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Abstract: The flowering time is one of the traits strongly influencing grain yield. In barley, the flower-
ing time is mostly determined by the photoperiod, vernalization, and timely rainfall. As Ethiopia is
located near the equator, the photoperiod and vernalization have a minimum effect on barley, but
rainfall and temperatures are major challenges. In this study, 260 Ethiopian barley accessions were
evaluated for flowering time at four different locations in Ethiopia in three years. Additionally, a set
of 196 accessions was evaluated in climate chambers with corresponding environmental parameters.
According to the results, the sum of the daily temperature of growing days strongly influenced the
flowering time. The mean flowering time of the warmer Melkassa location was 15, 7, and 4 days
earlier than of the cooler Holetta location and the less warm Debrezeit and Dera locations, respectively.
On the other hand, the flowering time in the climate chamber was delayed by 52 and 37 days than
that at the Melkassa and Holetta locations, respectively; its lowest average daily temperature (18 ◦C),
compared to Melkassa (28.0 ◦C) and Holetta (22.1 ◦C), might be the reason. GWAS identified MTAs
on chromosomes 5H at 571.62 to 572.54 Mb as strongly associated with the flowering time at warm
locations (Melkassa, Dera, and Debrezeit); MTAs on chromosome 2H at 25.1 and 29.3 Mb turned out
to be associated with the flowering time at Holetta and in the climate chamber, respectively. Important
factors that influence the flowering times of Ethiopian barley landraces and associated SNP markers
are identified in this study, which might be useful to consider in future barley breeding programs.

Keywords: barley; Ethiopian landraces; flowering time; growing degree days; temperature
effect; GWAS

1. Introduction

In Ethiopia, barley ranks fifth in terms of production area and total yield harvested; in
2018/19, 811,782.08 hectares of land were cultivated and an average of 2.18 tons per hectare
was harvested, which accounts for 5.63% of the total cereal production [1]. It is the most
adapted cereal crop, growing in a wide range of agro-ecologies, from low lands of drought-
prone areas at 1500 m above sea level (masl) to the highlands of Ethiopia at 3400 masl [2].
The main purposes of barley are to prepare different types of food and local beverages [3].

Flowering is the most important stage in plant development, which significantly
contributes to environmental adaptation and, ultimately, to grain yield [4,5]. Therefore,
the complex trait flowering time is considered one of the key interventions in barley
(Hordeum vulgare L.) breeding programs [6] and is of prime importance for improving yield
and yield components [7,8].
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Despite the fact that genes associated with barley’s flowering pathways are not quite
similar in the northern and south part of the hemispheres [9], it is difficult to pinpoint
a gene that regulates flowering time, even in the northern hemisphere [10]. However,
several studies identified genes associated with the length of photoperiod (Ppd-H1 and
Ppd-H2, which are located on chromosomes 2HS and 1HL, respectively), vernalization
requirements (Vrn-H1, Vrn-H2, and Vrn-H3 that are mapped on chromosomes 5HL, 4HL,
and 7HS, respectively), and earliness per se (ELF3, eps2S, sdw1, eps3L, and HvPHYC, which
are mapped on chromosomes 1H, 2H, 3H, 3H, and 5H, respectively); these are believed to
be the most important genes [10–16].

The dominant Ppd-H1 allele enhanced earlier flowering during the long photoperiod
days than the recessive ppd-H1 allele [15,17,18]. Because the dominant Ppd-H2 allele is
found in spring and winter barley genotypes, Ppd-H2 is often described as a complex
gene [15,19]; as a result, it is very difficult to categorize barley genotypes based on this
flowering gene. Vrn-H1 is the major regulatory gene for vernalization in barley [20]. The
winter genotypes with the vrn-H1 allele require prolonged exposure to cold temperatures
in order to complete the transition from the vegetative stage to the flowering development
stage in a timely way [15,21]. On the other hand, the deletion or insertion in the first
intron of the Vrn-H1 gene significantly affects the length of cold exposure [10,17,22], which
benefited the wide adaptation of barley to different environments [23,24]. Winter barley
types have the dominant Vrn-H2 allele, which has a high expression during the winter
period, which helps to enhance flower induction [21].

Although the importance of environmental cues like day length (photoperiod) and
an extended exposure to cold temperature (vernalization) are described to determine the
flowering time in barley, these factors may not be important for Ethiopian barley landraces.
Being located near the equator (between 3.3◦ and 14.9◦ N of the latitude), there is an
insignificant difference between the day and night length throughout the year and there is
no cold winter. Rather, thermal time (growing degree-days (GDD) [◦C d]) may influence
the optimal time of flowering in Ethiopian barleys [25–27]. GDD is calculated as the sum
of the temperatures required to reach a certain developmental stage [28,29]. A range from
756 to 1382 GDD from seedling emergence to the heading of barley was reported by Juskiw
et al. [30], and, Ibrahim et al. [31], while the GDD for anthesis was reported in a range from
705 to 966 by Juskiw et al. [30].

Although Ethiopian barley landraces are characterized as spring types [32], a low
frequency of lines respond to minimal vernalization temperatures (<4 ◦C), as previously
observed by Knüpffer et al. [33]. In the Tibetan plateau, over 4000 masl, the winter varieties
of barley grew very well, despite the dominance of spring varieties in this region [33,34].
As a result, the requirement of the low vernalization of few Ethiopian landraces may be
related to the adaptation of landraces at extremely high altitudes in Ethiopia. According
to Tsehaye et al. [35], Ethiopian landraces also exhibit strong responses to long days, and
flower as early as 4–5 weeks after sowing.

Tsehaye et al. [35] reported that Ethiopian landraces possess the Ppd-H2 allele, which
responds to short photoperiods (SD), also known as “non-inductive SD conditions”. This
allele utilized the GA pathway to induce flowering under SD conditions, in which the
flowering time is controlled by SOC1 (SUPRESSOR OF OVEREXPRESSION OF CO 1) and
LFY (LEAFY) genes [11]. The presence of the Ppd-H2 allele in barley could also be related to
the requirement for milder winter temperatures, which was reported for Mediterranean
barley genotypes [19]. Tsehaye et al. [35] also detected QTLs related to HvFT4 (57.9 Mb) on
chromosome 2H, HvFT2 (101.6 Mb) on chromosome 3H, HvFT5 (609.4 Mb) on chromosome
4H, HvCO3 (358.1 Mb) on chromosome 5H, HvCO2 (488.4 Mb) and HvCO5 (357.5 Mb)
on chromosome 6H, as well as HvCO8 (50.1 Mb) in proximity to HvCO1 (Vrn-H3) on
chromosome 7H, which are mapped based on the Morex genome v2 reference [36]. Caproni
et al. [37] also reported that the flowering of Ethiopian landraces is associated with the Vrn-
H1 and FRIGIDA of chromosome 5H. It has been documented that FRIGIDA, also known
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as FRI, influences the adaptation of Arabidopsis during high temperatures and drought
stress [38].

Hemming et al. [39] reported that Ethiopian barley landraces carry HvVRN1-1, HvVRN1-
2, HvVRN1-4, HvVRN1-5, and HvVRN1-8, which have different deletions in intron-I of the
HvVRN1 allele. Of these types, only lines carrying the HvVRN1-1 allele type are reported
to take longer than 100 days (d) from sowing to flowering, whereas all other types were
reported to flower in less than 60 d in Mediterranean conditions. Wang et al. [40] reviewed
that a mutation in the promoter region of HvVRN1 or a deletion in the first intron are
responsible for the reduced requirement of vernalization.

The drought stress experimental sites used in the studies of Teklemariam et al. [41] had
a higher minimum and maximum temperature compared with optimal moisture sites. This
resulted in an accelerated flowering time at the drought stress locations by 10% compared
to naturally optimal moisture locations. Similarly, in that study, the flowering time in
climate chamber experiments was delayed by 39 and 46 d compared to naturally optimal
moisture and drought stress treatments in field experiments, respectively [41]. These results
highlighted the diversity of the set of 260 Ethiopian landrace accessions regarding flowering
time and their potential for further genomic analysis for this trait.

Therefore, this study is focused on exploring environmental factors associated with
flowering time as well as the identification of marker trait associations (MTAs) in the
barley genome that influence the flowering time of Ethiopian barley in different agro-
ecologies as well as in controlled climate chamber conditions, using genome wide associa-
tion studies (GWAS).

2. Material and Methods
2.1. Experiment Setup

The experiments were conducted during the major growing season in Ethiopia (June–
September), at four locations, i.e., Holetta, Debrezeit, Melkassa, and Dera for three years
(2016–2018), hereafter named as HL, DZ, MK, and DR, respectively. Due to a poor stand in
DZ during 2018, these data were omitted from further analysis.

