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Abstract: Heat stress alters the number and distribution of meiotic crossovers in wild and cultivated
plant species. Hence, global warming may have a negative impact on meiosis, fertility, and crop
productions. Assessment of germplasm collections to identify heat-tolerant genotypes is a priority
for future crop improvement. Durum wheat, Triticum turgidum, is an important cultivated cereal
worldwide and given the genetic diversity of the durum wheat Spanish landraces core collection,
we decided to analyse the heat stress effect on chiasma formation in a sample of 16 landraces of
T. turgidum ssp. turgidum and T. turgidum ssp. durum, from localities with variable climate conditions.
Plants of each landrace were grown at 18–22 ◦C and at 30 ◦C during the premeiotic temperature-
sensitive stage. The number of chiasmata was not affected by heat stress in three genotypes, but
decreased by 0.3–2 chiasmata in ten genotypes and more than two chiasmata in the remaining three
ones. Both thermotolerant and temperature-sensitive genotypes were found in the two subspecies,
and in some of the agroecological zones studied, which supports that genotypes conferring a heat
tolerant meiotic phenotype are not dependent on subspecies or geographical origin. Implications of
heat adaptive genotypes in future research and breeding are discussed.
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1. Introduction

Cultivated wheats represent the staple food of more than 35% of the world’s population
and provide one fifth of the daily intake of calories and protein [1]. Most of the global wheat
production, 760.93 million metric tons in 2020 (http://www.fao.org/faostat/es/#data/QC
accessed on 8 April 2022), corresponds to bread wheat (Triticum aestivum L.), the production
of durum (pasta) wheat (T. turgidum L.) has been estimated in 5% of the total wheat
amount [2]. Wheat yield improvement becomes a priority of the breeding programs
in order to meet the global demand expected for the next decades propelled by world
population increase.

Durum wheat is the cultivated form of T. turgidum, an allotetraploid species (2n = 4x = 28)
with genome formula AABB, which is believed to have originated between the past five
hundred thousand years [3] after hybridization between T. urartu, the A genome donor, and
a species close to the extant Aegilops speltoides that contributed the B genome [4–6]. Bread
wheat, T. aestivum is an allohexaploid species (2n = 6x = 42, genome formula AABBDD)
originated after a second hybridization event, most likely occurred under cultivation about
10,000 years ago, between durum wheat and Ae. tauschii the wild diploid progenitor of
the D genome [7,8]. Despite the coexistence of two genetically related genomes in durum
wheat, and three in bread wheat, both polyploid species show a strict diploid-like meiotic
behaviour at metaphase I, with 14 and 21 bivalents, respectively, formed after recombination
between homologous chromosomes. Formation of chiasmata in polyploid wheats is driven
by the action of promoter and suppressor genes [9]. Recombination between homoeologous
chromosomes is impeded by the action of the most effective pairing suppressor, the Ph1
locus located on the long arm of chromosome 5B [10–17].
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Meiotic recombination is an elaborate process that, in plants, takes place over a time
lapse of many hours during the first meiotic division and involves numerous steps [18,19].
The meiotic recombinational machinery develops an important DNA repairing process
that is triggered by the occurrence of programmed double strand DNA breaks at the
commencement of meiosis [20]. Initial recombination steps can progress through different
pathways in such a way that only a minor fraction of all recombinational events matures as
crossovers that culminate in chiasmata [20].

Meiosis, as well as many other biological processes in plants, is extremely sensitive to
adverse climatic environments. Abiotic stresses, such as low and high temperatures, salt
stress, osmotic shock and water deficit, have a negative impact on male gamete develop-
ment and cause a considerable reduction of male fertility [21,22]. The rise of temperature
derived from the climate change is, therefore, an abiotic stress factor with potential effects
on meiosis. Suboptimal high and low temperatures and their effects on crossover frequency
and distribution have been investigated in both wild and cultivated plant species [23].
In most instances, variations in the crossover landscape were inferred from chiasmata
observed at metaphase I. A consistent reduction of the mean chiasma frequency with in-
creasing temperature was reported in Endymion nonscriptus [23,24] and Rhoeo spathacea [25].
High temperature from 34 ◦C to 41 ◦C reduces also chiasma frequency in Tradescantia
bracteata and Uvularia perfoliata [26]. In contrast, the rise of temperature increases chiasma
frequency in rice [27] and barley [28]. In Arabidopsis thaliana, recombination frequencies
variation in response to temperature follows a U-shaped curve with the highest values at
8 ◦C and 28 ◦C, and the lowest one at 18 ◦C [29]. Modification of chiasma distribution has
also been documented in some of the above-mentioned species [27,29].

