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ABSTRACT

Wheat is one of the most important food crops world for human consumption, like all plants
it is exposed to environmental stresses includigd kemperatures. The deleterious effect of high
temperatures negatively affects plant growth angeld@ment, leading to reduced viability and
yield. These effects can be reduced by improvenwnthermotolerance through innovative
breeding strategies, based on the expansion ofehetic pool available, by exploring important
genetic functions from wheat wild progenitors. loyng the genetic thermotolerance
characteristics of wheat requires greater undedsigrof genetic bases of thermotolerance, through
identification of high temperature stress relatedes. A good source of new useful alleles is given
by Aegilopsspecies characterized by thermotolerant habits.

In this study we have classified as thermotolemnthermosensitive, on the basis of physiologic
tests, some accessions of wheat wild relative spamtlonging t#\egilopsandTriticum genera. A
thermotolerant accession éfegilops umbellulata AUM5) was selected, subjected to different
thermal treatments and analysed at transcriptieval. By differential display reverse transcrigas
polymerase chain reaction (DDRT-PCR), we investidahodulation of gene expression elicited by
heat treatments. This approach allowed the ideatitin of various transcript-derived fragments
(TDFs) produced by AUMS in response to differenerthal treatments. The functions of the

inducible unique genes in the molecular determimadif thermotolerance process are discussed.

Keywords: Aegilops umbellulataCell membrane stability, Differential display AFPIGR, Gene
expression, High temperature stress; Wheat wiktivgs.



1. Introduction

Climate changes have a deleterious impact on pantth and development, often leading
to a decrease in crop yield, due also to increagnperatures (Lorenz et al., 2019; Janni et al.,
2020). The damage extent caused by high tempersti@ss is influenced by plant thermotolerance
that is the ability to cope with high temperaturskhough the genetic bases of thermotolerance are
still not completely elucidated, it is known thaetmotolerance has two components: the basal and
the acquired one. Basal thermotolerance is a ¢atigd component corresponding to the
evolutionarily achieved thermal adaptation of pdamstcquired thermotolerance results in the ability
of a plant to survive normally lethal temperatuafier exposure to milder high temperatures. It has
been postulated that these two types of thermatoter are based on different molecular
mechanisms (Song et al., 2012; Rampino et al., 2019

Wheat is one of the five most important food crégsdirect human consumption (Faostat,
2017, http://faostat3.fao.org), it is also the setmost important crop providing carbohydrates and
the first for vegetal protein supply in human fo¥dheat, like all plants, is constantly exposed to a
multitude of environmental stresses owing to itssde nature. High temperatures have an
immediate effect on plant growth and developmeatlileg to reduced viability and vyield; it has
been estimated that wheat production is dramagicaliiuced by rise in temperature (6% for each
degree) (Akter and Islam, 2017; Zampieri et al1720 A good strategy to reduce the deleterious
effects of heat stress is the improvement of wheaimotolerance that could be achieved using new
breeding strategies, such as the expansion ofehetig pool available for breeding (Feuillet et al.
2008; Tester and Langridge, 2010; Janni et al.,0R0Zo build upon past successes in the
development of stress tolerant wheat, it will becassary to expand the variability currently
available in gene pools drawing from genetic baskgd of wild progenitors.

Numerous studies have shown that wild progenitereemajor genetic resources of plant
tolerance to stressful environments (Waines, 19®%ng et al.,, 2017; Robinson et al., 2000) and
that they can be an important source of new alleteful for breeding programs. A good example
is given byAegilopsspecies that were used to incorporate a numbkeiott resistance genes into
wheat varieties, and this genus is also contrilgutoward improvement of complex traits such as
yield as well as drought and heat tolerance (Ki&tiiL9).

Aegilops umbellulatas an important diploid donor species of seveidypoid Aegilops
that harbor the U genome. Amphidiploids betwéen umbellulataand tetraploid/hexaploid wheats
have been used as a bridge for transferring geassXe. umbellulatanto common wheat (Song et
al., 2019).Ae. umbellulataa Mediterranean-western Asiatic grass, is ond@fltl diploid species

in the Aegilopsgenus that possesses seven pairs of chromosome2X2 14, UU genome) (Edae

3



et al., 2016). The standard chromosome karyotype lias been completed fée. umbellulata
indicates that six of the seven chromosomes hadtdbe same size (Friebe et al., 1995).

The success in improving genetic characteristiotogéat for better heat stress management
requires greater understanding of the genetic basefermotolerance through identification,
cloning, and characterization of stress relatecgegen

With the aim to identify new genetic functions ihwed in thermotolerance, we have
subjected to different thermal treatments somessioes of wheat wild relative species belonging
to Aegilopsand Triticum genera and we have classified them, on the bagbysiologic tests, as
thermotolerant or thermosensitive. A thermotolerartession oAe. umbellulatanamed AUMS5,
was selected and analyzed at transcriptional I&yeldifferential display reverse transcriptase
polymerase chain reaction (DDRT-PCR), to investigabdulation of gene expression elicited by
heat treatments.

