Alma Mater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN

SCIENZE E TECNOLOGIE AGRARIE, AMBIENTALI E ALIMENTARI

Ciclo 35

Settore Concorsuale: 07/E1 - CHIMICA AGRARIA, GENETICA AGRARIA E PEDOLOGIA

Settore Scientifico Disciplinare: AGR/07 - GENETICA AGRARIA

GWAS ANALYSIS FOR THE IDENTIFICATION OF MOLECULAR BASIS
RESPONSIBLE FOR YIELD RELATED TRAITS AND DISEASE RESISTANCE IN

DURUM WHEAT
Presentata da: Matteo Bozzoli
Coordinatore Dottorato Supervisore
Massimiliano Petracci Marco Maccaferri

Co-supervisore
Roberto Tuberosa

Cristian Forestan

Esame finale anno 2023






Contents

1. SUMMArY Of the theSis........oooiiii et et e st e s saee e sabeeesaeeas 1
2 INEFOAUCEION ...ttt ettt e st e e b e e s bt e s ab e e sabeesbee e s bee s beeeanbeesneeesabeeeanes 7
2.1 Origin and development of durum wheat ...............cooiiiiiiii e 7
2.2 DUrum Wheat Bre@ding............oouooiiiiiiiee et s e 9
2.3 QTLdissection and GWAS @nalysis...........cccceeriiiiiiiiiiieieereente ettt s s sbeesnees 11
3. AIM OF th@ theSis ........oooiiiie ettt et e st e e s esbe e s sseeesbeeesaneenas 15
4. GWAS analysis on durum panel for VCU and DUS agronomic trait characterization in Innovar durum
[T 14 Y] TP 17
4.1 INEFOTUCTION ...ttt b e s bt st sttt e b e be e bt e sbeesaeeeareenneens 17
4.1.1 Wheat variety registration procedures in EU — DUS and VCU protocols...............cccueeeeee... 17
4.2 Materials and Methods.............c.oo i s 20
4.2.1 Germplasm COllECHION ...............oiiie e e e e e e e e e areee s 20
4.2.2 VCU trial layout and phenotyping............c.oooiiiiiiiiiiic e e 23
4.2.3 DUS trial layout and phenotyping...........ccccuiiiieiiiie ittt e 27
4.2.4 Statistical analysis on phenotypicdata...............ccoooiiiiiiiii 31
4.2.5 DNA extraction of Innovar DUS durum panel...............ccooooiiiiiiiiiii e 32
4.2.6 SNP genotyping with lllumina iSelect Infinium SNP 90K wheat array..................ccccvveennnee. 33
4.2.7 IMputation anNd LD de@Cay.........coooiiiiiiiiiiiec e e e e e e e e e e e e e e nnees 33
4.2.8 Pruning and Population structure analysis.............cccocouviiiiiiiii e 34
4.2.9 GWAS @NAIYSIS.....coiiiiiiiee et e e e eee b er e e e e e e e s tbbaeeeeeeeessatrbaeaeeeeeesannasraareaeaennn 34
4.2.10 QTLs geneinterval exploration ............cccccueiiiiiiiiiiiiiiie e e 35
4.3 RESUIES ...ttt ettt e bt e s bt e she e sat e st e e bt e bt e bt e bt e sbeesateenteebeen 35
43.1 SNP analysis and LD d@CaY.............cocuiiiiiiiiiieciee ettt e et e e e e are e e e e e e e e e nree e e e nnes 35
4.3.2 ANCESEIY @NAIYSIS........iiiiieieee it e e e e e e e et e e e e e e e e etabbraeeeeeeeeeatrraraaaaeean 37
4.3.3 Phenotypic analysis on VCU field trials.............ccovveeeiiiiiiiiiic e 45
4.3.4 Phenotypic analysis on DUS field trial...............cccooiiiiiiiic e 50
435 VICU GWAS F@SUILS.......coeeiiiiieeetie ettt sttt e b e e s e s e e s smeeesarenesaneenas 53
4.3.6 DUS GWAS FESUILS ... .eiiiiiieiiie ettt sttt st e s e e e e st e e s b e e st e e saneeeameeesareeeneeas 63
4.4 DiHSCUSSTON ...ttt ettt sar e s re e e sab e s 73
4.5 Supplementary Material............cooociiiiiiiiiii e e et e e et e e e raaeee s 76
5 Characterization and fine mapping of the sbm2 QTL for resistance to SBCMV ...............ccceveennnnenn. 121
5.1 INErOAUCTION ...t e s st e s be e e sare e sabe e e sneeesaneeennneens 121
5.1.1 Characterization of Soil Borne Cereal Mosaic Virus (SBCMV) resistance in durum and bread

wheat

121



5.2 Material aNAd MELNOAS ..............ovviiiiiiiiiiiiieeeeeeeeeeeee ettt e e e e e eeereeeaearaeeesaasaeeeeees 123

5.2.1 Background analysis and plant material .............cc.cccooiiiiiiiiiii 123
5.2.2 FI@ld trialS .....cooueeieieee et b e et e b e e ar e e 124
5.2.3 Phenotypic @ValUation ..............ooociiiiiiiiic e e et aree e 124
5.2.4 KASP marker design and validation ................ccccoviiiiiiii i 125
5.2.5 DINA @XEFACtION........ooiiiiieeeee e e e s e e s e s e e s anreee s 130
5.2.6 RNA extraction and RNAseq experimental layout..............cccccoviiiiiiiiiiiiniiiee e 130
5.2.7 RNASEQ @NAIYSIS .....oeeiiiiiiiiiiiiiie ettt ee st e et e e e s sata e e e ssbae e e essbaeeessssaeeesanseeeesnnsrenenn 130
5.2.8 Svevo RefSeq v1.0 liftover on Svevo Platinum pseudomolecule.................ccceeeenrnnennnnen. 131
5.2.9 Comparison between Svevo RefSeq v1.0 and Svevo Platinum.................cccccooeeieiieeennen, 131
5.2.10 Statistical analysis on phenotypicdata............c.cccoiiiiiiiiiii 132
5.2.11 Comparison of markers order in sbm2 region among genomes..............cccveeerevveeerrcenennn 132
5.2.12  Sbm2 haplotypes based on DUurum Panel ...............cccccvviiiiiiiiiiiiiiec e 133
5.2.13  Genotyping of a panel of worldwide durum wheat accessions...............cccccceeecivereennnenn. 133
5.2.14 Sbm2 gene interval eXploration ..............cccccouiiiiiiiiii e e 133
5.3 RESUIES ...ttt ettt et e st e s be e e s ab e e s bt e e sabeesabee s bt e esabeesabeeennbeesabeeenareenas 134
5.3.1 KASP ENOTYPING ....oeiiiiiiiiiiiiiieeee ettt e e e e e st ee e e e e s s ssaabtraeeeesssassnntsaaeeesssnssanns 134
5.3.2 Phenotypic @NalysSis ...........cccuiiiiiiiiiiiee et e e e e e e e nraea s 138
5.3.3 Fine mapping of the sShm2 QTL............c..ooiiiiiii e aaeee s 139
5.3.4 Comparison with Svevo Platinum pseudomolecule..............c..ccooociiiiiiiie e, 145
5.3.5 Phenotypic and RNASEq QNAlYSIS ............cooieiiiiiiiiiiiiiiieecireeee e e e e eeesarraee e e e e e e eanns 147
5.3.6 Sbm2 haplotypes based on durum panel................cooooovvriiiiiiiiiiiiiee e 154
5.4 DISCUSSTON ...ttt ettt e st e e st e st e bt e e s be e e sbe e e s aneesbeeesmbeesareeeneeesareeennneenns 158
6. Characterization of the GNI-2A QTLs in a biparental durum population ................cccoeeieiiieiecnneen. 161
6.1 INEFOTUCTION ..o ettt st e e 161
6.1.1 Yield related traits in Wheat ..............oooiiiii e 161
6.2 Materials and Methods............c.c.ooiiiiiiiii e e 165
6.2.1 Background material in UNIBO ..............oooiiiiiiiiciiee et et e et e e aa e e e e aaeee s 165
6.2.2 Plant Material...........ooeiiiiii e e 165
6.2.3 Phenotypic @nalysSis ...........cccuiiiiiiiiiiiciiee et e e araae s 166
6.2.4 Statistical analysis on phenotypicdata.............cccoooiiiiiiiii i, 166
6.2.5 DNA extraction and sample preparation ..............cccccoooeiiiiiiie e 167
6.2.6 KASP ENOLYPING .....ooeiiiiiiiiiiiee ettt e e et e e e e e e st re e e e e e e e e s nbesaeeeaeesessnstaneeeaesssnnsnes 167
6.2.7 PCR SPECITIC @SSAY......ccciuiiiiiiiiiie ittt ettt e e ettt e e e e eare e e e e tbe e e e eeabaeeeeeasaeeeeansseeesannreeans 169
6.2.8 Geneticinterval evaluation ... 169

6.3 RESUILS ......oooeiiiiiiiiiiiieeeeeeeeeeeeeee ettt ettt et e e te e e et ee e e e e e ee e ee e s e e aea e e s e e e s e e eaeebaaeeseeeaeaeaeeraeeesbnanenrnrns 170



6.3.1 QTL mapping on NCCR — background material.............cccccooiiiiiiiiiiiiee e, 170

6.3.2 KASP 2enotyping @analysis ...........cccviiiiiiiiiiiiiiee ettt e st naraeee s 173
6.3.3 Phenotypic @nalySis ..........ccccuiiiiiiiiiiiiiie e et e s sareee s 177
6.3.4 (O I {14 T=N 0 F=1 T o 11 - PR 180
6.3.5 GNI-2A genetic interval exploration..............cceie i 182

6.4 DISCUSSION.....ceiiiiiiiie ittt ettt e et e st e e s et e e s s bt e e s s b e e e e s aabe e e e s aaneeeesaaseneesaaseeeesanneneesanreneessans 186

7. Conclusions and fUutUre PersPECLIVES ..............coiiciiiiiiiiiiii e s e e s saaeee s 189

8. BIblIOBIraphy ......coo e et e s ree e e e aaee e e enarees 191






1. Summary of the thesis

The PhD thesis was elaborated in the framework of the Innovar H2020 project “Next generation
variety testing for improved cropping on European farmland” (2019-2024). The Innovar project is a
European project which involves several research institutes and breeding companies across
different European nations. The principal aim of the project is to innovate the procedure of wheat
varietal registration using genomics, phenomics and machine learning technologies. Currently, new
wheat varieties, to be included in European Union common catalogue and be awarded with the
Plant Variety Protection (PVP) system, must follow the criteria included in the distinctness,
uniformity and stability (DUS) protocols for at least two years of field trials based on morphological
traits to describe plant development and agronomic features. Furthermore, additional field trials
are required to establish the value of cultivation and use (VCU) using EU protocols, which is more
focused on yield related traits. The VCU tests are only required for the inscription of the new variety
to the national register of varieties, which are then automatically included in the European common
catalogue by communication of each state member. Once varieties are included in the EU common
catalogue, they can be commercialized across European nations.

Currently, these EU protocols rely only on phenotypic characteristic and morphological traits,
strongly influenced by the environment and by visual assessment. One of the main objectives of
Innovar project is to use genomics data on durum and bread wheat panels to associate molecular
markers and candidate genes on the DUS and VCU traits, augmenting the information in the EU
protocol. By associating the phenotypic traits to molecular markers or genomic regions (QTLs), the
work by breeders to register newly bred varieties will be facilitated, as markers strongly associated
to the phenotypic traits will be available for marker assisted selection analysis (MAS) and molecular
breeding. The herein reported PhD thesis is mainly developed on the Innovar project, structured in
three main chapters dealing with: 1) GWAS analysis on durum VCU and DUS traits related to yield
and morphological agronomic traits, 2) resistance of durum wheat modern varieties to soil borne
cereal mosaic virus, 3) study of the spike fertility trait in segregant durum population, in connection
with the DUS protocol.

The first chapter summarizes the results obtained by Innovar project regarding durum wheat trials,
using genomics and phenotyping data to carry out genome wide association studies (GWAS) to
obtain associated QTLs on different agronomic traits. The Innovar project include several field trials
across Europe for bread and durum wheat, which were phenotyped following the VCU and DUS
protocols. Herein it is reported the work performed on VCU and DUS durum panels, by analysing
data across different locations and performing GWAS analysis. The Innovar project divides the VCU
durum trials between different agro-climatic zones (ACZ): Mediterranean, Maritime South and
Pannonian. The Mediterranean ACZ is composed by two environments for durum trials (UPM and
CSIC partners), Maritime South ACZ is composed by other two environments (HORTA and UNITUS),
Pannonian is composed by one environment (UNIDEB). The VCU core trials (166 varieties) were
divided in these ACZ in each field trial sowing 5 varieties common to all ACZ, 5 varieties specific for
each ACZ and 35 varieties specific for each field trial. Furthermore, two fungicide managements (full
and minimal treatments) were applied with wide spectrum chemicals, using three replicates for
each treatment. In addition, the durum DUS trial (253 varieties, composed by VCU durum panel and
Unibo background material to increase genetic diversity) was performed in collaboration with CREA-
DC (ltaly), sowing genotypes in two replicates following the alpha-design randomization. To



summarize, during the first year growing season, VCU phenotypic data were obtained across the
different field trials as well as the DUS morphological traits in only one environment (CREA-DC). The
VCU and DUS phenotypic data were statistically analysed with Rstudio software to obtain the best
linear unbiased estimations (BLUEs). In addition, as regards the VCU, the interaction between
genotypes and environments was estimated and included in the mixed model to extract BLUEs, to
correct phenotypic values for the environment and treatment influence. The whole DUS durum
panel (which included also VCU varieties) was genotyped using Infinum lllumina 90K SNPChip (Wang
et al., 2014), augmented with genotypic data from global durum resources in Unibo, such as the
global durum panel (GDP) (Mazzucotelli et al., 2020), the durum panel 1 (DP1) and durum panel 2
(DP2) (Maccaferri et al., 2015). The augmented panel was created on order to increase genetic
diversity by including modern durum varieties coming from different subpopulation origins and
breeding program. The genotypic data were filtered for quality traits, retaining only SNPs correctly
mapped based on the consensus map with position on Triticum turgidum Svevo RefSeqvl.0
pseudomolecule (Maccaferri et al., 2019a, 2015). The population structure and genetic similarities
were calculated for the whole durum genotypes, detecting specific groups of subpopulations for the
different breeding programs but also a high percentage of admixed lines, meaning that a high
number of genotypes share the same genetic background, breeding origins or pedigree founders.
Once the genotypic and phenotypic data were obtained, genome wide association analysis (GWAS)
was performed on VCU and DUS durum datasets, considering kinship matrix (genetic similarities) to
correct for population structure. As regards VCU, yield related traits were mainly considered such
as heading date, yield corrected for 15% of moisture content, plant height and thousand grain
weight (TGW). In addition to the VCU trials, the DUS trials were analysed with GWAS for all the
different characters, showing interesting peaks for plant growth habit, heading date, ear and awn
glaucosity, ear and awn colour. In particular, as regards heading date, the Ppd-2B locus on the
chromosome 2B was detected (Maccaferri et al., 2008). In addition, candidate gene networks were
enquired using Knetminer database to understand gene functions and metabolomic areas. In
general, for yield related traits in VCU, principal metabolic functions are ascribed to flowering time,
photoperiod regulation, inflorescence architecture, but also yield traits in relation to grain number
and size. To conclude, the Innovar project represents a main part of the PhD thesis where interesting
results have been reached regarding durum wheat genetics. In fact, the exploitation of the genetic
similarities between the durum panel accessions revealed the relationships between each genotype
that will be used to determine genetic similarity thresholds (GSV). In fact, InnoVar will calculate the
genetic similarity value threshold to use as reference to discriminate varieties that can be selected
to be grown alongside candidate varieties to determine their distinctness (D). The determination of
the GSVs will help in the identification of the best performing varieties in different environments
and to propose genetically different varieties in the framework of the Innovar project. Furthermore,
different QTLs were detected for the main DUS and VCU traits detecting molecular markers strongly
connected with the main phenotypic traits that could be used to augment the variety registration
protocols and the marker assisted selection.

The DUS and VCU durum field trials are mainly focused on yield related traits and morphological
agronomical trait, while disease is only partially considered. In Unibo, durum wheat resistance to
soil borne cereal mosaic virus (SBCMV) was considered in order to augment the information on
durum wheat varieties included in the Innovar project. The background work performed in Unibo
relies on the mapping of the sbm2 QTL on short arm of chromosome 2B in segregant mapping



population (Maccaferri et al., 2011a). Bruschi et al. (unpublished), confirmed the presence of the
QTL on the Unibo durum panel 1 (DP1) performing GWAS analysis with genotypic data from Illumina
90K SNP Chip (Wang et al., 2014a) and phenotypic data from multi-year experiment collected in
Unibo SBCMV infected field. Furthermore, the sbm2 interval was fine mapped using RILs segregant
population Svevo (R) x Ciccio (S) and Meridiano (R) x Claudio (S) by converting 11 SNPs to KASP
markers, reaching and interval of 3 Mb (from 13 Mb to 16 Mb on chromosome 2BS). In this PhD
theis, sbm2 interval was further fine mapped using the backcross population Meridiano x
MeridianoClaudio BCFs (MxMC110). Critical recombinant lines were detected in multi-years field
trials in Unibo SBCMV field thanks to further 6 KASP markers that were developed from Affimetrix
420K SNP Chip array. As a consequence, the sbm2 interval was fine mapped to 1.1 Mb between 14.7
Mb and 15.8 Mb on chromosome 2B. The fine mapped interval included 14 high confidence genes
(HC) potentially involved in resistance reaction, such as protein kinases that could be involved in
signal transduction, NBS-LRRs involved in specific resistance reaction and different secondary
metabolic pathways. In order to confirm the genetic interval, a comparison was performed with the
second version of the Svevo genome, Svevo Platinum (Unibo background data, unpublished). The
comparison of the sbm2 interval between the two genomes showed an inversion in the QTL interval
annotated on Svevo RefSeq v1.0 genome, between 14.3 Mb and 14.8 Mb on chromosome 2B. The
inversion is in a critical recombination point for the fine mapped interval of 1.1 Mb and was
considered when evaluating candidate genes on the interval. In order to better explore the sbm2
interval, an RNAseq experiment was performed on elite durum cultivars resistant or susceptible to
the SBCMV based on haplotypic data and background information. During 2021 growing season,
RNAseq was performed collecting roots in a time course experiment (three dates), sequencing
resistance bulks (Meridiano, Levante and Neodur), susceptible bulk (Simeto, Claudio and Altar-84),
single resistant and susceptible varieties (Svevo and Ciccio). The differential expressed genes were
obtained from RNAseq reads, clusters of genes overexpressed in resistance cultivars were identified
with particular interest on three genes strongly involved in candidate gene functions:
TRITD2Bv1G007390 (protein kinases), TRITD2Bv1G007240 (NBS-LRR) and TRITD2Bv1G007400
(protein kinases). These cluster of differentially expressed genes were confirmed repeating the
RNAseq analysis on Svevo Platinum transcriptome, after shifting the annotation from Svevo RefSeq
v1.0 published assembled genome. The analysis of RNAseq data on Svevo Platinum transcriptome
showed two genes strongly overexpressed in resistant cultivar at different time points, in
comparison to the susceptible ones: TRITD2Bv1G007260 and TRITD2Bv1G007390, two protein
kinases.