In T. aestivum, the optimum range of temperature throughout its entire growing season
is considered to be around 17–23 ◦C [30]. Bread wheat is less sensitive to temperature
increase during its vegetative phase than during its reproductive phase [31]. High tempera-
tures during reproductive development cause a detrimental effect on grain yield [31,32], a
treatment of 24 h at 30 ◦C during meiosis is sufficient to reduce grain number [33,34]. In the
bread wheat variety Chinese Spring, meiosis was estimated to take 24 h at 20 ◦C, but this
duration is reduced by several hours at higher temperatures [35–37]. Temperature increase
causes a reduction in chiasma frequency in bread wheat [38] while other meiotic irregulari-
ties such as laggards, chromosome bridges, micronuclei disturbances, chromatin pulling
or abnormal cytokinesis are produced in T. turgidum [39]. Bayliss and Riley [38] studied
the position and duration of the temperature-sensitive stage of hexaploid wheat in plants
nullisomic 5D-tetrasomic 5B (N5DT5B). Plants lacking chromosome 5D show a reduction
in chiasma frequency at temperatures below 15 ◦C or above 29 ◦C and normal chiasma
frequencies at intermediate temperatures. The temperature-sensitive stage occurred in the
premeiotic interphase, prior to DNA synthesis [40]. The chiasma number reduction is a
result of synapsis failure occurred in zygotene [38,41]. The meiotic recombination gene
Dmc1 located on chromosome 5D has been identified as a candidate for the maintenance of
normal chiasma frequency at low and possibly high temperatures in hexaploid wheat [42].
As a AABB tetraploid, the D copy of Dmc1 (Dmc1-5D) does not exist in durum wheat
contrary to the A and B copies (Dmc1-5A and Dmc1-5B, respectively) that are present in
both the tetraploid and hexaploid species [42].

Nowadays landraces are considered as a natural reservoir of the genetic variation
within the species and one of the most important sources for potentially favourable alleles
to be used in breeding programs. Core collections of germplasm, where genetic diversity
is maximized with minimum repetition, are a favoured approach to efficiently exploring
novel variation and enhancing the use of germplasm collections. The core collection of
Spanish landraces of durum wheat is characterised by a high genetic diversity with genetic
diversity Dice indices of 0.79 for a sample of 39 SSR loci and 0.84 for gliadin loci [43]. Such
values are higher than those reported for other durum wheat collections [44] denoting a
considerable level of polymorphism among the Spanish durum wheat genotypes. Three
subspecies, T. dicoccon, T. turgidum, and T. durum, comprising 13, 38, and 139 genotypes,
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respectively are present in the core collection. Genotype variation is lower in T. dicoccon
and T. turgidum than in T. durum while genetic differentiation by the agroecological zone of
origin is greater in T. dicoccon and T. turgidum than in durum [44].

The aim of this paper was to explore the genetic variability of landraces from the
Spanish durum wheat core collection in order to verify the existence of thermotolerant
genotypes capable of developing regular meiosis at high temperature. We have analysed a
sample of 16 landraces belonging to the two subspecies, T. triticum and T. durum, with the
highest number of different genotypes, from localities spread through all of the Spanish
territory with variable climate conditions. Chiasma formation has been studied at permis-
sive and restrictive (high) temperatures in the 16 landraces of durum wheat, to assess the
response of each genotype to heat stress.

2. Results
2.1. Characteristics of the Spanish Landraces Studied

Landraces of durum wheat analysed were sampled from all of the nine agroecological
zones in which the Spanish territory was divided. These zones were defined by Ruiz and
coworkers [44] on the basis of historical yield records and climatic condition. Geographic
location and altitude of the collecting site of all 16 genotypes analysed as well as their
names and subspecies, T. durum (d) or T. turgidum (t), assignation appear in Table 1.

Table 1. Name, collecting site, altitude, subspecies, T. durum (d) or T. turgidum (t), and agroecological
zone of the 16 Spanish landraces of T. turgidum studied.

