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Abstract: Within temperate climates the frequency and severity of high and low temperature stresses
vary with continentality. The current study reports on the assessment of the performance of 49 barley
cultivars across four environments. The cultivars stem from 50 years of breeding activities in Romania
and Italy, in two temperate climates that differ in continentality. The plants were phenotyped through
stress monitoring, measurements of yield and yield related traits as well as laboratory stress tolerance
tests. Genotypes for alleles of vernalisation and photoperiod genes were determined. These genes
were significantly associated with frost damage in the field and frost tolerance in laboratory tests.
Grain yield (GY) was more closely correlated with the number of grain sinks than with the degree of
grain filling indicating major limitations in the vegetative growth phase and during grain initiation.
High temperature stress during the grain filling phase significantly reduced GY. Frost damage due to
freezing temperatures below −10 ◦C when plants were not protected by snow cover significantly
reduced GY of sensitive cultivars. The characterisation of environmental cues that cause stresses with
yield penalties as well as the susceptibility of genetically different cultivars lay the ground for future
targeted selection.

Keywords: breeding; vernalisation; photoperiod; frost; heat stress; phenology; phenotyping;
genotyping; climate indicators; genetic diversity

1. Introduction

Barley is a small grain cereal crop with a wide range of adaptation to climatic and soil
conditions [1]. It is well suited for cultivation in autumn/winter sowing in continental climates.
Autumn sowing allows using the combination of winter precipitation and low evapotranspiration
during winter to improve agronomic water use efficiency [2]. In addition it leads to longer growing
seasons than spring sowing, thus boosting productivity and avoiding late season drought and heat
stresses. Autumn sowing can be of special advantage under current climate change trends. In many
regions climate change leads to a combination of warmer winters, and increases the probability of late
season drought and heat stress events [3]. Autumn sowing then allows exploitation of more favourable
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thermal conditions in winter and reduction of the exposure to late season stresses. However, even
though climate change generally leads to warmer conditions, the plants still have to cope with winter
frost events. Climate change, though leading to higher winter temperatures and thus alleviation of
stresses related to frost, may also increase the probability of episodic low temperature incursions from
the arctic [4]. The warming climate permits the extension of cereal cultivation in Europe to higher
latitudes and altitudes [5]. Moreover, the exposure of plants to low non-freezing temperatures is
essential for acclimation of cereals (hardening) which is necessary for winter survival. Plants can also
suffer from freezing stress when de-acclimation occurs because of the warmer climate background [6].
Furthermore, low temperatures are determinant for the success of cultivation influencing growth,
heading date and, consequently, yield and quality of products. In cultivars that require vernalisation
(i.e., exposure to low temperatures) for the transition to generative development [7] or reduction of the
time to flowering [8,9], warm winters can limit the satisfaction of vernalisation requirement.

Thus, winter hardiness, vernalisation and the response to photoperiod remain decisive for crop
growth and yield under changing environmental conditions [7–17].

High temperatures have been shown to limit grain yield in temperate small grain cereals.
Evidences for the detrimental effect of elevated temperatures come from statistical analyses of
climate—yield relationships [18], modelling studies [19] and experiments with controlled temperature
regimes [20].

The study of genetic diversity in the cultivated germplasm by analysing landraces and cultivars
selected in different environments can be of great utility to maintain and, when possible, improve yield
and quality in crops [21]. In recent years a notable number of studies have explored the genetic diversity
present in diverse cereal species and environments [3,22–27]. Diversification within domesticated
species and the potential to exploit this diversity for further selection was described in these studies.
To this aim the identification of factors determinant for crop adaptation in different geographical areas
is a challenge at present and in future in consideration of climate change scenarios [3].

Here, we report on a study of barley varieties independently bred within the last 50 years in
two European countries characterised by different continentality, Romania (Eastern Europe) and Italy
(Mediterranean). An economically important objective for barley breeding in Romania is to improve
varieties suitable for malting [28] and animal feed. The beer production sector is a key factor for
Romania’s economic growth. Three elements place the beer industry among the key economic sectors
for the development of Romania: over 97% of marketed beer comes from national production; a high
level of investments in beer making; and 70% of the raw material (malt) is produced in Romania
(Annual report of Romania’s brewers, 2017 edition, p. 32). In Italy the barley use is dominated by feed,
with the Northern regions cultivating mainly winter barley designated to cow and pig raising. Barley
cultivation for malt production is concentrated in the Central and Southern regions of the country [29].
In the last three decades demand increased for barley with specific qualitative traits for the production
of functional foods and improvement of diets for animal feed. This favours selection of new cultivars
with diversification of grain quality characteristics.

Grain yield, yield related traits and extreme temperature response of cultivars were compared
in four environments. The challenge is “a posteriori” identification of key traits for adaptation and
quality on which to focus the plant breeding progress. A phenotype analysis through physiological
evaluation combined with a genotyping study based on a few selected molecular markers was
applied. Integration of phenotyping and molecular approaches has in fact been previously used
to identify traits of adaptation selected even unconsciously in a specific environment [30]. In the
present study, the field experiments were conducted according to local practice. Therefore, the
environments under study differed for a combination of soils, weather and agronomic practices and
thus the crop performance is subject to Genotype × Environment ×Management interactions that
require physiological phenotyping across scales (see Großkinsky et al. [31]). Environmental conditions
specifically limiting within determinate crop developmental phases were described with a set of
climatic indicators.
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The effect of abiotic stress on the different cultivars was analysed also in growth chamber
experiments. Chlorophyll fluorescence has been shown to be an important non-invasive technique
in stress physiology in field and laboratory studies [32]. It can be used to assess and quantify
damage to the leaf photosynthetic apparatus, particularly photosystem II (PSII) activity in response
to environmental stresses [33]. The maximum quantum yield of photosystem II photochemistry
(Fv/Fm) in dark adapted leaves measured as ratio of the variable (Fv) to maximal (Fm) fluorescence
is about 0.8 in healthy leaves and decreases in presence of stress induced perturbations of the
photosynthetic apparatus. It is often used as indicator of perturbations in leaf metabolism not directly
involved in photosynthesis [34] and is well suited for characterisation of large populations due to it’s
non-invasiveness and rapidity. Problems may arise in the interpretation of changes in Fv/Fm after
damage in plants subjected to frost or high temperature. In the case of frost damage, the drop in Fv/Fm

after recovery relative to non-damaged plants is used as an indicator of damage to membranes [35,36].
In the case of non-lethal heat stress, the drop in Fv/Fm indicates a decrease in the efficiency of
the photosynthetic apparatus related to slowly reverting mechanism of energy dissipation [37–39].
Chlorophyll fluorescence was applied using measurements of Fv/Fm in dark-adapted plants to assess
the effects of stress [40]. In addition a preliminary analysis for diversity in high temperature tolerance
was developed.