The next question to address was to clarify if the SBCMV was recognized for the resistance reaction
or if it was the fungal vector as well. In order to understand this issue, the unmapped reads from
the previous RNAseq experiment were mapped on the SBCMV RNA1-2 and on the Polymixa beate
genome. The results showed that there is a higher number of reads from susceptible samples that
map on SBCMV RNA1-2 and that there is not significant difference between resistant and
susceptible cultivars mapping the RNAseq reads on the Polymixa beate genome. This proves that
the SBCMV seems to be the only responsible for the plant resistant reaction, recognized in the plant
root tissue, in comparison to vector fungus Polymixa graminis which is completely absent from host
plant radical tissue.

Furthermore, a haplotype analysis was performed, using 4 KASP markers developed from Illumina
90K SNPs. The durum panel 1 (DP1) was augmented with the Innovar durum panel reaching a final
number of more than 500 varieties. The genotyping analysis showed resistance, susceptible and



recombinants haplotypes between these KASP markers tagging the haplotype. Further analysis on
these genotypes were performed considering the different breeding origins and different years of
varietal inscription, showing that resistance sources to SBCMV gradually decreased in recently
registered varieties. The herein reported results on the resistance to SBCMV highlight important
candidate genes that could be responsible for the resistant haplotypes of durum varieties. This
strengthens the importance of detecting the candidate genes and pyramid the QTLs both in bread
and durum wheat varieties under registration procedure, trying to counteract the SBCMV spread
that depletes yield production about 70% in Europe.

Connected with the Innovar project, in addition to the DUS morphological traits considered, spike
fertility trait was studied in Unibo starting from the multi-cross population Neodur-Claudio-
Colosseo-Rascon/2*Tarro (NCCR) (Milner et al., 2016). The work from Milner and colleagues was
the background material which was used to further characterize the spike fertility trait. Basically,
the NCCR population was phenotyped for the number of florets per spikelet and performed GWAS
using lllumina Infinium Array 90K SNP Chip, finding a strong QTL on chromosome 2A. This QTL was
responsible for grain number increase and was named GNI-2A, mapped on chromosome 2A with an
R? value of 0.42 in the NCCR population. The GNI-2A haplotype, paralogue of GNI-1 (orthologue of
vrs1 in barley) (Sakuma et al., 2019, 2017), was responsible for an higher number of florets per
central spikelet hampering florets abortion. The GNI-2A haplotype was found only in
Rascon/2*Tarro (CYMMIT germplasm derived from Altar-84) and not in others parental lines, which
showed the spike fertility phenotypic trait. Starting from the most associate SNP marker, the
confidence interval was identified considering +/- log=2, and six SNPs were converted to KASP
markers (from KUBO 44 to KUBO 50). The KASP markers were used to genotype the durum panel 1
(DP1) accessions (167 genotypes), the GNI-2A was identified as a rare allele (frequency percentage
of 2.4%) and in CYMMIT related varieties.

The spike fertility trait was assessed also in the segregant biparental population Relief x Iride Fe
(1500 genotypes), which was phenotype for number of florets per central spikelets in two
consecutive seasons. The phenotype distribution of the trait is represented by a bimodal curve,
which segregates for the number of florets per central spikelet and with high heritability values
(0.89). Based on the confidence interval KASP markers were used to genotype the whole Relief x
Iride population, confirming the confidence interval of GN/-2A between markers KUBO 44 and KUBO
49 of about 5 Mb. Furthermore, the genotypes carrying the wild-type and GNI/-2A haplotypes
detected in Relief x Iride population, based on KASP analysis, showed strong phenotypic differences
between the two groups, and 10 recombinants in the confidence interval were detected. In order
to further fine map the confidence interval, further 6 KASP markers were converted from Affimetrix
420K SNP Chip array and used to genotype the 10 informative recombinants. The spike fertility
characteristics were calculated for the three central spikelets in 6 spikes per genotype, collected
from the 2020 field nursery. Merging phenotypic and genotypic data for the 10 recombinants, the
confidence interval was narrowed down to 3.9 Mb.

The fine mapped confidence interval contains around 10 high confidence genes, but the strongest
candidate is represented by hox2, an homeobox leucin zipper transcription factor paralogue of GNI-
1 (Sakuma et al.,, 2019). By background resequencing analysis performed on different durum
cultivars in collaboration with IPK (Gatersleben, Germany), some of which have the GNI-2A
haplotype, the gene seem to have a 4 kbp deletion in increased spike fertility varieties. This deletion
in hox2 gene seems to be responsible for the increase spike fertility trait as it is not present in wt



accessions, such as Svevo or Relief. To conclude, hox2 paralogue GNI-1 has a single amino acidic
mutation that prevents from the inhibition of apical florets abortion (Sakuma et al., 2019), this
function can be connected with the hox2 GNI-2A mutation on Altar-84 related genotypes
(Rascon/2*Tarro and related CYMMIT germplasm), as the genes carrying the 4 kbp deletion lead to
an increase in spike fertility preventing florets abortion.






2 Introduction

2.1 Origin and development of durum wheat

Cereals represent an important crop for worldwide food supply and population sustainability, being
of major interest for both population market and animal feed
(http://www.fao.org/DOCREP/006/Y4683E/y4683e06.htm#TopOfPage). Wheat is considered as
one of the major crops among cereals, where more than 600 million of tonnes are harvested every
year worldwide (Shewry, 2009). The genus wheat (Triticum spp.) belongs to the Poaceae family,
(Triticae tribe and Triticineae subtribe), which includes annual grass. The wheat genus is divided in
two mainly relevant crops, which are widely distributed in agricultural market for feeding purposes,
namely: the hexaploid bread wheat (Triticum aestivum) and the tetraploid durum wheat (Triticum
turgidum subsp. durum). In comparison to other cereal crops, wheat has a very wide range of
cultivation and diversity, from norther Scandinavian region to tropics and southern America
(“Evolution of crop plants /,” 1995). In particular, durum wheat is more adapted to Mediterranean
or rainfed and semi-arid climate zones, cultivated in temperate climates and principally used by
pasta industry (Shewry, 2009). About 95% of cultivated wheat in the world is represented by
common wheat (bread wheat), principally used to make bread, cookies and pastries, whilst the
remaining 5% is represented by durum wheat principally used to make pasta and other related
products (Dubcovsky and Dvorak, 2007). Beside bread and durum wheat, other species, such as
einkorn, emmer and spelt, are also cultivated in Mediterranean and mid-oriental regions but their
production is limited to specific areas / markets (Abdel-Aal et al., 1998; Szabo and Hammer, 1996;
Dubcovsky and Dvorak, 2007).

Durum and bread wheat are allopolyploids, the first is tetraploid (AA and BB genomes) and the
second one is hexaploidy (AA, BB and DD). The polyploidy occurred because of natural hybridization
events in Fertile Crescent and Transcaucasian territories. Domestication and human selection
produced crops more adapted to farming procedures (Dubcovsky and Dvorak, 2007).

The evolution and domestication process of wheat occurred 10,000 years ago as part of the Neolitic
revolution, where agriculture gained more importance for food supply in the Fertile crescent region
(Maccaferri et al., 2019b; Shewry, 2009). The first hybridization event occurred between Triticum
urartu (AA genome) and a progenitor of the BB genome (an Ancient Aegilops from the Sitopsis
branch), originating the tetraploid wild emmer wheat (AABB) (Heun et al., 1997) about 0.5 million
years ago, known also as wild emmer wheat (WEW) (Maccaferri et al., 2019b). As regards to the B
genome, its origin is debated and more complex to be confirmed (“Domestication of Plants in the
Old World: The origin and spread of domesticated plants in Southwest Asia, Europe, and the
Mediterranean Basin | Oxford Academic,” n.d.). It has been hypothesised that the BB genome
comes from a similar species to the today known Aegilops speltoides, originating from the SS
genome ((Sarkar and Stebbins, 1956). The process of domestication, from wild emmer wheat,
produced the domesticated emmer wheat (DEW) which then lead to durum wheat landraces and
then to durum wheat modern cultivars (DWC) (Maccaferri et al., 2019b). The generation of
domesticated modern wheat has the first evidences back to 7,000 years ago, even if the widespread
of the crop occurred just 2,000 years ago (Faris et al., 2014). Finally, the hybridization that generated
modern bread wheat (AABBDD, hexaploid) occurred between tetraploid wheat (AABB) and Aegilops
tauschii (DD genome) in the Caspian sea region (the TransCaucasian corridor, Wang et al., 2013).
The modern durum wheat AABB genome was shown to be homologue and interfertile with the wild
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and domesticated emmer wheat (Akhunov et al., 2010). On the other hand, the bread wheat
hexaploidy genome (AABBDD) show similarities with Triticum aestivum ssp. spelta, i.e. spelt
(Slageren, 1994). Based on that, wild species represent an important source of genetic diversity for
interesting agronomic characteristics (such as disease resistance or spike architecture traits). This
stress the importance of comparative genomics analysis between modern wheat species and wild
ancestors in order to detect beneficial genomic regions or alleles to be introgressed in modern
cultivars by breeding programs (Brozynska et al., 2016; Gaut, 2015).

The loss of genetic diversity and presence of favourable alleles in modern wheat germplasm, is due
to the domestication process which separated modern bred cultivars originated from few founders
to the wild progenitors (Shewry, 2009). The selective pressure was performed year by year on some
key agronomic characters on wild progenitors, such shattering of spike at maturity which caused
severe yield losses in wheat ancestors (Dubcovsky and Dvorak, 2007). The loss of this trait,
important for natural dissemination but negative for human exploitation is regulated by mutations
on the Brlocus (Nalam et al., 2006). Another important trait subjected to selection in modern wheat
was the free threshing glumes, selecting cultivars where glumes did not adhere to the grain
facilitating the threshing process. This glume form is regulated by the Q locus. Human selected
negatively the wild allele correspondent to tenacious glumes (Tg) locus and selected mutants with
free-threshing phenotypes (Jantasuriyarat et al., 2004; Simons et al., 2006; Dubcovsky and Dvorak,
2007). Additional important traits selected for domestication includes seed size, decreased tiller
number, erect growth habit and reduced seed dormancy (Dubcovsky and Dvorak, 2007).

The domestication process, together with the hallopolyploidization, allows especially bread wheat
to be more adapted to different environments and wide range of conditions (Dubcovsky and Dvorak,
2007). This is especially true for bread wheat AABBDD genome, in comparison to durum wheat
(AABB).

Durum wheat breeding of modern cultivars is focused on selecting interesting agronomic traits to
define better performing varieties. The modelling of wheat development relies on the different
phenological stages of wheat, as a results of the interaction between genetic and environmental
factors (Landsberg, 1977). Wheat is divided in time scale growth stages, namely: germination,
seedling growth, tillering, stem elongation, booting, ear emergence, flowering, milk development,
dough development and ripening. These stages can be grouped in three main phases (Slafer and
Rawson, 1994): 1) vegetative stage, from seed imbibition to floral initiation 2) early reproductive
and 3) late reproductive/maturity stage (from terminal spikelet initiation to end of grain filling). A
commonly used scale to discriminate wheat growth stages was reported by Zadoks (Zadoks et al.,
1974), which ranges from 0 to 99 (Figure 1). In particular, these two digits scheme reports the first
digit as the principal wheat growth stages, whilst the second digit reports the stage of
development. It is important to use such developmental references and growing scales in any
phenotyping activity.
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Figure 1: growth scale of wheat based on Zadoks stages. The scale is divided between growth stages and the corresponding times of
plant components

2.2 Durum wheat breeding

The history of durum wheat breeding has always had the main purposes to increase yield production
and resistance to biotic and abiotic stresses. The precursor of durum wheat breeding was Strampelli
who performed selection on southern Italian landraces releasing the widely known cultivar
“Senatore Cappelli” in 1920, representing an important cultivated variety in Italy but also in the
Mediterranean region (“Options Méditerranéennes en ligne - Collection numérique - Evolution of
durum wheat breeding in Italy,” n.d.). Breeding programs and varietal selection lead to a significant
increase in yield in the second part of 20t century as a consequence of the “Green revolution”,
where the breeding for high production led to the development of semi dwarf cultivars more
responsive to nitrogen fertilizers (for higher N uptake) and resistant to lodging (Hedden, 2003; Isidro
et al., 2011). It is worth mentioning that the CIMMYT and ICARDA programs played an important
role in durum variety registration with an high percentage of varieties that derived from CIMMYT
parental lines, selecting for cultivars with increasing yield production and favourable agronomic
traits (Bassi et al., 2019; Pfeiffer et al., 2000). In particular, CIMMYT breeding programs selected for



varieties with increased number of grains per spike which led also to higher number of grains m?
(Pfeiffer et al., 2000; Waddington et al., 1987). This trait was transferred also to Italian and Spanish
cultivars in late 90’s corresponding to a genetic gain for modern bred cultivars without changing the
total number of spikelets per spike (Royo et al., n.d.; Vita et al., 2007). In addition to yield, another
related trait regards the grain quality (De Vita et al., 2007;Motzo et al., 2004). Genetic improvement
related to increasing yield component is negatively correlated to protein content due to the dilution
of proteins as a consequence of increased grain size and starch accumulation. However, this did not
affect pasta quality, the main application of durum wheat, as modern cultivars were selected to
have an increased gluten index (De Santis et al., 2017; Guarda et al., 2004; Motzo et al., 2004) and
in some cases also protein content.

Breeding programs use different methods for variety selection, as for example the pedigree method,
backcross, single seed descent or pure line selection (Xynias et al., 2020). All these methods were
used in durum wheat breeding to focus on grain yield and quality, adaptation to environment of
newly bred cultivars, efficient use of resources and resistance to biotic and abiotic stresses (Xynias
et al., 2020).

The use of molecular markers in breeding programs represent a major advantage to speed up the
selection processes in breeding programs. Molecular markers are genomic sequences (or even
single alleles) that are conserved in genomes and are amenable to develop a laboratory assay to
genotype individuals and breeding lines/materials.

Molecular markers can be used to estimate genetic variability in germplasm collections of genotypes
and can be associated (by linkage) to important agronomic traits subject of breeding selection (Abu-
Zaitoun et al., 2018; Achtar et al., 2010). The use of molecular markers has different advantages in
plant breeding: selection can occur in early developmental stages; the backcross can be accelerated
and the introgressed alleles from wild species in modern cultivars can be monitored. This can be
performed using molecular markers that are strongly associated with the agronomic trait of interest
where an allelic variation of the molecular marker is responsible for the phenotypic variance,
identifying quantitative traits loci (QTLs) (Kucek et al., 2015). QTLs are identified as genomic regions
associated with the genetic variation of complex traits (Geldermann, 1975). The study of a QTL is
associated with the phenotypic expression of determined agronomic traits, where molecular
markers are statistically associated with phenotypic variance (Lynch et al., 2017). These markers are
used for marker assisted selection (MAS) which can be performed by phenotyping a genetic
mapping population followed by QTL analysis (Kucek et al., 2015).

Different QTL studies were conducted in durum wheat breeding programs, to dissect the genetic
inheritance of important agronomic traits using molecular markers and different genetic maps, such
as grain yield traits, grain protein content and pasta quality related characteristics (Maccaferri et al.,
2008; Peleg et al., 2009). Other traits dissected by QTL mapping regards biotic stresses to select
varieties based on fungi resistance (Prat et al., 2017) and pests (Varella et al., 2019), or also abiotic
stresses such as heat and drought resistance (El Hassouni et al., 2019).

Another objective of breeding was to delay or shorten the time to anthesis increasing the period of
photosynthetic activity, mainly achieved with the deployment of diverse alleles at major genes
responsible for the photoperiod sensitivity (Ppd) (Foulkes et al., 2004; Turner et al., 2005) and
vernalization genes (Vrn) (Yan et al., 2006, 2003).

The QTL analysis reached the maximum application with the development of next generation
sequencing technologies (NGS), with the exploitation of single nucleotide polymorphisms (SNPs).
These molecular markers represent high informative single nucleotide alleles mutations which are
consistent and widespread in the genome, different genotyping arrays were developed to perform
high throughput phenotyping of wheat panels or mapping populations, such as lllumina 90K SNP
Chip (Wang et al., 2014b). The 90K SNP Chip was used also to produce different genetic maps, as for

10



example the cross derived from wild emmer and modern durum wheat (Raz Avni et al., 2014) or
others published by Maccaferri et al (2015).

Another application of high throughput arrays is to perform genomic selection to identify the
genetic value of lines under selection by predicting the genotype agronomic characteristics starting
from genotypic data (Newell and Jannink, 2014). By using high throughput genotypic data, genomic
selection develops models to capture all QTLs also with minor effect on the population, without
removing them in the selection steps performed in the different breeding methods.

2.3 QTL dissection and GWAS analysis

As already mentioned, next generation sequencing technology and the development of SNP Chip
arrays played an important role in mapping approaches to study QTL segregation in experimental
populations (Alqudah et al., 2020). Examples of genotyping arrays can be the 9K iSelect Illlumina
array (Comadran et al., 2012), the 50K iSelect Infinum lllumina array (Bayer et al., 2017) or the 90K
iSelect Infinum Illumina array (Wang et al.,, 2014b). The association between phenotype and
genomic regions is studied with two different methods: QTL mapping using biparental populations,
or alternatively Genome-Wide Association mapping (GWAS) using genotype panels of unrelated
individuals.

QTL mapping is usually used to dissect genomic regions that control target traits, different types of
mapping populations could be used for this purpose, such as double haploids or recombinant inbred
lines (RILs) (Alqudah et al., 2020). However, one of the major limitations of using biparental
populations to dissect QTLs is that only segregating alleles between the two parental lines can be
studied (Mitchell-Olds, 2010). In this case, a possible solution could be to perform multi-parental
crosses for increasing recombination and allele segregations and augment the number of
informative markers (Liller et al., 2017).

As regards GWAS, the analysis relies on association population composed of accessions which are
not related to each other to a large extent and where different recombination accumulated over
time and with alleles maintained over generations as a consequence of linkage disequilibrium (LD),
which represents the association of molecular markers that are inherited together over generations
(Alqudah et al., 2020). The GWAS analysis has an high probability to detect QTL regions responsible
for phenotypic variations if high density molecular SNP arrays are used, such as the 90K SNP
consensus map which is represented by correctly mapped SNP using durum genetic maps
(Maccaferri et al., 2015). The GWAS analysis has some key aspect to be considered in order to have
consistent and reliable data. First of all, the phenotypic data need to be correctly analyzed, removing
outliers from the phenotypic data and calculating heritability value of the traits, which ranges from
0 (low) to 1 (high) and corresponds to the value of genetic component responsible for phenotypic
variation. To evaluate the environment effect that may deplete heritability values in multi-years or
multi-enviromental trials, the standardization of phenotypic value can occur calculating the best
linear unbiased prediction (BLUPs) or best linear unbiased estimator (BLUEs) (Alqudah et al., 2020).
Another key aspect to be considered is the number of individuals. Using an high number of
individuals for GWAS analysis increase the opportunity to have significant associations between the
molecular marker and the phenotypic values. Usually, a minimum number of 100 individuals is
enough to have enough resolution on GWAS (Kumar et al., 2012), better if they represent a wide
genetic diversity and are genetically distant. However strong GWAS analysis may consider using
panels of at least 300-400 individuals up to thousands.

An important parameters to considered in GWAS analysis is the population structure, the
relatedness between individuals need to be taken into account in order to avoid false positive
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results due to the fact that not all individuals are not unrelated (Alqudah et al., 2020). Rather, a
residual population genetic structure is always present in panels/germplasm collections and
therefore this can generate spurious marker-trait associations or false positives.