Accession Name Village Province Altitude (m) Ssp. Zone

BGE047504 Blanco de Corella Corella Navarra 373 t 1
BGE047513 Radondell Les Llosas Gerona 970 t 1
BGE045667 Rojo de Lebrija Lebrija Sevilla 37 d 2
BGE045654 Rubio de Espiel Espiel Córdoba 561 d 2
BGE047500 Alcalá la Real Alcalá la Real Jaén 1033 d 3
BGE045665 Claro de Higueruela Higueruela Albacete 1020 d 4
BGE045640 Torralba de Calatrava Torralba de Calatrava Ciudad Real 620 t 4
BGE047514 Torrelengua Pozorrubio Cuenca 786 d 4
BGE045675 Blanquillon de Boñar Boñar León 979 d 4
BGE047501 Almendral Almendral Badajoz 325 t 5
BGE045633 Rojo de Llerena Llerena Badajoz 639 d 5
BGE045668 Raspinegro de Murcia Águilas Murcia 6 d 6
BGE045634 Arisnegro velloso Unknown Islas Canarias Unknown d 7
BGE047518 Blancal de Nules Nules Castellón 13 t 8
BGE045673 Alemán grano rojo Unknown Islas Baleares Unknown d 8
BGE047509 Blanco de Vegadeo Vegadeo Asturias 10 t 9

The location of the nine agroecological zones in the map of Spain as well as the
situation of the collecting localities of the 16 landraces studied are shown in Figure 1. The
situation of each locality (Village, Table 1) in the map of Spain is indicated by an asterisk,
the three numbers located next to each locality are the last three digits of the corresponding
accession (first column of Table 1). Zone 4 occupying the centre and part of the northeast of
the Iberian Peninsula covers by far the largest territory of the nine zones established, reason
why four genotypes were studied in zone 4 and one or two in the remaining conditions.

2.2. Chiasma Analysis

Unlike what happens in other organisms, chiasma identification at diplotene and
diakinesis in durum wheat has associated problems due the difficulty in distinguishing
relational twists from genuine chiasmata. Therefore, metaphase I is a more suitable stage
for chiasma scoring in this species despite the condensed state of the chromosomes. Du-
rum wheat chromosomes are metacentric or submetacentric, thus a number of 28 bound
chromosome arms (14 ring bivalents) is expected when chiasmata occur in all chromosome
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arms. Whereas, rod bivalents are bound by chiasmata in only one arm, univalents are the
result of the absence of bonds between homologues. In the analysis performed here we
assume the existence of a single chiasma per bound arm since no cytological evidence of
the presence of a second chiasma was found. Nevertheless, the possibility of more than
one chiasma per chromosome arm in some bivalents cannot be ruled out. Examples of two
PMCs at metaphase I after Feulgen staining are shown in Figure 2.
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For each genotype and treatment, the number of ring bivalents, rod bivalents and
univalent pairs, as well as the number of bound arms per cell were scored. The mean
number of bound arms per cell and the frequency of cells with two univalents are indicated
in Table 2. Plants used as control were grown in the greenhouse at the optimum temperature
range (18–22 ◦C) and showed normal meiosis. Between lines differences in the number
of bound arms per cell were significant (p < 0.001) when a Kruskal-Wallis test was used.
The number of bound arms per cell was higher than 27 in 12 genotypes. On average these
genotypes formed 13 ring bivalents plus one rod bivalent, two of then showed also one cell
with two univalents. Four accessions, BGE047504, BGE045668, BGE045634, and BGE045673,
formed chiasmata that were in the range between 26 and 27 bound arms per cell, all of
them with some cell showing two univalents.

Plants subjected to heat treatment were moved from the greenhouse to a climatic
chamber at 30 ◦C when their spikes were at premeiosis (see Material and Methods). Heat
treatment was applied for a minimum of 48 h, time sufficient to ensure that the premeiotic
temperature-sensitive stage was affected. The spikes of the same plant were not syn-
chronous and differed in the degree of development when heat treatment was applied.
Once a given plant started the heat treatment, spikes assumed to be on meiosis after a
minimum of 48 h were collected to identify the meiotic stage of their anthers under light
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microscopy. Cells at metaphase I were found in only 20% of spikes, and other meiotic stages,
mainly prophase I and tetrads, were observed in the remaining 80%. In order to get cells at
metaphase I from all landraces, treated plants were maintained at 30 ◦C until a sufficient
number of anthers with meiocytes at metaphase I were recovered. Spikes collected after
48 h of treatment contained meiocytes at metaphase I in four landraces. In the remaining
landraces, metaphase I was found in younger spikes collected after heat treatments of more
than 48 h, which appear indicated in Table 2.