DDRT-PCR is an efficient and sensitive RNA fingemfping technique that offers several
advantages over other methods of gene expressaysan(Vogeli-Lange et al., 1996; Meng et al.,
2012; Huang et al., 2015). This technique has bedaly utilized in plants as a simple method for
identification and cloning of differentially expsesd genes in absence of previous genomic
information. In this study, we identified, by DDRACR, a number of transcript-derived fragments
(TDFs) produced bye. umbellulatan response to different thermal treatments. Tdreesponding
transcripts were identified by &m silico analysis, and the function of the inducible unigeees in

the basal and acquired thermotolerance procestissmessed.

2. Materials and methods

2.1. Plant material and stress treatments

Seeds off. turgidumsubsp. dicoccoideand subspdicoccumwere kindly provided by A.
Blanco (University of Bari, Italy), seeds éfegilopsspp. were kindly provided by C. Ceoloni
(Tuscia University, Italy).

Seeds offriticum spp. andAegilopsspp. were germinated in Petri dishes at 23°Cerdérk
for 3 days; seedlings were transferred in pots wil, kept in a growth chamber at 23°C and a
light/dark cycle of 16 h/8 h, 65% humidity for 2 gkes. Plants grown at 23°C were used as control
(©); heat stress conditions were applied for 24 B44C (Treatment 1, T1); 24 h at 34°C followed
by 2 h at 42°C (Treatment 2, T2) or 2 h at 42°G@Iment 3, T3).

For each treatment, leaves were collected, immagli&iozen in liquid nitrogen and stored at -80°C



before RNA extraction.

2.2. Cell membrane stabiligvaluation

Evaluation of cell membrane stability (CMS) was reat out as previously described
(Rampino et al., 2009) on seedlings grown for tweeks at 23°C in growth chamber (basal
thermotolerance) and on seedlings that, after tweks at 23°C, were incubated for 24 h at 34°C
(T1, acquired thermotolerance). Leaf segments &b5lang were collected from seedlings and
rinsed in distilled water, subsequently they wdexg@d in a tube containing distilled water (2 mL)
and incubated for 1 h at 50°C to induce the heasst control samples were kept at 10°C. To each
tube, 8 mL of distilled water were added and tubese kept for 24 h at 10°C followed by 1 h at
room temperature for stabilization. Using a CrisloP31 conductivity meter (Crison Instruments,
Barcelona, Spain), the conductivity was recordddreeand after samples autoclavation for 15 min
at 100°C/0.10 MPa.

Ten replicates for each genotype were analyzed @& (%) was calculated as [1-
(T1/T2)/1-(C1/C2)] x 100, where T1l=conductivityefheat shock at 50°C, T2=conductivity after
autoclaving, C1=conductivity in control conditio(i0°C) and C2=conductivity of control samples

after autoclaving.

2.3. RNA preparation, reverse transcription and DBRCR

Total RNA was extracted using the SV Total RNA &min System (Promega, Madison,
WI), following the manufacturer’s instructions, asdectrophotometrically quantified. To remove
potential residual DNA, RNA was treated with RN&se DNase | (Takara Bio Inc., Shiga, Japan)
for 30 min at 37C. The RNA integrity was tested by electrophoresid% agarose gel.

First-strand cDNA was synthesized using a M-MLV Bee Transcriptase RNase H minus
(Promega), in a total volume of 20 at 37°C for 60 min, with 200 ng total RNA, |4 5x RT
buffer, 20uM each dNTPs, 200 nM H4IG anchor primer, RNasin 40 U. Amplification of the
reverse transcribed RNA (cDNA) was performed inoglt volume of 20uL containing 2uM
dNTPs, 200 nM anchor primer, 200 nM arbitrary pririieAP1 (AAGCTTGATTGCC) or H-AP2
(AAGCTTCGACTGT), 2uL first strand cDNA, and 1 U Tagq DNA polymerase Kae). PCR
amplifications were performed in a thermocyclergremnmed for one step at 95°C for 30 s and 40
cycles each of 30 s at 95°C, 2 min at 40°C, 1 mif2aC, and a final extension for 5 min at 72°C.
To identify the differentially displayed transcspt 6% denaturing polyacrylamide DNA



electrophoresis and silver staining were used.

2.4. Amplification, cloning, and sequencing of gedevered fragments

Each selected TDF was excised from the gel andvezed by incubating in 100L of TE
buffer for 15 min at 100°C; after a short centrdtign, the extracted DNA was used directly as
template for PCR amplification. The PCR conditiovsre those used for DDRT-PCR apart from
the final extension of 8 min. The re-amplified TD®re analyzed on 1.5% agarose gel and
recovered using QIAquick Gel Extraction kit (QIAGEBImbH, Hilden, Germany); purified TDFs
were ligated into pGEM-T Easy vector (Promega) eloded intoEscherichia coli IM83Plasmid
DNA was purified and four clones per fragment weeguenced, using M13 universal primers
(BMR Genomics, Padova, Italy).

2.5. Northern blotting and RT-gPCR analysis

For Northern blotting, 30ug RNA were transferred to nylon membranes (Millgor
Billerica, MA, USA). Hybridization, washing and sigling detection were performed as previously
described (Gulli et al., 2005)8S RNAwas used as the reference gene.