The population structure analysis can be performed with population structure software such as
STRUCTURE (Pritchard et al., 2000) and ADMIXTURE (Alexander et al., 2009), or by computing
principal component analysis (PCA). The population structure analysis via STRUCTURE or
ADMIXTURE softwares allowas to define a Q matrix where the number of Qs represents the different
subpopulations detected in the panel, each accession has a value which estimates the proportion
of membership for each subpopulation (Pritchard et al., 2000). The PCA is computed with the
eigenstrat method, where genotypes are clustered based on the variance components where the
major part of total variation is represented between PCA1 and PCA2 (Price et al., 2006). Another
method is to calculate the genetic similarity between individuals calculating the relationships using
genotypic data. This is performed via a mixed model approach where high values of relatedness
correspond to high genetic similarity, reported in a kinship matrix (K) (51). The GWAS analysis, to
correct for population structure, usually uses a combination of population structures (Q) and kinship
matrix (K)(Bayer et al., 2017; Cockram et al., 2010).

Another very important factor to be considered is the allele frequency, as rare alleles are responsible
for GWAS lack of resolutions. Rare allele are defined as allelic variation with a frequency lower than
5% in the population, they can explain favourable genetic variance of a small group of individuals in
the panel (Alqudah et al., 2020). Usually, the GWAS analysis filter alleles for a minor allele frequency
(MAF) major of 5%, or by a minimum number of individuals, loosing the power to identify rare
alleles. Thus, a possible solution could be to decrease the MAF filtering or to increase the number
of individuals, introducing wild relatives to increase the number of SNPs and resolution power of
GWAS analysis (Alqudah et al., 2020).

As the GWAS analysis deals with genotypes that can be genetically distant, the LD decay between
the accessions has to be estimated. The LD indicates both the interval of associated SNPs to restrict
the QTL confidence interval and to estimate the distance between molecular markers (SNP) which
is used to understand the number of molecular markers to be used (Myles et al., 2009; “The genetic
dissection of quantitative traits in crops | Semagn | Electronic Journal of Biotechnology,” n.d.). The
association score is usually measured with r?value, this parameter is useful to estimate both which
molecular markers are inherited together and to retain markers with r?value higher than 0.2 or 0.3
in GWAS analysis to detect QTLs (Alqudah et al., 2020).

Both population structure and linkage disequilibrium decay rate are population-specific parameters.
Therefore, each population should be preliminary assessed for population structure and LD-decay
rate.

All these parameters are considered in GWAS analysis using different analysis tools, such as GAPIT3
(Wang and Zhang, 2021) and TASSELS5 (Bradbury et al., 2007). For example, GAPIT3 allows to merge
results from phenotypic analysis (BLUEs or BLUPs) and genotypic data to perform GWAS analysis
and detect associated QTLs using different statistical models (Wang and Zhang, 2021; Alqudah et
al., 2020). Among the different models that could be used, GLM, MLM, MLMM, FarmCPU and BLINK
are worth pointing out. The general linear model (GLM) does not use population structure and
considers all the individuals as one group. The mixed linear model (MLM) uses fixed effect and
individuals as random effects, taking in consideration population structure as covariate based on K
or Q matrixes.

The multiple locus mixed linear model (MLMM) use forward-backward stepwise linear mixed-model
regression to include associated markers as covariates to search for other markers masked from the
associated marker effect. The Fixed and random model Circulating Probability Unification
(FarmCPU) has a higher statistical power than MLMM and does not use kinship or Q matrixes to
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avoid false positive markers. In fact, the markers detected by the iterations are fitted as cofactors
to control false positives for testing the rest markers in a fixed effect model. To avoid the over model
fitting problem in stepwise regression, a random effect model is used to select the associated
markers using maximum likelihood method (Liu et al., 2016). An implementation of FarmCPU is
represented by BLINK which has an augmented statistical power and computational efficiency.
BLINK, in comparison to FarmCPU, uses Bayesian Information Content (BIC) of a fixed effect model
to approximate the maximum likelihood of a random effect model to select the associated markers
(Huang et al., 2019).

GWAS analysis establish a significant threshold for the -logPvalue or logarithm of odds (LOD), which
corresponds to the logarithm between the ratio of the probability that the marker is significantly
associated with the phenotypic variation on the probability that the association casually occurred
(Ho). The usual threshold value is 3, meaning that the probability of significant association is 1000
times higher than the null hypothesis. This value is usually calculated with the Bonferroni correction
formula, which is the logarithm of the ratio between the significant p-value threshold (0.05) for the
number of non-redundant markers at each locus (Maurer et al., 2016; Saade et al., 2017).

The output results from GAPIT are represented by the Manhattan plots, which report the -log(p-
values) of all markers divided by chromosomes and the threshold calculated by Bonferroni adjusted
formula. Other important outputs are the QQ plots, which reports the deviations between the
expected and registered pvalues for each markers, showing how all the models sufficiently correct
for covariates and population structure avoiding false positive peaks (Alqudah et al., 2020).

After the definition of major QTL by GWAS analysis, further analysis could be performed in order to
fine map the QTL confidence interval and MAS on selected panel based on the development of
informative molecular markers for the trait of interest. Nowadays, among the highly diffused
molecular markers, Kompetitive Allele-Specific PCR (KASP) genotyping is of major importance for
marker assisted selection and QTL representing and high efficient and cost effective technology
(Woodward, 2014). The KASP technology is based on three primers, two of them are allelic specific
designed on the informative SNP, and the third one is the common primer genomic specific. The
SNP specific primers work alternatively with the common primer, depending on the specific allele,
and have a FRET cassette at 5’ end with different fluorophores such as FAM, HEX, VIC, TET, JOE, ROX,
PET (Kaur et al., 2020). The KASP genotyping analysis is performed by endpoint PCR where both
alleles of target SNP can be detected in a single reaction, first introduced by LGC Genomics (Semagn
et al., 2014). This technology is more efficient and more advantageous in comparison to other
precedent molecular markers such as SSR, RAPD, STS, AFLP because they are more time consuming
and require additional molecular techniques to be analysed (such as agarose or acrylamide gels)
(Neelam et al., 2013).
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3. Aim of the thesis

The aim of the thesis is principally focused on the H2020 Innovar project “Next generation variety
testing for improved cropping on European farmland” (2019-2024). The Innovar project is a
European project which involves different research institutes and breeding companies different
Europe. The principal aim of the project is to innovate the procedure of wheat varietal registration
using genomics, phenomics and machine learning technologies. Briefly, European Community of
Plant Variety Office (CPVO) commission has established protocols to describe varietal registration
procedure for durum wheat and other several crops, commercially distributed and with a relevant
value in the European market. As regards wheat, a variety can be registered as new if it
demonstrates its distinctness, uniformity and stability (DUS) criteria and its value of cultivation and
use (VCU). The VCU and DUS are needed for a variety to be subscribed in the national and European
registers, thus being commercialized in Europe. In addition, a breeder can decide to protect the
variety by demonstrating its distinctiness (DUS) and novelty, acquiring plant variety protection (PVP)
and plant breeders right (PBR). This is a separate procedure in comparison to the European
commercialization, as the breeder can decide only to protect its variety (es. with CPVO regarding
European territory) without commercializing it.

The DUS protocols for wheat rely on different morphological criteria about plant physiology and
development, the VCU protocols are mainly related on yield traits. These protocols are tested in
Innovar durum and bread wheat panels for 3 years field trials where the VCU and DUS phenotypic
traits are obtained. The Innovar project, together with phenotypic data and phenomics UAV
technology, exploits genotyping platforms such as lllumina iSelect Infinium SNP 90K Chip array to
genotype the bread and durum wheat varieties. Genome wide association analysis (GWAS) is
performed to detect highly informative SNP molecular markers, associated with major QTLs
responsible for the phenotypic variance of each DUS and VCU trait. The phenotyping, phenomics
and genomics data will be used by machine learning technology to perform genomics prediction
and establish the phenotypic characteristics of varieties based on the presence of informative alleles
in the identified major QTLs for DUS and VCU traits. At the end of the project, the molecular and
genetics information obtained will be proposed to augment the currently used European DUS and
VCU protocols with molecular markers and information directly connected with the agronomic traits
included in the protocol. This project will facilitate the work by breeders for the variety’s registration
procedure, as it will deliver molecular markers that could be used in MAS to better discriminate
agronomic traits. Furthermore, the phenomics and genomic prediction analysis will better
characterize varieties performances, paving the way to innovative agriculture procedures which
improve environmental sustainability and crop production. The acquired knowledges in the Innovar
project, will be also transferred to other crops included the DUS and VCU protocol. The herein
reported PhD thesis, is arranged in three chapters connected with Innovar objectives.

1. The first part deals with the first year of trials (2020/2021) for Innovar regarding the VCU
and DUS durum panels. The aim of the project was to fully characterize the Innovar durum
panel obtaining phenotypic data from the VCU and DUS protocols, and genotypic data
exploiting Global durum resources in Unibo and the lllumina iSelect Infinium SNP 90K array
(https://wheat.pw.usda.gov/GG3/global_durum_genomic_resources). The acquired data
were used to perform GWAS analysis and the final result was the identification of different
major QTLs and candidate genes involved in yield related traits for VCU trials and in
morphological traits for DUS trials.

2. As previously mentioned, the VCU protocol is mainly focused on yield related traits, but the
evaluation of wheat diseases is also considered. However, the second main part of the PhD

15



thesis was to evaluate the Innovar durum panel and related mapping populations for the
resistance to Soil Borne Cereal Mosaic Virus (SBCMV), a viral disease which causes severe
yield losses in Northern Italy and Europe. The aim was to identify candidate genes involved
in the resistance reaction starting from the cloned QTL sbm2 responsible for the resistance,
and to evaluate the presence of resistant haplotypes in Innovar durum panel.

As regards morphology traits, some Innovar durum varieties were also evaluated for spike
fertility trait controlled by the QTL GNI-2A, responsible for the increase in the number of
fertile florets per central spikelets. The objective of the third chapter was to identify the GNI-
2A haplotype in Unibo durum panel, which includes a major amount of Innovar varieties,
and on a segregant biparental population (Relief x Iride) that are connected with spike
architecture and vyield increase. The final outcome was the development of molecular
markers connected with fertility trait that can be used to discriminate varieties haplotypes
for DUS field trials. In fact, different phenotypic traits monitored in DUS protocols are
connected with spike morphology and development. By designing KASP markers connected
with the fertility haplotype determined by GNI-2A QTL, molecular markers can be connected
to spike development DUS traits and can be used to better select and discriminate best
performing varieties based on spike fertility and architecture.
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4. GWAS analysis on durum panel for VCU and DUS
agronomic trait characterization in Innovar durum panel

4.1 Introduction

4.1.1 Wheat variety registration procedures in EU — DUS and VCU protocols

Innovation in agriculture and the development of plant breeding increased during the nineteenth
century, thus increasing the number of commercial varieties in the market and guaranteeing the
growing population supply of food (Jamali et al., 2020; Bharadwaj et al., 2016). The increase in
agricultural production was a result also of the innovation in technologies, use of fertilizers and
pesticide products. The genetic improvement objectives and methodologies has to necessarily
evolve and change together with the advancements in agriculture management techniques.
However, intensive agriculture has led also to unfavourable effects due to the fossil fuels,
groundwater contamination and toxic components of chemicals. In addition, climate change
hampers the agricultural system with drought seasons, high temperature and excessive rainfalls
(Bharadwaj et al., 2016). Recent reports show that there will be an increase in population of around
10 billion by 2050, following the need of meeting global food demands and fuel request, meaning
that there is an urgent need of increase production (Godfray et al., 2010). Food security should be
obtained by increasing production to almost 80% by 2050, putting a lot of pressure on breeding
programs that should be incremented 2.5 times respect to the current rate (Noleppa and Cartsburg,
2021; Stamp and Visser, 2012). In particular, cereals represent a staple cultivar for world agriculture
and population diet, representing 56% of the world’s calories as food and 44% for animal feed
(http://www.fao.org/DOCREP/006/Y4683E/y4683e06.htm#TopOfPage).

Given this trend regarding environmental data and food supplies, breeders are subjected to a strong
pressing to develop new varieties capable of satisfying agricultural needs. The aim is to register new
breeding varieties resilient to biotic and abiotic stresses, and with increase yield and production.
Generally speaking, current varieties must adapt to environmental changes and, at the same time,
producing more yield per hectare and being resistant to pests and diseases in addition to drought
(Bharadwaj et al., 2016; van Elsen et al., 2013; Miflin, n.d.). Plant breeders have been focusing on
selecting varieties with economical income, resistant to biotic and abiotic stresses, with the desired
technological quality and with high yield potential (van Elsen et al., 2013).

As regards to abiotic stresses, such as heat resistance and drought tolerance, genetic improvement
and breeding programs plays an important role in selecting resilient varieties to adapt to the current
climate change (Bharadwaj et al., 2016; Miflin, n.d.). In addition, also the selection and registration
of varieties resistant to abiotic stresses has an important role in stabilizing yield component in plants
(van Elsen et al., 2013).

As regards to vyield, it is directly involved in food security and qualitative plant features. The
registration of more stable varieties positively affects yield, which is increased also by the selection
of varieties resistant to biotic stresses such as viruses, fungus, nematodes and bacteria (Elsen et al.,
2013). Beside food security, plant breeding also focuses on food safety by reducing possibilities, for
plant varieties, to the uptake of heavy metals but also mycotoxins, especially in cereals (Redman
and Noleppa, 2017).
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To conclude, the mentioned traits are some of the agronomic characteristics that are pursued by
breeders and by EU protocols to produce innovative varieties that face climate change, innovation
in technology and agricultural market objectives.

In order to select new varieties, breeders perform artificial crosses between two or more different
parental lines with favourable agronomic traits which are known to be stable for multiple years and
different environments (Yu and Chung, 2021). Typically, several hundreds of crosses are carried out
per year in a breeding company. During the selection steps for different generations, the genotypes
with undesired characteristics are discarded, but different genetic combination could be generated
identifying new varieties (“Principles of Plant Genetics and Breeding, 2nd Edition | Wiley,” n.d.). This
process is time and effort consuming and requires approximately ten years to register a new variety
(Jamali et al., 2019; “Principles of Plant Genetics and Breeding, 2nd Edition | Wiley,” n.d.). In order
to protect the new breeding varieties and their materials, plant breeders have different possibilities
to register their varieties and acquire royalties (Butruille et al., 2015; da Silva et al., 2017; Glenn et
al., 2017). In order to guarantee the plant variety protections, two organisms are involved: the
Community of Plant Variety Office (CPVO), a decentralized EU agency instituted in 1995, and the
International Union for the Protection of new Varieties (UPOV). The CPVO represents the EU
protection system which regulates and controls the plant breeders right (PBRs). The UPOV is an
international organization composed of 78 different countries, which are responsible for stabilizing
the principles and guidelines (UPOV act 1991) to guarantee PBR and PVP to newly bred varieties
(Cooke and Reeves, 2003).

The UPOV establish the Plant Variety Protection system (PVP), with the aim to organize the
Intellectual property rights (IPR) among the member states. As regards to variety registration, the
UPQV act of 1991, recognizes the plant breeders right (PBR), which are valid for 20 years based on
the species (for example, tree crops have a longer breeding protection), and the plant variety rights
(PVR). Furthermore, the European Union protects the IPR by the Community Plant Variety Rights
system (CPVR), coexisting with the PBR system (UPOV act, 1991).

The whole system is managed by the CPVO, a decentralized EU agency instituted in 1995.

The different steps and regulation for variety registration protocols are shared among European
countries, linked both to variety development, to the seed certification and to final distribution
(““Framework for the introduction of Plant Breeder’s Rights, Guidance for practical implementation’
| Naktuinbouw,” n.d.). The EU presents the most wide protocols for variety registration, which
extend to different crops, vegetables and fruit species (Jamali et al., 2019). The EU system for variety
registration is based on models for novelty and value of varieties, thus, if national variety list fulfil
these requirements, it is directly included on the EU common catalogue (Gilliland and Gensollen,
2010).

The UPQV established three criteria to recognize the PVP to a new variety. In fact, the new variety
must be distinct from the others, homogeneous and remain stable over multiple generations
(Jordens, 2005). Breeders can apply to PVP as long as they follow the UPOV criteria and do not
perform one of the following activities without other’s breeder permission: sale of a variety
protected by PVP, multiplication of the variety without permission, hybrid production using other
varieties and distribute PVP varieties without permission (Yu and Chung, 2021).

However, there are some exemptions that occur for breeders, for example, varieties could be used
as source of initial variation, for research purposes and for private use (J6rdens, 2005).

In order to be awarded by PVP, breeders need to select varieties which follow some key principles
determined by UPOV convention: distinctiveness (D) from other varieties, uniformity (U) in its
agronomic characters between individuals reported in the descriptive report of the specific varieties
(included in the CPVO protocol) and stability (S) over different generations (DUS). This principles are
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established by the UPOV through the DUS phenotypic test, which are mandatory for breeders in
order to register a new variety (Glenn et al., 2017; Jordens, 2005; Yu and Chung, 2021).

The DUS trials could be performed either in greenhouse or field, for two years or at least in different
locations, where different morphological characters are monitored to verify the presence of enough
diversity between the new varieties to be certified and the most similar ones (Yu and Chung, 2021).
The list of morphological characters to monitor is described in the UPOV protocols with detailed
guidelines, different for every plant species (Jordens, 2005). For example, considering species such
as wheat and barley, varieties need to be vernalized before performing the DUS trials (Yu and Chung,
2021).

The evaluation of the DUS characters relies on different examination, namely formal, substantive
and technical (European Union Intellectual Property Office and Community Plant Variety Office.,
2022). The first two type of examinations are carried out by the CPVO, concerning formal and
fulfilment of specific conditions. The technical examination is performed by CPVO delegate offices
and is aimed at evaluating that the requirements for DUS variety registration are fulfilled. In case of
positive outcome after these examinations, the official description of the variety is carried out and
registration occurs (Cooke and Reeves, 2003; European Union Intellectual Property Office. and
Community Plant Variety Office., 2022).

The DUS phenotypic trials have some limitations in relation to the morphological characters that are
monitored. In fact, the measured phenotypic traits could be influenced by environmental conditions
which could hamper the evaluation and expression of the phenotypic characters (Cooke and Reeves,
2003; Wang et al., 2016). Moreover, the DUS tests do not consider the actual agronomic value of a
cultivar, and only in part the DUS allocate traits / characters of agronomic relevance.

Different studies were published regarding the use of molecular markers to discriminate
morphological characters. In particular, it has been shown how SSR markers could be precisely used
to distinguish between different DUS traits, or between genotypes with different pedigree in a
consistent way in comparison to morphological trait evaluation (Yu and Chung, 2021). As regards
the integrated use of phenotypic traits and molecular markers to discriminate varieties as distinct
in DUS protocols, varieties with molecular markers similarity higher than 96% but different for
morphological states are considered as distinct in order to not increase the need of further
resources during breeding processes. However, very few markers have currently been proposed for
DUS discrimination (Yang et al., 2021). Beside the use of single molecular markers like SSR, different
studies also proved that the outbreak in NGS technologies, SNP arrays and genome editing are being
widely used by breeding programs for marker assisted selections (MAS) and variety selection
(Achard et al., 2020; Cockram et al., 2012; Sarao et al., 2010; Song et al., 2003; Tian et al., 2015).
However, the UPOV doesn’t recognize the use of molecular markers as a principal source to use for
variety discrimination, exploiting them just in case they correlate perfectly with DUS characters,
strongly decreasing their advantage in genotype profiling capacity (Yu and Chung, 2021). This was
strengthen by Yang et al (Yang et al., 2022), who reported that the DUS system is very variable and
lacking in consistency across environments suggesting the increase in genomic data for DUS trials.
Following the DUS trials, other criteria necessary in the EU to register a variety are described as
Value of Cultivation and Use (VCU), however the international coordination is not as precise as it is
for DUS trials (Cooke and Reeves, 2003). The VCU is not mandatory for a variety to be recognized
with PVP, but it is required for that variety to be included in the National/European catalogue and
to enter in the market. Basically, a variety must be recognized as carrier of improved qualities in its
value of cultivation or use, no matter in which environment the VCU field trials are performed
knowing that the EU requires different trials and replicated fields (Cooke and Reeves, 2003). As
regards VCU, different agronomic traits are considered for the major part on yield components and
disease resistance traits and quality parameters. VCU tests need to evaluate the utility of the variety
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also from the genetic point of view, representing an important resource for the marker and
policymakers.