Table 2. Metaphase I observations. Number of bound arms per cell, percentage of cells with two
univalents (2I), and variation in the number of bound arms per cell in plants of 16 Spanish landraces of
T. turgidum grown during meiosis either in the greenhouse at optimum temperature range (18–22 ◦C)
or in a climatic chamber at 30 ◦C. Hours of the temperature treatment are also indicated.

Accession
Greenhouse (18–22 ◦C) Heat Treatment (30 ◦C) Bound Arms/Cell

Variation
(ii–i)

Bound
Arms/Cell (i) 2I (%) PMCs Bound

Arms/Cell (ii) 2I (%) PMCs Hours at 30 ◦C

BGE047504 26.40 + 0.26 1.00 73 23.25 ± 0.16 5.00 105 64 −3.15
BGE047513 27.44 + 0.13 1.00 71 27.32 + 0.17 1.00 100 96 −0.12
BGE045667 27.14 + 0.15 0.00 100 25.05 + 0.36 13.00 100 96 −2.09
BGE045654 27.01 + 0.17 1.00 100 27.08 + 0.17 0.00 100 48 0.07
BGE047500 27.65 + 0.14 0.00 100 27.15 + 0.17 0.00 100 72 −0.5
BGE045665 27.79 + 0.09 0.00 44 27.11 + 0.19 3.00 100 144 −0.68
BGE045640 27.73 + 0.11 0.00 100 26.21 + 0.17 2.00 100 72 −1.52
BGE047514 27.65 + 0.12 0.00 100 26.33 + 0.25 3.00 100 96 −1.32
BGE045675 27.54 + 0.13 0.00 100 26.02 + 0.26 2.00 100 48 −1.52
BGE047501 27.29 + 0.17 0.00 100 26.61 ± 0.10 0.00 100 48 −0.68
BGE045633 27.47 + 0.17 0.00 100 25.95 + 0.27 3.00 100 96 −1.52
BGE045668 26.65 + 0.24 4.00 100 26.72 + 0.21 0.00 100 48 0.07
BGE045634 26.40 + 0.20 1.00 100 26.03 + 0.24 0.00 100 72 −0.37
BGE047518 27.59 + 0.14 0.00 100 24.79 + 0.42 6.00 100 120 −2.8
BGE045673 26.96 + 0.18 2.00 100 25.66 + 0.35 0.00 100 72 −1.3
BGE047509 27.73 + 0.11 0.00 100 27.02 + 0.23 2.00 100 72 −0.71

The average number of bound arms per cell in the control plants grown at opti-
mum temperature range (18–22 ◦C) and heat-treated plants, as well as the variation pro-
duced by the heat treatment, are shown in Table 2. Heat treatment caused no reduction
of chiasma frequency in accessions BGE045654 and BGE045668 (zones 2 and 6, respec-
tively, ssp. durum), a reduction lower than 0.5 chiasmata in accessions BGE047513 (zone 1,
ssp. triticum) and BGE045634 (zone 7, ssp. durum), a reduction comprised between 0.5 and
1 chiasmata in accessions BGE047500 (zone 3, ssp durum), BGE045665 (zone 4, ssp. durum),
BGE047501 (zone 5, ssp. triticum) and BGE047509 (zone 9, ssp. triticum), a reduction be-
tween one and two chiasmata in accessions BGE045640 (zone 4, ssp. triticum), BGE047514
(zone 4, ssp. durum), BGE045675 (zone 4, ssp. durum), BGE045633 (zone 5, ssp. durum), and
BGE045673 (zone 8, ssp. durum), and a reduction higher than two chiasmata in accessions
BGE047504 (zone 1, ssp. triticum), BGE045667 (zone 2, ssp. durum), and BGE047518 (zone 8,
spp. triticum). Reduction in the number of chiasmata was mainly a result of the increase
of rod bivalents as well as of univalent pairs as a result of failure of chiasma formation in
one or both arms of the same homologous pair, respectively. Nevertheless, more than two
univalents per cell were rare.