At this end, we applied a phenotype analysis through physiological evaluation combined with a
genotyping study based on a few selected molecular markers.

Sets of molecular markers related to frost tolerance and plant phenology have previously been
applied [30] in a panel of 121 barley genotypes different for origin and growth habit. VRN-H1, VRN-H2
and PPD-H2 conjointly explained 69% of the variation in frost tolerance. This genotyping approach has
been extended to all the cultivars considered in this study. We aim to evaluate if the allelic constitution
of VRN-H1, VRN-H2 and PPD-H2 genes explains an important fraction of the variance in yield due to
G and G × E effects, as reported for Mediterranean environments in [16,17].

The objectives were to test the hypotheses that: (1) Grain yield (GY) in environments of different
continentality but same latitude within Europe depends on cultivars differences in heading date and in
sensitivity to climatic limitations, (2) haplotypes of the genes VRN-H1 and PPD-H2 explain differences
in response to abiotic stress (low/high temperature) and yield related traits between the studied
cultivars, (3) diversity in abiotic stress tolerance can be detected in cultivars selected in environments
of different continentality though similar in respect to many environmental conditions.

2. Materials and Methods

A set of 49 cultivars (Table S1) was analysed in a field experiment at two sites, Fundulea, Southern
Romania (44◦33′ N, 24◦10′ E, 68 m.a.s.l.) and Fiorenzuola d’Arda (PC), Northern Italy (44◦56′ N 9◦54′

E, 80 m.a.s.l.). The climate at both sites is classified as Cfa in the Koeppen Geiger climate classification,
i.e., temperate climate without dry seasons and hot summers. It is more continental at Fundulea with
a continentality index of 40.1, as compared to Fiorenzuola with a Continental index of 31.7. Long-term
average temperatures are warmer at Fiorenzuola than at Fundulea between October and March and
Fundulea has a higher annual temperature amplitude (Table S2).

Eighteen varieties, released in the winter barley breeding program in Romania from 1968 to 2013
were selected to represent the history of barley breeding activity at NARDI Fundulea. Twenty-nine
varieties, most with winter growth habit, were derived from the breeding work at the CREA-GB of
Fiorenzuola since 1979. Two other cultivars from central Europe (Germany) were included as controls
with high winter survival capacity (Table S1).

2.1. Field Experiments

The soils of the experimental farm at Fundulea are classified as cambic chernozem. The soil
composition in texture classes is: sand 28%, silt 34%, and clay 38%. The soils are slightly acidic, pH
(H2O): 6.5 down to 45 cm depth and slightly basic below, with an organic mass of 1.7%. The soils of the
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experimental farm at Fiorenzuola are classified as fine silty, mixed, mesic Udic Ustochrepts. The soil
composition in texture classes is: sand 14%, silt 50%, and clay 36%. The soils are slightly basic, pH
(H2O): 7.85, with an organic mass of 3.0% in the 30 cm topsoil.

A total of four trials were performed as follows: in the first season (2014–2015) trials were
done with small (1.5 m2) plots in three replications. In the second (2015–2016) and third season
(2016–2017) three replicates of 6 m2 plots were used and final harvest done on 4.5 m2. Subsequently
the abbreviations Y1I, Y1R, Y2R, Y3R will be used for addressing the trials of season 1 in Italy, season 1
in Romania, season 2 in Romania, and season 3 in Romania, respectively. Fertilisation and agronomic
treatments were applied following standard local practice (Table 1).

Table 1. Agronomic treatments applied in the trials at Fiorenzuola d’Arda and Fundulea.

Treatment Y1I Y1R Y2R Y3R

Site Fiorenzuola Fundulea Fundulea Fundulea
Agronomic year 2014/2015 2014/2015 2015/2016 2016/2017

Sowing date 3 November 2014 5 November 2014 9 October 2015 15 October 2016
Harvest date 2 July 2015 20 July 2015 25 July 2016 20 July 2017