Data obtained from VCU and DUS all together enable breeders and examination organs to
discriminate between different varieties, describing each accessions for any particular
morphological and marketing improvement in comparison to other already registered varieties
(Cooke and Reeves, 2003).

In Italy, the registers containing all the information on the varieties can be consulted in the database
of the National Agricultural Information System (SIAN) and are updated periodically. Currently the
number of total varieties entered in the registers is 6146 of which 43% is represented by cereals.

In particular, durum wheat (Triticum turgidum L. ssp. Durum) is the most developed species in Italy,
with about 4 million tons on average produced each year, mainly used in pasta production (IWGSC,
2014). In ltaly, several companies at national level operate in the seed sector for the genetic
improvement of wheat, selecting the best varieties. Until now, 290 varieties of durum wheat
(http://www.sementi.it/) are certified in the national registers.

4.2 Materials and methods

4.2.1 Germplasm collection

The Innovar germplasm durum collection was composed of modern durum wheat varieties, coming
from different breeding programs and commercially available in the market. Varieties were chosen
based on the optimal environmental adaptation capacity of each variety, on important
characteristics in relation to disease resistance and interesting agronomic traits and on the high
diffusion and utilization in the seed market.

Different varieties were chosen based on the different durum trial locations of Innovar project and
trial layouts. The Innovar trials were divided in value for cultivation and use (VCU) trials and in
distinctiveness, uniformity and stability (DUS) trials, tested across different locations. The VCU and
DUS trials were phenotyped following specific protocols. As regards the DUS, the protocol followed
CPVO European directives. On the other hand, the VCU protocol was defined by Innovar partners
after consultation of different protocols adopted by few European nations.

Germplasm seeds collected for genotyping were sown in Innovar durum wheat VCU trials, which
took place in different agroclimatic zones (ACZ) based on previous climate studies (Ceglar et al.,
2019; Trnka et al., 2011). The VCU trials were divided between core trials and drought trials across
different locations. The durum wheat trial sites, as regards VCU core trial, were two for Maritime
South ACZ (Horta and UNITUS, Italy), one for Mediterranean ACZ (UPM, Spain) and one for
Pannonian ACZ (UNIDEB, Hungary). Furthermore, as regards VCU drought trials, one location was in
Maritime South ACZ (UNITUS, Italy), two in Mediterranean ACZ (CSIC, ICARDA, and UNITUS, in Spain
and Morocco and Italy respectively) (Figure 2 a and b).
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Figure 2: durum wheat ACZ in INNOVAR trials. a) Mediterranean (red), Maritime South (yellow), Pannonian (green). b) Mediterranean
(red), Maritime South (yellow).

Regarding durum wheat, 166 different varieties were sown in 3 ACZ both in VCU core and VCU
drought trials: Maritime South, Mediterranean, and Pannonian. In durum wheat trials, 5 varieties
were common between all ACZ, 5 within each ACZ, and 35 specifics for each trial site (Table S13).
However, different varieties were shared between locations, especially between Spain and Italy
which share similar climate conditions.

In addition to VCU trials, DUS trial was carried out in collaboration with CREA-DC, in the field station
of Tavazzano (Italy). The total number of VCU varieties was included in the DUS trial, with the
addition of further durum germplasm varieties from Unibo background material to augment genetic
diversity (Table S14). Unibo varieties were included as important source of genetic diversity and
carrier of relevant agronomic characteristics. Furthermore, they were mainly included from the
durum panel 1 (DP1) (Maccaferri et al., 2015) which was also characterized in different project both
phenotypically and genotypically with lllumina iSelect Infinium 90K SNP Chip array.

In addition, the DUS trial was augmented with CPVO example varieties and others from CREA-DC
collection. The CPVO varieties were directly selected from CPVO protocols in order to have specific
controls to compare for the different agronomic trait’s evaluation in DUS tests (Table 1). The final
number of varieties tested in the DUS field trial was 253.
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Table 1: list of CPVO contriols and CREA collection varieties included in the DUS panel, tested in CREA-DC.

Varieties

Additional types

Amilcar

Arcangelo

Atoudur

Auradur

Bolo

Carioca

Carpio

Ciccio

Colosseo

Creso

Don_Ricardo

Duilio

Elsadur

Iride

Karur

Kiko_Nick

Levante

Lupidur

Meridiano

Orobel

Simeto

SY_Lido

Tiziana

Aceres

Arcobaleno

Asdrubal

Cantico

Canyon

Chiara

Grecale

Italo

Ofanto

Verace

CREA Collection

Matusalem

CREA Collection

Neruda

CREA Collection

Sorrento

CREA Collection

SY_Esperto

CREA Collection

Baronio

CREA Collection

RGT_Natur

CREA Collection

Ottaviano

CREA Collection

Solstizio

CREA Collection

Brancaleone

CREA Collection

Dario

CREA Collection

Magellano

CREA Collection
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To summarize, phenotypic and genotypic data were collected from the environments and number
of varieties reported in each trial, reaching a final number of 166 unique varieties for VCU durum
dataset and 253 varieties for DUS durum dataset (Table 2).

Table 2: VCU and DUS environments and specific varieties for each trial. The different field trials are grouped in Innovar agro-climatic
zones (ACZ).

. . Number .
Veuuials | A8ro Cimatic Feld ral of | Total unique
genotype g P
Maritime South Horta (Foggia, Italy) 45
VCU Core trials Marl.tlme South UNITUS (Viterbo, Ita.ly) 45
Mediterranean UPM (Escacena, Spain) 45 166
Pannonian UNIDEB (Nyiregyhaza, Hungary) 45
VCU Drought trials Med.it.erranean CSIC (Santéella, Spain) 30
Maritime South UNITUS (Viterbo, Italy) 30
DUS trial Maritime South CREA-DC (Tavazzano, ltaly) 253 253

4.2.2 VCU trial layout and phenotyping

The VCU trial layout was composed, for each location, with a split plot design. Each trial was
characterized by two fungicide treatments, with three replicates each and complete randomized
varieties within each replicate. As regards the VCU core trials, the main objective was to assess the
different varieties in each trial for yield performances and disease resistance, parameters evaluated
in the VCU protocols, under two levels of fungicide regime. The two levels were composed of
fungicide (Prosaro X wide spectrum fungicide, different depending on locations and on common
agricultural practices) used as full (complete application) and minimal (no application) treatments.
In details, in the full treatment, varieties were expected to be evaluated for full yield potential with
no yield loss due to disease, straw breakdown or pest damage. On the other hand, the minimal
treatment received no fungicide, thus allowing individual varieties’ susceptibility to disease and
straw damage to be monitored. The difference in yield between full and minimal treatments will
provide a calculation of risk of yield loss due to disease and straw damage.

The plot size across different locations derived from 10 m? to 15 m? and the used seed density
followed local practices (generally 400 seeds/m?).
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Across all the locations, the trial layout was similar to the one reported in (Figure 3), where the VCU
core trial in HORTA (Foggia, Italy) field station was taken as example.

Replicate Treatments

R3 Full

R3 Full

R3 Full

R3 Full

R3 Full
15 48 19 37 21 38 20 24 22 41 R3 Minimal
10 5 8 32 7 4 3 36 27 28 R3 Minimal
35 1 49 11 18 23 29 6 26 16 R3 Minimal
30 25 45 12 17 39 9 44 31 33 R3 Minimal
14 34 50 2 42 43 40 47 13 46 R3 Minimal
37 39 26 46 30 2 25 31 5 21 R2 Minimal
47 6 10 18 49 41 42 15 35 3 R2 Minimal
19 8 48 36 50 1 11 34 12 43 R2 Minimal
38 17 7 16 9 24 13 33 32 4 R2 Minimal
27 28 40 20 29 44 23 14 45 22 R2 Minimal

R2 Full

R2 Full

R2 Full

R2 Full

R2 Full

R1 Full

R1 Full

R1 Full

R1 Full

R1 Full
41 42 43 44 45 46 47 48 49 50 R1 Minimal
31 32 33 34 35 36 37 38 39 40 R1 Minimal
21 22 23 24 25 26 27 28 29 30 R1 Minimal
11 12 13 14 15 16 17 18 19 20 R1 Minimal
1 2 3 4 5) 6 7 8 9 10 R1 Minimal

Figure 3: field trial design of Horta-Foggia VCU durum core trial. Varieties were completely randomized within each replicate (3), under
different treatments (full=green and minimal=yellow). Then number of varieties is reported in each cell.

As regards the VCU drought trials, the number of replicates and plots size was maintained equal to
VCU core trial. On the other hand, the fungicide was maintained as “full treatment”, but two drought
regimes were performed in three replicates each (using the same varieties sown for the VCU core
trial): full irrigation and not irrigated treatments.

The VCU phenotypic protocol was equal both for VCU core and VCU drought trial, monitoring
different traits at specific growth stages following Zadoks BBCH scale (Zadoks et al., 1974) (Figure 4
and Table 3)
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Figure 4: Zadoks BBCH scale of wheat. The phenotypic measurements for VCU trials and respective growth stages are reported with

red lines.
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Table 3: list of specific measurements and layout characteristics collected for VCU trials across the different environments at the
different growth stages (from 10 to 93).

Character Zadocks Innovar protocol
Design - Factorial, split-plot design
o
= Replications - 3
E 2
2 i Minimum 10 m
2 Plot Size = . )
:"3 Optimun 15 m
':_zu Distance between rows - According to local practices
Seed density - According to local practices
Sowing date - day/month/year
d th
Emergence 9-11 gmen K AR
(date of 75% of plots with 50% emergence)
Survival or Plant population 13-20 1-9 scale (9= total survival)
c
“E’ Growth habit 25-29 1-9 scale (9= postrate)
Q
o
g Days (days from sowing at which 50% plants
> Heading Date 51 i ys (day ) Wi g W I, 2 2
° in the plots have first spikelet visible on ears)
&
o
F d level to th
Plant Height (at harvesting) 70-92 rom groun. evt-? ° . €
top of the ear/panicles, ignoring awns.
L. When the earliest varity reach GS91,
Ripening 91
record the GS of each plot
Lodging/Leanin at
ging/ = . ( 45-92 % of the plot
harvesting)
"
§ Winter hardiness/damage any time %
[}
3 Harvest Loss 92 Number of grains in 1m”’
[=
Sprouting 92 %
Bird/other damages any time % of the plot
Yellow Rust 21-80 % infection
® Brown rust 21-80 % infection
(%]
§ Septoria 21-80 % infection
= Fusarium ear blight 21-80 % infection
Powdery mildew 21-80 % infection
Harvest date 92 day/month/year
Yield 92 kg/ha with 2 decimals
Harvest Moisture content = %
Specific weight - kg/ hl
Thousand Grain Weight - g

26



Table 3 reports a summary of the different traits measured in VCU trials across all the environments
and ACZ, with the specific scale of measurement and the general features of the trial layouts.
Basically, presence of diseases was monitored during the growing season at different stages, if
different damages and other agronomic traits, such as crop development, incidences and, at the
end, harvest traits.

The final yield was normalized to the 15% of moisture content with the following formula:

Yield_15 = Yield*(100-MoustureContent) / (100-15)

4.2.3 DUS trial layout and phenotyping

The DUS trial was carried out in collaboration with CREA-DC in the field station of Tavazzano (Italy).
The selected varieties from the different VCU field trials were all included in the DUS, with the
addition of background material from durum panel Unibo (DP1) (Maccaferri et al., 2015), CPVO
controls and varieties from CREA-DC collection, in order to reach the final number of 253 genotypes
(Table S14).

The varieties were tested in two replicates with alpha-design trial layout (Figure 5), dividing the field
in blocks inside each replicate.

23
22
21
20
19
18
17
16
15
14
13
12
1

10

1 2 3 a4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 5: trial layout of DUS in CREA-DC with alpha design trial scheme. Green and light green were used to show the different
replicates used in the trial. Red numbers correspond to the progressive plot number. Black number correspond to the genotype
number.
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The phenotypic evaluation occurred based on the CPVO DUS protocol at specific growth stages,
evaluating each variety for the different morphological traits reported in the European CPVO

protocol CPVO-TP/120/3 of 2014 (Table 4).
In details, most phenotypic traits were scored in the field trial with some exceptions regarding the
seed and coleoptile colours, that were analysed in the lab with standard protocols.

Table 4: EU CPVO protocol for DUS trials. Measured traits were further characterized as follows: QL= Qualitative characteristic, QN =
Quantitative characteristic, PQ = Pseudo-qualitative characteristic, MG = Single measurement of a group of plants or parts of plants
for the assessment of distinctness, MS = Measurement of a number of individual plants or parts of plants for the assessment of
distinctness, VG = Visual assessment by a single observation of a group of plants or parts of plants for the assessment of distinctness,
VS = Visual assessment by observation of individual plants or parts of plants for the assessment of distinctness, A = Sample size of 100
plants to be observed for the assessment of uniformity, B = Sample size of at least 2000 plants which should be divided between at
least two replicates, C = The assessment of the characteristic “Seasonal type” should be carried out on at least 300 plants.

. . Place of
Trait Growing Trait Range of traits Type of i Type of trait
number stage characteristics | assessment

assessment
1. white
2. reddish
1 0 Seed: colour PQ VG Lab.
3. purple
4. bluish
1. absent or
very light
Seed: coloration | 3- light
2 0 with phenol 5. medium QN VG Lab.
7. dark
9. very dark
1. absent or
) very weak
Coleoptllef 3. weak
3 0 anthocyanm 5 medium QN VG Lab.
coloration
7. strong
9. very strong
1. erect
3. semi erect
5.
4 25-29 Plar?t. growth intermediate QN VG Field
habit -
7. semi
prostrate
9. prostrate
1. absent or
Plant: frequency | Very low
of plants with 3. low .
> 47-51 recurved flag 5. medium QN VG Field
leaves 7. high
9. very high
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Flag leaf: 1. absent or
anthocyanin very weak .
6 49-60 coIorat?on of 2. medium QN VG Field
auricles 3. strong
Time of ear Julian date (at
7.a 50-52 least 3 times MG Field
emergence per week)
1. very early
7 ) 3. early
(calculated | 50-52 Time of ear 5. medium QN MG Field
emergence
from 7a) 7. late
9. very late
1. absent or
very weak
Flag leaf: 3. weak
8 60-65 glaucosity of 5 medium QN VG Field
sheath
7. strong
9. very strong
1. absent or
very weak
Flag leaf: 3. weak
9 60-65 glaucosity of 5 medium QN VG Field
blade
7. strong
9. very strong
1. absent or
very weak
) 3. weak )
10 60-69 Ear: glaucosity 5 medium QN VG Field
7. strong
9. very strong
1. absent or
very weak
Culm: glaucosit 3. weak .
11 60-69 | ¢ neckg Ul ey QN VG Field
7. strong
9. very strong
Lower glume: 1. absent
12 69-92 hairiness on QL VG Field
external surface 9. present
from soil
13a 75-92 Plant: length surface to tip QN MG Field
of awns or
scurs
1. very short
13 3. short
Calculated | 75-92 Plant: length 5. medium QN MG Field
from 13a 7. long
9. very long
14 80-92 1. thin QN VG Field/Lab.
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Straw: pith in
cross section

2. medium

3. thick or
filled

15

80-92

Ear: density

1. very lax

3. lax

5. medium

7. dense

9. very dense

QN

VG

Field

16a

80-92

Ear: length

From base to
tip of ear

QN

MS

Lab.

16
calculated
from 16a

80-92

Ear: length

. very short

. short

. medium

. long

. very long

QN

MS

Lab.

17

80-92

Ear: scurs or
awns

. both absent

NIRPIO|IN|U|W|F

. scurs
present

3.awns
present

QN

VG

Field

18

80-92

Ear: lenght of
SCurs or awns

1. very short

. short

. medium

. long

. very long

QN

VG

Field

19

80-92

Ear: colour

. white

. coloured

(o]

VG

Field

20

80-92

Ear: shape in
profile

. tapering

NRINFRIO|IN|UW

. parallel
sided

3. slightly
clavate

4. strongly
clavate

5. fusiform

PQ

VG

Field

21

80-92

Apical rachis
segment: area of
hairiness on
convex surface

1. absent or
very small

small

medium

very large

QN

VG

Lab.

22

80-92

Lower glume:
shoulder width

3.
5.
7. large
9.
1.

absent or
very narrow

3. harrow

5. medium

7. broad

9. very broad

QN

VG

Lab.
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1. strongly
sloping

3. slightly
sloping

5. horizontal QN VG Lab.
7. slightly
elevated

9. strongly
elevated

. very short
. short

. medium QN VG Lab.
. long

. very long

. straight

. slightly
curved

Lower glume: 5. moderately
beak shape curved

7. strongly
curved

9. geniculate
Lower glume: 1. very small
area of hairiness | 3. medium
on internal
surface

Lower glume:

23 80-92 shoulder shape

Lower glume:

24 80-92 length of beak

WRLROINUW |

25 80-92 QN VG Lab.

26 80-92 QN VG Lab.

5. very large

1. winter type

2. alternative
27 Seasonal type type W PQ VG Field

3. spring type

4.2.4 Statistical analysis on phenotypic data

The statistical analysis was performed both on VCU and DUS field data using the softwares R and
Rstudio (RStudio Team,2020). Outliers were removed using the interquartile rules: the interquartile
range (IQR) of the data was multiplied by 1.5, outliers were defined as values 1.5 *IQR above the
third quartiles and 1.5 *IQR below the third quartile. The heritability for each trait was calculated
using the package heritability in Rstudio.

Best linear unbiased estimations (BLUEs) were obtained using the R package Ime4 by mixed model
analysis (Imer function). The parameters introduced in the model were different based on VCU and
DUS trials.

As regards VCU, three phenotypic datasets were generated across all the enviroments, as the same
phenotypic evaluation occurred for all the different trials: VCU core, VCU drought and VCU core and
drought merged together. The different environments included in the model are composed of two
trials in Spain and Marocco (Mediterranean ACZ), two trials in Italy (Maritime South ACZ) and one
trial in Hungary (Pannonian ACZ). The variables included in the model for BLUEs extraction across
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all the VCU trials were the following, using genotype as fixed and other parameters as random
variables:

Phenotype ~ Genotype + Replicate + Enviroment + Treatment + Genotype:Enviroment +
Environment:Treatment + Treatment:Replicate

Based on the following model, interaction with environment (E), across genotype and environment
(GXE), across treatments and environments/replicates were evaluated and considered during
standardization of phenotypic values obtaining the BLUEs. The significant interactions between E
and GxE were obtained via ANOVA analysis using the significant p-value threshold of 0.05.

As regards the DUS analysis, the trial data come only from one year and one location (CREA-DC) and
the same analysis was performed with the following model to obtain the BLUEs, using genotypes as
fixed effects and other parameters as random:

Phenotype ~ Genotype + Replicate + Blocks + Genotype:Blocks + Genotype:Replicate +
Replicate:Blocks

ANOVA analysis was performed also on DUS trial dataset to obtain the significance of interaction
between phenotypes and field varieties.