The climate chamber experiment was conducted in 2018 at the Julius Kühn Institute
(JKI), Federal Research Centre for Cultivated Plants, Institute for Resistance Research and
Stress Tolerance, Quedlinburg, Germany, which will be designated as CC in this study. The
altitude, seasonal temperature, rainfall, and soil characteristics of the field research sites are
described in Table 1.

A total of 260 barley accessions were included in the field experiments, of which
239 accessions were provided by the Ethiopian Biodiversity Institute and 21 barley breed-
ing lines were provided by the Holetta National Barley Improvement Program. Detailed
information about the plant material is presented in Teklemariam et al. [42]. The acces-
sions were evaluated using an alpha-lattice design comprising three replications. Each
replication comprised 20 incomplete blocks of 13 experimental plots, as described in
Teklemariam et al. [41].

For the CC, a set of 196 accessions was selected. Pots with a size of 15 × 15 × 20 cm3

were filled with 1500 g of substrate (Einheitserde ED73, H. Nitsch & Sohn GmbH & Co. KG,
Kreuztal, Germany). In each pot, three plants were grown. The experiment was performed
using a complete randomized design with four replications. All pots were watered up to
70% of the soil water capacity (WC), as described in Teklemariam et al. [41]. A photoperiod
of 13/11 h day/night was applied; the temperature of the climate chamber was 18/14 ◦C
day/night during vegetative growth and increased to 22/16 ◦C when five to ten pots
started to flower.
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Table 1. Summary of seasonal weather, altitude, and soil characteristics of experimental locations
during the experimental period (2016–2018).

Characteristics Holetta Debrezeit Melkassa Dera

Altitude (masl) 2400 1900 1550 1620

Maximum temperature (◦C) * 21.7 25.3 28.2 26.2

Minimum temperature (◦C) * 8.7 12.5 15.1 14.9

Rainfall (mm) * 732.4 470.3 546.7 381.6

Soil type Nitosol Vertisol Hypo Calcic
andosol/fulvisols Calcic fulvic regosol

Soil texture Clay Clay Clay loam to Clay Clay loam

Soil pH (H2O method) 5.48–5.90 6.23–7.14 7.22–7.55 7.04–8.10

Organic matter (%) 2.03–4.41 1.26–2.63 1.78–3.14 2.08–3.95

Cation exchange capacity
(cmol/100 g) 19.11–33.18 35.19–48.15 21.63–32.28 27.30–37.17

Exchangeable sodium (%) 0.01–0.46 0.01–0.48 0.02–1.47 0.02–0.57

Bulk density (g/cm3) 1.12–1.37 1.15–1.45 1.1–1.34 1.29–1.34

* The cropping season was from June to September for Holetta and from July to September for others.

2.2. Data Collection

In the field, each experimental plot was evaluated for days to flowering (DFL), i.e.,
when approximately 50% of the main inflorescence emergence was completed in Zadoks’
stages 58 (Z58). In the CC, due to some accessions being unable to fully complete ear
emergence, the time when 50% of the main spike awn was visible in Zadoks’ stages 49 (Z49)
was considered as DFL [43].

A few accessions did not flower during the experimental period in certain locations and
CC. Therefore, days to reverse flowering (DRFL) was considered for data analysis. DRFL
was calculated by subtracting the last maturity date of an experimental plot at a specific
location from the flowering date. Accessions which did not flower during the experimental
period have “0” values, whereas early flowering accessions have the maximum value for
DRFL. To calculate DRFL, the maximum growing days of 155, 136, 123, 124, and 232 were
used for HL, DZ, MK, DR, and CC respectively.

Metrological data, including daily minimum and maximum temperature and daily
total rainfall, were recorded for each location from the first day of sowing to the maturity
of the last plot. The cardinal temperatures, which consist of base temperature (Tb), optimal
temperature (To), and ceiling temperature (Tc) were used to analyze the optimal growth
as well as chilling requirements of Ethiopian landrace accessions. Tb, To, and Tc cardinal
temperatures for optimal barley growth have been reported to be 0 ◦C, 21–28 ◦C, and 35 ◦C,
respectively [44–46]. According to Chujo [47], cited in Porter and Gawith [48]), an optimal
chilling temperature (Toc) of 3.8–6.0 ◦C, base chilling temperature (Tbc) of −1.3 ◦C, and
ceiling chilling temperature (Tcc) of 15.7 ◦C were reported.

When the daily maximum temperature was between Tb and To, the day was considered
optimal for barley growth; however, when it was below Tb or exceeded Tc, the day was
considered suboptimal for barley growth, further plant development halted, or the plant
died. The daily chilling temperature requirement was met when the daily minimum
temperature was between Tbc and Toc; when the daily minimum temperature was higher
than Tcc or lower than Tbc, the chilling temperature requirement was deemed unmet, and
accessions that required vernalization delayed or failed to flower in a timely way.

Based on each day’s maximum and minimum temperature, the proportion of opti-
mal growing days [44–46] and days that met the chilling temperature requirement [47]
was calculated.
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Usually, growing degree days (GDDs) (in ◦C d) are calculated based on the daily mean
temperature when it exceeds 0 ◦C. However, in this study, the daily temperature effect was
calculated according to Yin et al. [49], and the DFL of each accession was converted to the
sum of the daily temperature effect (SDTE) by the summation of each daily temperature
effect “g(T)” from sowing to flowering.

g(T) =
(

Tc − T
Tc − To

)(
T − Tb
To − Tb

) To−Tb
Tc−To

where g(T) is the daily temperature effect, T is the daily mean temperature, Tb (0 ◦C) is
the barley base temperature, To (21 ◦C) is the barley optimal temperature, and Tc (35 ◦C)
is the barely ceiling temperature according to Cao and Moss [44], Tamaki et al. [45], and,
Ellis et al. [46].

2.3. Statistical Analyses

The statistical analysis of flowering data was performed with the statistics package
SAS 9.4 software [50]. The analysis of DFL, DRFL, and SDTE, as well as average, minimum
and maximum temperature was conducted using the proc means procedure. Additionally,
the procedure proc mixed was used for the ANOVA and estimation of least-square means
(lsmeans) for DFL, DRFL, and SDTE. The model was fit with selected parameters as the
dependent variable; accessions and locations were fixed effects, while year, replication, and
blocks were random effects. The effect of accessions’ interaction with location was also
included as a fixed effect to estimate the lsmeans of each variable.

As parameters were evaluated at one location over different years, repeatability (r2)
was used to evaluate the adaptability and stability of the accessions. The ‘lme4’ R pack-
age [51,52] was applied to compute the variance components and repeatability (r2) of
traits recorded for more than one year. The variance in accession (σ2

G), residual variance
components (σ2e), number of replications (rep), and number of years (ny) were used to
calculate repeatability as follows:

r2 = σ2
G/(σ2

G +
σ2

ny × rep
)

The frequency and regression analysis was conducted using Microsoft excel 2016
software. The frequency of days above the optimal temperature (21 ◦C) as well as the
frequency of chilling days that fulfill the respective chilling temperature requirement were
analyzed for each year and location and compared with the average flowering time as well
as with the flowering response. Moreover, the regression analysis between the frequency
of days above the optimal temperature with the average DFL of a specific location as
well as the frequency of chilling days with the percentage of non-flowered plots was
also conducted.

The Pearson correlation coefficient analysis between DFL and DRFL, as well as DFL
and SDTE, was conducted with the statistics package SAS 9.4 software [50] using the proc
corr procedure.

2.4. Genome Wide Association Studies (GWAS)

A set of 10,644 highly polymorphic SNP markers [41] as well as the lsmeans of
phenotype data of DRFL and SDTE with the correction factor of population structure
(“PCA.total = 3”) were used to conduct GWAS using the “Bayesian information and
Linkage-disequilibrium Iteratively Nested Keyway (BLINK)” model [53] in R v.4.1.2 soft-
ware [54]. Benjamini and Hochberg [55] considered markers significant if they surpass
a false discovery rate (FDR) adjusted p-value of <0.05, and this standard was used in
this study.

Significant markers obtained from the GWAS analysis were further analyzed using
the LD decay value of each chromosome, as reported in Teklemariam et al. [41], and if the
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SNP markers were within the LD decay value, the marker with the smallest p-value was
selected to represent the respective QTL. The logarithm of the odds (LOD) was calculated
for the significant markers with a “–log (p-value)”. The significant QTLs were mapped
using MapChart 2.32 software [56], and the functional annotation of significant markers
was analyzed by BARLEYMAP version 3 [57] against the Morex genome v2 [36].