For the RT-gPCR analysis, 500 ng of total RNA weseerse transcribed as previously
reported (lurlaro et al., 2016). Thenpb of cDNA were used in a final volume of 2@ with 2X
Platinum SYBR Green gPCR SuperMix UDG (Invitrogamd 250 nM of gene specific forward
and reverse primers or 100 nM of primers specdidiie housekeeping8s rRNA gene (Table 1).
Reactions were performed with the ABI PRISM® 700€q&ence Detection System (Applied
Biosystems, Foster City, USA). RT-gPCR data weralyaed by the 22ACt method using’&s
rRNA as housekeeping gene arahtrol samples as calibrators. The RT-gPCR da&p@@sented as
the mean values calculated from three technicdicedps, and for each genotype, leaves from three
independent plants were analyzed.

2.6. Bioinformatic analysis

The sequences of the isolated TDFs were analyzed 8ASTn and BLASTx programs
within the Ensembl Plants genome browser (plansemibl.org/Multi/Tools/Blast). The research
was directed on the available genomesAef tauschii(Assembly Aet v4.0), and. aestivum
(Assembly IWGSC), last accessed on 27/05/2020.



Primers for RT-gPCR were designed using the soéwRrimer express 2.0 (Applied
Biosystems) and their sequences are reported ile Tab

2.7. Statistical analysis

Standard statistical analysis was performed udnegstatistical package SPSS (v25.0) for
Windows (© Copyright IBM Corporation 1989, 2012) aspropriate. CMS data are presented as
mean + SD and analyzed by ANOVA. Expression dagpaesented as mean + SD and analyzed by
non-parametric Kruskal-Wallis test. Avalue< 0.05 was considered statistically significant.

3.RESULTS

3.1. Evaluation of CMS

Wild wheat relatives belonging tériticum and Aegilopsspp., reported in Table 2, were
characterized by CMS test for basal and acquiredntbtolerance. To highlight variability in
response to heat stress the data obtained wergzadaby one-way ANOVA test. As shown in
Table 2 and Figure 1, there is high variability flois trait, neverthelesEriticum spp. exhibit lower
basal thermotolerance thakegilops ones (p=0.00001). As far as acquired thermototerais
concerned, both genera exhibit the same level édlvidity (p=0.123).

On the basis of the results obtained, the AUMS5 ggre showing the highest CMS values
for both basal and acquired thermotolerance, waserh for further molecular analysis to study

modification of gene expression in response teedifit thermal treatments.

3.2. Identification, cloning and characterizatiohstress—induced cDNAs

In order to verify whether the various thermal tne@ants were able to induce in AUMS5 the
heat shock response, the expressioH®P17.3a member of class Il smallSP, was analyzed by
Northern blot using ther. aestivumTaHSP17.3probe. The transcription level of the gene
corresponding t@aHSP17.3s definitely induced under direct stress (T3) ,atoda lesser extent,
under stress imposed after acclimation (T2); ondbetrary the expression of thi$1SPis not
detectable in untreated (C) as well as in the 34é&ted (T1) plants (Fig. 2). This result does not
mean that a day at 34°C did not induce HSPs syisthiest rather that, after so many hours of

stress, the corresponding transcript producionimegito levels undetectable by Northern analisys.



It is known thatHSP genes activation is very rapid and maximum levefranscropt is reached
whitin two hours from the onset of stress, as rédgenreported for other plant smalSP genes
(Wang et al., 2020).

The RNAs extracted from AUMS after the various thal treatments were used for DDRT-
PCR analysis, in order to identify genes modulabgdhigh temperature. Figure 3 shows a
representative acrylamide gel separation of frageebtained by differential display amplification
reactions.

By this analysis, many different cDNA fragmentsearly exhibiting an increased band
intensity, were selected and excised from the H& bands recovered were named on the basis of
the thermal treatment and of the position on thesgarting from the smaller ones at the bottem. Of
All these fragments, 19 in total, were re-amplifiadd 10 positive reactions were obtained, one of
which, the T2-13, produced two distinct ampliconshbof which were isolated; we did not succeed
in re-amplifying the two larger size amplicons T2-and T2-15. The re-amplification products
were cloned and transformed iro coli; for each transformation event, 10 putative tramagd
colonies were selected, to verify the presencé®iriserted DNA and its size (data not shown).

We obtained clones for 11 different cDNA fragmerfsr each of them, four different
colonies were used for DNA sequence analysis;whais necessary because the gel-isolated bands
could contain more cDNA fragments of similar lengtriginating from different transcripts.
Considering that differential display usually allowsolation of fragments corresponding to the 3’
untranslated region, the sequences were extandglico towards 5', in order to obtain a portion of
the coding region useful to search protein databasd assign a putative function to the identified
genes. DNA sequences obtained were used to seardtomologies in databases, the results are
reported in Table 3.

Eight clones, containing cDNAs ranging in size fra®0 to 470 bp, were all homologous to the
mitochondrialatpA gene, encoding thesubunit of ATPase; as expected, the cDNAs contlaan@’
polyadenosine tract of variable length and, intangly, their sequences differed for the positidn o
the poly-A addition site (Fig. 4).