4.2.5 DNA extraction of Innovar DUS durum panel

In order to genotype the whole DUS durum panel with SNP molecular markers exploiting the
[llumina iSelect Infinium SNP 90K Chip (Wang et al., 2014), DNA was extracted from all the Innovar
DUS and VCU varieties augmented with 131 accessions from Unibo collection Durum-Panel-2 (DP2)
(background materials, updated and augmented version of the durum panel 1) composed of
modern durum wheat varieties, generating the final Innovar durum panel genotyping collection. As
a result, the final durum wheat collection sent for lllumina iSelect Infinium array 90K SNP Chip
genotyping consisted of 336 varieties. DNA was extracted following the CTAB extraction protocol
(Doyle and Doyle, 1987) with few adaptations. Briefly, 100 mg of lyophilized leaf tissue were grinded
in liquid nitrogen from the whole augmented panel, after being sown in greenhouse on alveolar
pots and harvested after 10 days when the first leaf of each genotype reached a length of
approximately 10cm. DNA was extracted with CTAB protocol, in comparison to the standard
protocol the purification step with IAC-Chloroform was performed two times, in order to extract
better quality DNA.

DNA concentration was checked via gel electrophoresis and biophotometer, retaining samples with
high concentration and quality ratios. DNA was then diluted at 100ng/ul to be genotyped with
[llumina iSelect Infinium SNP 90K Chip.
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4.2.6 SNP genotyping with lllumina iSelect Infinium SNP 90K wheat array

DNA was shipped to North Central Small Grains Genotyping Laboratory USDA- ARS-ETSARC (Dr.
Jason Fiedler, USDA ARS Cereal Crops Research Unit, Fargo, North Dakota) for genotyping based on
[llumina iSelect Infinium SNP 90K Chip (Wang et al., 2014).

Innovar DUS and DP2 genotyping dataset was merged with genotyping data already available in
Unibo to increase the number of SNPs to be analysed, namely: Global Durum Panel (GDP), 475
modern varieties included out of 1020 total accessions and Durum Panel UNIBO (DP1), 290
accessions (Maccaferri et al., 2019b, 2015; Mazzucotelli et al., 2020). The principal to augment the
Innovar durum dataset with genotypic data from GDP and DP1 was to increase the genetic diversity
and better perform the SNP call.

The merged Illumina raw data (Innovar DUS-DP1-DP2-GDP, a total of 1052 accessions) was analysed
for SNP genotype calling before removing durum wheat GDP varieties not included in the GDP panel.
The raw intensity data (.idat) was imported in GenomeStudio Module Polyploid Genotyping 2.0, and
a custom SNP manifest file (Wheat90k-ConsAkhunovKSU-15033654-A) was used to perform the SNP
call using Polygentrain algorithm with the following parameters: cluster distance set to 0.07 and
INBRED option to separate A and B clusters.

A total of 81K SNPs were called and filtered for quality using Gentrain score parameter higher than
0.6, reducing the number of SNPs to 50,000. A further filtering step was performed to retain only
the correctly physically and genetically mapped SNPs (single locus, Mendelian) based on the
Triticum turgidum cv Svevo genome, as in the 90K consensus map (Maccaferri et al., 2019b, 2015).
The final number of filtered SNPs used for the analysis was 24108, and a hapmap file was built on
1052 accessions with A/B allelic variants.

4.2.7 Imputation and LD decay

Polymorphic information (PIC) content was calculated for the merged dataset using the following
formula (Serrote et al., 2020):

1 - (MAF)2 - ((1-MAF)2

PIC measures the ability of a marker to detect polymorphisms and therefore has enormous
importance in selecting markers for genetic studies (Serrote et al., 2020).

An Unibo internally developed R script was used to filter the hapmap file based on the following
parameters: Minor Allele Frequency (MAF) greater than 0.01, SNPs missing call greater than 0.5,
samples with a missing rate above 0.5. After filtering, the final hapmap file included 21940 SNPs.
The genotyping dataset was then imputed using Beagle v5.4 (Browning et al., 2021) to assign A/B
variants to miss SNPs based on their position and closer SNPs (Beagle 5.4 uses a linkage
disequilibrium-based algorithm).

The imputed vcf file was used to calculate the linkage disequilibrium (LD) decay in the durum
germplasm using the software TASSELS (Bradbury et al., 2007). The LD decay was plotted using three
linkage thresholds (r? equals 0.3, 0.5, and 0.8) using a sliding window equals to the average number
of markers for each chromosome.
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4.2.8 Pruning and Population structure analysis

PLINK software (Chang et al., 2015) was used for the pruning step, removing redundant SNPs in high
LD (using r? thresholds 0.3, 0.5, and 0.8) and generating three output files for the different r?
thresholds.

The pruned output files were used for population structure analysis using the model-based
likelihood method ADMIXTURE (Alexander et al., 2009). The method was optimized using the block
relaxation algorithm, the quasi-Newton convergence acceleration method, and g = 3 secants
(Alexander et al., 2009), defining the sub-population memberships from k=2 to k=20. To detect the
best number of subpopulations to be analysed, the cross-validated error rate, delta cv error,
minimum group size, maximum admixed lines in a group, and admixed lines percentage were
considered.

TASSEL5 was used to convert the imputed hapmap file into a distance matrix and thus obtain the
kinship matrix by converting the values in genetic similarities. The distance matrix was calculated
using identity by state method and obtaining genetic distances (GD). GDs were converted to genetic
similarities (GS) to build the kinship matrix using the following formula: GS = 1 - GD. Heatmap and
ward clustering (Ward.D2 algorithm) were performed on the kinship matrix using R packages
pheatmap v1.0.12 and dendextend v1.15.2.

Neighbour Joining Tree (NJ) was computed with the R package adegenet v2.1.5.

4.2.9 GWAS analysis

GWAS analysis was performed using the R package GAPIT3 (Wang and Zhang, 2021) with few edits
to the pipeline.

Basically, the final imputed hapmap was filtered in separate files for DUS and VCU varieties, and
separate kinship and population structure analysis were performed for the two datasets. Separate
analyses were also performed regarding SNP pruning with the previously mentioned r? threshold
used for the whole genotypic datasets which included Innovar DUS panel, DP1, DP2 and GDP.

Both DUS and VCU hapmaps were analysed with 1000 permutation steps performed with FarmCPU
algorithm, in order to detect the best fitting logarithm of odds (LOD) threshold of significance for
the QTLs peaks. The permutation threshold was compared to the Bonferroni adjusted threshold,
obtained by dividing the significant p-value of 0.05 with the number of pruned markers at a r?
threshold of 0.8 and calculating the negative logarithm in base 10.

The GWAS analysis was performed with GAPIT3 using the following models: GLM, MLM, MLMM,
FarmCPU and Blink. The edited GAPIT3 pipeline was divided in two step analysis with different
population structure correcting methods: the first step included the kinship matrix derived from
TASSELS, the second included both the kinship matrix and the Q file derived from the population
structure analysis with ADMIXTURE, selecting the correct number of Ks based on the cross-validated
error rate, Delta cv error, minimum group size, maximum admixed lines in a group, and admixed
lines percentage were considered.

The first analysis included the following edited models: GLM (naive), MLM + K, MLMM + K, FarmCPU
and Blink.

The second analysis included the following models, where Q file from ADMIXTURE analysis were
used as covariates: GLM, MLM + Q+ K, MLMM + Q + K, FarmCPU + Q, Blink + Q.

As for both pipelines, the number of dimensions for PCA was set to 0 and model selection to false.
The final Manhattan plots and raw data were merged in unique file including all the models, for
each trait.
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The GWAS analysis were performed for the different BLUEs datasets: VCU core trials across different
environments and DUS trial.

4.2.10 QTLs gene interval exploration

The confidence interval for each QTL was calculated using the LD decay threshold at r? of 0.3.
Basically, the LD decay values in Mb was added in both directions from the most associated SNP
marker of each peak. The confidence interval for each peak was analyzed in Ensembl plant database
using the Biomart tool (Bolser et al., 2016), downloading the genes from Triticum turgidum cv Svevo
RefSeq v1.0 (Maccaferri et al., 2019b). The gene network was studied obtaining the orthologues on
Triticum aestivum cv Chinese Spring v1.0 genome, and the gene network was enquired using the
knetminer database (Hassani-Pak et al., 2021).

4.3 Results

4.3.1 SNP analysis and LD decay

Genomestudio v2.0 was used to call SNPs by the Polygentrain algorithm, giving good results in terms
of clustering and the number of SNPs filtered for suitable quality parameters. However, as described
in the material and methods section (chapter 4.2.7), it was decided to further filter the SNPs to the
correctly mapped on Triticum turgidum cv. Svevo genome before performing imputation. Beagle 5.4
was used for SNPs imputation, and a comparison between the common varieties between durum
Panel 1 and 2, Global durum panel (GDP), and Innovar durum wheat DUS dataset was performed,
removing SNPs that gave contrasting calls.

Polymorphic information content (PIC) was calculated for the imputed hapmap file (Figure 6), where
a major part of markers has a 0.5 allele frequency, meaning they represent informative molecular
markers.
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Polymorphic Information Content (PIC)

Frequencies

0.00, 0.01]
0.01,0.02]

Markers occurencies

Figure 6: PIC table showing the markers occurrences (y-axis) and the frequencies (x-axis)

LD decay was calculated for the panel at the three r?values as reported in Figure 7. For r2= 0.3 the
physical distance was 0.7 Mb, for r>=0.5 it was 0.3 Mb and for r2= 0.8 it was 0.07. Regarding the r?
= 0.3 threshold, the distance value was expected to be greater than 1 Mb as average LD decay
reported for modern germplasm collection was reported to be higher (Mazzucotelli et al., 2020).
However, the increase in recombination rate can be ascribed to the presence of some landraces
related to the modern germplasm in the GDP panel with higher recombination than the modern
elite varieties.
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LD decay plot
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Figure 7: LD decay plot of INN-GDP-DP2-DP2 collection. The vertical lines represent r2 = 0.3 (green), r2 = 0.5 (light blue) and r2 = 0.8
(blue). The r? values are reported on the y axis and the Mb units on the x-axis.

4.3.2 Ancestry analysis

Distance and kinship matrix was computed with TASSEL5, and dendrogram tree was performed with
Ward.D2 algorithm, results are plotted in Figure 8 a and b.
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Kinship matrix — DP1 DP2 GDP Innovar DUS panels
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WARD dendogram — DP1 DP2 GDP Innovar DUS
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Figure 8 a) and b): a) kinship matrix heatmap imputed, different colours are reported as columns annotations based on the origin of the accessions (Innovar ACZ). The kinship matrix was
computed using TASSEL5 starting from the distance matrix. b) WARD dendogram as reported in the kinship matrix.
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The kinship matrix pointed out the different origins of varieties (4 ACZ INNOVAR, durum panel 1,
durum panel 2, plate controls Svevo and Cappelli, and GDP) which can be recognized in specific
genetic similarities clusters. As highlighted in the annotation columns on the heatmap, the clusters
are composed of related varieties as the ACZ origins are merged among all the genotypes. In fact,
varieties were obtained from different breeding programs that used common founders/parents in
several cases. Therefore, the genetic distance among the 3 ACZ (Maritime South, Mediterranean,
and Pannonian) was not high for a major part of varieties. The highest genetic distances were
detected for GDP landraces or wild wheat parental lines included in the collection, which were very
different from modern elite durum varieties included in the Innovar durum panel. This was not
unexpected as the panel comprises modern accessions; even if adapted to different ACZ they could
share common founders and thus be related among them.

The ward clustering showed the genetic relationship among varieties, including common
origin/breeding programs reported in Table 5. Close clusters are represented by CYMMIT/ICARDA
related breeding lines and Southern Italian varieties, and other clusters contain Northern
Italy/central France varieties. In addition, Russian and Turkish landraces principally cluster in
separate groups being different from modern cultivars.

Admixture analysis was performed as reported in materials and methods (Chapter 4.2.8),
considering populations from K=2 to K=20. To choose the correct number of subpopulations to work
with, the different parameters taken into consideration are reported in Figure 9.

Cross validation error rate Delta cv error
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Figure 9: admixture parameters reporting cross validation error rate, delta cv error, minimum group size, maximum admixed lines in
a group and admixed lines percentage on total. The values for each one of the three r? thresholds (0.3, 0.5 and 0.8) are reported.

The Admixture parameters chosen were k=10 with the r? threshold equal to 0.5. These parameters
were considered the ones with the lowest error rates and with the more stable admixed lines and
groups to be represented (Figure 10).

40



Admixture plot at k10
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Figure 10: admixture plot at k10 and r? 0.5. Different clusters are ordered based on Q sub-populations. Varieties are ordered following the hapmap and the number of subpopulations, from 1 to 10.
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The herein reported admixture plot reports the different subpopulations ordered from Q=1 to Q=10
detected at k=10. Although, as clearly visible, the percentage of admixed lines is very high, this was
not totally unexpected as the germplasm object of study is composed of modern varieties closely
related and inbred coming from different breeding programs (Table 5). In particular, the most recent
varieties showed a high percentage of admixture reflecting the three-ways complex crosses
frequently carried out by breeders.

Table 5: different breeding programs associated to the panel accessions. These programs are clearly determined both in ward and
admixture clusters

Breeding programs Breeding companies
CentralFrance French-Benoist-GAE
CentralFrance_Northltaly SYNGENTA-PSB-APSOV-SIS
cimmyt60-earlylICARDATemperate(Cocorit71_Cham1l) CIMMYT-ICARDATemperate60-70
CIMMYT70(YavarosC79_Karim_Duilio_ICARDAtemperate) CIMMYT
CIMMYT70_related cimmyt-spanish_breeding
CIMMYT70_Svevo Italy-Spain
CIMMYTS80(Altar84) CIMMYT
CIMMYT80/90_related Spanish_Italian_programs
CIMMYT80_related SYNGENTA-PSB-APSOV-SIS
CIMMYT90_recent CIMMYT90
DesertDurum DesertDurum
French_breeding french_breeding
French_Program(Nefer) Nickerson_France/APSOV
ICARDA_temperate_recent ICARDA
ICARDA-Dryland(Haurani_Omrabi_Syrian_Gidara) ICARDA
LandracesRussian_varieties-Pannonian Russia_Hungarian
LandracesTurkishMediterranean LandracesTurkishMediterranean
NorthDakota-French NorthDakota_Program
Northernitaly SYNGENTA-PSB-APSOV-SIS
Southern_ltaly_breeding70(Valnova_Mexicali_Grazia) Italian_Breeding
Southernltaly group (Creso founders) Italian_Breeding
Southernltaly group (Valnova-Capeiti-Cappelli founders) Italian_Breeding
Southernltaly group (Valnova-Capeiti-Cappelli founders) Italian_Breeding
Turkey-CentralAsianLandraces-CentralFrance_Austrian_Canadian Admixed — complex  cross  and
landraces
various_program_highAdmixture Admixed complex_cross

The admixture cluster results were compared to the ward cluster reported by the kinship matrix,
using the same colours as in the admixture plot (Figure 11). The important note to point out is that
the ward dendrogram allows recognizing more specific breeding groups and better separates the
different relationships between varieties. Admixture software can detect different clusters as well,
but, probably, as the percentage of admixed lines in modern cultivars is very high, it does not mirror
perfectly what is shown by the ward dendrogram.
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Kinship matrix grouped with Admixture subpopulations
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Figure 11: kinship matrix, the column on the right reports the correspondence between the different groups detected by admixture. Each colour represents a breeding program (Table 4) with the

same colour palette reported in the admixture plot.
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The distance matrix computed with TASSEL5 was used to calculate the Neighbour joining tree
clustering among all the varieties in the panel (Figure 12). The tree shows how CYMMIT, ICARDA,
and Southern Italian varieties tend to cluster together. On the other hand, the northern Italian and
French varieties represent close clusters, and Russian and Turkish landraces are more separated in
different clades. However, a certain degree of admixture between different clades is still visible
given the modern origin of the major part of varieties.

Turkish_landraces
Southern_ltalian
Northern_ltaly /Central_France

CYMMIT80_related
Southern_talian
Northern_taly /Central_France

Turkey-CentralAsianLandraces -
CentralFrance_Austrian_Canadian
CentralFrance -Northitaly
NorthDakota-France

CYMMIT70/80/90_related
Admixed_lines

CYMMIT70/80/90recent_Svevo
ICARDA_temperate_recent

Cymmit70_related
o Various_programs_Admixed._lines

Cymmit70/80_related
Southern_ltaly

CYMMITE0
ICARDA
Southern Italy breeding 70

CYMMIT60/70/80 3\/

ICARDA
Admixed lines

CYMMIT60/70/80
ICARDA

Figure 12: Neighbor Joining Tree of the complete panel. The clades are highlighted based on the origin of the corresponding breeding
program
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4.3.3 Phenotypic analysis on VCU field trials

The VCU phenotypic traits were statistically analysed with R and Rstudio softwares and different
phenotypes were evaluated for distributions and significances between the treatments. Considering

all the performed VCU trials, correlation analysis between different phenotypic traits was
performed (Figure 13).

Correlogram of VCU traits
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Figure 13: correlation plots of the VCU phenotypic data. Only significant correlation values (p-value = 0.05) are reported. Diseases
were scored on different dates, distinguished by .1 and .2 at the end of the phenotypic trait name.

Based on the correlogram, only significant correlation values were reported based on p-value of
0.05 as statistically significant threshold. As expected, a positive correlation was detected between
yield and traits with a strong phenological connection, such as fresh plot yield, thousand kernel
weight (TGW), plant height and specific weight. Negative correlation was detected between yield
related traits and different diseases, as expected. Furthermore, yield was negative correlated with
ear emergence (heading date). This probably shows that the later the heading date is, the more
affected the plant is to different foliar pests and diseases, thus reducing the final yield production.
In general, VCU protocol includes the evaluation of different diseases across the different
environments. However, the disease pressure was not high enough to be statistically evaluated and
to compute GxE interaction across different environments. Therefore, data analysis and GWAS were
principally focused on yield related traits on VCU core and drought trials, as the disease percentage
did not significantly affect the final yield production (especially on VCU core trial). These results are

45



also connected with the different fungicide treatments that were performed on VCU core trial,
namely full and minimal treatment levels (Figure 14 a). Due to the low disease pressure, the total
yield quantity (kg/ha) was not strongly significantly different between full and minimal treatment in
VCU durum core trials.

The same results were consistent with the yield production divided for the different environments.
However, lower values were detected for UNITUS (Italy) environment as the field trial was subjected
to strong cold stress during the growing season. On the other hand, the average yield production
was not strongly different across the other environments (UNIDEB = Hungary, HORTA, UPM = Spain)
(Figure 14 b).

Similar results were obtained also for VCU drought trials, where fungicide treatments were
homogeneous in the field trial, but two different drought regimes were applied: irrigated and not
irrigated. As expected, the irrigated treatments had a higher total yield compared to the not
irrigated treatments (Figure 14 c).

The comparison between the VCU drought trial across different environments show similar results
to the VCU core trials, namely an average similar yield with the only exception of UNITUS as it was
subjected to cold stress during growing season (Figure 14 c and d).
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Figure 14: a) and b) yield boxplots on VCU core trials across different treatments and environments. The final yield was plotted between
the two fungicide treatments, full and minimal. The yield was calculated in kg/ha. c) and d) report yield boxplots of VCU drought trial
between irrigated and not-irrigated treatments and across different environments.
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The following phenotypic analysis was performed on VCU core trials; however, it was carried out
also in VCU drought trials but data are not shown due to the similar values detected between core
and drought trials.