3. Results
3.1. Analysis of Weather Conditions

The highest maximum mean temperature during the flowering time evaluation period
was observed at MK (28.2 ◦C), while the lowest minimum mean temperature was observed
at HL (7.9 ◦C). In CC, the lowest mean maximum temperature (20.4 ◦C) and the highest
mean minimum temperature (15.2 ◦C) compared with all field experiment locations was
observed. The presence of a very high coefficient of variation for the minimum temperature
across all field locations indicated the presence of a wider range of minimum temperatures
(Table S1).

In all experimental locations, the maximum temperature was below Tc and above
Tb. (Table S1). The HL and CC experiments were carried out at an optimal temperature
(0 to 28 ◦C) throughout the experimental period, followed by DZ, at which 95% of exper-
imental days were in the optimal temperature range. MK had the least optimal growth
temperature, with only 46% of the days falling in the range of optimal growth conditions
(Figure 1).

Figure 1. The number of growing days, days with optimal temperatures (0 to 28 ◦C), and days with
chilling temperature (−1.3 to 6 ◦C; and −1.3 to 10 ◦C), along with their corresponding frequency
values. Experimental locations are DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa, and
CC = climate chamber.

According to defined chilling requirement criteria [47], HL had the highest percentage
(27%) of chilling days, while CC and DR had the lowest (0.0%). When the effective
vernalization temperature increased from 6 to 10 ◦C, 78% of growing days at HL could be
defined as chilling days, while the lowest number of days was observed at CC and DR,
with 0 and 3% of days, respectively (Figure 1).
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3.2. Evaluation of Flowering Status

The phenotypic diversity in the 260 Ethiopian barley landrace accessions during the
time of flowering was observed in each trial. In the field experiments, the highest mean
of DFL was recorded at HL (72.4 d), which was 8, 11, and 15 d longer than in DZ, DR,
and MK, respectively. The mean DFL of the CC experiment was 109.5 d, which was on
average 42% or 46 d longer than the average DFL (63.8 d) of all field locations, at which
the least difference was observed in HL (37 d), while the highest variation was in MK
(52 d). Moreover, the CC experiment was also the one with the highest standard deviation
as well as coefficient of variance compared with all field locations, followed by DZ and
MK (Table 2).

Table 2. Descriptive statistics for days to flowering, days to reverse flowering, and summation of
daily temperature effect.

Location Mean Std Dev Min. Max. Variance Std Error CV LSD Repeatability

D
FL

DZ 64.1 10.5 41.0 97.0 111.0 0.27 16.4 6.7 92.5
DR 61.2 9.2 39.0 101.0 84.6 0.19 15.0 5.5 93.3
HL 72.4 8.0 50.0 98.0 64.8 0.17 11.1 3.4 96.4
MK 57.6 9.6 38.0 105.0 93.0 0.20 16.7 5.4 93.4
CC 109.5 22.5 70.0 210.0 506.6 0.82 20.6 21.2 -

D
R

FL

DZ 71.7 11.4 0.0 95.0 130.4 0.29 15.9 7.6 85.5
DR 60.6 14.7 0.0 85.0 215.4 0.30 24.2 8.9 93.3
HL 82.5 8.2 0.0 105.0 67.7 0.17 10.0 3.6 96.0
MK 64.5 12.4 0.0 86.0 154.9 0.26 19.3 7.9 90.1
CC 119.6 28.9 0.0 162.0 834.8 1.03 24.2 27.6 -

SD
TE

DZ 62.8 10.3 40.3 95.0 106.5 0.26 16.4 6.5 92.5
DR 60.5 9.0 38.7 99.8 81.4 0.19 14.9 5.4 93.3
HL 63.0 7.2 43.8 85.7 51.7 0.15 11.4 3.0 96.4
MK 57.2 9.6 37.8 105.3 91.6 0.20 16.7 5.3 93.3
CC 100.8 22.0 63.2 199.7 484.3 0.80 21.8 20.8 -

Legend: Experimental locations are DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa, and CC = climate
chamber; Std Dev = standard deviation, Min. = minimum value, Max. = maximum value, Std Error = standard
error, CV = coefficient of variation, LSD = the least significant difference; traits analyzed are DFL = days to
flowering, DRFL = days to reverse flowering, and SDTE = sum of daily temperature effect. Reduction calculated
for reduction percentage with the following formula: (mean of DFL − mean of SDTE)/mean of DFL) × 100.

When the DFL data were converted to DRFL, the highest CV was recorded for DR and
CC. This is due to few accessions in DR and CC that did not flower in contrast to other
locations (Figure 2). Although the result of SDTE seems in harmony with DFL, the mean
SDTE difference between each field location was the smallest compared with DFL except
for HL, where the SDTE value was reduced by 13% compared to DFL, while the lowest
reduction was observed at MK, DR, and DZ in the range of 0.6 to 2.0% (Table 2).

Flowering (Z58) at MK began at the 6th week after sowing (WAS), while it started
on the 7th WAS at DR and DZ. The latest flowering response under field conditions was
observed at HL (8th WAS). Most of the accessions at MK, DZ, and DR flowered on the 9th
WAS, while it was on the 10th WAS at HL. The flowering pattern in the CC, in contrast,
differed from field experiments, in which Z49 was started on the 11th WAS and the peak
flower response was noted on the 15th WAS (Figure 2).

The highest proportion of non-flowering plots (3.5%) was observed for DR and the
highest flowering response was recorded for HL (Figure 2; Table S2). The presence of such
a low flowering response at DR could also be associated with the presence of drought stress
at this location [41]. Although the longer dry spell at DR and MK started in the month
of September [58–60], accessions at MK flowered on average 4 days earlier than at DR
(Table 2), which could be associated with the presence of a higher day temperature than at
DR (Table S1).



Agronomy 2024, 14, 3031 8 of 25

Figure 2. Percentage (proportion) of flowering plots in each experimental field location (Z58) and for
climate chamber experimental pots (Z49) throughout the experimental period (weeks).

3.3. Repeatability

The repeatability of DFL, DRFL, and SDTE parameters was high in all field experimen-
tal locations. The least observed repeatability of DFL was for DZ (92.5%) and the highest
was for HL (96.4%). The highest repeatability for DRFL was for HL (96.0%), and the least
was for DZ (85.5%), while for SDTE the highest was for HL (96.4%) and the lowest was for
DZ (92.5%). The repeatability of CC was not analyzed, as the experiment was conducted
for one year only (Table 2). The presence of a high repeatability as well as variation among
accessions provided an excellent intervention point to study the genetics of the flowering
time in Ethiopian accessions in detail.

3.4. Correlation and Regression Analysis

The DFL of Ethiopian barley landraces was observed to be very strongly and positively
associated with most agronomic traits investigated during the drought stress experiment
conducted at the field and climate chamber experiments [41].

The Pearson correlation coefficient (r) of DFL and DRFL among the field experiment
locations was positive and highly significant (p < 0.001). The highest correlation for DFL
was between DR and MK (r = 0.92, p < 0.001), while the lowest was between DR and HL
(r = 0.82, p < 0.001). For DRFL, the highest was between DR and MK (r = 0.93, p < 0.001)
and the lowest was between DR and HL (r = 0.80, p < 0.001) (Table 3). Although a positive
and significant correlation (p < 0.001) was observed for both DFL and DRFL in CC and
field trials, the r value was much lower than the r values observed between field sites.
The smallest r value of DFL between CC and field trials was found for HL (r = 0.49,
p < 0.001) and the highest for MK (r = 0.57, p < 0.001), while for DRFL, the highest (r = 0.55,
p < 0.001) and the lowest (r = 0.44, p < 0.001) correlations were found for MK and HL,
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respectively (Table 3). This might be associated with the presence of the highest values for
standard deviation, variance, and CV for both variables in CC compared to all field sites
(Tables 2, 3 and S1).

Table 3. Pearson correlation coefficient (r) between the field and climatic chamber experiments using
Ethiopian barley accessions. Days to flowering are shown above the diagonal cells, while correlations
for days to reverse flowering are listed below the diagonal cells; *** significant at p < 0.001.

DFL

CC DZ DR HL MK
D

R
FL

CC 0.53 *** 0.55 *** 0.49 *** 0.57 ***
DZ 0.50 *** 0.88 *** 0.89 *** 0.91 ***
DR 0.52 *** 0.86 *** 0.82 *** 0.92 ***
HL 0.44 *** 0.89 *** 0.75 *** 0.85 ***
MK 0.55 *** 0.89 *** 0.93 *** 0.80 ***

Legend: Experimental locations are DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa, and CC = climate
chamber; traits analyzed are DFL = days to flowering, and DRFL = days to reverse flowering.

