of air temperature (a), air VPD (b), leaf elongation rate, and transpiration rate 

during the third night and day of scenario 1. Vertical grey lines indicate the 4-h periods during which 

environmental conditions were considered stable and leaf elongation rate and transpiration rate 

were averaged (black lines). In (c) and (d) data are for T. turgidum subsp. durum, cultivar Brumaire. 

All measurement were performed on the same plant. 

 

Fig. 3 Traits related to plant structure and rate of development, leaf expansion and transpiration for 

the 12 groups of wheat related species and subspecies. (a) LAR, leaf appearance rate; (b) LERm, leaf 

elongation rate of leaf 5 at 20°C and 1.0 kPa; (c) TR, transpiration rate at 20°C and 1.3 kPa; (d) TL, 

total number of leaves per plant; (e) LAT, leaf surface area per plant; (f) LA2, surface area of leaf 2; 

(g) rlw2, length-to-width ratio of leaf 2; (h) rLA, ratio of leaf blade to total leaf surface area; (i) sLAK, 

slope of normalized leaf blade surface area versus leaf rank normalized by the surface area of leaf 2; 

(j) PN, total N mass per plant; (k) MLA, specific leaf mass; (l) SLN, specific leaf mass. Data are mean ± 

1 s.d. for n = 5 accessions. 

 

Fig. 4 Response of leaf elongation rate (LER) to temperature and vapour pressure deficit (VPD), and 

response of transpiration rate (TR) to VPD for wheat related species and subspecies. (a) and (b) 

normalized LER versus leaf-air VPD and temperature of the leaf growth zone for T. turgidum subsp. 

durum cultivar Neodur, respectively. Data are mean ± 1 s.d. for n = 6 independent replicates for 

temperatures between 12°C and 28°C and for n =3 for the other temperatures. (c) Normalized TR 

versus leaf-air VPD for T. turgidum subsp. durum cultivar Neodur. Data are mean ± 1 s.d. for n = 6 

independent replicates. In (a) to (c), black lines are linear (a and c) and segmented-linear (c) 
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regressions, and horizontal and vertical grey lines indicate the normalization point constraining the 

fitted function equations. (d), (e), and (f) minimum (Tmin), optimum (Topt), and maximum (Tmax) 

temperature of the leaf meristematic zone for LER, for the 12 groups of wheat-related species and 

subspecies, respectively. (g) and (h) response of LER (sLER) and transpiration rate (sTR) to leaf-air 

VPD for the 12 groups of wheat-related species and subspecies. In (d) to (h) data are mean ± 1 s.d. 

for n = 5 accessions. 

 

Fig. 5 Correlograms of Spearman’s correlation coefficients between traits at the accession level (see 

Table 1 for definitions of variables). (a) Positive correlations. (b) Negative correlations. Traits in blue 

font are related to plant structure, those in yellow font to absolute rates of development, expansion 

or transpiration, and those in red font to the response of LER to temperature and VPD and of TR to 

VPD. Thickness and colour of lines indicate the correlation coefficient value. Only significant (q-value 

< 0.01) correlations are shown.  

 

Fig. 6 Principal component analysis (PCA) and hierarchical clustering on principal components 

analysis (HCPC) for the 17 traits measured for the 60 studied accessions of wheat related species and 

subspecies. (a) and (b) Representation of the structural traits (blue), absolute rates of development, 

expansion, or TR (green), and response of LER to temperature and VPD and of TR to VPD (red) in the 

PC1-PC2 and PC1-PC3 plans, respectively. (c) and (d) factor maps of the accessions and the 

barycentre of each cluster identified by the HCPC analysis on the same plans as in (a) and (b), 

respectively. (e) Dendrogram of the HCPC analysis performed on the barycentre of each species in 

the first five axes of the PCA. Dashed vertical line shows the threshold of relative distance for 

clustering species. Number display the Approximately Unbiased (AU) p-value obtained from 1000 

bootstrap replications.  