VCU core trial data regarding heading date (measured as number of days from the sowing date),
fresh plot yield (kg/ha), plant height (cm), thousand grain weight (TGW) (g) and yield corrected for
the 15% of moisture content (kg/ha) were analysed obtaining descriptive statistic and heritability
values which ranges from 0.73 to 0.95 (Table 6).

Table 6: descriptive statistics of the VCU main traits studied in VCU core trial.

Heading date |Fresh_plot_yield | Plant_height | TGW | Yield_15

min 145.96 2.62 53.31|28.38| 2901.82
max 166.42 5.57 85.3149.56| 5847.06
range 20.46 2.94 32.00(21.18| 2945.25
median 154.08 4.36 74.20(39.92| 4696.52
mean 154.44 4.26 73.72|40.24| 4628.44
::f:f'ard 0.35 0.06 0.52| 0.36 49.55
variance 16.80 0.29 28.39|17.15 | 333889.62
Z:I'I‘::::‘ 4.10 0.54 533| 4.14| 577.83
Coefficient

“:Zriation 0.03 0.13 0.07| 0.10 0.12
(cv)

h? 0.95 0.79 0.91| 0.86 0.73

The phenotypic traits reported in Table 6 show the consistency of the measured data on the VCU
core trials, based on the low CV and on the high heritability values.

This stress the genetic component of the vyield related traits considered in respect to the
environmental influence.

The phenotypic distribution of the yield related traits, after BLUES extraction, didn’t correspond to
a normal distribution based on the high sensitivity of the shapiro test (data not shown). However, it
was anyway considered similar to a normal curve (Figure 15) considering the average curve shape.
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Figure 15: phenotypic distribution of the main phenotypic traits: heading date, plant height, TGW and total yield corrected for 15% of
moisture content. The distributions seem to reflect a normal curve

The ANOVA analysis showed the interaction of genotypes between treatments and environments
for VCU core trials, identifying significance of the E component (Environment) and the interaction
GxE between genotypes x treatments, but also between environments x treatments and replicates

x treatments (Table 7).
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Table 7: ANOVA tables referring to the VCU Core trials.Columns reports the trait, the considered variable, the sum of squares, the

degrees of freedom, the F values and the p-values. Significance values reported are: < 0.1=., <0.05 = ** and < 0.01 = ***,

Trait Variables Sum Sq Df F value p-value
Plant height Genotype 19612.4 106 9.7539 | 2.20E-16
Plant height Replicate 1089.5 28.7167 | 1.10E-12
Plant height Environment 30801.3 811.8864 | 2.20E-16
Plant height Treatment 323.9 17.0751 | 4.06E-05
Plant height Genotype x Environment 2798 24 6.1461 | 2.20E-16
Plant height | CnVironmentx 573.6 2| 15119 | 3.81E-07

Treatment
Plant height Replicate x Treatment 41.8 2 1.1029 0.3325
Plant height Residuals 12481.6 658
Heading date | Genotype 15010 135 | 44.4882 | 2.20E-16
Heading date | Replicate 13 2 2.5347 | 0.07996
Heading date | Environment 323002 3| 43079.34 | 2.20E-16
Heading date | Treatment 29 1| 11.7282 | 0.000649
Heading date | Genotype x Environment 2714 44 | 24.6777 | 2.20E-16
Heading date | E"Vironmentx 5 2| 0.929 | 0.395151
Treatment
Heading date | Replicate x Treatment 0 2 0.0992 | 0.90558
Heading date | Residuals 1879 752
TGW Genotype 16691.6 135 | 13.2397 | 2.20E-16
TGW Replicate 25 1.341 | 0.262108
TGW Environment 29526.4 1053.904 | 2.20E-16
TGW Treatment 129.7 13.8927 | 0.000206
TGW Genotype x Environment 1796.5 44 4.3721 | 2.20E-16
TGW 5:‘:;:‘:::1‘:“ X 99.3 3| 3.54310.014277
TGW Replicate x Treatment 26.1 2 1.3972 | 0.247826
TGW Residuals 8376.9 897
Yield.15 Genotype 3.23E+08 135 4.1091 | 2.20E-16
Yield.15 Replicate 24698273 21.1982 | 1.01E-09
Yield.15 Environment 3.08E+08 176.1856 | 2.20E-16
Yield.15 Treatment 4574145 7.8519 | 0.005185
Yield.15 Genotype x Environment | 85175293 44 3.3229 | 9.93E-12
Yield.15 Environment x 8265638 3| 47295 | 0.00279
Treatment
Yield.15 Replicate x Treatment 983390 2 0.844 | 0.430311
Yield.15 Residuals 5.28E+08 907
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In conclusion, the yield related traits show a normal distribution and high heritability values showing
consistency in data acquisition across different VCU core trials. The ANOVA analysis show the
significance of environmental variable in the phenotypic evaluation. The models were included with
the analysed variables in ANOVA tables (Table 7) and BLUES were extracted in order to be used as
phenotypic corrected data to perform GWAS analysis.

4.3.4 Phenotypic analysis on DUS field trial

The DUS trial was carried out in in collaboration with CREA-DC (Italy), monitoring and detecting
different morphological traits based on the EU DUS protocol. The correlation plot showed positive
correlation between flag leaf traits, heading date with plant height, ears and grain traits, ears and
awn colors and negative correlation of these two traits with glaucosity features (Figure 16).

Correlogram of DUS traits
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Figure 16: correlation plots of the DUS phenotypic traits. Only significant correlation values were included, (p-value threshold=0.05).

The DUS field trials took in considerations different morphological features. However, few main
characters were considered and will be treated in detail, such as: plant growth habit, heading date,
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ear and culm glaucosity, ear and awn colours. The descriptive statistics of the main DUS traits show,
as reported for the VCU, the consistency of the data based also on the high heritability of the trait,
that ranges between 0.63 and 0.99. These data report the high genetic component of these traits
inside the DUS in comparison to the environmental variables (Table 8).

Table 8: descriptive statistics and heritability values of the main DUS traits taken in consideration.

Plant Heading Culm . Ear Ear Awn
growth date glaucosity glaucosity | density | colour Ear colour
habit of neck
min 1.00 182.47 6.73 2.90 3.99 0.98 1.00
max 4.03 197.6 9.22 9.08 7.01 4.02 3.00
range 3.03 174.14 2.48 6.18 3.02 3.04 2.00
median 2.50 189.93 8.05 7.01 6.00 2.00 2.00
mean 2.51 190.38 8.11 6.86 5.68 1.96 1.73
St::ﬁrd 0.04 0.22 0.04 0.08 0.05 | 0.05 0.03
variance 0.36 11.05 0.32 1.40 0.57 0.71 0.28
j:i?:t?;: 0.60 3.32 0.56 1.18 0.76 | 0.84 0.53
cv 0.24 0.11 0.07 0.17 0.13 0.43 0.30
h? 0.66 0.96 0.63 0.85 0.98 0.99 0.99

The phenotypic distribution of the traits is not normal based on shapiro test (data not shown) due
to the high-test sensitivity. However, based on the curve shape, it may also be considered as a kind
of normal distribution for a major part of the morphological traits monitored in DUS trial (Figure
17). The only exceptions are represented by the ear coloration, whose distribution can be more
similar to a bimodal curve, hypothesizing a strong dominant QTL responsible for the regulation of
these traits.

As the DUS trial was composed only of one environment, phenotypic data in the DUS trial were
corrected for the replicates (environment) but also for spatial distribution of each variety in the

field expressed as position coordinates with rows and columns (Table S15).

51



Culm glaucosity of the neck

Awn colour
vy g
c c
[l [af}
3 >
o =
g z
LL 1
o
25 4 6.5 B 85
Awn colours blues Culm glaucosity of the ned blues
[score) (score)
Heading date Ear colour
ey
g g
a [af}
5 3
> =
@ bl
™ 1
182 190 197 T2 2 3
Headingdate blues Ear colour blues
(days after sowing) [score)
Ear density Plant growth habit
ey oy
c c
@ @
3 3
o o
U U
L. L.
1N L
3.5 45 15 o 25 45
Eard,ansb,'blua Plant growth habit blues
[score) Ear glaucosity {score)
ey
[
T .
3
o
o ;
L.
) ||
3 & 9
Earglaucosity blues
[score)

Figure 17: phenotypic distributions of the DUS main traits: heading date, plant growth habit, ear density, culm glaucosity of the

neck, ear glaucosity, awn and ear colour.
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4.3.5 VCU GWAS results

Once that the BLUES data for the VCU core and drought trial were obtained (using the merged
dataset for all the environments), GWAS was performed using GAPIT3 software. The analysis was
performed using different models (correcting for population structure with kinship matrix), namely:
GLM, MLM, MLMM, FarmCPU and BLINK. Starting from the original hapmap (already imputed)
filtered for the correctly mapped SNPs, which included also accession from GDP, DP1 and DP2, a
filtering step was performed to retain only varieties included in the VCU field trials, reaching a final
variety number of 166 varieties. The VCU hapmap was filtered for MAF (5%) and missing values
greater than 50% for SNPs and genotypes. The VCU hapmap was used to compute LD decay and
kinship matrix with TASSEL5, population structure analysis with ADMIXTURE. As regards the VCU
genotypic data, the computed LD decay at r? threshold of 0.3 was approximately 1.34 Mb (Figure
18).

LD decay plot VCU

r’ values

0 Mb 5 Mb 10 Mb
Figure 18: LD decay plot for the VCU genotypic dataset. Three r? thresholds were plotted: 0.8 (blue line), 0.5 (light blue line) and 0.3
(green line).

Furthermore, based on the genetic similarities detected in kinship matrix, the average genetic
similarity was calculated for each variety across all the VCU panel. This analysis was performed to
detect the most genetically distant varieties in comparison to the others included in the VCU trial.
As reported in Figure 19, the most similar varieties based on genetic distance are Amilcar, Avispa,
Farah, Iride (Avispa haplotype) and Dorondon which come from the CYMMIT-ICARDA breeding
program. On the other hand, the most distance varieties are Relief, Lupidur, RGT Voilur, and
Monastir which come from European breeding programs (Northern Italy and France) (Figure 19).
Taking in consideration the whole population, this result was expected as a major part of the durum
varieties used in VCU trial come from ICARDA-CYMMIT or southern Europe breeding programs
which lead to higher genetic similarities between these varieties. This result was also reflected by
admixture and kinship analysis where there was a high percentage of admixed varieties due to the
common origin of the major part of varieties and of most breeding programs.
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Figure 19: average genetic distance matrix based on kinship of VCU genotypic dataset. The average genetic distance was calculated for each variety and plotted in decrescent order. The x-axis reports
the genotypes included in the VCU dataset, the y-axis reports the average genetic distances calculated with identity by state method.
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Before computing the different GWAS models, adjusted Bonferroni threshold was calculated
performing 1000 permutations with FarmCPU model, which gave similar results than calculating the
threshold based on the total number of markers pruned at r? threshold equals to 0.8. The calculation
was performed dividing the significant p-value threshold (0.05) for the pruned number of SNP
markers. In average, the Bonferroni threshold ranged from 4 to 5 and it was used as a cutoff to
detect the significant associated markers for each trait. This means that, the considered peaks above
the threshold had an increased probability of 10%-10° to associated with phenotypic variance.

The GWAS analysis was divided in two steps. The first pipeline included all the already mentioned
model included the kinship matrix in the analysis, with the only exception of the GLM which is the
naive model. The second pipeline uses both the kinship matrix and also the population structure Q
file, which represents the value of membership for each variety in every population (from k = 2 to k
= 20). In order to calculate the correct number of k (subpopulations), to include in the GWAS,
different quality parameters were calculated to choose the number of k with the lowest error rates
(Figure 20). As regards the VCU panel, the number of subpopulations that were used for the GWAS
analysis was k = 6 at r2 = 0.5, as, in particular, it showed the lowest cross validation error rate.
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L 07' =
1 L] 1 L] 08 GJ 1 1 1 L] 08
5 10 15 20 a 5 10 15 20
K K
Minimum group size Maximum admixed lines in a group (%
Tag ag
= 20 - "-\ 60~
E ‘ 0.3 0.3
3 \ R 40- ﬁ\. e /\w
O 10- U-—e—-n._\/ - (05 20 - ‘/_‘ -— 05
O' ] 1 1 _YI 08 D- [} ] ] ] 08
5 10 15 20 5 10 15 20
K K
Admixed lines percentage on total
304 Tag
. 20- 7 ° 0.3
ES
10- - 05
0- ' | ; ' 0.8
5 10 15 20
K

Figure 20: admixture quality parameters calculated for the VCU genotyping dataset from k=2 to k=20. The parameters calculated
were the cross-validation error rate, the delta cv error, the minimum group size, the maximum admixed lines in a group and the
admixed lines percentage on total.

As already mentioned before, the VCU analysis both for core and drought trials was performed on
all traits (merging all the environments), with particular interest to yield related traits, which are
going to be herein shown, as they are key characters for the VCU protocols (Figure 21). Herein the
results on VCU core data across all environments are going to be reported using the pipeline with
population structure corrected for the kinship matrix. In fact, correction for kinship and k=6
(population structures), showed the same results as correcting just for kinship, with less QTLs and
the major QTLs which were the same in both analysis (background information, data not shown).
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Figure 21: Manhattan plots and QQplots of the GWAS results on yield related traits. The Blink module was shown for all the traits, the

threshold was calculated based on the Bonferroni adjusted value.
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The Manhattan and QQ plots reported in Figure 21, represent only the BLINK model, even if the the
GWAS was performed using GLM, MLM, MLMM, and FarmCPU (Figure S32, Figure S33, Figure S34
and Figure S35). The confidence intervals for each QTL were calculated including the LD decay value
(1.34 Mb) at both sides from the most associated SNP for each QTL.

Table 9 reports the associated markers for each trait detected with the BLINK model, mapped on
the Svevo RefSeq v1.0 (Maccaferri et al., 2019b) reference genome and the R2SNP effect in relation
to the phenotype and the effect of the minor allele on the major allele for each SNP.
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Table 9: most associated SNP based on GWAS results for each trait are reported. The main peaks considered from major QTLs are
underlines. For each trait the confidence interval (C. I.), the R? linear effect and the effect of the minor allele on the major allele based
on the GLM model are reported.

Trait SNP Chr Position -logP C;:::;I;D R2_GLM Effect_GLM
Yield15 IWB49077 | 12 | 431988767 | 6.98 % 0.11 -2.68
Yield15 IWB33975 | 14 | 624077880 | 6.81 % 0.11 2.38
Yield15 IWB9678 9 | 546814613 | 6.61 % 0.15 2.03
Yield15 IWA4842 | 11 (519603043 [ 4.96 55_’12%293‘33%133 0.01 1.56
Yield15 IWB32978 | 7 61253977 | 4.23 5692951933997777- 0.01 -1.96
Yield15 IWB27821 ( 1 3990174 4.11 2522211771 0.06 -1.82

Heading date | IWB70098 (| 3 37397799 | 10.92 % 0.28 4.47
Heading_date | IWB68084 [ 3 | 693970107 [ 9.19 29925?,’31%11%77 0.20 -10.09
Heading date | 1WB3087 1 8966911 6.77 173%:;:1 0.04 2.00
Heading_date | IWB71644 (| 3 | 771308796 | 5.85 7767929638877%66 0.18 3.58
Heading_date | IWB8179 | 11 | 103857267 | 5.18 11%2551;7722%77 0.05 -2.07
Heading_date | IWB73957 | 14 | 145663302 | 6.09 111‘;233:;%22 0.23 4.10
Heading_date | IWB22270 | 14 | 597479372 | 5.67 5!_’992;3199337722 0.03 -2.05

TGW IWB73436 | 9 | 279785716 | 7.57 % 0.12 1.37

TGW IWB73620 | 8 | 646423185 | 6.85 % 0.21 -1.82

TGW IWB48585 | 3 | 94956501 | 5.25 % 0.15 -2.12

TGW IWB47937 7 138502243 | 4.85 13379:;3‘22221?; 0.10 2.14

TGW IWB67595 | 5 | 167185921 | 4.21 112588!_;55992211 0.10 1.29

TGW IWB70791 | 8 4948776 4.03 ?;62(;2777766 0.00 -0.11

Plant_height | IWB8326 6 510435 | 6.3266 0-1850435 0.12 -3.96
Plant_height | IWB7321 | 2 | 82475452 | 5.9572 8813?[551?522' 0.07 12.95
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Starting from the most associated SNP of the 3 main QTLs detected for yield components in VCU
trial, the LD decay of 1.34 Mb was considered to detect the confidence interval under each QTL
(Figure 18). Considering the confidence interval length for each QTL, the genetic interval was
explored based on the Triticum turgidum cv Svevo RefSeq v1.0.

Table 10 reports the different candidate genes for each trait of interest. In general, the candidate
genes are involved in secondary metabolism pathways, signal transduction with protein kinases and
different transcription factor families. All the candidate genes for each QTL peak on each phenotypic
traits were reported in Supplementary material (from Table S16 to Table S19).

Table 10: candidate genes from main GWAS peaks for the different agronomic traits: yield (corrected for 15% of moisture content),
TGW, Plant height and heading date. The genes correspond to the most associated SNP marker from GWAS BLINK model. The gene
functions were obtained from Ensembl Plants database.

Trait Gene stable ID Chr Genestart | Gene end Gene description
(bp) (bp)
Vield 15 | TRITD6BV1G132420 | 6B | 431951070 | 431989122 | o °"g‘;‘r’§f;;:ase family
Yield_15 TRITD7Bv1G198990 | 7B | 624077247 | 624078047 Germin-like protein
Yield_15 TRITD5Av1G203790 | 5A | 546814761 | 546820749 F-box family protein
Bifunctional
TGW TRITD5Av1G097200 | 5A | 279485390 | 279490053 uridylyltransferase/uridylyl-
removing enzyme
TGW TRITD4Bv1G195230 | 4B | 646421171 | 646434994 Purple acid phosphatase
TGW TRITD2Av1G043500 | 2A | 94953246 94961150 Leucine--tRNA ligase
Plant height | TRITD3Bv1G000220 | 3B | 508869 511463 SRl
kinase ATM G
Plant height | TRITD1BviG030900 | 1B | 82473590 | 82475847 WRKY transcription factor
Heading date | TRITD2Av1G019570 | 2A | 37397770 37408859 MLO-like protein
Heading date | TRITD1AviG004090 | 1A | 8966607 8967707 Glutathione S-transferase

In general, interesting genes can be identified in some agronomic traits based on their molecular
function. For example, as regards yield, candidate genes are involved in metabolic pathways with
the F-box family protein (TRITD5Av1G203790) being a strong candidate involved in different types
of functions, among them there is the flowering time. Furthermore, other traits such as TGW and
plant height have candidate genes connected with secondary metabolism and cell functions. As
regards the heading date, it is worth mentioning that the QTL peak on chromosome 2A overlaps
with Ppd-2A locus (Maccaferri et al., 2008). The most associated gene is the MLO-like protein
(TRITD2Av1G019570), this gene family belongs to groups involved in stress response (Konishi et al.,
2010) but it also have an influence on flowering time and inflorescence development. Considering
the QTL confidence interval, in addition to the MLO-like protein, F-box transcription factors genes
are reported, more connected with heading date and flower development (Table S19). Another
interesting candidate is reported for plant height on chromosome 1B. The WRKY transcription factor
(TRITD1Bv1G030900) represent a wide gene family of very common proteins in wheat that have
very different functions and are involved in different metabolic pathways.