The maximum temperature was recorded above Tb (0 ◦C) in all experimental locations,
while a chilling temperature below Tbc (−1.3 ◦C) was observed only for 4 d at HL during
2016. The minimum temperature was also above Tbc in all locations (Table S3). Therefore,
a frequency below 1 for optimal growth conditions was due to the presence of above
To (28 ◦C), which ultimately shortened the average flowering days in DZ, DR, and MK
compared to HL (Figures 1 and 3a). Similarly, a frequency below 1 for chilling days was
primarily due to the presence of temperatures above Toc (6 ◦C or 10 ◦C), which appears
to be associated with the flowering of all accessions or with the lowest non-flowering
proportion of accessions in each location (Figures 1 and 3b,c).

The regression analysis indicated that the daily maximum temperature explained
about 32% of flowering time in Ethiopian accessions (Figure 3a). Additionally, the presence
of an optimal chilling temperature below 6 ◦C contributed about 56% to complete flowering
of all accessions, while in the case that the optimal chilling temperature was assumed to be
below 10 ◦C, its contribution increased to 65% (Figure 3b,c).
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3.5. Analysis of Variance (ANOVA)

The ANOVA results for DFL, DRFL, and SDTE of the four field locations revealed
significant variation (p < 0.001) between locations, accessions, as well as the interaction of
accessions and locations. The presence of significant variation between accessions of CC
was also observed (Table 4).
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Table 4. F values from ANOVA of flowering time of field and climate chamber experiments and
morphological parameters of field experiments.

Experiment Effects DRFL DFL SDTE

Field

Accessions
(A)

F value 34.24 *** 40.96 *** 40.00 ***
DF 259 259 259

Location (L)
F value 3429.55 *** 2759.16 *** 388.63 ***

DF 3 3 3

A X L
F value 2.25 *** 1.72 *** 1.85 ***

DF 777 777 777

Climate
chamber

Accessions
F value 4.76*** 4.63 *** 4.64 ***

DF 195 195 195
Legend: Experimental locations are from field (Debrezeit, Dera, Holetta, and Melkassa), and climate chamber;
traits analyzed are DRFL for days to reverse flowering, DFL for days to flowering, and SDTE for sum of
daily temperature effect. DF stands for degree of freedom; and “***” indicate significance at p-value < 0.001
probability level.

Based on the lsmeans of accessions at each location, the 20 earliest and the 20 latest
flowering accessions were sorted. The common number of accessions obtained in the
drought-prone locations (MK and DR) was 13/20 for the latest and 14/20 for the earliest
flowering accessions. Similarly, 15/20 of the earliest and 11/20 of the latest flowering
accessions were common for the optimal moisture locations (DZ and HL). Overall, only
nine out of twenty of the earliest and four out of twenty of the latest common flowering
accessions were found in all field trial locations. The CC had only two out of twenty
common late-flowering accessions with drought-prone locations and no common earliest
accessions with all field experiment locations (Table S4). The mean DFL values of every
accession in the CC were found to be higher than the mean DFL values of every other
accession in the MK, DZ, DR, and HL sites, with the exception of 3, 8, 10, and 10 of the
earliest accessions in the CC (Table S4).

3.6. Genome Wide Association Study Analysis of Flowering Time Traits

The presence of three distinct structural populations and the LD decay values of each
chromosome have already been described in Teklemariam et al. [41], and, Teklemariam
et al. [42].

The correlation analysis between one location of SDTE and DFL indicated that the
two parameters were similar, as the r values were 1 (Table S5). A GWAS analysis was
therefore conducted for SDTE and DRFL. Combined multiple-year data of each location
and one-year data from the CC were used during the analysis. Most of the GWAS results
were found to be well-fitted to the BLINK model, as seen by the Quantile–quantile (QQ)
plots (Figure S1). Based on FDR values, 40 marker trait associations (MTAs) were identified,
of which 23 MTAs were for DRFL, while 17 MTAs were for SDTE (Tables 5 and S6). When
the detected MTAs were further assigned to putative QTLs based on the LD decay value of
each chromosome [41], a total of 39 QTLs were detected, of which 22 QTLs were for DRFL
and 17 QTLs for SDTE. Since all QTLs, except one for DRFL of CC on chromosome 4H
3.6–4.1 Mb, were represented by one MTA (Tables 5 and S6), the findings of this study will
center on MTAs.
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Table 5. List of MTAs for flowering time of Ethiopian barley landraces under four field experimental locations in Ethiopia and climate chamber using BLINK models.

No SNP Chr Pos (Mbp) MAF LOD Effect PVE (%) Loc Trait QTL Gene Ontologies Annotation Description

1 JHI-Hv50k-2016-12926 1H 13.73 0.32 5.2 −1.14 0.45 MK SDTE MKSDTE1 GO:0005488 Armadillo/beta-catenin-like repeat protein

2 SCRI_RS_116548 1H 24.03 0.08 6.5 −1.59 1.49 HL SDTE HLSDTE1

Unknown protein; located in
endomembrane system; BEST Arabidopsis

thaliana protein match is an unknown
protein

3 JHI-Hv50k-2016-18950 1H 59.28 0.08 6.7 −4.26 2.70 DR DRFL DRDRFL1

GO:0016887
GO:0042626
GO:0055085
GO:0005524
GO:0006810
GO:0016021

Lipid A export ATP-binding/permease
protein MsbA

4 JHI-Hv50k-2016-18950 1H 59.28 0.08 10.2 3.17 4.27 MK SDTE MKSDTE2

GO:0016887
GO:0042626
GO:0055085
GO:0005524
GO:0006810
GO:0016021

Lipid A export ATP-binding/permease
protein MsbA

5 JHI-Hv50k-2016-26918 1H 369.36 0.10 5.9 6.32 4.83 CC SDTE CCSDTE1 GO:0005515 Leucine-rich repeat family protein

6 JHI-Hv50k-2016-26982 1H 371.70 0.31 7.3 7.72 1.91 CC DRFL CCDRFL1 Abscisic acid receptor PYR1

7 JHI-Hv50k-2016-31649 1H 427.69 0.09 6.8 10.46 4.16 CC DRFL CCDRFL2 RNA recognition motif-containing protein

8 JHI-Hv50k-2016-72079 2H 25.15 0.27 6.2 −1.28 2.81 HL SDTE HLSDTE2

GO:0016020
GO:0055085
GO:0005215
GO:0006810
GO:0006811

Cation-chloride cotransporter 2

9 JHI-Hv50k-2016-73570 2H 29.31 0.19 7.6 −9.32 2.12 CC DRFL CCDRFL3 Undescribed protein

10 JHI-Hv50k-2016-73570 2H 29.31 0.19 11.2 8.27 5.27 CC SDTE CCSDTE2 Undescribed protein

11 JHI-Hv50k-2016-111156 2H 678.19 0.03 5.1 −8.63 9.22 CC SDTE CCSDTE3 GO:0006486
GO:0016757 Hexosyltransferase
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Table 5. Cont.

No SNP Chr Pos (Mbp) MAF LOD Effect PVE (%) Loc Trait QTL Gene Ontologies Annotation Description

12 JHI-Hv50k-2016-147628 2H 766.08 0.07 6.0 −2.57 2.34 MK SDTE MKSDTE3 GO:0008270 RING/FYVE/PHD zinc finger superfamily
protein

13 JHI-Hv50k-2016-148133 2H 767.33 0.07 8.2 5.06 5.79 DR DRFL DRDRFL2

14 JHI-Hv50k-2016-151505 3H 4.06 0.14 4.6 3.18 0.81 DR DRFL DRDRFL3

15 JHI-Hv50k-2016-151820 3H 4.57 0.11 5.6 −9.19 1.97 CC DRFL CCDRFL4 GO:0043531 Disease resistance protein

16 JHI-Hv50k-2016-198140 3H 596.97 0.16 5.0 4.64 2.16 CC SDTE CCSDTE4
GO:0004553
GO:0005975
GO:0030246

Beta-galactosidase 10

17 JHI-Hv50k-2016-206858 3H 643.17 0.04 6.0 −14.85 2.66 CC DRFL CCDRFL5 GO:0005515
GO:0008270 RING/U-box superfamily protein

18 JHI-Hv50k-2016-213204 3H 662.66 0.03 5.6 16.46 3.55 CC DRFL CCDRFL6 UV-stimulated scaffold protein A homolog

19 JHI-Hv50k-2016-213207 3H 662.66 0.03 6.3 −13.06 4.77 CC SDTE CCSDTE5

20 SCRI_RS_188420 3H 681.79 0.29 7.1 1.21 1.75 HL DRFL HLDRFL1

GO:0051861
GO:0005737
GO:0017089
GO:0046836

Kinesin-like protein/Silicon efflux
transporter

21 JHI-Hv50k-2016-227500 4H 3.24 0.09 5.9 −6.18 3.53 CC SDTE CCSDTE6 Chromosome 3B, genomic scaffold, cultivar
Chinese Spring