In order to verify whether the differences between heat-treated plants and control
plants were significant or not, the number of bound arms per cell in plants grown at
18–22 ◦C and plants grown at 30 ◦C were compared using Mann-Whitney-Wilcoxon
tests. These comparisons are shown in Table 3. Significant differences between chias-
mata numbers are apparent in 13 landraces with a reduction higher than 0.3 in the mean
chiasma frequency at 30 ◦C. However, there is no effect of the temperature increase in
the number of bound arms per cell in accessions BGE047513 (ssp. turgidum), BGE045654
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(ssp. durum) and BGE045668 (ssp. durum) of zones, 1, 2, and 6, respectively. Thus, meiosis
of 19% of the landraces studied tolerates the temperature increase. Among the remaining
13 temperature-sensitive genotypes, BGE047504 (zone 1, ssp. turgidum), BGE045667 (zone 2,
ssp. durum) and BGE047518 (zone 8, ssp. durum) showed the highest reduction, more than
two chiasmata per cell.

Table 3. The number of bound arms per cell in plants of Spanish landraces of T. turgidum subjected
or not at heat temperature during premeiosis and meiosis are compared using Mann-Whitney-
Wilcoxon tests.

Accession
Heat

Treatment
Bound Arms/Cell

W p
28 27 26 25 24 23 22 21 20 <20

BGE047504
No 12 26 18 13 4 0 0 0 0 0

655 <0.001Yes 2 3 7 14 24 21 13 11 7 3

BGE047513
No 39 24 8 0 0 0 0 0 0 0

3749 0.49Yes 50 37 9 3 1 0 0 0 0 0

BGE045667
No 37 41 21 1 0 0 0 0 0 0

8644.5 <0.001Yes 4 18 22 23 17 8 3 2 3 0

BGE045654
No 32 43 20 4 1 0 0 0 0 0

4794.5 0.57Yes 36 41 18 5 0 0 0 0 0 0

BGE047500
No 75 17 6 2 0 0 0 0 0 0

6799 <0.001Yes 39 41 17 2 1 0 0 0 0 0

BGE045665
No 36 7 1 0 0 0 0 0 0 0

3177 <0.001Yes 40 39 15 4 2 0 0 0 0 0

BGE045640
No 77 20 2 1 0 0 0 0 0 0

9274 <0.001Yes 2 40 36 21 1 0 0 0 0 0

BGE047514
No 72 22 5 1 0 0 0 0 0 0

8183 <0.001Yes 19 29 29 13 9 1 0 0 0 0

BGE045675
No 63 29 7 1 0 0 0 0 0 0

904 <0.001Yes 14 23 30 20 10 3 0 0 0 0

BGE047501
No 49 35 12 4 0 0 0 0 0 0

6771.5 <0.001Yes 23 36 27 8 6 0 0 0 0 0

BGE045633
No 63 26 9 0 1 1 0 0 0 0

8319.5 <0.001Yes 13 22 32 19 10 2 2 0 0 0

BGE045668
No 28 32 23 13 3 0 1 0 0 0

4896 0.79Yes 25 39 24 7 5 0 0 0 0 0

BGE045634
No 20 33 23 16 5 3 0 0 0 0

5860 0.03Yes 9 29 31 22 6 2 1 0 0 0

BGE047518
No 67 27 5 1 0 0 0 0 0 0

9355.5 <0.001Yes 4 15 21 25 15 8 5 3 3 1

BGE045673
No 31 42 20 6 1 0 0 0 0 0

7212 <0.001Yes 14 25 20 15 10 12 4 0 0 0

BGE047509
No 76 22 1 1 0 0 0 0 0 0

6558.5 <0.001Yes 45 28 15 8 4 0 0 0 0 0

3. Discussion

The core collection of Spanish landraces of durum wheat, to which the 16 geno-
types analysed belong, is characterised by a high genetic diversity, subspecies T. durum
showing the highest degree of genetic variability compared to subspecies T. turgidum and
T. dicoccon [44]. The sample of landraces analysed in this work was formed by six genotypes
from T. turgidum ssp. turgidum and ten from T. turgidum ssp. durum. High temperature-
resistant genotypes belong to both subspecies, one (BGE047513) to T. turgidum and two
(BGE045654 and BGE045668) to T. durum, as well as to different agroecological zones, 1,
2, and 6, respectively. Likewise, the most temperature-sensitive genotypes appear in both
subspecies, BGE047504 in T. turgidum and BGE045667 and BGE047518 in T. durum, zones 1,
2, and 8, respectively. Zones 1 and 2 are located in opposite regions of Spain, North-East
and South-West, respectively, and show very different climatic conditions, a higher annual
rainfall and much lower temperature in zone 1 than in zone 2 [44]. On the other hand,
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resistant genotypes appear at different altitude and the same happens with temperature
sensitive genotypes (Table 1). These findings support that thermotolerance of meiosis in
the different landraces is not restricted to a given subspecies or geographical origin.