We found significant homologies with different wh&sTs for all the clones except the T2-
12 cl.10 and T3-4 cl.6 as shown in Table 3. Inipaldr T1-10 cl.2 corresponds to an mMRNA
coding for a homologue of the EIN2 protein, parttté ethylene signal transduction pathway; T1-
10 cl.3 corresponds to an mRNA coding for a predicearly nodulin-93-like; T1-10 cl.4
corresponds to an mRNA encoding for a nucleolar RiWAding protein; T2-3 cl.10 corresponds to
an mRNA encoding a SMAP-domain containing protéi2:7 cl.5 corresponds to an mRNA

coding for a protein similar to a chloroplastic 5@$somal protein L1; T2-7 cl.8 corresponds to a



predicted cysteine-rich and transmembrane domaitagong protein 1-like; T2-12 cl.8 and T2-13
cl.1 correspond to mRNAs coding for a putative Ftgpe protease; T3-6 cl.2 corresponds to an
MRNA encoding a chloroplastic ferredoxin-dependghitamate synthase (Fd-GOGAT). The
remaining clones, namely T2-5 cl.6, T2-12 cl.11;4T8.6, T3-6 cl.10 are homologous to predicted

transcripts of unknown function.

3.3. Analysis of the expression of cDNAs isolatedifferential display

In order to confirm that the various cDNAs reallgriespond to genes induced by heat
stress, a preliminary Northern analysis was peréarion AUM5 RNAS using as probes the isolated
TDFs. By this analysis, we detected hybridizatimmals only for T2-13a cl.6, corresponding to the
atpAgene. All other probes did not detect any sigoedbably due to the low level of expression of
the corresponding genes. TapA gene showed a very high level of transcriptiorg(M) and its
induction was confirmed in all the different he@atments. Hybridization signals, quantified using
Instant Imager, indicate that in AUM5S tlagpA gene expression in T1 condition is 4-fold, white i
T2 and T3 it is 3-fold, in comparison to the cohtatpA gene expression was also analysed in a
wild Triticum genotype, namely MG5473 (turgidumsubspdicoccun), already identified as heat
sensitive (Table 2), in which we observed constieuexpression oatpA at almost the same level
after all treatments.

The expression level of the genes, whose expressasrundetectable by Northern blot, was
analysed by RT-gPCR in RNA samples obtained fromM&Uplants subjected to the same
temperature conditions as those used for diffeabrdisplay. In general, all the genes were
expressed under the stress treatments in accorttatice previous differential display analysis and
some of the obtained results are shown in Figurehé.RT-gPCR analysis allowed to confirm the
differential expression in response to thermalttnesats for most of the cDNAs; for example, T1-
10 cl.2 showed the highest expression under T1 XEC; T2-7 cl.8 and T3-4 cl.6 showed the
highest expression under T2 (FC 16 and 7,5 rey@dgtiand a moderate induction in T3 (FC 6,4
and 4, 5 respectively); T2-3 cl.10 was induced bothl and T2, but at a lower extent (FC 1, 7 and
2,4).

4. Discussion

4.1. Thermotolerance in crops



Plants adaptation to challenging environments regudlifferent strategies to maintain all
the molecular activities assuring cell metabolilabaing, normal plant growth and development. In
particular, we have evaluated the variability othbbasal and acquired thermotolerance in two
groups of genotypes, namefegilopsand Triticum spp. In the case of basal thermotolerance,
Aegilopsspp. showed a higher level of thermotoleranceommarison withTriticum spp. In the
case of acquired thermotolerance, both groups obtgpes showed a wide variability with
overlapping distribution of the trait. This may bgplained considering that basal and acquired
thermotolerance have different genetic basis agiqusly reported (Maestri et al., 2002; Rampino
et al., 2009). In fact, basal or constitutive thetoherance is the thermal adaptation to the habitat
while the acquired thermotolerance is due to aatiom. This preliminary evaluation allowed us to
select the most thermotolerant genotype, AUMS5{lierfollowing molecular analyses.

Stress response activates molecular networks abserise the stress and to trigger a re-
programming of cellular activities requiring majranges in gene expression; this activation was
investigated by many research groups for diffekemils of abiotic stresses in many plant species
(see Janni et al., 2020 for a review), however gehuork has still to be done to better understand
the molecular mechanisms underlying these proce€ses of the most important aspects of these
studies is the identification of novel gene funcipactivated under stress that could account for
genetic variability of stress response and, atdhme time, could be the basis for improving
thermotolerance in agronomic important speciesh ag wheat. Due to plants extreme genetic
variability in heat sensitivity, generating thermletant crops appears to be a challenging task.
Although important advances have been made bytimadl breeding, a time consuming and quite
expensive technology, screening of wheat germplasiglentify thermotolerant traits seems, at the
moment, the most promising approach (Awlachew et28l16; Singh et al., 2018). To obtain new
thermotolerant varieties, the enrichment of theegienpool, useful for marker-assisted selection,
could be achieved by highlighting the genetic backgd of thermotolerance in wheat wild

relatives and landraces.