Nitrogen, pre-sowing 45 kg N ha−1 none none none

Nitrogen, topdressing 52 kg N ha−1 100 kg urea (47 kg N ha−1)
applied in March

100 kg urea (47 kg N ha−1)
applied in March

100 kg urea (47 kg N ha−1)
applied in March

herbicide Axial pronto +
Trimmer SX

tribenuron metil +
fluroxipir-meptil

tribenuron metil +
fluroxipir-meptil

tribenuron metil +
fluroxipir-meptil

fungicide none none none none
insecticide none none none none

2.2. Meteorological Conditions and Climate Indicators

Temperature (maximum daily temperature, Tmax, minimum daily temperature, Tmin, average
daily temperature, Tave) and precipitation, P, were measured with climate stations close to the
experimental fields. Based on these data, we calculated a series of climate indicators either for
the period sowing to heading (suffix sh) or heading to harvest (suffix hh) or the whole crop growth
cycle (suffix vp). The length of the grain filling period (GFP) was approximated by the interval heading
to harvest. The climate indicators are GDD (growing degree days) calculated as sum of Tave for days
with Tave > 0 ◦C, CDD (cold degree days) calculated as sum of Tave for days with Tave < 0 ◦C, number
of frost days (nfrostd) calculated as number of days with Tmin ≤ 0 ◦C, number of hot days (nhotd)
calculated as number of days with Tmax ≥ 30 ◦C, fraction of hot days post anthesis (fhd) as nhotd/GFP,
mean average daily temperature (Tave), precipitation sum (Psum), Tave/Psum, climatic water balance
(cWB) calculated as Psum-Epot based on the Thorntwaite model for potential evaporation (Epot) and a
Water Stress Index (WSI) according to [41]. In addition for the period from 5 days before to 8 days
after anthesis we calculated the number of heat stress days (ndheatstr) and cold stress days (ndcoldstr) as
number of days with Tmax > 31 and Tmin < 9 ◦C, respectively. For the heading to harvest interval we
calculated an index of deviation from optimal temperatures (Tdevopt) as the average of the absolute
difference between Tave and 16, 18 or 20 ◦C (Tdevopt16, Tdevopt18, Tdevopt20).

Grain yield (GY), thousand grain weight (TGW), grain number per square metre (GN), and grain
protein content (GPC) were determined for all trials. GPC was determined with an Infratech 1241
Grain Analyser (Foss Tecator) as 6.25 × %N. GY is reported as fresh biomass at humidity of 13%
usually reported in production statistics (FAO standards). For conversion to dry mass grain yield the
masses need to be multiplied by 0.8849558. In addition scoring of lodging, frost survival and net blotch
(Pyrenophora teres f. teres) damage were done for trials with relevant occurrence of the disturbances.
In the first and third growing season no visible frost damage was detected at Fundulea. In Y2R frost
survival was assessed at 5 March as percent of green leaves (GLFfrost).
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2.3. Laboratory Experiments

2.3.1. Low Temperature

The 49 cultivars were tested for frost tolerance in two laboratory experiments at Fiorenzuola.
Seeds were directly germinated in polystyrene boxes in six replicates. Seedlings were grown during
one week at 20/15 ◦C (day/night), 10 h photoperiod, and 200 µmol m−2 s−1 photosynthetic photon
flux density (PPFD), at leaf level, and then acclimated during four weeks at hardening temperatures
of 3/1 ◦C (day/night). Subsequently, plants were subjected to a freezing treatment in the dark as
described in [35]: temperature was gradually (2 ◦C h−1) reduced to −3 ◦C, and plants were kept at this
temperature for 16h. Subsequently, temperature was gradually lowered (2 ◦C h−1) to the minimum
freezing temperatures of −13 and −14 ◦C for the two experiments, respectively.Plants were kept at
this temperature for 16h. The temperature was then gradually raised to 1 ◦C (2 ◦C h−1). Plants were at
the first-leaf stage at the end of the hardening treatment.

The maximum quantum efficiency of PSII photochemistry was measured by the Fv/Fm (variable
to maximal fluorescence) ratio in dark-adapted leaves. Fv/Fm was determined in leaves with a pulse
amplitude-modulated fluorometer (PAM 2000, Walz, Effeltrich, Germany) to evaluate frost tolerance.
The measurements were done before and immediately after stress and after 24 h of recovery at 20/15 ◦C
(day/night) [35]. The measurement after 24 h recovery is best suited to differentiate damage [42].

2.3.2. High Temperature

A first analysis of tolerance to high temperature was employed in two laboratory test. In both
experiments the Fv/Fm ratio was measured to quantify the level of damage in the leaves and evidence
the role for tolerance of the photosynthetic apparatus to the heat stress [38].

In a first experiment 45 cultivars, 18 Romanian, 25 Italian (Arda, Cometa, Doria and Nure were
not included due to germination failure), 2 controls, were analysed at two-leaf stage in 5 replicates.
After 10 days of growth at 20/15 ◦C, 12 h photoperiod, and 200 µmol m−2 s−1 (PPFD), the plantlets
were successively exposed to 30, 37, 42, and 45 ◦C for 1 h at each temperature level. The measurements
were done before exposure to the first stress temperature, immediately after every level of the high
temperature stress treatment as well as after 24 h of recovery at 20/15 ◦C subsequent to the last high
temperature stress level. In addition Fv/Fm was also measured after 4 days of recovery. Fv/Fm was
measured on the last fully developed leaf.

In a second experiment a subset of 20 cultivars, 18 Romanian, one Italian (Sfera) and one control
(Merlot), was grown at 20/15 ◦C, as described above but followed by 4 days under (a) control treatment
at 20/15 ◦C (day/night); (b) hardening treatment at 32/27 ◦C (day/night). Stress was imposed by
exposing control and hardened plants to elevated temperatures of 35, 40 or 45 ◦C. In this case, different
plants were exposed to different stress temperatures.

2.4. Statistical Analyses

ANOVA for the completely randomised block design of the field test and the laboratory
experiments, LSD tests and HSD tests, correlation analyses, regression analyses and Generalised
Linear Models (GLM) were performed with the R statistical software [43]. Variance components and
heritability were calculated with the “sommer” package in R.

2.5. Molecular Marker Analysis

DNA was extracted from young leaf samples according to [44]. Haplotype analysis for VRN-H1,
VRN-H2, and PPD-H2 loci was carried out as detailed in [30] (Supplementary Information SI1).
The same methods employed to characterise the Italian cultivars were applied for the Romanian
cultivars (Table S1).
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3. Results

3.1. Diversity in Field Trials

3.1.1. Yield and Adaptive Traits with Respect to Weather Conditions and Climate Indicators

The weather conditions in all trials were relatively humid with well distributed precipitation
events and cumulative precipitation during the growing seasons above 450 mm (Figure 1).
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Figure 1. Average temperature (red line) and daily precipitation sum (blue bars) during the four
growing seasons: Y1I (a), Y1R (b), Y2R (c), Y3R (d). Also shown: growing degree days from sowing to
harvest, GDD; cold degree days from sowing to harvest: CDD and precipitation sum form sowing to
harvest, Prec. Horizontal grey lines indicate snow cover. Note: y axis are not scaled uniformly.