Differences between heat-treated plants in the number of hours growing at 30 ◦C,
were the result of the short duration of metaphase I [35] compared to longer stages, such as
prophase I or tetrads, which were preferentially found in spikes with anthers in meiosis.
Among the three heat tolerant genotypes, anthers with cells at metaphase I were collected
at 48 h in accessions BGE045654 and BGE045668, and at 96 h in BGE047513. Likewise, the
number of hours at 30 ◦C varied also among the highly temperature-sensitive genotypes:
64, 96, and 120 h, for accessions BGE047504, BGE045667, and BGE047518, respectively, as
well as among the ten remaining genotypes. The longest heat treatment, 144 h, was applied
in accession BGE045665. Anthers of spikes subjected to this treatment showed meiocytes
at different development stages denoting progression of meiosis as in shorter treatments.
Thus, regardless of the heat treatment duration, tolerance or sensitivity to the treatment
seem to be not dependent on the number of hours that plants were growing at 30 ◦C. All
landraces were grown at 30 ◦C during the temperature-sensitive stage of the premeiotic
interphase [40] and variation in time of the treatment affected development stages prior to
premeiotic interphase. Up to date, there is no report supporting that some development
stage of germline cells prior to premeiotic interphase is temperature-sensitive and affects
chiasma formation.

The absence of disturbed meiosis is essential to achieve a high yield in crop cereals.
Meiotic irregularities produced by structural chromosome rearrangements, polyploidy and
specific gene mutations cause a reduction of fertility [17,45]. The reduction of up to 50% in
grain number produced in the CRISPR Tazip4-B2 bread wheat is a representative example
of the negative impact of meiotic disturbances on a particular agronomical trait [17]. Even
though there is no data in durum wheat linking meiosis under the heat stress condition
with important agronomic traits, there is evidences of this relationship in bread wheat.
Thus, a heat treatment of 30◦ during meiosis caused a drastic reduction in grain set, but no
effect at other development stages. [33,34]. A light microscopy study revealed an abortive
development of anthers leading to male sterility (although the meiotic process was not
analysed) [46].

Plant heat response is a very complex trait; various plant organs, in a definite hierarchy
and in interaction with each other, are involved in determining crop yield under stress [47].
In several crops, including wheat, heat shock proteins synthetized as a response to high
temperature stress may protect tissues resident proteins from denaturation [48]. Plants
respond also to heat stress by synthetizing enzymes, such as superoxide dismutases,
peroxidase and catalase, that contribute to maintain membrane stability by removing
reactive oxygen intermediates that accompany temperature increase [49]. Multiple genes
are most likely involved in the plant heat stress response but little is known about the
role of individual genes in wheat controlling thermotolerance [50]. In addition to the
TaDmc1-D1 gene [42], the TaHsfA2d seed preferential heat shock transcription factor has
been suggested to be involved in wheat thermotolerance, since overexpression of TaHsfA2d
confers tolerance towards high temperature, as well as to salinity and drought stresses, in
transgenic Arabidopsis plants [51]. Another gene, TaB1-1.1, encoding Bax inhibitor-1 (BI-1) a
cell death suppressor conserved in plant and animals, interacting with protein TaFKBP62
mediates also in the response to heat stress [52]. In a recent study, 1413 double haploid
lines of bread wheat were screened to assess the genetic basis of heat-stress adaptation.
Plants were subjected to three consecutive days of eight hours under an air temperature of
36 ◦C and a wind speed of 40 km h−1. QTL mapping identified nine QTLs correlated to
heat stress responsiveness [53]

The global warm coupled with the genetic erosion of wheat germplasm impose the
need of finding novel and useful genotypes to be included in crops breeding. Our result
that 19% of the durum wheat landraces sample analysed carry genotypes, providing a
regular meiotic development at high temperature, confirms the existence of genetic vari-
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ability among varieties of the Spanish core collection and has potentially high significance.
Tolerance of meiosis to heat stress is a good prerequisite to obtain higher yields despite
the temperature increase derived from the climate change. The finding of heat tolerant
genotypes in the analysed sample represents an incentive to extend the analysis of meiotic
thermotolerance to all other varieties of the core collection in purpose of the ulterior identi-
fication of genes underlying this response. On the other hand, thermotolerant genotypes
the more numerous they are, the better expectations they offer to be used in future breeding
programs of durum wheat.