4.2. Analysis of gene expression in a heat tolefantumbellulata

With the aim to elucidate molecular basis of thetioterance in wheat wild relative species,
we performed the analysis of gene expression oacaassion oAe. umbellulatanamed AUMS5,
never subjected to this kind of analysis and deski through physiologic tests, as heat stress
tolerant (for basal as well as for acquired theotesince). A number of sequences differentially

induced by various temperature treatments weretifelgh and characterized. Among these, the
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most peculiar is a group of sequences, differintpnyth and characterized at 3’ end by 9 different
positions of the polyA addition site, all homologoto theatpA mitochondrial gene. Few data are
available on occurrence and function of polyaddiyfainto organelles, nevertheless according to
some authors (Adamo et al., 2008), polyadenylatédchmondrial transcripts are more stable and
their level appear significantly enhanced followimgat stress. In durum wheat the protein coded by
atpAis translated from the polycistronic mRN#pA-atp9(Laser et al., 1995). It is well known that
the main mitochondrial function is to produce ATough oxidative phosphorylation by thgF
ATP synthase complex, located on the internal rhivodrial membrane, responsible for coupling
the dissipation of electrochemical protonic gratienATP production (Ruhle and Leister, 2015).
This function needs to be regulated in accordancthe extremely variable requirements of the
different plant developmental stages or in relatmenvironmental condition changes. Modulation
of mitochondrial gene expression are involved iasth adaptive processes through transcription
regulation, variation in copy number of mtDNA or g@lification of sub-genomic molecules
(Shedge et al., 2010). The induction aipA gene observed in our study may be explained by
inhibition of photosynthesis and oxidative stressised by high temperature. Cells exposed to
stress, in fact, reveal lower ATP pool content dmeeduction of chloroplast synthetic activity
coupled to an enhanced ATP consumption; thus, priagaespiratory activity could be an
adaptive reaction aimed at restoration of the nboela ATP amount.

The data reported in this paper show the inductibother sequences at variable level;
among these we identified a homologouseai2 (Alonso et al., 1999), a gene isolated from
ethylene insensitivédrabidopsismutants, coding a transmembrane protein that @anae in the
ethylene signal transduction pathway (Zheng and ZBw6). Ethylene is involved in the regulation
of many development-related processes (seed gdramnaell elongation, fruit maturation, leaf
abscission, senescence) and in the regulatiorotitl@nd abiotic stress response (Khan et al., 2017
Dubois et al., 2018). Ethylene increased synthesis reported in response to abrupt water stress
and mild heat stress (up to 35°C), being on thetraon inhibited by gradual water stress or
temperatures exceeding 35°C (Morgan and Drew, 19%fkindale and Knight (2002) reported
ethylene involvement in defense from oxidative dgenanduced by heat stress Amabidopsis
ethylene ability to increase antioxidant defenss aiso demonstrated igrostis stoloniferavar.
palustris (Larkindale and Huang, 2004). Another report (Reft et al., 2004) on modification of
gene expression iArabidopsisafter ethylene application indicates that thera large number of
induced genes involved in recovery of cell funci@nd in defense mechanisms; among these, one
of the most abundantly and early inducechsp17.4-Cl a thermotolerance related gene. Taken

together, these data indicate a protective rolestbfylene in thermotolerance acquisition; the
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increase in transcription level of tleen2 homologous gene, observed in AUM5 after acclimation
(24 h at 34°C), is in agreement with this hypothe$b our knowledge, at the present no data have
been reported about temperature regulation ofgee.

Another gene identified in this study as relatetie¢at stress is the one coding for a putative
FtsH-like protease. This kind of proteases, firstgscribed irE. coli (Wagner et al., 2012pre
involved in gene expression modulation throughdigradation of heat shock transcription factor
0% (Lopes et al., 2018), they are also present in tpkroroplasts and mitochondria. In
Arabidopsis seventeerFtsH sequences were identified, thirteen are chlortiplasnd three are
located in mitochondria; the only one (FtsH 11p&ded to both organelles (Wagner et al., 2012) is
involved in thermotolerance (Chen et al., 2006).sMof these proteases were shown to play a
major role in assembly and maintenance of the idiasitmembrane system (Wagner et al., 2012),
moreover their expression is enhanced by high ligfieinsity and, to a lesser extent, by heat stress;
these genes are characterized by extreme vanainiliheir expression level (Sinvany-Villalobo et
al., 2004). The observed induction of the generapfbr a FtsH-like protease only in extreme stress
conditions might indicate that its activation iscansequence of the response to stress damage
(rather than an acclimation mechanism), aimed eateasing degradation of damaged proteins
produced under stress. Furthermore, considerirtghiearemoval of damaged components is a key
point in PSII repair, it is plausible that heatess resistant plants are particularly efficienthis
repair process.

Another identified TDF corresponds to a sequencgingp for a ferredoxine-dependent
glutamate synthase (Fd-GOGAT), a plastidial enzymelved in recycling photorespiration-
produced NH. As temperature increases, C3 plants increase thetorespiration rate in order to
cope with high temperature adverse effects, likaialation of cell toxic molecules (i.e. NHand
loss of volatile nitrogen. In general, abiotic ses (drought, salinity, extreme temperaturesgiaffe
N uptake and assimilation pathways through downHegmn of key genes (Popova et al., 2002;
Goel and Singh, 2015) and this could account fducton of plant growth and development under
stress. Nevertheless, our data indicate a slightiseased expression Bi-GOGATgene and this
could be due to the intrinsic thermotolerant habhUM5.