The lowest minimum temperatures in Y1I were −8.68 ◦C at 29 December and −9.98 ◦C at 9
February. During both these frost events the plants were not covered with snow. The minimum
temperatures in Y1R was −18.5 ◦C at 15 January and reached minima below −20 ◦C in Y2R and Y3R,
with −14.5 ◦C at 3 January 2016, −22.6 ◦C at 20 January 2016 and −23.8 ◦C at 10 January 2017. The
plants were covered by snow during most of the freezing periods with temperatures below −7 ◦C in
Y1R and Y3R. In Y2R snow cover was established only after the first frost event with temperatures
below −10 ◦C. Average daily mean temperatures in the sowing to heading period Tavesh was 6.99, 4.24,
5.77 and 3.92 ◦C in Y1I, Y1R, Y2R and Y3R, respectively. The difference between the Italian and the
Romanian trials is in line with the cooler winters expected due to the higher continentality at Fundulea.
Maximum temperatures above 30 ◦C were not reached before at least two weeks after heading and
never exceeded 40 ◦C (Figure 2).
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Cultivars differed significantly for all studied crop traits in all four trials (Table 2). Average
GY was highest in Y1I and lowest in Y2R. Grain yield was significantly different between cultivars
(Figure 3, Table 2). Highly productive cultivars stemmed from both Romania and Italy (Figure 3).
Cultivar mean yields were positively correlated between all trials. The correlations between the trials
at Fundulea were all significant (Y1R vs. Y2R: r = 0.6, p < 0.001; Y1R vs. Y3R: r = 0.43, p < 0.003; Y2R vs.
Y3R: r = 0.47, p < 0.001). The yield in Y1I was still positively associated with the yield in the Romanian
trials yet not significantly so (Y1I vs. Y1R: r = 0.28, p = 0.54, Y1I vs. Y2R: r = 0.23, p = 0.105; Y1I vs.
Y3R: r = 0.22, p = 0.134). The ranking of the trials for GN was the same as the ranking for GY. TGW
was highest in Y1R and Y3R and lowest in Y2R. The sowing to heading period was shortest in Y1I.
In general the Romanian cultivars had a lower GPC than the Italian cultivars.

Broad sense heritability was H2
GY = 0.674 for grain yield, H2

NG = 0.775 for the number of grains
per square metre, H2

TGW = 0.859 for thousand grain weight, H2
HD = 0.759 for the length of the sowing

to heading interval, H2
GPC = 0.662 for grain protein content. The variance for between trial differences

was several-fold superior to the genotypic and G × E variances, with variance ratios VG/VE = 0.055
and VGxE/VE = 0.045. The error variance, i.e., variance due to differences between replicates plus
measurement errors, was 14.44% of the total variance.
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Table 2. Results of ANOVA and subsequent Tukey HSD test, results for grain yield, GY, number of
grains per square metre, GN, thousand grain weight, TGW, days from sowing to heading, HD, grain
protein content, GPC. Identical letters in the columns with trial means indicate means that were not
significantly different.

Trait GY (t ha−1) GN (m−2) TGW (g) HD (DAS) GPC (%)

Cultivar p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001
Environment p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

C × E p < 0.001 p < 0.01 p < 0.001 p < 0.001 p < 0.001
Mean Y1I 10.02 a 20525 a 49.2 b 174 d 11.28 c
Mean Y1R 6.53 b 12803 b 51.4 a 184 c 13.93 b
Mean Y2R 3.94 c 10990 c 36.1 c 197 b 14.41 a
Mean Y3R 6.53 b 12732 b 51.5 a 202 a 11.08 d
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shown in blue, Italian cultivars in green, German cultivars in grey. Yields for cultivars with common 
letters are not statistically different, Tukeys HSD test. 

3.1.2. Flowering Phenology 

Heading dates differed between cultivars. The difference between earliest and latest heading 
cultivars was 20, 15, 15 and 13 days in Y1I, Y1R, Y2R, Y3R, respectively. The Italian cultivars headed 
earlier than the Romanian cultivars on average by 5.6 days in Y1I and by 1.2 and 2.1 days in Y1R 
and Y3R respectively, while in Y2R the Italian cultivars showed a slight but non-significant delay of 
0.6 days relative to the Romanian cultivars. GDD accumulated till the date of heading varied 
between cultivars and trials. Heading later in the year was associated with a lower sum of 
accumulated GDD. Regression of GDD at heading versus day length at heading for every cultivar 
resulted in significant, negative slopes (Figure 4) except for cultivar Intensiv 2, for which it was 

Figure 3. Grain yield in the Y1I (a), Y1R (b), Y2R (c) and Y3R (d) trials. Romanian cultivars are shown
in blue, Italian cultivars in green, German cultivars in grey. Yields for cultivars with common letters
are not statistically different, Tukeys HSD test.

3.1.2. Flowering Phenology

Heading dates differed between cultivars. The difference between earliest and latest heading
cultivars was 20, 15, 15 and 13 days in Y1I, Y1R, Y2R, Y3R, respectively. The Italian cultivars headed
earlier than the Romanian cultivars on average by 5.6 days in Y1I and by 1.2 and 2.1 days in Y1R
and Y3R respectively, while in Y2R the Italian cultivars showed a slight but non-significant delay of
0.6 days relative to the Romanian cultivars. GDD accumulated till the date of heading varied between
cultivars and trials. Heading later in the year was associated with a lower sum of accumulated GDD.
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Regression of GDD at heading versus day length at heading for every cultivar resulted in significant,
negative slopes (Figure 4) except for cultivar Intensiv 2, for which it was however close to significant
(p = 0.069). The slopes varied between −192 and −788 ◦C h−1 with a mean of −441 ◦C h−1.
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blue the distribution for the Romanian cultivars.

Late heading was non-linearly related with lower TKW (Y1R, Y3R), and yield (Y1R) with maxima
at intermediate HD, but not so with GPC.