22 JHI-Hv50k-2016-227517 4H 3.57 0.09 4.7 8.32 2.98 CC DRFL CCDRFL7 Unknown function

23 JHI-Hv50k-2016-227778 4H 4.06 0.11 4.7 7.67 2.44 CC DRFL CCDRFL7 Very-long-chain (3R)-3-hydroxyacyl-CoA
dehydratase

24 SCRI_RS_188340 4H 471.65 0.39 6.7 6.48 1.22 CC DRFL CCDRFL8 Vacuolar protein-sorting-associated protein
37 homolog 2

25 JHI-Hv50k-2016-259986 4H 595.53 0.04 5.6 −4.54 4.75 MK DRFL MKDRFL1

26 JHI-Hv50k-2016-281308 5H 10.63 0.04 5.4 3.04 1.73 DZ SDTE DZSDTE1 GO:0005515 F-box protein/undescribed protein

27 JHI-Hv50k-2016-310148 5H 510.24 0.25 5.6 2.33 1.10 DR DRFL DRDRFL4 Ribosomal L5P family protein

28 JHI-Hv50k-2016-323294 5H 571.62 0.32 5.7 −1.69 1.26 DZ DRFL DZDRFL1
GO:0003700
GO:0006355
GO:0043565

ABSCISIC ACID-INSENSITIVE 5-like
protein 2
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Table 5. Cont.

No SNP Chr Pos (Mbp) MAF LOD Effect PVE (%) Loc Trait QTL Gene Ontologies Annotation Description

29 JHI-Hv50k-2016-323294 5H 571.62 0.32 5.6 −1.46 0.85 MK DRFL MKDRFL2
GO:0003700
GO:0006355
GO:0043565

ABSCISIC ACID-INSENSITIVE 5-like
protein 2

30 JHI-Hv50k-2016-323294 5H 571.62 0.32 5.9 1.20 0.76 MK SDTE MKSDTE4
GO:0003700
GO:0006355
GO:0043565

ABSCISIC ACID-INSENSITIVE 5-like
protein 2

31 JHI-Hv50k-2016-323294 5H 571.62 0.32 8.6 1.78 1.38 DR SDTE DRSDTE1
GO:0003700
GO:0006355
GO:0043565

ABSCISIC ACID-INSENSITIVE 5-like
protein 2

32 JHI-Hv50k-2016-323571 5H 572.54 0.36 4.9 1.98 0.44 DR DRFL DRDRFL5

GO:0042176
GO:0000502
GO:0005515

GO:0030234/GO:0006468
GO:0004672
GO:0005515
GO:0005524

26S proteasome non-ATPase regulatory
subunit 3 homolog A/Leucine-rich

receptor-like protein kinase family protein

33 JHI-Hv50k-2016-345406 5H 623.06 0.30 6.6 1.64 0.51 DZ DRFL DZDRFL2 GO:0005515 U3 small nucleolar RNA-associated protein
18 homolog

34 JHI-Hv50k-2016-367393 5H 668.61 0.25 4.6 −3.91 1.01 CC SDTE CCSDTE7 GO:0043531 Disease resistance protein

35 JHI-Hv50k-2016-378408 6H 19.55 0.35 5.0 −2.19 0.42 DR DRFL DRDRFL6 Unknown function

36 JHI-Hv50k-2016-397916 6H 348.23 0.03 5.2 5.73 3.67 DR DRFL DRDRFL7 GDP-L-galactose phosphorylase 2

37 JHI-Hv50k-2016-410857 6H 499.35 0.50 6.5 5.71 1.22 CC DRFL CCDRFL9 Unknown function/undescribed protein

38 JHI-Hv50k-2016-422808 6H 558.86 0.03 14.5 9.14 15.39 MK DRFL MKDRFL3 GO:0003676
GO:0005634

CCR4-NOT transcription complex subunit
7

39 JHI-Hv50k-2016-449688 7H 14.61 0.24 4.9 1.30 0.66 MK SDTE MKSDTE5 GO:0008152
GO:0016758

UDP-Glycosyltransferase superfamily
protein

40 JHI-Hv50k-2016-457708 7H 32.79 0.34 7.2 1.64 0.95 DR SDTE DRSDTE2 GO:0003676
GO:0003677 Unknown function

Legend: SNP = names of SNP marker associated; Chr = chromosome; Loc = locations (HL = Holetta, DZ = Debrezeit, DR = Dera, MK = Melkassa, and CC = climate chamber);
Trait = traits (DRFL= days to reverse flowering; and SDTE = sum of daily temperature effect); MAF = minor allele frequency; PVE (%) = percentage of phenotype variance explained;
LOD is logarithm of odds calculated as LOD = −log (p-value); Gene Ontologies and Annotation description are based on Morex genome v2 [29].
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For each barley chromosome, at least two associations with a flowering time of
Ethiopian barley’s accession were detected, despite the presence of variations in the number
of MTA distributions between chromosomes. The chromosome 5H had the highest number
of MTAs (9), while chromosome 7H had the least (2) (Table S7).

MTAs with the highest three LOD values are on chromosome 6H at 658.9 Mb (14.5)
for DRFL at MK, chromosome 2H at 29.3 Mb (11.2) for SDTE at CC, and chromosome
1H at 59.3 Mb (10.2) for SDTE at MK (Table S6). The three highest marker effect values
were recorded at CC, for MTAs on chromosome 3H at 643.2 Mb for DRFL (−14.85), at
662.66 Mb for SDTE (−13.06) and DRFL (16.46), and on chromosome 1H at 427.7 Mb for
DRFL (10.46). The presence of the highest standard deviations, variance, and LSD values in
the CC (Table 2), could potentially contribute to the highest marker effect values in the CC
(Tables 5 and S6). MTAs with the highest percentage of phenotype variance explained (PVE)
values are on chromosome 6H at 558.9 Mb for DRFL of MK (15.39) and on chromosome 2H
at 678.2 Mb for SDTE of CC (9.22) (Tables 5 and S6).

There were three common markers that were detected for at least more than one
parameter or location (Table S6). The “JHI-Hv50k-2016-323294” marker, which was located
on chromosome 5H at 571.62 Mb, was detected for the SDTE of MK and DR and DRFL
of DZ, DR, and MK. The remaining two were the “JHI-Hv50k-2016-18950” marker on
chromosome 1H at 59.3 Mb detected for the SDTE of MK and DRFL of DR, and the “JHI-
Hv50k-2016-73570” marker on chromosome 2H at 29.3 Mb detected for SDTE and DRFL of
CC (Tables 5 and S6).

Although there were no common markers detected between the field and CC, a QTL
was detected on chromosome 3H at 4.1–4.6 Mb for the DRFL of DR and CC (Figure 4 and
Table S6). Four QTLs were overlapped between the SDTE and DRFL of CC on chromosome
1H-4H, while two QTLs were detected between DR and MK on chromosome 1H and 2H;
the rest were between CC and DR on chromosome 3H, and between DZ, MK, and DR on
chromosome 5H (Figure 4 and Table S6).

Figure 4. Genetic map showing significant QTLs of Ethiopian barley landrace accessions associated
with days to reverse flowering (DRFL) and summation of daily temperature effect (SDTE). The
physical distance in Mbp; C = centromere region of the chromosome; B and L = known start and
stop position of chromosomes based on [36]; QTL in blue font for Holetta, green font for Debrezeit,
red font for Melkassa, brown for Dera, and purple font for climate chamber experimental location
detected using the BLINK model.
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4. Discussion
4.1. Phenotypic Variation on Flowering Time

The flowering time is an important and complex trait that is controlled by a number
of genetic networks and environmental signals [10,16]. The flowering time of Ethiopian
barley accessions was evaluated in this study at different locations of Ethiopia that had
varying daily temperatures and annual precipitation. The study was also conducted in
the climate chamber that had a constant day and night temperature. In previous research,
Tsehaye et al. [35] also studied the flowering time on Ethiopian barley landraces in both
long and short days and reported the role of major flowering genes.

The flowering pattern of a worldwide barley collection was studied in Japan at the
same field location for 20 seasons [61]. According to the results, the genotype accounted for
the majority of the variation in flowering time, with the geographic origin being second. The
interaction between genotype with environment and geographic origin with environment
explained about 90% and 55% of the variation in flowering time, respectively.