As for the other clones identified by differentidisplay, homology analyses did not
provide useful information to hypothesize their gibke function, due to the fact that they are
homologous to transcribed sequences of unknowrtitmdn particular, the gene corresponding to
T2-3 cl.10 cDNA codes for a protein that exhibitentology with a putative small rice
ribonucleoprotein, arrabidopsisprotein of unknown function, and a human protemilar to a

splicing factor. Expression data reported in thislg suggest that this gene is not promptly induced
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or that its expression at high temperatures reglarerevious acclimation treatment. Searching in
the "Genevestigator" (https://www.genevestigatbeeth) database, we found that the expression
of the Arabidopsis homologous gene is induced under high temperataralitions; this may
suggest that this gene has a conserved functioboih species in relation to thermal stress.
Moreover, if really this gene encodes for a compbrad the splicing complex, an increase in its
transcription could be related to the ability of WMB to acquire thermotolerance following

acclimation.

5. Conclusion

In this study we report the physiological evaloatof basal and acquired thermotolerance
of several wheat wild relative genotypes and tremniification of the most thermotolerant among
them, namely thée. umbellulataaccession AUM5. The gene expression analysisechout for
the first time in the thermotolerant AUM5 under ieais high temperature stress treatments,
revealed novel genetic functions, related to stmesponse. In particular, we identified some
transcripts that had never been directly relatethémmotolerance. We also observed some 'new'
sequences that are not yet properly annotated aiwhwould enrich the genetic pool of sequences,
specifically induced by heat stress, not belondgm@lready known and well-studied gene classes

such as the ones coding for HSPs.
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Figure Legends

Figure 1. Evaluation of thermotolerance. Box plots represaein CMS values distribution for
acquired and basal thermotoleranceTiniticum species (white box) andegilopsspecies (gray

box). P-values obtained by ANOVA are shown.

Figure 2 Expression ofHSP17.3in AUMS5. Northern blot hybridization showing the transcript
corresponding toTaHSP17.3in the Ae. umbellulataAUM5 genotype in response to different
thermal treatments: C=23°C, T1=24 h at 34°C, T2k24 34°C followed by 2 h at 42°C and T3=2
h at 42°C. rRNA bands are shown to confirm equalam of RNA loaded on the gel.

Figure 3. DDRT-PCR analysis in AUMS5. Portion of an acrylamidel showing some of the
fragments selected (white arrows) as differentiakpressed in AUM5 in response to the different
thermal treatments (T1, T2 and T3) respect to trerol condition (C). C=23°C, T1=24 h at 34°C,
T2=24 h at 34°C followed by 2 h at 42°C and T3=& #2°C.

Figure 4. Sequence of the T2-13a cl.6 fragment, homologowgpa gene. The H-AP2 primer is
underlined and the different poly-A addition sigge highlighted in grey.

Figure 5 Northern blot hybridization showing the level atpA transcripts detected by the probe
T2-13a cl.6 inAe. umbellulataAUM5 genotype andT. turgidum subsp.dicoccumMG5473
genotype in response to different thermal treats1e@t23°C, T1=24 h at 34°C, T2=24 h at 34°C
followed by 2 h at 42°C and T3=2 h at 42°C. rRNAwth&r are shown to confirm equal amount of
RNA loaded on the gel.

Figure 6 Expression analysis of TDFs obtained by differdrdigplay in Ae. umbellulatsAUM5
genotype. The relative expression (Fold Changeproh gene was measured by RT-qPCR in leaves
samples of plants subjected to different tempeeatigatments: T1=24 h at 34°C, T2=24 h at 34°C
followed by 2 h at 42°C and T3=2 h at 42°C. All wed¢ are normalized usintBSrRNAas
housekeeping gene and control sample as calibrAt@rage mean values (xSD) were derived
from three biological replicates.
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1aviT L. TS uUSXU TUIL uic N yrevn"aikyao

Target Primer sequences (5’ to 3)

sequence

T1-10cl. 2 For-GCAATTCACTCTGGTTTTTCCC Rev-AAGCAGCTACAGTGACCGTTCA
T1-10cl. 3 For-CGGCGATTTTCAGTTTCAGG Rev-CCTAGCAGGCACCAACTCTCTT
T1-10cl. 4 For-CCATTTCTGAGAGTTGTTGCAG Rev-TTTTCAGTGTGTCCCAATCCTG
T2-3cl. 10 For-ATCATCGTGTGTCTCATAAACAGC  Rev-CCGGGTGAGAAGATACAAGTGTC
T2-7cl.5 For-GAACACTGGGAGGTGCTTAGGT Rev-GCACTGTTTAACTGCCGATGTC
T2-7cl. 8 For CCACGTTGTTGCCACGCTAT Rev-GGATTCGAGTTACACAGGCAGG
T2-12cl. 10 For-AACACGGTGAGCAACTGAGCA Rev- CAGGCAAAAACAGAACCCGA
T2-12cl. 11 For-TTTCGCAATCGCAAGAGGTG Rev-TCCACAACAGAAAGCAGCAGC
T2-13acl. 6 For- CTAAGTAAACAGGCGGTGGC Rev-CGTCTCCAGCTTGTGTTTCA
T2-13bcl.1 For-TCCGAAGTGGGGTAAACTTG Rev-GGGCTTCATGTTGGGTAAAA
T3-4cl.6 For-TAAGCGTTCCAGCCAAAGTCC Rev-GTCAAACAACTCGTAGCAGCGG
T3-6cl.2 For-TGCGAGTTGCATGTGCTTTAGT Rev-CCACCGATTATCGACACCTGA
18SrRNA For-TGCCCTATCAACTTTCCATGG Rev-TGGATGTGGTAGCCGTTTCTC