3.1.3. Genetic Gain and Selection Trends

Selection trends across the whole set of cultivars were evidenced by significant correlation of
several traits with year of introduction. A trend for lower stature of recently released cultivars
(−0.56 cm year−1, p < 0.001, assessed in Y1I only) was associated with reduced wind-throw. More
recently introduced cultivars also headed earlier and realised higher grain yields. The genetic gain in
grain yield was +50 kg ha−1 year−1 (p < 0.002) in the environment of highest productivity, Y1I and +30
(p = 0.053), +31 (p < 0.004), +22 (p = 0.033) kg ha−1 year−1 in Y1R, Y2R and Y3R, respectively. The genetic
gain in percent of the average yield in the trial was similar in Y1I and Y1R with +0.49 and +0.46%
year−1, respectively, while Y2R favoured modern cultivars and thus led to an average yield increase of
+0.80% year−1, and the yield increase was +0.35% year−1 estimated with Y3R. The significant change
in length of the sowing to heading period assessed for Y1I and Y1R was −0.16 day year−1 (p = 0.012)
and −0.08 day year−1 (p < 0.006). It was non-significant, however had the same sign assessed for Y2R
and Y3R: −0.04 day year−1 (p = 0.261) and −0.05 day year−1 (p = 0.147), respectively.

3.1.4. Winter Hardiness/Effects of Low Temperature Stress

No visible frost damage was found in the Y1R and Y3R trials. Damage was observed in the two
trials in which Tmin < −10 ◦C were reached when plots were not snow-covered. In Y1I only high frost
survival scores were registered, while in Y2R frost survival was scored between 1 and 8 (Figure 5).
Thus, plants in Y2R had the lowest frost survival although they were exposed to a lower number of
frost days from sowing to heading than in Y1R and Y3R (62 vs. 77 and 83) and a lower sum of CDD
than Y3R (−169 vs. −266). Grain yield in Y2R was correlated with frost survival, i.e., the remaining
fraction of green leaves after frost damage, GLFfrost (r = 0.62, p < 0.001) mainly due to decreased yield at
survival scores below 60. Fitted with a Gompertz function, 26.6% of the variation in GY was explained
by the non-linear response to frost survival, GLFfrost.
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3.1.5. High Temperature Stress 

The whole season climatic water balance, cWB, was positive in all four trials and the calculated 
water stress index, WSI, showed low values mainly due to water shortages that occurred only 
towards the end of seed ripening. Also the average air relative humidity during the grain filling 
(rHavehh) did not differ much between the trials (Y1I: 70.5, Y1R: 69.5, Y2R: 72.5, Y3R: 73.5%). 

The number of days with maximum temperatures above 30 °C, hotdhh, varied between 12 in 
Y1I and 30 in Y2R with intermediate values of 20 in Y1R and 19 in Y3R. The stress indices calculated 
for the period between sowing and flowering did not indicate relevant stresses occurring during 
this developmental period. Grain yield was negatively correlated with the fraction of hot days in 
the period between heading and harvest, fhd (Figure 6). GY regressed on fhd separately for every 
cultivar also resulted in negative slopes that were significant at p < 0.05 for all cultivars except 
Madalin for which it was close to significant (p = 0.052). 

Figure 5. Grain yield for different levels of frost survival scores taken in Y2R. The fit with a Gompertz
function: y = 0.24582 + (0.18632 × e (−603.27214 × e (−0.1355 × GLFfrost))) is shown with a red line.
Box and whisker plots were used to visualise distributions of results where the line within the box
stands for the median. The box range includes the second and third quartile and the whiskers are
located at the maximum and minimum values or at 1.5 times the interquartile range from the box.
If more extreme values are present, these are then shown with circles. The numbers below the boxes
denote the number of cultivars in the respective survival class.

3.1.5. High Temperature Stress

The whole season climatic water balance, cWB, was positive in all four trials and the calculated
water stress index, WSI, showed low values mainly due to water shortages that occurred only towards
the end of seed ripening. Also the average air relative humidity during the grain filling (rHavehh) did
not differ much between the trials (Y1I: 70.5, Y1R: 69.5, Y2R: 72.5, Y3R: 73.5%).

The number of days with maximum temperatures above 30 ◦C, hotdhh, varied between 12 in
Y1I and 30 in Y2R with intermediate values of 20 in Y1R and 19 in Y3R. The stress indices calculated
for the period between sowing and flowering did not indicate relevant stresses occurring during this
developmental period. Grain yield was negatively correlated with the fraction of hot days in the
period between heading and harvest, fhd (Figure 6). GY regressed on fhd separately for every cultivar
also resulted in negative slopes that were significant at p < 0.05 for all cultivars except Madalin for
which it was close to significant (p = 0.052).
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Figure 6. Grain yield versus fraction of days between heading and harvest that are hot days (fhd) with
Tmax > 30 ◦C. The regression equation and statistics of the regression of GY against fhd are shown
within the figure.

3.2. Diversity in Laboratory Experiments

3.2.1. Low Temperature Stress

The laboratory freezing test revealed significant differences in frost tolerance of the cultivars
under study (Figure 7). The Romanian cultivars had on average a higher frost tolerance (ANOVA,
p < 0.001, Tukeys HSD test) than the Italian cultivars (Fv/Fm = 0.63 vs. Fv/Fm = 0.56, respectively)
with an elevated diversity within both sets.
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Figure 7. Relative rank for frost tolerance assessed with the laboratory freezing test. Relative ranks
of Fv/Fm measured after 24 h of recovery. Blue = Romanian cultivars, green = Italian cultivars, grey
= additional checks (Merlot, DEU; Pamina, DEU). 48 cultivars, the Romanian cultivar Intensiv 2 is
missing due to germination failure. Box and whisker plots were used to visualise distributions of
results where the line within the box stands for the median. The box range includes the second and
third quartile and the whiskers are located at the maximum and minimum values or at 1.5 times the
interquartile range from the box. If more extreme values are present, these are then shown with circles.