Although Ethiopian barleys in the Sato et al. [61] study formed a genetically distinct
cluster, they did not show a different flowering pattern compared with other geographic
origins. However, about 25% of Ethiopian materials in the study were included in the
group of Japanese local materials based on their stable flowering pattern performance in
varying environments across different seasons. The insensitivity of Ethiopian materials to
the photoperiod was explained as the reason for their stable flowering pattern in that study.

Altitude and atmospheric temperature typically have an inverse relationship. Al-
though there was a significant difference in minimum temperature across the different
altitudes of barley growing areas in Ethiopia, the coldest months of the year (October to
January) do not fall in either of the two cropping seasons: the main season ‘meher’, which
is from June to September, and the minor season ‘belg’, which is from February to April.
Therefore, in both cropping seasons, the landraces were assumed to be not exposed to the
vernalization temperature requirement for flower initiation. As a result, Ethiopian barleys
are considered as spring types that did not require strong vernalization temperatures and a
critical photoperiod length to flower [32].

Our experiments conducted at four locations in Ethiopia with different environmental
conditions (Table 1) and in the climate chamber also confirmed that accessions are indepen-
dent from the requirement of a strong vernalization temperature, but there is a significant
difference in the flowering time (Table 4 and Figure S2). Notably, the flowering time of
the accessions appear to be more dependent on the thermal time (growing degree-days
(GDD) [◦C d]) (Figure 3a), which refers to the summation of the total temperature required
to reach the flowering stage [28,29].

Global warming is a major concern for sustainable agricultural production in the
world, and Solomon [62] forecasted that global temperatures will increase by 1.8 to 4.0 ◦C
at the end of this century. The lowest altitude (1550 masl) and warmest location in our
study is MK, while the highest altitude (2400 masl) and coldest location is HL (Table 1). The
average temperature variation between DR and MK, DZ and DR, and HL and DZ is about
1.1 ◦C, 1.7 ◦C, and 3.7 ◦C, respectively (Table 1). Therefore, the field experiment in these
four locations enables us to predict how global warming would affect barley production in
Ethiopian conditions.

Nevo et al. [63] studied the global warming effect on flowering patterns of 10 wild
barley ancestral populations from the 1980s with their descendant populations from 2008.
The result indicated that the descendant population flowered earlier than the ancestral
population. A subsequent study by Qian et al. [64] suggested that the fixation of SNP/Indels
in major flowering regions of the descendant populations contributed to early flowering in
the changing environment.

The flowering time of the latest accessions groups was more affected by the variation in
temperature in the four experimental locations, as only four of twenty common accessions
between them were found, in contrast to nine of twenty common accessions in the earliest
accessions groups (Table S4). Moreover, accessions at MK flowered earliest, while they
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flowered latest at HL. Previous studies conducted in Ethiopia also demonstrated that the
mean flowering time at Sheno (2800 masl) was 84.6 d [35], while it was 87.3 d at Ankober
(2970 masl) [65], and barley landraces were reported to mature between 7 and 9 months in
the extreme highlands of Ethiopia (>3500 masl) (personal communication).

Hemming et al. [66] revealed barley genotypes flowering earlier at 25 ◦C than at
15 ◦C. Karsai et al. [67] grew barley genotypes at a constant day temperature of 9 to
18 ◦C and at a 2 ◦C lower night temperature and demonstrated that a 1 ◦C increase in
temperature resulted in a 5.2 d earlier flowering time. White et al. [68], and, Dixon et al. [69]
also reported a significant shortening of the flowering time in wheat when the ambient
temperature increased.

In addition, the presence of fluctuating temperatures of 18/16 ◦C day/night delayed
flowering time by up to 71 d in spring-type barley genotypes compared with a constant
temperature of 18 ◦C [67]. In a 20-season research project conducted at the same location in
Japan, the Ethiopian barley genotypes’ flowering time ranged from 145 to 165 [61]. The
DFL of accessions in the CC was delayed for an average maximum and minimum of 52
and 37 d in comparison to MK and HL, respectively (Table 2), which is lower than the 71 d
reported by Karsai et al. [67], while the observed range of DFL (70–210 d) was wider than
the findings from the field study of Sato et al. [61].

In addition to the primary factors like the photoperiod and vernalization, additional
critical factors may be required for the timely flowering of barley [70]. Hence, for the
Ethiopian accessions, critical alternative factors might be the presence of a wide range of
day/night temperature variation and/or ambient daily maximum temperatures of >21 ◦C.
In contrast to the CC, where temperature fluctuation between day and night was 4 ◦C and
showed a significantly delayed flowering time, our field experiments showed a temperature
fluctuation of >10 ◦C on the majority of days (Table S3).

The negative influence of higher atmospheric temperature on the grain yield of barley
was discussed in different studies using long photoperiods [71,72]. Morphological parame-
ters like plant height, spike length, and flag leaf length were reported to be influenced by
elevated temperatures over the optimal range [73]. According to Zhu et al. [74], during
early barley development, elevated temperature promotes plant length; in the later develop-
mental stage, plants grown at an elevated temperature become shorter compared to plants
grown at an optimal temperature. However, the elevated temperature has at the same time
insignificant effects on leaf length and leaf width. The effect of atmospheric temperature on
some morphological parameters of Ethiopian barley accessions was also assessed in our
study using correlation analysis. The findings revealed that the experimental location’s
atmospheric temperature difference has a significant effect on both the plant height and
flag leaf length, as accessions at warm locations (MK and DR) had been shorter in plant
height and flag leaf length compared with the cold location HL. However, it has less of an
effect on spike length (Table S8).

Earliness is one of the drought tolerance mechanisms, in which genotypes escape
the adverse drought stress and complete the lifecycle before the onset of a longer dry
period [75]. Vaezi et al. [76], Barati et al. [77], and, Forster et al. [78] demonstrated the
negative association of the flowering time with grain yield during a drought stress period.
Our previous study also confirmed a strong negative correlation of DFL with grain biomass
in drought stress treatments [41]. Compared with other experimental locations, MK and
DR exhibited the highest frequency of days above the optimal average daily temperature
(21 ◦C), with values of 0.69 and 0.37, respectively (Table S3), which favor accelerated
vegetative growth, and benefited early flowering accession to complete their lifecycle
before the occurrence of a drought spell.

The developmental transition of barley from the vegetative stage to the reproductive
stage is significantly influenced by drought stress [79,80]. The presence of adverse drought
conditions at MK and DR seriously affected flowering. This can be witnessed by the pres-
ence of a very low ratio of non-flowering plots during 2017, when a very good distribution
of rainfall was observed at each location compared with other seasons (Tables S2 and S4).
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In the climate chamber experiment, most accessions had difficulties to complete the
transition to flowering from Z49, i.e., awn tipping to Z58, i.e., spike emergence (Figure S3).
While such an effect was also observed in both water treatments, it was more pronounced
in the drought stress treatment (86% of the plot failed to transit to Z58) than in the optimal
moisture treatment (30% of the plot failed the transition) (Table S9). A quartile analysis
was used to further analyze the failure of the Z49–Z58 transition. The highest percentage
of early flowering accessions (88% and 24%) from the first quartile of control and drought
stress treatments, respectively, completed the flowering stage transition. In the subsequent
quartiles, the percentage of completed flowering stage transitions decreased gradually, and
the lowest percentage was found for the latest flowering accessions in the fourth quartile
(21% and 4%), respectively, for drought stress and control treatments (Table S9). The effect
of drought stress on the developmental transition of barley genotypes from the vegetative
stage to the reproductive stage was also discussed in Su et al. [79], and, Gol et al. [80].

The highest correlation coefficient between flowering time and days to maturity (DM)
of the drought stress treatments and control treatments in both the field and climate
chamber experiments was reported in Teklemariam et al. [41]. The correlation between
drought stress and control treatments for corresponding accessions was analyzed. The
DM of the climatic chamber drought stress treatment has a significant correlation with the
DM of DR and MK at p < 0.001 (r = 0.42 and r = 0.49), respectively. In contrast, the DM of
the CC control treatment exhibited the lowest correlation coefficient with the DM of HL
(r = 0.15) compared to the DM of all field locations, although it had a significant correlation
at p < 0.05 (Table S9). The low correlation coefficient between the cool and naturally optimal
moisture location (HL) and CC control treatment, compared to warm and naturally optimal
moisture (DZ) and drought-prone (DR and MK) locations, indicates that in addition to
an optimal soil moisture content, the atmospheric conditions of the cool agro-ecologies of
Ethiopia play a role in determining the morphological growth parameters.

Yin et al. [49] reported an average of 66.09 SDTE for two varieties; and the range of 57
to 80 SDTE was reported for 94 barley recombinant breeding lines [81]. In our study, the
mean SDTE was 57.2 to 63.0 in field trial locations, while the mean of the CC was 100.8
(Table 2).