A more detailed analysis was performed for some of these candidate traits using Knetminer
database. Starting from the most associated genes on Triticum turgidum cv Svevo assembly,
Triticum aestivum cv Chinese Spring (CS) orthologues were obtained. The CS genes were used to
explore the protein functions and gene network in which they are involved using the Knetminer
database.
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Candidate genes for yield, plant height and heading date were explored using Knetminer to better
understand the gene network, used as main results to explore the gene network. As regards yield,
CS orthologues were identified with the only exception of TRITD5Av1G203790 (F-Box protein family)
whose orthologue on chromosome 5A was not detected on Triticum aestivum cv Chinese Spring
(CS), thus the 5B orthologue was used. The gene network highlights some principal traits in which
the candidate genes for yield are involved, such as flowering time, seed size and protein content
(Figure 22).
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Figure 22: Knetminer gene function network from the most associated genes for yield trait. Gene functions are connected with
flowering, protein content, days to maturity and seed size. The light green squares and pentagons represent the corresponding
phenotype and trait of interest, the light blue triangles represent the genes involved in the network, the red circles report the proteins,
the dark green stars represent the identified SNPs for the associated genes.

The main protein function, in which these genes are involved, corresponds to flowering time (CS
homoeologues on chromosome 5B, corresponding to CS orthologue on chromosome 5A of
TRITD5Av1G203790), protein content and grain size based on the gene networks (CS orthologue of
the candidate gene TRITD7Bv1G198990) which can be directly connected with yield.

As regards plant height, the gene network, corresponding to candidate genes on chromosome 1B
and 3B, shows specific molecular functions such as photomorphogenesis, pollen germination,
cellular differentiation and organization (Figure 23). The main protein categories correspond to
kinases and transcription factors, having molecular functions involved in plant development and
differentiation.
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Figure 23: Knetminer gene network for plant height candidate genes. The main functions seem to be photomorphogenesis, heat
tolerance, days to heading and cell development/differentiation. The light green squares and triangles represent the corresponding
phenotype and trait of interest, the light blue triangles represent the genes involved in the network. The dark green pentagons report
the biological process. The red circles report the proteins, the dark green stars represent the identified SNPs for the associated genes
and the orange square report the reference pubblications on the NCBI database.
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As regards heading date, gene functions of the MLO15 genes on chromosome 2A have a strong
connection with heading date and flowering time regulation. Moreover, the interval on
chromosome 2A is next to and partially overlaps to the Ppd-2A QTL region (Maccaferri et al., 2008)
(Figure 24). The Ppd locus is involved in controlling the flowering time and the photoperiod
sensitiveness. In particular, the Ppd-2A locus has three alleles, the wild type confers sensitivity to
the photoperiod and the other two alleles which are not sensible to it. The latter causes a very short
pre-floweing phase in comparison to the sensitive alleles and its copy on the B genome (Ppd-B1)
(Royo et al., 2016). It is worth pointing out that, beside the MLO gene seems to be involved also in
flowering development, these gene belongs to a gene family principally involved to stress response
(Konishi et al.,, 2010). In this QTL confidence interval, in addition to the MLO15, also F-box
transcription factors genes are reported, more connected with heading date and flower
development (Table S19).
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Figure 24: Knetminer gene network for heading date candidate genes. The main functions seem to be related to the inflorescence
development and flowering stage. The light green pentagons represent the corresponding trait of interest, the light blue triangles
represent the genes involved in the network. Brown arrows represent coexpression studies.
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4.3.6 DUS GWAS results

As regards the DUS trial, the original hapmap including Innovar panel, as well as the GDP, durum
panel 1 (DP1) and durum panel 2 (DP2), was filtered for the 232 DUS varieties sown in DUS trial
(excluding CPVO controls). The LD decay and population structure results were the same as the ones
already reported for the VCU trial (Figure 18). In fact, the different number of modern varieties
included in the DUS trial comprehended all the VCU panel, thus these similar results were expected.
The kinship matrix was computed with TASSEL5, and average genetic similarities were calculated
(Figure 25).

Again, the most similar varieties were Natal, Ermes, Guadalso and Opera, which share similar
breeding programs (CYMMIT, ICARDA, Southern Italian programs) and have a close genetic
relationship with Avispa and Iride, previously detected as most genetically similar varieties in VCU
panel. The more genetically distant varieties are RGT Voilur and Lupidur that, similar to the results
detected for the VCU panel, come from northern European breeding programs very different from
a major part of varieties included in DUS panel.
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Figure 25: average genetic distance matrix based on kinship of DUS genotypic dataset. The average genetic distance was calculated for each variety and plotted in decrescent order. The x-axis reports
the DUS genotypes and the y-axis report the value of genetic similarities calculated with identity by state.
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The GWAS analysis was performed like in the VCU panel, showing the results of Blink model
corrected for population structure using kinship matrix. Differently from the VCU panel, the DUS
trial is more focused on different morphological traits instead of yield, which aims at showing that
a certain variety is substantially different from any other accession and that can receive the plant
breeder’s right (PBR). Herein are reported the principal results of GWAS analysis on DUS, with the
main phenotypes that gave interesting QTL peaks. The GWAS Manhattan plots were performed on
all the traits, with significant results, above all, on the following agronomic characters: heading date
(calculated as number of days from the sowing date), plant growth habit, ear density (number of
spikelets), ear glaucosity, culm glaucosity, awn colour and ear colour (Figure 26). All the previously
reported GWAS models were tested, and results are reported in Supplementary materials from
Figure S36 to Figure S42.
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Figure 26: Manhattan plots and QQ plots from Blink for the main traits studied in DUS GWAS, such as heading date, growth habit,
ear density, culm and ear glaucosity, ear colour and awn colour.

Based on the GWAS plots, the summary of the QTL peaks shows the most associated peaks which
are reported for each trait (Table 11). As regards candidate gene analysis, the underlined peaks in
Table 11 were considered.
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Table 11: most associated SNP based on GWAS results for each trait are reported on DUS dataset. The main peaks considered from
major QTLs are underlined. For each trait the confidence interval (C. I.), the R? linear effect and the effect of the minor allele on the

major allele based on the GLM model are reported.

SNP Chr Position -logP C.1 (+/-LD decay) R2_GLM Effect_GLM Trait
IWB70422 | 4 | 56659272 | 12.6 55319272-57999272 0.28 1.94 H‘;La‘:;“g
IWB13248 | 14 | 22001813 | 7.85 20751813-23431813 0.05 -3.07 H%a‘::'g
IWB13689 | 13 | 230040105 | 7.37 | 228700105-231380105 0.10 2.14 H'Za—a‘::‘g
IWA2526 | 3 | 36293364 | 6.46 34953364-37633364 0.18 -1.88 H'Za—a‘::"g
IWB74226 | 8 4947809 6.25 3607809-6287809 0.23 1.82 HZZ"t'Lng

IwB2295 | 5 | 17213309 | 6.01 15873309-18553309 0.04 -0.91 HZZ"t'Lng
IWB31829 | 6 | 228908358 | 5.91 | 227568358-230248358 0.03 -1.59 HZZ"t'Lng
Plant
IWB36729 | 12 | 638496572 | 5.85 | 637156572-639836572 0.11 0.30 rowth
habit
IWB55999 | 13 | 49529009 6 48189009-50869009 0.08 26 Ear density
IWB4352 | 14 | 389033953 | 6.16 | 387693953-390373953 0.07 -1.65 Ear
- glaucosity
IWB3330 | 2 | 625628003 | 4.47 | 624288003-626968003 0.10 0.48 Ear
= glaucosity
IWA4928 | 11 | 538824385 4 537484385-540164385 0.10 0.46 Ear
= glaucosity
Culm
IWB51601 | 4 9533722 | 9.28 8193722-10873722 0.17 0.27 glaucosity
of the neck
Culm
IWB30537 | 9 | 465823635 | 5.47 | 464483635-467163635 0.07 0.29 glaucosity
of the neck
IWB525 | 1 1104522 | 8.93 0-2444522 0.13 -0.20 Ear colour
IWB59968 | 14 | 243588961 | 4.33 | 242248961-244928961 0.04 -0.24 Ear colour
IWB72726 | 1 1161799 15.2 0-2501799 0.37 -0.54 Awn colors
IWB52266 | 1 | 582448730 | 5.52 | 581108730-583788730 0.08 0.45 Awn colors
IWB23218 | 2 | 314321268 | 5.39 | 312981268-315661268 0.01 0.35 Awn colors
IWB46412 | 1 9220037 | 4.34 7880037-10560037 0.08 0.24 Awn colors
IWB71618 | 12 | 641564818 | 4.06 | 640224818-642904818 0.14 -0.37 Awn colors
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For all the studied traits, the main QTLs were considered to explore candidate genes within the
confidence interval (underlined peaks in Table 11). This interval was again calculated from the LD
decay of 1.34 Mb (Figure 18). The complete gene intervals for all the major QTLs were reported in
Supplementary materials from Table S20 to Table S25. The candidate genes are reported in

Table 12, obtaining the gene function from Ensembl Plants database. The genes correspond to the

closest genes to the most associated SNP markers from GWAS analysis.

Table 12: candidate genes for DUS traits analyzed with GWAS analysis using BLINK model. The candidate genes are reported for
heading date, plant growth habit, ear density, ear and culm glaucosity, ear and awn colour. Gene functions were retrieved from

Ensembl Plant database.

Traits Gene stable ID Chr Gene start Gene end Gene description
(bp) (bp)

Heading date | TRITD2Bv1G025540 | 2B | 56658223 56660088 | Sorine/threonine-
protein kinase ATM

Heading date | TRITD7Bv1G008490 | 7B | 22089866 22001774 | Late embryogenesis
abundant protein

Heading date TRITD7Bv1G008520 | 7B | 22093924 22094451 F-box-like protein
(RAP Annotation

Headingdate | TRITD7Av1G095190 |7A | 230038058 | 230039686 | "o case2) Galactose-
binding like domain
containing protein
Glycine-rich domain-

Heading date TRITD7Av1G095200 | 7A | 230040373 230047509 containing protein 2
G
Kinase interacting

Heading date TRITD2Av1G019050 | 2A | 36289642 36293816 (KIP1-like) family
protein

Plant growth TRITD6BV1G205280 | 6B | 637988454 | 637992747 | Autophasy-related

habit protein 18

Plant growth Tyrosine-protein

. TRITD6Bv1G205440 | 6B | 638501886 638502842

habit phosphatase CpsB
1-

Ear density TRITD7Av1G025250 | 7A | 49243760 49244887 LT B T
1-carboxylate
oxidase homolog 2
Auxin

Ear density TRITD7Av1G025340 | 7A | 49929392 49930359 repressed/dormancy
associated protein

Earglaucosity | TRITD7Bv1G123690 |78 | 389032006 | 389033086 | 2°° Mibosomal
protein S13

Ear glaucosity TRITD1Bv1G205170 | 1B | 625621594 625625190 F-box family protein

Ear glaucosity TRITD1Bv1G205230 | 1B | 625739966 625742854 Glycosyltransferase

Culm glaucosity | -0 hoBv1G004670 | 2B | 9533137 9535194 Cytochrome P450

of the neck

Ear colour TRITD1Av1G000450 | 1A | 1095301 1106930 Paired amphipathic
helix protein Sin3
Phospholipid-

Awn colour TRITD1Av1G000480 | 1A | 1156772 1162539 .
transporting ATPase
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The main genes for DUS related traits corresponded to metabolic pathways, transcription factors
and signal transduction proteins. To better survey the gene functions, as already performed for VCU
candidate genes, orthologues were obtained from CS genome and gene networks were enquired
using Knetminer just for some of the studied traits, such as: heading date, plant growth habit, ear
density, ear glaucosity and ear colour.

As regards heading date, candidate genes seem to be involved in inflorescence development,
photoperiod, and flowering date (Figure 27). Furthermore, the interval on chromosome 2A is the
same already detected in VCU panel very close to the Ppd-2A QTL, whose B copy (Ppd-2B) was
detected also in the DUS matching perfectly the QTL peak on chromosome 2B. However, the most
associated gene on the 2A chromosome was different from the one reported for VCU trials, although
the confidence interval is the same both for VCU and DUS panels heading date.

Gene network for heading date QTLs genes
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Figure 27: Knetminer gene network for heading date. Principal gene functions where genes are involved are flowering time,
inflorescence development. The light green squares represent the corresponding phenotype, the light blue triangles represent the
genes involved in the network. The red circles represent the proteins. The dark green pentagons correspond to molecular processes
and brown arrows represent coexpression studies.

The gene network for plant growth habit trait was explored, the orthologue on CS of
TRITD6Bv1G205280 had connections with two transcription factors (Figure 28). The LBD20 gene
relates to lateral roots development, and it belongs to transcription factor gene family involved in
jasmonate pathway. The WRKY28 genes belongs to a transcription factor family with several
different functions in wheat. These genes in Arabidopsis thaliana seem to be involved in salicylic
acid pathway, regulating plant development to abiotic stress acting also on roots as expression
tissue.
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Gene network for plant growth habit QTLs genes

LBD20 lateral root number

4
L4
L4
r
I

TRAESCS6B02G386900 WRKY28

1
drought tolfrance

Db

Figure 28: Knetminer gene network of candidate genes for plant growth habit. The candidate genes seem to be involved in root traits
and drought tolerance. The light green pentagons represent the corresponding trait of interest, the light blue triangles represent the
genes involved in the network.

Also, the genes associated with ear density seem to be involved in inflorescence architecture, spike
development at different growing stages (Figure 29). Also in this case, no orthologues were found

on chromosome 7A in CS for both genes, only the gene on chromosome 7D on CS for
TRITD7Av1G025340.

Gene network for ear density QTLs genes
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Figure 29: knetminer genes functions for ear density traits. All the genes are involved in inflorescent development pathways as general
functions. The light green squares represent the corresponding phenotype, the light blue triangles represent the genes involved in the
network. Brown arrows represent coexpression studies.
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As regards other spike traits, the functions of genes associated to ear glaucosity are strongly linked
to ear inflorescence. The functions of these genes are like the ones already detected for other traits
linked with spike inflorescence. General functions are ascribed to development and structure of ear
floret. On the other hand, RPS13A (TRITD7Bv1G123690) seemed to be involved, in Arabidopsis
thaliana, on leaf morphogenesis and trichome development (Figure 30).

Gene network for ear glaucosity QTLs genes
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Figure 30: knetminer gene functions for most associated genes on ear glaucosity trait. In general, the functions are involved in ear
inflorescence and development at different growth stages. The RPS13A gene is involved in thricome development. The light green
pentagons represent the corresponding traits of interest, the light blue triangles represent the genes involved in the network. Brown
arrows represent coexpression studies and the red circles report the associated proteins.
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The last spike trait regards ear colour which share the same peak on chromosome 1A. The CS
orthologue is gene SNL5 (TRITD1Av1G000450) which is linked to HD1 gene involved in flowering
development in rice and other species, and gene SNL5 interacts with ERF gene repressing genes in
abscisic acid and drought stress response. The generic functions correspond to ear floret and
inflorescence development. The SNL5 gene, in Arabidopsis thaliana, is involved in regulation of
transcriptional activity and it is expressed in inflorescence, stem, leaves (Figure 31).

Gene network for ear colour QTLs genes
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Figure 31: knetminer function of candidate genes associated with ear colour. Genes SNL3, SNL5 and HD1 are involved in ear
development, transcription factors and infloresence architecture. The red circles represent protein. The light red pentagons represent
traits of interest in which the gene network is involved and the orange squares the publications associated with the phenotypic traits
based on the NCBI database.
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4.4 Discussion

The VCU and DUS Innovar durum trials were carried out in different environments and phenotypes
with EU CPVO protocols during the growing season. The VCU trials were more connected with yield
related traits, as the disease pressure during the growing season was not relevant enough to proper
analyse the data. On the other hand, the DUS trials are more connected with morphological traits
related to plant development, colour and glaucosity of ears, culms and flag leaves, and shape of
leaves or ear components. The DUS and VCU trials reflect the process of variety registration
nowadays used in EU CPVO to register a genotype as new variety in the national and European
catalogues. A variety can be then commercialized in the European market.

The aim of these protocols is to register newly bred varieties demonstrating the distinctiveness,
uniformity and stability (DUS) together with the value of cultivation and use (VCU) to demonstrate
that newly bred varieties are different from the already registered ones.

The principal aim of the PhD thesis on Innovar project is to augment the necessary information for
VCU and DUS protocols with molecular data from SNPs markers, QTLs or candidate genes
responsible for phenotypic variation of yield and morphological traits studied in the VCU and DUS
trials.

Some of the QTLs identified in VCU and DUS analysis, corresponds to other cloned QTLs responsible
for similar traits, considering the major identified QTLs.

As regards VCU dataset, the yield_15 major QTL interval on chromosome 6B was explored
considering the population LD decay to identify the confidence interval from the most associated
SNP IWB49077, from 430,648,767 bp to 433,328,767 bp (2.68 Mb).

The 6B interval corresponds to other QTLs detected, such as a grain protein contend (GPC) QTLs
different chromosomes which are related to high values of GPC in durum wheat Canadian lines
(maximum values detected in Strongfield variety) (Suprayogi et al., 2009). Furthermore, Graziani et
al. (Graziani et al., 2014) detected different QTLs connected with yield related traits on the RIL
population Kofa x Svevo, identifying a QTL on chr6B related to test weight in durum wheat. Other
minor QTLs on the chr6B region were identified for kernel weight (Roncallo et al., 2017).

As for heading date, the QTL on chromosome 2A was considered, with the most associated marker
IWB70098 and the confidence interval between 36,057,799 bp and 38,737,799 bp. Different QTLs
were detected for other traits correlated with heading date, such as number of kernels/m?(Graziani
et al., 2014; Roncallo et al., 2017) and for plant height and grain yield (Milner et al., 2016). However,
the most associated peak identified on the VCU panel for heading date does not perfectly overlaps
with the known Ppd-2A locus (Maccaferri et al., 2008) and it is very close to it, but based on the
gene network analysis it seems anyway involved in flowering time regulation.

TGW confidence interval was analysed from the major QTL on chromosome 5A, 278,445,716 bp and
281,125,716 bp. Related QTLs were detected on spike harvest index (Peleg et al., 2009; Tzarfati et
al., 2014), spike fertility for the number of grains per spike and spikelet (Giunta et al., 2018) and
other QTL for heading date (Maccaferri et al., 2011c).

For plant height, the most associated SNP was IWB8326 in the proximal part of chromosome 5B
with a confidence interval from the start to 1,850,435. Only one QTL was detected in these traits
from literature, involved in grain yield and TGW in durum wheat (Roncallo et al., 2018).

As regards the DUS, 7 morphological traits were taken into consideration and the main QTLs were
considered for the candidate gene evaluation. As for heading date, the main QTL was on
chromosome 2B with the most associated peak IWB70422 between 55,319,272 bp and 57,999,272
bp. Different QTLs were identified for spike grains and architecture (Milner et al., 2016; Patil et al.,
2013; Roncallo et al., 2017), grain protein content (Marcotuli et al., 2017) and Ppd-2B involved in
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photoperiod regulation (Maccaferri et al., 2008). Others are associated with flowering time and
development, such as days to anthesis (Giunta et al., 2018). The Ppd locus is associated with
photoperiod sensitiveness, thus with flowering time. The homoeologous gene on the A genome has
two alleles associated with short flowering period, on the other hand the B gene is, instead,
associated with sensibility to photoperiod and flowering time (Royo et al., 2016). The GWAS analysis
on VCU heading date trait resulted in the identification of a QTL peak very close to the Ppd-2A, on
the other hand the GWAS on DUS dataset showed a major QTL on the B copy (Ppd-2B) and a
secondary QTL on chromosome 2A on the same region already identified in the VCU core trial, in
addition to other QTLs. This discrepancy between GWAS on DUS and VCU results on heading date
may be caused by the different genotypes included in the two datasets. In fact, the VCU panel is
composed of durum wheat varieties mainly adapted to a Mediterranean environment. As a
consequence, the major QTL close to the Ppd-2A was detected in the VCU panel, associated also
with alleles unsensitive to photoperiod and with early flowering time. On the other hand, the Ppd-
2B copy is sensitive to the photoperiod, the DUS panel is composed of different genotypes adapted
to single environments, coming also from northern European breeding programs (Figure 11), which
are characterized by late flowering time.