Cultivar averages of Fv/Fm measured after recovery in the freezing test performed at Fiorenzuola
were correlated with frost survival assessed in the field in Y1I (r = 0.32, p < 0.03) and Y2R (r = 0.50,
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p < 0.001) (Table 3). Thus, the cultivars showing better frost resistance in the laboratory test also
showed higher survival scores.

Table 3. Correlation between measures of frost tolerance and frost survival, correlation coefficients
and p-values in parantheses. Fv/Fm recovery = Fv/Fm in the laboratory freezing test after 24 h of
recovery, Frost damage Y1I = frost survival score in Y1I, Frost survival Y2R = frost survival score,
GLFfrost, in Y2R.

Trait Fv/Fm Recovery Frost Survival Y1I

Fv/Fm recovery
Frost survival Y1I 0.324 (0.023)
Frost survival Y2R 0.496 (<0.001) −0.004 (0.975)

There was no significant correlation between year of release and frost damage in the field as well
as damage in the laboratory test.

3.2.2. High Temperature Stress

Significant between cultivar differences in leaf high temperature tolerance resulted from the test on
stress of elevated temperature applied after growth under 20/15 ◦C day/night temperatures (Figure 8).
The Italian cultivars had on average a higher heat tolerance than the Romanian cultivars (Fv/Fm = 0.75
vs. Fv/Fm = 0.73, respectively, p < 0.001), with a high diversity within each set. Successively decreasing
Fv/Fm after exposure to step-increases in temperature and subsequent recovery after 24 h and 4 days
at 20/15 ◦C day/night temperatures showed a transient decrease in maximum yields of photosystem
II for the given range of high temperature exposure (Figure 9a).
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Figure 8. Relative rank of heat tolerance assessed with the laboratory high temperature stress test.
Relative ranks of Fv/Fm measured after 24 h of recovery. Experiment without acclimation, plants grown
at 20/15 ◦C (Exp. 1). Blue = 18 Romanian cultivars, green = 25 Italian cultivars (4 cultivars missing due
to germination failure), grey = additional checks (Merlot, DEU; Pamina, DEU). For cultivars Airone
and Grivita only one plant successfully germinated. Box and whisker plots were used to visualise
distributions of results where the line within the box stands for the median. The box range includes the
second and third quartile and the whiskers are located at the maximum and minimum values or at
1.5 times the interquartile range from the box.
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Trait F (2) W(44) S (3) p ppd-H2 (38) Ppd-H2 (11) p 
Frost survival Y1I 7.67 a 6.71 b 5.89 c <0.02 6.68 a 6.78 a ns 

GLF Y2R 47.5 ab 65.6 a 28.3 b <0.001 66.3 49.6 <0.003 
        

Fv/Fm 0.54 0.62 0.21 <0.001 0.61 0.51 <0.02 

Figure 9. (a) Heat tolerance: Fv/Fm measured on plants (Exp. 1) before heat stress treatments (Ctrl)
and after consecutive exposure to 30 ◦C, 37 ◦C, 42 ◦C, and 45 ◦C, followed by a measurement after
24 h of recovery (Rec) and after 4 days of recovery (Rec4d). (b) Response to high temperatures in
20 cultivars (18 Romanian, Sfera, Merlot, Exp. 2). One batch of plants was grown at 20 ◦C (in blue)
and another batch acclimated at 32/27 ◦C for the last four days prior to the stress treatment (in red).
Subsets of every batch were exposed to stress temperatures of 35, 40 or 45 ◦C and Fv/Fm measured
after recovery in the dark. Box and whisker plots were used to visualise distributions of results where
the line within the box stands for the median. The box range includes the second and third quartile
and the whiskers are located at the maximum and minimum values or at 1.5 times the interquartile
range from the box. If more extreme values are present, these are then shown with circles.

In the second high temperature stress experiment, one batch of plants was grown at 20/15 ◦C and
another batch acclimated at 32/27 ◦C for the last four days prior to the stress treatment. Acclimation
reduced the decrease in Fv/Fm after exposure to high temperatures (Figure 9b).

The laboratory experiments on leaf heat tolerance are a first preliminary characterisation of this
trait, as the stress under field conditions does not appear when plants are young, but rather hits leaves
during grain maturation. Extension of these experiments is required to link the laboratory results with
damage deduced from field trials.

3.3. Association between Traits and Alleles of Vernalisation and Photoperiod Genes

In the laboratory freezing test, cultivars being of winter and facultative growth habit had a higher
frost tolerance than spring cultivars (Table 4). They also were less damaged in the field in Y1I and Y2R
where only low and moderate frost damage occurred, respectively. The dominant Ppd-H2 allele of
PPD-H2 was associated with lower frost survival (Y2R) and lower frost tolerance in the laboratory test
(Table 4). The two most severely damaged genotypes in the Y2R trial, Doria and Tidone, which also
produced low GY, were spring types with Ppd-H2.

Table 4. Average frost survival scored in the field and Fv/Fm measured in the laboratory frost tolerance
test for groups of cultivars being of facultative (F), winter (W) or spring (S) growth habit (Table S1,
column: growth habit, VRN-H1/VRN-H2) or carrying the dominant Ppd-H2 or recessive ppd-H2 alleles
and error levels (p) of between group difference. In parentheses: number of cultivars carrying the
respective allele. Identical letters within rows indicate means that are not significantly different.

Trait F (2) W(44) S (3) p ppd-H2 (38) Ppd-H2 (11) p

Frost survival Y1I 7.67 a 6.71 b 5.89 c <0.02 6.68 a 6.78 a ns
GLF Y2R 47.5 ab 65.6 a 28.3 b <0.001 66.3 49.6 <0.003

Fv/Fm 0.54 0.62 0.21 <0.001 0.61 0.51 <0.02
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The response of Fv/Fm after recovery in the laboratory heat stress test was not correlated with the
alleles of the vernalisation and day-length response genes.