4.2. Flowering Time Associated Marker Under Different Environments

Chromosome 2H, 5H, and 7H were identified as important chromosomes, which
are strongly associated with the flowering time of barley [40,82–84]. Yin et al. [81] also
identified chromosome 1H, 2H, and 3H as important chromosomes associated with barley
SDTE. In our study, most MTAs for flowering time were detected on chromosome 5H, but
also on chromosome 1H, 2H, and 3H. (Tables S6 and S7; and Figure 4).

In our study, the detected MTAs corresponded to 35 genes, of which, for 19, at least
one Gene Ontology (GO) term (Table S6) was found. A GO term enrichment analysis
was conducted using “The Singular Enrichment Analysis tool in GO analysis toolkit and
database for the agricultural community, AgriGO v2.0” (https://systemsbiology.cpolar.cn/
agriGOv2/index.php, accessed on 26 July 2024) [85]. Based on both the Bonferroni adjusted
p-value and the non-adjusted method, no significantly enriched GO term was identified.
The absence of enriched significant GO terms in our study could be associated with the
identified GO terms, may not be properly annotated with the corresponding terms [86].

The dominant flowering gene of barley ‘Ppd-H1’ promotes flowering under longer
days, while plants with the recessive ppd-H1 allele remain vegetative during long
days [10,17,27]. The MTAs for the SDTE and DRFL were found in the CC on chromosome
2H at 29.3 Mb (Tables 5 and S6). Upstream of ‘Ppd-H1’ at 21.6 Mb, the ‘GBM1035’ marker,
which is identified with a genebank ID of ‘AL500260’ on https://wheat.pw.usda.gov/GG3/
(accessed on 22 May 2023), promotes flowering in wild barley H. spontaneum [87]. The MTA
for the SDTE of HL, which has cool weather conditions with adequate rainfall and a longer
growing season (4 months), was identified between the ‘Ppd-H1’ gene and the ‘GBM1035’
marker at 25.1 Mb (Table 5 and Figure 4). Caproni et al. [37] reported an MTA around this

https://systemsbiology.cpolar.cn/agriGOv2/index.php
https://systemsbiology.cpolar.cn/agriGOv2/index.php
https://wheat.pw.usda.gov/GG3/
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flowering gene in the barley growing highlands of Ethiopia, with an elevation of 2000–2400
masl.

Cosenza et al. [16] reported the presence of a cluster of QTLs around Ppd-H1 from
22.3 to 31.3 Mb, which are associated with flowering time and plant height; they suggested
that these QTLs might have a small effect on the control of this trait. Therefore, the reported
MTAs at 25.1 Mb in HL and 29.3 Mb in the CC might have a related effect on determining
the flowering time.

Some of the telomere regions of chromosomes have significant MTAs with the flower-
ing time of Ethiopian barley, as significant MTAs were found close to the telomere regions
of chromosomes 2H, 3H, 4H, and 5H (Figure 4). Alqudah et al. [27] also reported significant
MTAs associated with different flowering time-related traits on similar telomeres regions
of chromosomes for photoperiod-sensitive genotypes; however, it was not reported for
non-sensitive genotypes. Significant MTAs at the telomere of 3H were also reported in
Kikuchi et al. [88].

The only locus that overlapped between the field and CC experimental locations was
found on chromosome 3H, for DR and CC, at 4.1 to 4.6 Mb (Table 5). Alqudah et al. [27]
reported the association of a marker for awn tipping (Z49) at 4.2 Mb of chromosome 3H.
Kikuchi et al. [88] also reported a marker known as ‘HvMFT1’, which was mapped at
2.4 Mb of chromosome 3H, which has a poor association with flowering time. A distinct
difference in the temperature conditions between the CC and field locations (Table S2) may
account for the few overlapping loci, and this is also explained by the lower correlation
coefficient (r) value between the CC and field locations compared to the r value between
field locations (Table 3). Teklemariam et al. [41] also reported a few overlapping MTAs
between the field and CC for different traits in drought stress experiments.

An MTA was found for DRFL on chromosome 1H at 427.7 Mb, which has an associ-
ation with the flowering time in the CC experiment (Table 5 and Figure 4). He et al. [89]
identified the HvPAF (HORVU1Hr1G058630) gene close to this locus at 427.9 Mb, which is
associated with a phytochrome-A-associated F-box protein and has a role in light percep-
tion and signaling in the flowering pathway. This MTA was also identified in Teklemariam
et al. [41] for grain biomass, harvest index, and thousand kernel weight in a climate chamber
experiment at an optimal moisture treatment.

The drought stress during the vegetative developmental stage of barley revealed that
genotypes that carry the recessive ppd-H1 allele were observed to significantly delay flow-
ering time in comparison to wild-type Ppd-H1 allele [90]. On the other hand, during high
ambient temperatures, recessive ppd-H1 barley was observed to accelerate the flowering
time with the background Vrn-H1 allele [71,72].

The major genes that differentiate winter barley from spring barley are mapped
on chromosome 5H as ‘Vrn-H1’ at 599.1 Mb [10,22] and a rice ortholog flowering gene,
‘HD6-5H’, mapped at 531.6 Mb [91]. The circadian clock gene,‘HvPRR95’, was mapped
at 565.15 Mb, and reported to be expressed during the evening of a long day, while its
expression is reduced due to osmotic stress [92]; and Ford et al. [93] also reported an
increasing trend of HvPRR95 gene expression with the increase in temperature.

In our study, MTAs, which determine the flowering time at the warm location of DZ,
DR, and MK, were consistently detected on chromosome 5H at 571.6 to 572.5 Mb with a
gene ID of ‘HORVU5Hr1G084260’ and a protein description of “abscisic acid-insensitive
5-like (AbI5) protein 2” for MTA at 571.6 Mb (Table S6). Thiel et al. [94] also describe the role
of this gene in flower organ formation. The Arabidopsis ortholog gene ‘AT4G35900’ promotes
flower initiation in the wild-type allele, while it delays the flowering time in the mutant [95].
Additionally, Finkelstein [96] explained that AbI5 delayed flower initiation by prohibiting
lateral root formation through ABA-dependent nitrate inhibition. The association of this
locus with grain biomass at an optimal moisture condition as well as days to maturity of
drought condition was reported for the field experiment in Teklemariam et al. [41].

Moreover, due to the difference in day length between the Australian and European
environments, HvPRR95 was reported to have a significant role compared to Ppd-H1 by
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Pham et al. [9], and also reported to have an effect on elevated temperature [93]. Therefore,
the consistent detection of MTAs close to the HvPRR95 circadian clock gene could be asso-
ciated with the presence of the significant day length between the Ethiopian environment
and high latitude regions and/or the higher temperature at the warmer locations of DZ,
DR, and MK.

A significant MTA on chromosome 5H for the CC was detected at 668.6 Mb for the
STDE (Table 5 and Figure 4). Upstream of this MTA, FRIGIDA, which is known to have
pleiotropic effects for environmental adaptation during drought stress [38], was mapped at
662.6 Mb by Mascher et al. [36]. Caproni et al. [37] also reported the effect of this MTA on
the flowering time of Ethiopian barley landraces.

Specifically, the flowering time of Ethiopian barley landraces were studied at the
molecular level by Tsehaye et al. [35], and, Caproni et al. [37]. In our study, the GWAS
analysis was used to identify MTAs that have a direct influence on the flowering time of
Ethiopian barley; however, to utilize these MTAs as breeding targets of barley’s flowering
time, validations of MTAs in a controlled environment will be required to develop high-
resolution markers.