4. Materials and Methods
4.1. Plant Material

Seeds of 16 landraces of the Spanish core collection of tetraploid wheat T. turgidum, six
of subspecies T. turgidum and ten of subspecies T. durum, indicated in Table 1 were obtained
from Centro de Recursos Fitogenéticos, Instituto Nacional de Investigación y Tecnología
Agraria y Alimentaria (INIA), Spain. These seeds were germinated on wet filter paper in
Petri dishes, sowed in pots, and grown in a greenhouse at temperatures between 18 ◦C
and 22 ◦C. Six plants per cultivar, were maintained in the greenhouse during meiosis, and
constituted the control sample. A second sample of six plants per cultivar were transferred
from the greenhouse to a cabinet at 30 ◦C for the premeiotic heat treatment.

4.2. Heat Treatment

Plants of the different genotypes, when showed visible the flag leaf ligule, were
transferred to a growing cabinet of 4.80 × 2.60 × 2 = 24.96 m3 at 30 ◦C, with air flux to
homogenise the temperature, 70% humidity, and a 16-h photoperiod (lights on between
8.00 and 24.00). Plants containing three, four or five erected tillers with an average height of
70 cm, remained in these conditions for a time lapse between 48 h and 144 h, until anthers
with meiocytes at metaphase I were collected. A maximum of 24 plants were growing at
the same time in the cabinet. Plant pots were kept in trays of water to prevent dehydration.
Wheat meiosis takes around 24 h to complete at 20 ◦C but high temperature speeds up
the process [35,36]. A minimum treatment of 48 h at 30 ◦C of the anthers containing
PMCs at metaphase I, ensured that all of them were exposed to heat stress during the
temperature-sensitive premeiotic stage.

4.3. Sampling of Meiotic Cells and Cytological Analysis of Chiasmata at Metaphase I

Meiosis in wheat occurs when the immature spike is still inside the tiller. External
features of the tiller, such as emerged flag leaf and the spike enclosed within the sheaths of
the leaves just in the internode between the leaves preceding the flag leaf, help to recognize
when the spike was in meiosis. The spike length inside the tiller can be estimated by feeling
gently with the fingers its bottom and top end. The immature spike was considered in
meiosis when it reached a length close to 5 cm. Every morning spikes assumed to be at
meiosis were cut and used for the meiotic stage screening. The first four tillers of each plants
were only used. Young spikes collected were carefully dissected to isolate anthers from the
two largest florets in each spikelet. The three anthers within any floret are synchronised in
meiotic development, so, to determine the meiotic stage one anther from each floret was
stained with acetocarmine and squashed under a cover slip to extrude the PMCs, which
were then examined using an Eclipse E400 Nikon microscope. When PMCs at metaphase
I were identified, the two remaining anthers of the same floret were fixed in 3:1 (v/v)
100% ethanol/acetic acid and stored at 4 ◦C for a minimum of two weeks. Fixed anthers
were hydrolysed with 1 M hydrochloric acid for 12 min at 60 ◦C, Feulgen-stained with
Schiff’s reagent for a minimum of 30 min, and squashed in 45% acetic acid. Preparations
containing PMCs at metaphase I were examined using the Eclipse E400 Nikon microscope,
equipped with a Nikon Digital Camera DXM1200F, to score the number of bound arms
per cell. With some exceptions, 100 PMCs per landrace and treatment were analysed. For
each PMC, the number of ring bivalents, open bivalents and univalent pairs, as well as the



Plants 2022, 11, 1661 9 of 11

number of chromosome arms being bound, were scored. Statistical analysis was performed
using the R Software [54]. First, the normality of the distribution of bound arm per cell in
heat treated and untreated plants was checked by a Shapiro-Wilk test. Given the absence
of normality (p < 0.05) in all samples, chiasma formation in the 16 landraces growing in
standard conditions was analysed by the Kruskal-Wallis test. The effect of heat treatment
was analysed by comparing the number of bound arms per cell of the control and treated
plants using Mann-Whitney-Wilcoxon tests.
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