The dominant allele Ppd-H2 was associated with earlier heading and lower yields (Table 5).
The correlation with heading date was significant in Y1I and Y3R, while the correlation with yield was
non-significant in these two trials. Vice versa a significant correlation with yield was found in Y1R and
Y2R while it was non-significant for heading date in these two trials.

Table 5. ANOVA and successive LSD test for the effect of PPD-H2 alleles on the duration of the sowing
to heading period and GY. In parentheses: number of cultivars carrying the respective allele. Identical
letters within rows indicate means that are not significantly different.

Trial ppd-H2 (38) Ppd-H2 (11) p Trial ppd-H2 (38) Ppd-H2 (11) p

Heading Y1I 175.8 a 167.4 b p < 0.001 GY Y1I 10.28 a 9.95 a p = 0.413
Heading Y1R 183.8 a 183.4 a p = 0.630 GY Y1R 6.81 a 5.57 b p < 0.002
Heading Y2R 197.1 a 196.8 a p = 0.726 GY Y2R 4.17 a 3.15 b p < 0.001
Heading Y3R 203.4 a 201.3 b p = 0.021 GY Y3R 6.62 a 6.24 a p = 0.177

PPD-H2 was also significantly associated with the slope of GDDsh versus daylength at heading
(Figure 4) and the slope of GY versus fhd (Figure 6). Heat sums required for heading of cultivars
carrying Ppd-H2 responded more strongly (p < 0.003, ANOVA) to daylength (average slope = −469.3)
than cultivars carrying ppd-H2 (average slope = −343.9). Also GY of cultivars carrying Ppd-H2
responded more strongly (p < 0.001, ANOVA) to the fraction of hot days after heading (average slope
= −0.625) than cultivars carrying ppd-H2 (average slope = −0.455).

4. Discussion

Within the present study field and laboratory experiments were applied to characterise the level
of diversity in two independent sets of barley cultivars bred during the last half century in two
different environments in Northern Italy and Southern Romania. Phenotyping with a number of
morphological and physiological traits was used to quantify stress tolerance and yield related traits and
their correlation with climate indicators and genotypes. One aim of this approach is the identification
of integrated methods that can be used in the future for breeding, especially for quantitative traits
and contribute to reduce the “bottleneck effect” in omics studies related to the limited availability of
phenotyping data [31,45].

A simple genotyping approach (low cost) based on a few genes with known functions was applied.
These genes are implied in regulation of frost tolerance, especially adaptive traits vernalisation and
photoperiod [9,30,46–49] and phenology [15,50]. In part they are already in use for Marker Assisted
Selection in barley. Genotyping was partially adapted from our already published results [30]
and completed with additional PCR. The applicability of this approach, as already applied for
Mediterranean sites [16,17] was confirmed for the comparison of sites of different continentality.

4.1. Stress Frequencies Related to Continentality

The two trial sites were situated at the same latitude and thus did not differ in the annual course
of changes in day-length, but differed by continentality with the Romanian site Fundulea being more
continental with a more pronounced annual temperature amplitude.

4.1.1. Frost

As a consequence, the plants grown at Fundulea are exposed to a higher risk of potentially
damaging frost events (see Table S2 for lower winter Tmin at Fundulea). This was the case in the three
experimental years, with lowest Tmin < −20 ◦C reached at Fundulea (Figure 2). When not protected
by snow cover, the exposure to low freezing air temperatures can thus result in frost damages.
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In Y2R ambient air temperatures were close to or below LT50 of barley cultivars [42,51] during a
first pronounced frost period in January and before plants were covered and thus protected by snow.
Frost survival was significantly correlated with grain yield (Figure 5), indicating a contribution of
this early season abiotic stress to the low yields realised in this experiment. Spring types were more
severely damaged. These results attest the usefulness of selection for cultivars with elevated frost
tolerance for the environment under study.

As most of the cultivars included in the trial were of the winter type the set of cultivars was not
best suited for studies of the effect of genetic causes of frost tolerance. However, significant differences
were still found between cultivars carrying diverse haplotypes of vernalisation and photoperiod
response genes (Table 4). Facultative and winter cultivars and cultivars carrying the recessive allele,
ppd-H2 of the short day response gene PPD-H2 had a significantly higher frost tolerance than spring
cultivars and cultivars with the dominant allele Ppd-H2 [7,8,30].

4.1.2. Heat

The lower winter temperatures at Fundulea also lead to a slower accumulation of heat sums,
GDD. The resulting trend for later heading causes a more important contribution of the day-length
forcing of plant development to the determination of heading dates. Late heading, in turn, shifts the
maturation phases into periods of higher heat stress and drought risk.

The decrease in grain yield with the increase in the fraction of hot days during grain maturation,
fhd, across all trials (Figure 6) hints to the negative impact of high temperatures on grain yield [19].
In Y1R and Y3R with an intermediate level of hot days this did not lead to a major impediment of
grain filling, as evidenced by high TGW. In contrast, in the hottest experimental year, Y2R, the already
low number of grains per square metre could not be filled to the same level as in the remaining trials
(Table 2, Figure 10). These results are in accordance with the decreased barley GY in response to
experimental warming reported by [52–54].
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4.1.3. Other Stresses

The low and moderate levels of lodging in the trials Y1I and Y2R, respectively, did not lead to
significant associations with grain yield. However, a weak, but significant negative correlation resulted
between lodging and TGW (r = −0.51) in Y2R.
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4.1.4. Limitations to Grain Yield

In both, the Italian and the Romanian site, the main limitation of GY resided in the production
of potential sinks, i.e., grain numbers per square metre (r = 0.92 for GY—GN correlation across all
trials), while grain filling contributed to a minor degree (r = 0.47 for GY—TGW correlation across all
trials) to the differences in GY (Figure 10). These results are in accordance with the findings reported
in [16,55] for Mediterranean environments. The phenotypic correlations reported in [16] were r = 0.948
and r = 0.559 for the association of GY with GN and TGW, respectively. In our study, the dominant
effect of GN was also evidenced by the slight reduction in TGW of higher yielding cultivars relative to
lower yielding cultivars in Y1I, Y1R and Y3R. The exception with generally a lower TGW was the trial
in Y2R, as discussed above.