5. Conclusions

The vernalization temperature had no effect on the flowering time of Ethiopian barley
landraces, as expected. This study identified GDDs as the major influencing factor in
determining the flowering response in Ethiopian barley accessions. The presence of warm
atmospheric temperatures accelerated the accession’s vegetative growth, resulting in the
shortest number of days to flowering in MK, DR, and DZ. The early flower response of the
accessions in all field experiment locations compared to the CC may be associated with the
presence of an optimal day temperature of >21 ◦C and a fluctuating temperature >10 ◦C
between day/night. Furthermore, because all accessions consistently flowered at HL, few
landraces might require mild chilling temperatures of at least 11 to 13 ◦C to complete
flowering. The locus on chromosome 5H at 571.6 to 572.5 Mb has a strong association
with the flowering time in warm areas, while the two loci on chromosome 2H at 25.1 Mb
and 29.3 Mb could have an influence on the flowering time at the colder HL location and
the CC, respectively. While this study provided broad insights into factors (GDD, >21 ◦C
daily temperature, and extended rainfall) affecting the flowering time of Ethiopian barley
accessions and identified significant MTAs, more research in controlled environments with
distinct variations in all possible factors and detailed research on the interaction between
the identified MTAs and known major flowering genes will pinpoint the exact factors
related to Ethiopian barley landrace accession flowering times.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy14123031/s1, Table S1: Summarized experimental location weather data. Legend: “Max-
Temp” = mean maximum temperature, “MinTemp” = mean minimum temperature, “AvTemp” = mean
of daily average temperature; Std Dev = standard deviation, Minimum = minimum value,
Maximum = maximum value, Std Error = standard error, CV = coefficient of variation; CC = climate
chamber, DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa; Table S2: Ethiopian barley
landrace flowering response at the field of the four locations from 2016–2018 and climate chamber
2018 experiment. Legend: DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa, CC = climate
chamber; Table S3: Summary weather data of experimental locations during the experimental period;
Table S4: The top and bottom 20 accessions in each location for flowering (DFL = days to flowering,
Acc = Accessions, CC = climate chamber, DR = Dera, DZ = Debrezeit, HL = Holetta, MK = Melkassa).
The shared top 20 are highlighted by red boxes, the shared bottom 20 are highlighted by blue boxes,
and those shared between CC, MK, and DR are highlighted by purple boxes; Table S5: Person
correlation coefficient (r) for days to flowering and sum of daily temperature effect based on 260
Ethiopian barley landraces in field experiments. Above the diagonal line correlation result for sum of
daily temperature effect (SDTE); below diagonal line correlation result for days to flowering (DFL);
and on the diagonal line correlation between SDTE and DFL of the same locations; *** significant at
p < 0.001. Legend: DZ = Debrezeit, DR = Dera, HL = Holetta, MK = Melkassa, CC = climate chamber;
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Table S6: List of significant MTAs obtained using BLINK model analysis for GWAS analysis to detect
associations with flowering time of 260 and 196 Ethiopia barley landrace accessions in field and
climate chamber experiments, respectively, using 10,644 SNP markers; listed are MTA (SNP), related
genomic region (QTL), candidate gene identifiers, and annotations. Remark: SNP markers detected
for more than one location or parameter are highlighted with blue color, SNP markers with distance
less than the LD decay value of the chromosome are circled with bold rectangular line; QTL markers
represented by more than one SNP marker are highlighted with green color; Table S7: Number of
detected MTAs that determine the flowering time of Ethiopian barley across the barley genome and
identified influential/consistently detected loci (chromosome 1H to 7H); Table S8: Person correlation
coefficient (r) of flowering time (DFL for days to flowering), and DRFL for days to reverse flowering)
of Ethiopian barley landraces with some morphological parameters (FLL for flag leaf length, PH
for plant height, SL for spike length) for the individual field locations; *** significant at p < 0.001,
** significant at p < 0.01, * significant at p < 0.05, and ns for non-significant; Table S9: Quartile analysis
for awn tipping (Z49) and complete emergence of spike (Z58); and Person correlation analysis (r) of
days to maturity for 196 Ethiopian barley landraces between the field and climatic chamber experi-
ments using Ethiopian barley accessions. Legend: DM = days to maturity, DZ = Debrezeit, DR = Dera,
HL = Holetta, MK = Melkassa, CC = climate chamber, Dr = drought stress treatments, Con = control
treatments; Figure S1: Quantile–quantile (QQ) plots of GWAS for barley drought tolerance using
BLINK model analysis; Legend: “CC” for climate chamber; “DZ” for Debrezeit; “DR” for Dera; “HL”
for Holetta; “MK” for Melkassa, “SDTE” for summation daily temperature effect; “DRFL” for days to
reverse flowering; Figure S2: Morphological growth of Ethiopian barley (Z11—early germination or
Z12 from two leaf emerged; Z31—first node formation and Z49—main spike awn visible) at field
experiments (a = Holetta location, and b = Melkassa location) and c = climate chamber experiment;
Figure S3: Flowering of Ethiopian barley in the climate chamber (a = control plot (left) completed
Z58 stage; drought stressed plot (right) failed to reach Z58 stage; b = both control (left) and stressed
(right) plots failed to reach Z58 stage).
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flowering of barley (Hordeum vulgare L.). Acta Biol. Hung. 2008, 59, 205–215. [CrossRef]

68. White, J.W.; Kimball, B.A.; Wall, G.W.; Ottman, M.J.; Hunt, L.A. Responses of time of anthesis and maturity to sowing dates and
infrared warming in spring wheat. Field Crops Res. 2011, 124, 213–222. [CrossRef]

69. Dixon, L.E.; Karsai, I.; Kiss, T.; Adamski, N.M.; Liu, Z.; Ding, Y.; Allard, V.; Boden, S.A.; Griffiths, S. VERNALIZATION1 controls
developmental responses of winter wheat under high ambient temperatures. Development 2019, 146, dev172684. [CrossRef]
[PubMed]

70. Bernier, G.; Périlleux, C. A physiological overview of the genetics of flowering time control. Plant Biotechnol. J. 2005, 3, 3–16.
[CrossRef]

71. Ejaz, M.; von Korff, M. The Genetic Control of Reproductive Development under High Ambient Temperature. Plant Physiol. 2016,
173, 294–306. [CrossRef]

72. Ochagavía, H.; Kiss, T.; Karsai, I.; Casas, A.M.; Igartua, E. Responses of Barley to High Ambient Temperature Are Modulated by
Vernalization. Front. Plant Sci. 2022, 12, 776982. [CrossRef] [PubMed]

73. Zahn, T.; Zhu, Z.; Ritoff, N.; Krapf, J.; Junker, A.; Altmann, T.; Schmutzer, T.; Tüting, C.; Kastritis, P.L.; Babben, S. Novel exotic
alleles of EARLY FLOWERING 3 determine plant development in barley. J. Exp. Bot. 2023, 74, 3630–3650. [CrossRef]

74. Zhu, Z.; Esche, F.; Babben, S.; Trenner, J.; Serfling, A.; Pillen, K.; Maurer, A.; Quint, M. An exotic allele of barley EARLY
FLOWERING 3 contributes to developmental plasticity at elevated temperatures. J. Exp. Bot. 2023, 74, 2912–2931. [CrossRef]
[PubMed]

75. Chaves, M.M.; Maroco, J.P.; Pereira, J.S. Understanding plant responses to drought—From genes to the whole plant. Funct. Plant
Biol. 2003, 30, 239–264. [CrossRef] [PubMed]

76. Vaezi, B.; Bavei, V.; Shiran, B. Screening of barley genotypes for drought tolerance by agro-physiological traits in field condition.
Afr. J. Agric. Res. 2010, 5, 881–892.

77. Barati, M.; Karami, Z.; Majidi, M.M.; Mirlohi, A.; Mostafavi, F.; Safari, M. Evaluation of wild barley species as possible sources of
drought tolerance for arid environments. Plant Genetic Res. Charact. Util. 2017, 16, 209–217. [CrossRef]

78. Forster, B.P.; Ellis, R.P.; Moir, J.; Talamè, V.; Sanguineti, M.C.; Tuberosa, R.; This, D.; Teulat-Merah, B.; Ahmed, I.; Mariy, S.A.E.E.;
et al. Genotype and phenotype associations with drought tolerance in barley tested in North Africa. Ann. Appl. Biol. 2004, 144,
157–168. [CrossRef]

79. Su, Z.; Ma, X.; Guo, H.; Sukiran, N.L.; Guo, B.; Assmann, S.M.; Ma, H. Flower development under drought stress: Morphological
and transcriptomic analyses reveal acute responses and long-term acclimation in Arabidopsis. Plant Cell 2013, 25, 3785–3807.
[CrossRef] [PubMed]

80. Gol, L.; Tomé, F.; von Korff, M. Floral transitions in wheat and barley: Interactions between photoperiod, abiotic stresses, and
nutrient status. J. Exp. Bot. 2017, 68, 1399–1410. [CrossRef]

81. Yin, X.; Struik, P.C.; van Eeuwijk, F.A.; Stam, P.; Tang, J. QTL analysis and QTL-based prediction of flowering phenology in
recombinant inbred lines of barley. J. Exp. Bot. 2005, 56, 967–976. [CrossRef] [PubMed]

82. Digel, B.; Tavakol, E.; Verderio, G.; Tondelli, A.; Xu, X.; Cattivelli, L.; Rossini, L.; von Korff, M. Photoperiod-H1 (Ppd-H1) Controls
Leaf Size. Plant Physiol. 2016, 172, 405–415. [CrossRef] [PubMed]

83. Khahani, B.; Tavakol, E.; Shariati, J.V. Genome-wide meta-analysis on yield and yield-related QTLs in barley (Hordeum vulgare L.).
Mol. Breed. 2019, 39, 56. [CrossRef]
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