 

Fig. 7 Principal component analysis (PCA) and hierarchical clustering on principal components 

analysis (HCPC) for the traits related to the absolute rates of development, expansion and 

transpiration, and response to temperature and VPD for the 60 studied accessions of wheat related 

species and subspecies. (a) and (b) Representation of absolute rates of development, expansion, or 

TR (green) and response of LER to temperature and VPD and TR to VPD (red) in the PC1-PC2 and 

PC1-PC3 plans, respectively. (c) and (d) factor maps of the accessions and the barycentre of each 

cluster identified by the HCPC analysis on the same plans as in (a) and (b), respectively. (e) 
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Dendrogram of the HCPC analysis performed on the barycentre of each species in the first five axes 

of the PCA. Dashed vertical line shows the threshold of relative distance for clustering species. 

Number display the Approximately Unbiased (AU) p-value obtained from 1000 bootstrap 

replications.  

 

Fig. 8 Principal component analysis (PCA) and hierarchical clustering based on trait values related to 

response to temperature and VPD for the 60 studied accessions of wheat related species and 

subspecies. (a) and (b) Representation of the response of LER to temperature and VPD and TR to 

VPD (red) in the PC1-PC2 and PC1-PC3 plans, respectively. (c) and (d) Factor maps of the accessions 

and the barycentre of each cluster identified by the HCPC analysis on the same plans as in (a) and 

(b), respectively. (e) Dendrogram of the HCPC analysis performed on the barycentre of each species 

in the five variables. Dashed vertical line shows the threshold of relative distance for clustering 

species. Number display the Approximately Unbiased (AU) p-value obtained from 1000 bootstrap 

replications.  
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Figure 1 

Fig. 1 The evolutionary and genome relationships between cultivated wheat species and related wild 
species used in this study. The origin of B genome is still unclear but it comes from an Ae. Sect. 
Sitopisis, represented here by Ae. speltoides. T. turgidum subsp. durum was separated in two groups: 
landrace populations grown before the green revolution and elite cultivars released after the green 
revolution. 
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Figure 2 

Fig. 2 Time courses of air temperature (a), air VPD (b), leaf elongation rate, and 
transpiration rate during the third night and day of scenario 1. Vertical grey lines indicate 
the 4-h periods during which environmental conditions were considered stable and leaf 
elongation rate and transpiration rate were averaged (black lines). In (c) and (d) data are 
for T. turgidum subsp. durum, cultivar Brumaire. All measurement were done on the same 
plant. 
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Figure 3 

Fig. 3 Traits related to plant structure and rate of development, leaf expansion and transpiration for the 12 
groups of wheat related species and subspecies. (a) LA2, surface area of leaf 2; (b) rlw2, length-to-width 
ratio of leaf 2; (c) TL, total number of leaves per plant; (d) LAT, leaf surface area per plant; (e) MLA, specific 
leaf mass; (f) rLA, ratio of leaf blade to total leaf surface area; (g) sLAK, slope of normalized leaf blade 
surface area versus leaf rank normalized by the surface area of leaf 2; (h) PN, total N mass per plant; (i) SLN, 
specific leaf mass; (j) LERm, leaf elongation rate of leaf 5 at 20°C and 1.25 kPa; (k) TR, transpiration rate at 
20°C and 1.25 kPa; (l) LAR, leaf appearance rate. Data are mean ± 1 s.d. for n = 5 accessions. 
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Figure 4 