Table 2. List of the Triticum and Aegilops wild accessions utilized and their CM S values for basal

and acquired thermotolerance

CMS% + SD
Species Genotypes basal acquired
ther motolerance ther motolerance
i, . ID 362 29.53+1.12 81.89+3.02
Triticum turgidum ID 529 23.33£1.27 36.06£4.33
subsp. monococcum
ID 1331 22.97+2.09 66.60+4.37
MG 29881 24.84+0.81 67.55+2.98
MG 29896 23.99+0.91 87.63+5.33
MG 3533 23.73+1.33 54.05+3.28
MG 4316 20.89+2.21 24.98+3.45
. , MG 4317 25.30+2.34 76.90+2.98
Triticum turgidum MG 4327 20.68+1.89 76.01+4.88
subsp. dicoccoides
MG 4328 26.25+1.98 69.90+3.86
MG 4330 25.43+2.09 81.35+5.43
MG 4337 27.29+1.54 46.7613.91
MG 4343 29.23+2.70 38.09+1.58
MG 5444 17.45+0-97 73.42+3.23
MG 3521 21.01+1.45 37.88+1.88
MG 4365 21.36+1.79 32.91+3.45
Triticum turgidum MG 4375 21.09+2.03 52.68+1.11
subsp. dicoccum MG 5323 20.41+1.97 67.37+6.08
MG 5473 17.25+2.56 21.29+0.11
MG 5510 19.80+2.02 69.90+3.21
AKO 6 33.07+2.05 66.18+2.44
Aegilops kotschyi AKO 11 29.71+2.01 57.43+2.90
AKO 14 33.99+2.51 32.87+2.93
AKO 15 34.07+1.97 69.52+2.80
ALO?2 66.80+2.98 67.72+2.71
Aegilops longissima ALO8 43.31+2.01 56.33+2.77
ALO 12 30.03+1.93 54.17+3.24
AUM 1 29.91+3.01 53.73+3.88
AUM 3 46.30+1.77 80.35+4.51
Aegylops umbellulata
AUM 4 33.61+2.98 84.90+3.85
AUM 5 67.70£2.02 88.35+1.05
AVA 1 30.27+3,04 48.50+£1.89
AVA 4 55.13+1.98 78.08+2.76
Aegilops variabilis AVA5 30.57+3.02 47.16+0.76
AVA 8 30.48+2.99 79.57+1.01

AVA 17 30.11+2.87 54.10+£1.04




Table 3. Identification of genomic sequences homologous to transcript derived fragments (TDFs) isolated in the Ae. umbellulata AUM5 genotype

by DDRT-PCR. For each TDF, the name, length and accession number are indicated; the genomic location of the overlapping gene identified in Ae.

tauschii, the gene name, gene function and Gene Ontology (GO) categories are reported when available

Accesson Genomic location . Gene . . ! )
TDF Length number (plants.ensembl org) Overlapping gene hame Uniprot Function Other species GO categories
4D:396055602- SMAP domain-containing
T2-3cl.10 116 bp AJ627877.1 396055702 AET4Gv20575500 / M8BH50 protein / /
PREDICTED: Aegilops
. tauschii subsp. tauschii
T250.6 by Akerel (061520247 AETIGLG8001 / uncharacteized / /
— LOC109757586
(LOC109757586), MRNA
PREDICTED: Aegilops
. tauschii subsp. tauschii
T36d.10  185bp  AJ627880.1 g% %g'igg'w' /L\gggg%?gggoo.l / / uncharacterized / /
e LOC109757586
(LOC109757586), mRNA
G0:0006537:
. . glutamate biosynthetic
PREDICTED: Aegilops . ; ;
tauschii subsp. tauschii gﬁ;ﬁlfa;ogﬁgggﬁ
T36d2 192 b AJ627879 1 2D: 79,034,073- AET2Gv20260800 / / ferredoxin-dependent Arabidopsisthaliana, e
: P "~ 79,051,075 XM_020292432.1 glutamate synthase, GLU2 cycle, .
> GO0:0016041:glutamate
chloroplastic synthase (ferredoxin)
(LOC109733233), mMRNA activity; GO:0009570;
chloroplast stroma
PREDICTED: Aegilops
tauschii subsp. tauschii
5D: 514,896,049- AET5Gv21038300.2 cysteine-rich and
T2-7d.8 199bp  AJB27B821 54 597 207 XM_020322300.1 / / trangmembrane domain- /
containing protein 1-like
(LOC109763452), mRNA
PREDICTED: Aegilops
tauschii subsp. tauschii 50S
1D: 338,254,580- AET1Gv20591100 - .
T2-7c.5 199 bp AJ627881.1 338,258,576 XM_020340715.1 / R7WD93 ribosomal protein L1, / /

chloroplastic
(LOC109782125), mRNA




GO:0042254:ribosome
biogenesis;