We hypothesise that the between trial differences in GN are related to the production of tillers that
increases with accumulated temperatures during the vegetative growth phase, GDDsh and successive
survival rates. If phyllochron is constant, lower temperatures lead to a lower number of meristems that
produce leaves and tillers. This relationship would not hold for Y2R due to the frost damage. Across
the remaining trials, GN and GDDsh were positively correlated with r = 0.61, p < 0.001. Another factor
that may explain the difference in grain numbers between the Italian and the Romanian trials is the
difference in nitrogen fertilization.

4.2. Differences in Agronomical Practice

The second difference between the Italian and Romanian sites resides in the different agronomic
system in use. In Italy, abundant fertiliser application aims at the production of barley grain of high
protein content used for animal feed. In contrast, in Romania a rather low input agronomic system was
used in accordance with local practice. Lower nitrogen inputs, leading to lower GPC, are consistent
with the quality requirements for malt production. The difference in total nitrogen input through
fertilization between Y1I and the other trials may have contributed to the difference in productivity as
it is know that improved nitrogen availability leads to higher tillering rates, tiller survival, number
of grains per spike and thus GN [56–58]. As tiller numbers and grains per spike were not assessed
with the current study, no conclusions can be drawn about the individual promoting and limiting
factors. It is likely that higher fertilization contributed to the higher yields at Fiorenzuola. However,
based on the yield response of barley to different N fertiliser doses found with a three year study at
Fiorenzuola [59] we expect a yield reduction in the order of 6% only if the fertiliser dose applied at
Fundulea would have been used at Fiorenzuola.

4.3. Genetic Diversity and Continentality

The heritability for GY, GN, TGW, HD and GPC with values above 0.6 indicated that a substantial
fraction of the between genotype variability within the individual trials is due to heritable traits.
This result is consistent with the significant trends in genetic gain for GY and for reduced plant height.
The high differences in GY between the trials were related to more or less favourable climatic conditions
for the production of sinks together with frost and heat stresses occurring during vegetative growth
and grain maturation as discussed above. Substantially higher environmental variance relative to G
and G × E variance components was also detected in Mediterranean environments [16,17]. Evaluating
the combined effects of genotype and GDDsh and hotdhh with a GLM explained 77% of the total
deviance in the complete data set with all single plot measurements, while genotype alone explained
only 7.7%, GDDsh and hotdhh 69.6% of the deviance. Higher GDDsh was associated with increased
GY and higher hotdhh with lower GY. An alternative model with genotype and nitrogen fertiliser and
hotdhh as independent variables explained 79.1% of the total deviance. Disentangling the effects of
favourable early season temperatures and fertilization would require further experiments with both
agronomic treatments compared at both sites in order to evaluate the full Genotype (G)× Environment
(E) ×Management (M) interaction [31].
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Adaptive traits for stress tolerance turned out to contribute to stable GY in the case of Y2R where
the spring types with lower frost tolerance were more strongly penalised by a frost event occurring
prior to snow cover. The prevalence of the alleles VRN-H1, VRN-H2 and ppd-H2 conferring elevated
frost tolerance in the Romanian cultivars in accord with the results of [30] thus turned out to be a
putative result of selection for the frequently harsh winters at the Romanian site of higher continentality.

A trend for early heading associated with Ppd-H2 came along with lower GY. We hypothesise
that hastened pre heading development did not confer advantages in terms of escape from late
season stresses. However, different results may be obtained in years with pronounced late season
drought stresses as was the case in Mediterranean environments with substantial variation in late
season drought stresses [16] were Ppd-H2 was associated with higher GY. Note that late season
drought events can occur in both the Italian and the Romanian study site. For the climate station
Calarasi, representative for Fundulea (Table S2), several years with Palmer Drought Stress Index
values indicating moderate to severe drought were reported for the time period 1990–2016 [60]. Thus,
also summer drought is a characteristic environmental cue for selection of barley at the study sites.
Next steps towards individuation of further breeding options require the identification of the genetic
background of heat stress tolerance. Then, the Romanian cultivars with an elevated frost tolerance and
the Italian cultivars with elevated heat stress tolerance can be employed for cross-breeding.

When the factors determining GY, identified above, were combined with a multiple linear
regression model substantial fractions of total variance in GY could be explained. Regression for
the cultivar averages in the individual trials with the independent variables hotdhh, YoR, fertilizer
dose and PPDH2 alleles explained 86% (p < 0.001) of the total variance. A higher number of hot days
and the dominant PpdH2 led to lower GY while later cultivar release and a higher fertilizer dose were
associated with higher GY. Adding the frost survival score did marginally increase the explained
variance but the model based on four independent variables was retained as more parsimonious based
on the Akaike Information Criterion (AIC).

In summary, in the current study later heading after cooler winters and subsequent exposure to
elevated temperatures was related to lower GY in the more continental environment. In the trial year
with damaging winter frost GY also was correlated to winter survival. Allelic variants of VRN-H1,
VRN-H2 and PPD-H2 determined between cultivar differences in frost tolerance. The Romanian
cultivars were all winter types and carrying ppd-H2 and thus more frequently had a higher frost
tolerance than the Italian cultivars. Elevated genetic diversity was found in the Italian germplasm
due to presence of Ppd-H2 and ppd-H2. The dominant Ppd-H2 was found in the Italian cultivars
only, in accordance with its prevalence in the Southern European barley germplasm [9]. PPD-H2 was
associated with between cultivar differences in HD and GY as well as with the sensitivity of heading
to day-length and the sensitivity of GY to elevated temperature stress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/6/79/s1,
Table S1: Classification of the barley cultivars analysed in this study on the basis of the DNA polymorphism for
selected vernalisation and photoperiod genes, Table S2: Comparison between climates of Fundulea (Romania)
and Fiorenzuola (Italia), Supplementary Information SI1: Molecular Markers.
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