Fig. 4 Response of leaf elongation rate (LER) to temperature and vapour pressure deficit (VPD), and 
response of transpiration rate (TR) to VPD for wheat related species and subspecies. (a) and (b) 
normalized LER versus leaf-air VPD and temperature of the leaf growth zone for T. turgidum subsp. 
durum cultivar Neodur, respectively. Data are mean ± 1 s.d. for n = 6 independent replicates for 
temperatures between 12°C and 28°C and for n =3 for the other temperatures. (c) Normalized TR 
versus leaf-air VPD for T. turgidum subsp. durum cultivar Neodur. Data are mean ± 1 s.d. for n = 6 
independent replicates. In (a) to (c), black lines are linear (a and c) and segmented-linear (c) 
regressions, and horizontal and vertical grey lines indicate the normalization point constraining the 
fitted function equations. (d), (e), and (f) minimum (Tmin), optimum (Topt), and maximum (Tmax) 
temperature of the leaf meristematic zone for LER, for the 12 groups of wheat-related species and 
subspecies, respectively. (g) and (h) response of LER (sLER) and transpiration rate (sTR) to leaf-air VPD 
for the 12 groups of wheat-related species and subspecies. In (d) to (h) data are mean ± 1 s.d. for n = 5 
accessions. 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erab431/6374975 by guest on 27 Septem

ber 2021



Figure 5 

Fig. 5 Correlograms of Spearman’s correlation coefficients between traits 
at the accession level (see Table 1 for definitions of variables). (a) Positive 
correlations. (b) Negative correlations. Traits in blue font are related to 
plant structure, those in yellow font to absolute rates of development, 
expansion or transpiration, and those in red font to the response of LER to 
temperature and VPD and of TR to VPD. Thickness and colour of lines 
indicate the correlation coefficient value. Only significant (q-value < 0.01) 
correlations are shown.  
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Figure 6 

Fig. 6 Principal component analysis (PCA) and hierarchical clustering on principal 
components analysis (HCPC) for the 17 traits measured for the 60 studied accessions 
of wheat related species and subspecies. (a) and (b) Representation of the structural 
traits (blue), absolute rates of development, expansion, or TR (yellow), and response 
of LER to temperature and VPD and of TR to VPD (red) in the PC1-PC2 and PC1-PC3 
plans, respectively. (c) and (d) factor maps of the accessions and the barycentre of 
each cluster identified by the HCPC analysis on the same plans as in (a) and (b), 
respectively. (e) Dendrogram of the HCPC analysis performed on the barycentre of 
each species in the first five axes of the PCA. Dashed vertical line shows the threshold 
of relative distance for clustering species. 
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Figure 7 

Fig. 7 Principal component analysis (PCA) and hierarchical clustering on principal 
components analysis (HCPC) for the traits related to the absolute rates of 
development, expansion and transpiration, and response to temperature and VPD for 
the 60 studied accessions of wheat related species and subspecies. (a) and (b) 
Representation of the structural traits (blue), absolute rates of development, 
expansion, or TR (yellow) and response of LER to temperature and VPD and TR to VPD 
(red) in the PC1-PC2 and PC1-PC3 plans, respectively. (c) and (d) factor maps of the 
accessions and the barycentre of each cluster identified by the HCPC analysis on the 
same plans as in (a) and (b), respectively. (e) Dendrogram of the HCPC analysis 
performed on the barycentre of each species in the first five axes of the PCA. Dashed 
vertical line shows the threshold of relative distance for clustering species. 
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Figure 8 

Fig. 8 Principal component analysis (PCA) and hierarchical clustering on principal 
components analysis (HCPC) for the traits related to response to temperature and 
VPD for the 60 studied accessions of wheat related species and subspecies. (a) and 
(b) Representation of the structural traits (blue), absolute rates of development, 
expansion, or TR (yellow) and response of LER to temperature and VPD and TR to 
VPD (red) in the PC1-PC2 and PC1-PC3 plans, respectively. (c) and (d) Factor maps of 
the accessions and the barycentre of each cluster identified by the HCPC analysis on 
the same plans as in (a) and (b), respectively. (e) Dendrogram of the HCPC analysis 
performed on the barycentre of each species in the first five axes of the PCA. Dashed 
vertical line shows the threshold of relative distance for clustering species. 
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