3A: 53,388,996- - NOP5B_ARATH - - X
T1-10d.4 258 bp AJG27885.1 53399238 3D: TRITD_3Av1G026360AE NOP5-2 AOA446N5D7  Nucl (_aolar RNA binding Probable nucleolar (5_0._003.0515_. snoRNA
604.960.237-604.961. 330 T3Gv21163500 R7WED2 protein G protein 5-2 _bl nding; GO:0016021:
e e integral component of
membrane
T1-10dl.2 259 by AJ27eg3l D 17,829,564 AET4Gv20071900 EIN2 M8BSP5 Ethylene-insensitive / GO:OOlGOtZ l; el
: P 17,836,477 protein 2 component o
membrane
PREDICTED: Aegilops
tauschii subsp. tauschii
6D: 196,446,592- AET6Gv20475200 early nodulin-93-like
T1-10cl.3 260 bp AJ627884.1 196,466,214 LOC109733116 ENOD93 / (LOC109733116), HORVU6Hr1G040900 /
transcript variant X1,
MRNA
T3-4cl.6 261 bp AJ6272141 |/ / / / / / /
PREDICTED: Aegilops gg{ggggiqgéo
aD: 317,067 416. AET3Gv20548300 tausCivl S.bep. tatisch 0051301 cell division;
T2-12cl.8 326 bp AJ627886.1 , oo XM_020309562 hflB / ep / GO0:0004222 metallo-
317,074,391 metalloprotease FTSH 9, : i
LOC109750604 - . endopeptidase activity;
chloroplastic/mitochondrial GO:0016887: ATPase
(LOC109750604), mRNA L ’
activity
T2-12cl. 10 340 bp AJ627887.1 |/ / / / / / /
PREDICTED: Aegilops
. tauschii subsp. tauschii
T2120.11  341bp  AK278881 Lo 013230247 P LT ovz120r00 / / uncharacterized / /
— LOC109757586
(LOC109757586), mRNA
PREDICTED: Aegilops GO:0006508:
tauschii subsp. tauschii proteolysis; GO
3D: 317.067.416- AET3Gv20548300 ATP-deven dellwt Jinc :0051301: cell division;
T2-13b cll 413 bp AJ627890.1 317' o7 4’391’ XM_020309562 hflB / metall Oep rotease FTSH 9 I G0:0004222 metallo-
e LOC109750604 P ! endopeptidase activity;

chloroplastic/mitochondrial
(LOC109750604), MRNA

G0:0016887: ATPase
activity




T2-13acl.6

474bp

AJ627889.1

Mithocondrial genome
Ae.sguarrosaand T.
aestivum

I

atpA

/

ATP synthase, F1 complex,
apha subunit

I

GO:0015986:ATP
synthesis coupled
proton transport;
G0:0046933 Proton-
transporting ATP
synthase activity,
rotational mechanism;
G0:0045261: Proton-
transporting ATP
synthase complex,
catalytic core F(1)
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AAGCTTCGACTGTGGCACAATTAGTTCAAATTCTTTCAGAAG
CGAATGCTTTGGAATATTCCATTCTTGTAGCAGCCACCGCTT
CGGATCCTGCTCCTCTGCAATTTCTGGCCCCATATTCAGGGT
GTGCCATGGGGGAATATTTCCGCGATAATGGAATGCACGCAT
TAATTATATATGATGATCTAAGTAAACAGGCGGTGGCATATC
GACAAATGTCATTATTGTTACGCCGACCACCAGGCCGTGAGG
CTTTCCCAGGGGATGTTTTCTATTTACATTCCCGTCTCTTAG
AAAGAGCCGCTAAACGATCGGACCAGACAGGTGCAGGTAGCT
TGACTGCGTTACCCGTGATTGAAACACAAGCTGGAGACGTAT
CGGCCTATATCCCCACCAATGTGATCTCCATTACAGATGGAC
AAATCTGTTTGGAAACAGAGCTCTTTTATCGCGGAATTAGAC
CAAAAAAAAAAA



T2-13acl.6
(atp A)

rRNA




T2-7cl8 ?—m oT1(34°C)
T3-4cl6
—:—“* OT2 (34°C-42°C)

T1-10cl.2

BT3 (42°C)
T2-12cl.11

T2-3 ¢cl.10
T3-6 cl.2
T2-13b cl.1
T1-10c¢l.3

T1-10cl.4

0.25 0.50 1.00 200 400 8.00 16.00 32.00

log, Fold Change



Highlights

Aegilops umbellulata: a source of new genes to increase thermotolerance in wheat.

First example of heat stress response analysis at molecular level of a wheat wild relative,
namely the Ae. umbellulata accession AUMD.

Novel genetic functions, not belonging to already known gene classes such as the ones coding for
HSPs, are induced by heat stressin Ae. Umbellulata.
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