As regards plant growth habit analysed in DUS trials, the major QTL was on chromosome 6B with
the most associated marker IWB36729 and a confidence interval between 63,7156,572 bp and
639,836,572 bp. Based on literature research, interesting QTLs peaks are connected with final yield
and probably are closely related to the elevation angle and growth habit of the accessions. Mengistu
et al. (Mengistu et al., 2016) showed that this region is also connected with QTL associated with
number of spikes per plant. This is directly associated also with the number of tillers per plant,
identified in a specific QTL by Giunta et al. (Giunta et al., 2018).

The last character associated with yield in DUS GWAS was the ear density, identified as the number
of spikelets per spike. The major QTL is on chromosome 7A, with the most associated SNP IWB55999
and a confidence interval between 48,189,009 bp and 50,869,009 bp. As detected also for other
traits, the region is the same of QTLs associated with yield component and grain protein content
(Blanco et al., 2012).

As regards glaucosity, DUS traits monitor both ear and culm plant tissues. The ear glaucosity has a
major QTL on chromosome 2B, with marker IWB4352 as the most associated identifying a region
between 387,693,953 bp and 389,033,953 bp. The QTL associated with ear galucosity was confirmed
also by the detection of a QTL involved in glabrousness in that region (Distefield et al., n.d.).

Ear and awn colour share the same peak proximal region of chromosome 1A, with a very strong -
logP value. The ear colour on 1A is associated with the most associated SNP IWB525 with the
confidence interval that goes from the chromosome start to 2,444,522 bp. In the same region Patil
et al. (2008) published a QTL responsible for yellow pigment content, together with other QTLs on
chromosomes 3B, 5B, 7A and 7B related to the same trait. As regards the awn colour, as the region
is the same the same QTLs from literature were identified, although the most associated SNP is
IWB72726.

The GWAS analysis on VCU and DUS durum datasets resulted in several interesting peaks for all the
traits. The reported work focuses on vyield related traits for VCU dataset, and on the main
morphological traits results for the DUS dataset. However, different QTLs were detected for all the
traits phenotypes in the protocols (not all reported in the work). As for the yield related traits, the
candidate genes seem to be involved with grain protein content, inflorescence architecture and
development, flowering time, kernel numbers and weight. Some of these functions are also
conserved in the DUS trait candidate genes, but the morphology and ear colour associated genes
seem to be mainly involved in general secondary metabolism pathways. The consistency of the
peaks is also confirmed by different QTLs detected in literature for the same traits.
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The procedure followed in the Innovar project gives a complete overview of differences and
characteristics of durum wheat commercial varieties, both from a phenotypic and a genotypic point
of view. The genotyping and population structure approaches allowed to identify genetic similarities
and ancestry relationships between genotypes, identifying subpopulations and genotypic groups
corresponding to specific breeding programs and origins. The VCU and DUS phenotyping data were
analyzed for multi-enviromental trials, this approach allows to detect GxE relationship for each
variety to the different agro-climatic zones (ACZ), correcting phenotypic data for the field trials
conditions. Different phenotypic data from VCU and DUS analysis were used for the GWAS analysis
using different statistical models, this approach allowed to identify the main QTLs for each trait
confirmed across the different models assuring high confidence for gene interval exploration.

The genotyping work performed on varieties included in the DUS panel allows to compare different
commercial varieties based on genetic distances. This comparison may allow to identify the rate of
genetic and morphological similarity (due to common breeding origins and ancestors) of varieties
under registration procedure in comparison to already commercialized varieties, thus identifying
similarity thresholds to use as cutoff for new varieties during the registration process. Moreover,
the DUS protocols are only based on morphological characters, the identification of molecular
markers associated to these characters can augment the precision and information useful to better
discriminate varieties in the registration procedures. The use of molecular markers associated with
important phenotypic traits is particularly useful also in a VCU perspective, as the protocols deals
mainly with yield related phenotypic traits and disease resistance. The identification of molecular
markers, or haplotypes, associated to resistance to pathogens or increase yield productions may
play an important role in the identification of better performing varieties useful for a more
sustainable agriculture in a climate change perspective. In particular, markers associated main QTLs
for each trait can be converted in KASP markers, being then used for genetic improvement and
genotype selection during variety registration procedure as well as for research purposes.

This result facilitates breeder’s work for variety selection and MAS, as well as it could represent an
implementation of the DUS and VCU protocols facilitating the variety registration steps. These
protocols could be no more based only on morphological traits, but a genetic connection will be
established with the major impact QTL. The results of Innovar projects should be disseminated at
EU and CPVO levels, which is starting to consider molecular markers as important resources for
variety registration protocols (Yu and Chung, 2021).
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4.5 Supplementary material

Table S13: List of durum wheat varieties sown in VCU trials. The specific research centre or institution of is reported for each variety,
specifying the field trial location where the VCU trial occurred.

Name Type

Antalis Control

Claudio Control

Don Ricardo Control

Iride Control

Monastir Control

Simeto ACZ Maritime South
Marco Aurelio ACZ Maritime South
Saragolla ACZ Maritime South
Svevo ACZ Maritime South
Odisseo ACZ Maritime South
Amilcar ACZ Mediterranean
Don Norman ACZ Mediterranean
Don Ortega ACZ Mediterranean
Euroduro ACZ Mediterranean
Sculptur ACZ Mediterranean
Gk Betadur ACZ Panonian

Gk Julidur ACZ Panonian

Gk Selyemdur ACZ Panonian

Mv Pelsodur

ACZ Panonian

Mv Pennedur

ACZ Panonian

Aneto

Site Specific-CSIC

Calcas Site Specific-CSIC

Calero Site Specific-CSIC

Carpio Site Specific-CSIC

Duroi Site Specific-CSIC

Emilio Lepido Site Specific-CSIC

Ottaviano Site Specific-CSIC

Prospero Site Specific-CSIC

Qualidou Site Specific-CSIC

Solea Site Specific-CSIC

Taranto Site Specific-CSIC

Trimulato Site Specific-CSIC

Ovidio Site Specific-CSIC & HORTA & SIDI & Marchouch

Fuego Site Specific-CSIC & UNIDEB

Teodorico Site Specific-CSIC & UPM

Daurur Site Specific-CSIC & UPM &UNITUS & HORTA & UNIDEB &SIDI &Marchouch
Ramirez Site Specific-CSIC & UPM &UNITUS & HORTA & UNIDEB &SIDI &Marchouch
Achille Site Specific-HORTA

Ariosto Site Specific-HORTA

Brigante Site Specific-HORTA

Ciccio Site Specific-HORTA
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Diogene Site Specific-HORTA

Don Matteo Site Specific-HORTA

Duilio Site Specific-HORTA

Kanakis Site Specific-HORTA

Linea 1 Site Specific-HORTA

Linea 2 Site Specific-HORTA

Maesta Site Specific-HORTA

Martinur Site Specific-HORTA

Minosse Site Specific-HORTA

Nadif Site Specific-HORTA

Natal Site Specific-HORTA

Nonno Mariano | Site Specific-HORTA

Normanno Site Specific-HORTA

Pigreco Site Specific-HORTA

PR22D89 Site Specific-HORTA

RGT Aventadur | Site Specific-cHORTA

RGT Voltadur Site Specific-HORTA

San Carlo Site Specific-HORTA

Telemaco Site Specific-HORTA

Anco Marzio Site Specific-HORTA & SIDI & Marchouch
Aureo Site Specific-HORTA & SIDI & Marchouch
RGT Leondur Site Specific-HORTA & SIDI & Marchouch
Sfinge Site Specific-HORTA & SIDI & Marchouch
Zetae Site Specific-HORTA & SIDI & Marchouch
Amjad Site Specific-SIDI & Marchouch

Beltorax Site Specific-SIDI & Marchouch

Cham1l Site Specific-SIDI & Marchouch

Cham3 Site Specific-SIDI & Marchouch

Cham5 Site Specific-SIDI & Marchouch

Cham?7 Site Specific-SIDI & Marchouch

Cham9 Site Specific-SIDI & Marchouch

Core Site Specific-SIDI & Marchouch

Egeo Site Specific-SIDI & Marchouch

Faraj Site Specific-SIDI & Marchouch

Gibraltar Site Specific-SIDI & Marchouch

Irden Site Specific-SIDI & Marchouch

Karim Site Specific-SIDI & Marchouch
Margherita Site Specific-SIDI & Marchouch
Marouane Site Specific-SIDI & Marchouch

Nassira Site Specific-SIDI & Marchouch

SY Nilo Site Specific-SIDI & Marchouch

Tarek Site Specific-SIDI & Marchouch

Zagharin Site Specific-SIDI & Marchouch

Atoudur Site Specific-UNIDEB

Augusto Site Specific-UNIDEB

Auradur Site Specific-UNIDEB

Babylone Site Specific-UNIDEB
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Casteldoux

Site Specific-UNIDEB

Diadur Site Specific-UNIDEB

Duramonte Site Specific-UNIDEB

Durofinus Site Specific-UNIDEB

Duroflavus Site Specific-UNIDEB

Duromax Site Specific-UNIDEB

Elsadur Site Specific-UNIDEB

Karur Site Specific-UNIDEB

Lupidur Site Specific-UNIDEB

Mario Site Specific-UNIDEB

Monbecur Site Specific-UNIDEB

Nobilis Site Specific-UNIDEB

Panoramix Site Specific-UNIDEB

Rangodur Site Specific-UNIDEB

RD16214 Site Specific-UNIDEB

RD17236 Site Specific-UNIDEB

Rgt Voilur Site Specific-UNIDEB

Troubadur Site Specific-UNIDEB

Anubis Site Specific-UNIDEB & SIDI & Marchouch
Alfiere Site Specific-UNITUS

Bering Site Specific-UNITUS

Caboto Site Specific-UNITUS

Cartesio Site Specific-UNITUS

Casanova Site Specific-UNITUS

Colombo Site Specific-UNITUS

Dylan Site Specific-UNITUS

Federico Il Site Specific-UNITUS

Furio Camillo Site Specific-UNITUS

Gregorio Site Specific-UNITUS

Heraklion Site Specific-UNITUS

Idefix Site Specific-UNITUS

Latinur Site Specific-UNITUS

Lloyd Site Specific-UNITUS

Mameli Site Specific-UNITUS

Nazareno Site Specific-UNITUS

Orobel Site Specific-UNITUS

Platone Site Specific-UNITUS

Quadrato Site Specific-UNITUS

SY Leonardo Site Specific-UNITUS

Tiziana Site Specific-UNITUS

Montale Site Specific-UNITUS & HORTA
Redidenari Site Specific-UNITUS & HORTA & SIDI & Marchouch
Levante Site Specific-UNITUS & HORTA & UNIDEB
Secolo Site Specific-UNITUS & HORTA & UNIDEB & SIDI & Marchouch
Cesare Site Specific-UNITUS & SIDI & Marchouch
Ermes Site Specific-UNITUS & SIDI & Marchouch
Marakas Site Specific-UNITUS & SIDI & Marchouch
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Anvergur Site Specific-UNITUS & UNIDEB
Miradoux Site Specific-UNITUS & UNIDEB
Obelix Site Specific-UNITUS & UNIDEB

Relief Site Specific-UNITUS & UNIDEB
Avispa Site Specific-UPM

Bolo Site Specific-UPM

Boniduro Site Specific-UPM

Catasta Site Specific-UPM

Don José Site Specific-UPM

Don Valentin Site Specific-UPM

Dorondon Site Specific-UPM

Eunoble Site Specific-UPM

Grador Site Specific-UPM

Iberus Site Specific-UPM

Incanto Site Specific-UPM

Kenobi Site Specific-UPM

Kiko Nick Site Specific-UPM

LG Confianza Site Specific-UPM

Olivadur Site Specific-UPM

RGT Partitur Site Specific-UPM

RGT Rumbadur | Site Specific-UPM

SY Atlante Site Specific-UPM

Tussur Site Specific-UPM

GS Armando Site Specific-UPM & HORTA

m::lsé':': Site Specific-UPM & HORTA

Tito Flavio Site Specific-UPM & HORTA

Farah Site Specific-UPM & HORTA & SIDI & Marchouch
Reale Site Specific-UPM & SIDI & Marchouch
Burgos Site Specific-UPM & UNIDEB

Giulio Site Specific-UPM & UNIDEB & SIDI & Marchouch
Tirex Site Specific-UPM & UNITUS & HORTA
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Table S14: List of durum wheat varieties sown in DUS trials. 253 varieties in total, including Unibo varieties from the durum panel 1
(Maccaferri et al., 2015).

Plot Variety Name
1 Cham-1
2 Aramon
3 Cham-9
4 Acadur
5 Kenobi
6 Cesare
7 SY_Esperto
8 Don_Norman
9 Colombo
10 Dario
11 Ottaviano
12 Provenzal
13 Altar_84
14 Core
15 Yavaros
16 Platone
17 Amira
18 Diogene
19 Kiko_Nick
20 Margherita
21 Duramonte
22 Calero
23 Incanto
24 Carioca
25 Auradur
26 San Carlo
27 Riyad
28 Fuego
29 Dylan
30 Verace
31 SY Leonardo
32 Pigreco
33 Amilcar
34 Credit
35 Tomouh
36 Emilio_Lepido
37 Bacardi
38 Caboto
39 Iride
40 Furio_Camillo
41 Avispa
42 Isildur
43 Saragolla
44 SY_Lido
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45 Cordour
46 Oliver
47 Nonno_Mariano
48 Farah
49 CONTROL
50 Yasmin
51 Marakas
52 Anouar
53 Cartesio
54 Sorrento
55 Ermes
56 Creso
57 Durofinus
58 Nobilis
59 Pescadou
60 CONTROL
61 MV_Pennedur
62 Quadrato
63 Augusto
64 Meridiano
65 Tiziana
66 Prospero
67 Valforte
68 GK_Selyemdur
69 SY_Cisco
70 CONTROL
71 Secolo
72 Ramirez
73 Grazia
74 Ariosto
75 Tito Flavio
76 Linea 1
77 Plaza
78 Redidenari
79 Latino
80 Marouane
81 Eunoble
82 RGT Rangodur
83 LG Anubis
84 Minosse
85 SY Atlante
86 RGT Natur
87 Boniduro
88 Nadif
89 Lupidur
90 Panoramix
91 Brigante
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92

Don Valentin

93 RGT Olivadur
94 Troubadur
95 Duilio

96 Reale

97 Don Ortega
98 Beltorax
99 Mameli
100 Nazareno
101 Sfinge
102 Qualidou
103 Babylone
104 Miradoux
105 Natal
106 Giulio
107 Orizzonte
108 Anvergur
109 Cham-3
110 GK Betadur
111 Massimo Meridio
112 Bering
113 Kanakis
114 Irden
115 Simeto
116 Calcas
117 Tussur
118 Trimulato
119 CONTROL
120 Haby
121 Anco Marzio
122 Durango
123 Federico Il
124 GK Julidur
125 Ovidio
126 Duroflavus
127 Varano
128 Cincinnato
129 Zetae
130 Duromax
131 Achille
132 RGT Leondur
133 RD17236
134 Tarek
135 Levante
136 Don Pedro
137 Marco Aurelio
138 Iberus
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139 Bolo
140 Arcangelo
141 Obelix
142 Cuspide
143 Opera
144 Casteldoux
145 Elsadur
146 Catasta
147 RGT Partitur
148 Diadur
149 Orobel
150 Liberdur
151 Carpio
152 Maesta
153 Casanova
154 Ginseng
155 Faraj
156 Solstizio
157 Solea
158 RGT Monbecur
159 RGT Voltadur
160 Ciccio
161 Asterix
162 Odisseo
163 Euroduro
164 Athoris
165 Dorondon
166 Brancaleone
167 Adone
168 SY Alfiere
169 Russello
170 SY Nilo
171 Diamante
172 Ourgh
173 Latinur
174 Kronos
175 Neruda
176 Don Ricardo
177 Aureo
178 Mimmo
179 Cham-5
180 Gallareta
181 Mario
182 Massara
183 Antalis
184 Matusalem
185 Don Matteo
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186 MV Pelsodur
187 Edmore
188 RGT Rumbadur
189 Telemaco
190 Heraklion
191 Sculptur
192 Normanno
193 Jabato
194 Zagharin
195 Messapia
196 Waha
197 Marzak
198 LG Confianza
199 Primadur
200 Produra
201 CONTROL
202 Tirex
203 Egeo
204 Karur
205 CONTROL
206 Semperdur
207 Alemanno
208 Gibraltar
209 CONTROL
210 RGT_Aventadur
211 Neodur
212 Taranto
213 Teodorico
214 Khiaer
215 RGT_Voilur
216 Gregorio
217 RD16214
218 Karim
219 Lloyd
220 Monastir
221 Claudio
222 Murano
223 Svevo
224 Daurur
225 PR22D89
226 Cham-7
227 RGT Beticur
228 Don José
229 Pedroso
230 Magellano
231 Yazi_10
232 Relief
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233 Nassira
234 Grador
235 Burgos
236 Reglise
237 Atoudur
238 Aneto
239 Duroi
240 Amjad
241 Martinur
242 CONTROL
243 Baronio
244 CONTROL
245 Montale
246 Mohawk
247 Amina
248 Idefix
249 Linea 2
250 Colosseo
251 Guadalso
252 GS_Armando
253 Dupri
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Table S15:: Anova tables for DUS traits, reporting the significance of the phenotypic data in relation to replicates and position of
each variety in the field (rows and columns).

Trait Vraiables SumSq Df Fvalue Pr(>F)

Plant growth habit Genotype 158.43 232 3.01 | 1.24E-14 | ***
Plant growth habit Replicate 0.09 1 0.41 0.52

Plant growth habit row 5.61 21 1.18 0.27

Plant growth habit column 6.05 22 1.21 0.24

Plant growth habit Residuals 42.84 189

Heading date Genotype 4601.7 231 29.49 | 2.20E-16 ***
Heading date Replicate 1.3 1 1.99 0.16
Heading date row 53.9 21 3.8 | 3.99E-07 ***
Heading date column 24 22 1.61 0.047 *
Heading date Residuals 126.3 187

Culm_glaucosity_of_neck | Genotype 125.1 228 | 2.8724 | 5.83E-13 [ ***
Culm_glaucosity_of_neck | Replicate 0.448 1| 2.3474 0.1273
Culm_glaucosity_of_neck | row 4.124 21 1.028 0.4324
Culm_glaucosity_of_neck | column 17.256 22 4.106 | 5.27E-08 | ***
Culm_glaucosity_of_neck | Residuals 33.62 176

Ear glaucosity Genotype 595.8 235 6.92 | 2.20E-16 | ***
Ear glaucosity Replicate 0.29 1 0.78 0.38

Ear glaucosity row 5.81 21 0.76 0.77

Ear glaucosity column 24.45 22 3.03 | 0.000021 | ***
Ear glaucosity Residuals 69.97 191

Awn color Genotype 309.02 236 | 127.98 | <2e-16 *Ex
Awn color Replicate 0.002 1 0.17 0.68

Awn color row 0.24 21 1.1 0.35

Awn color column 0.23 22 1.02 0.45

Awn color Residuals 1.98 193

Ear colour Genotype 118.47 236 | 117.29 | <2e-16 *Ex
Ear colour Replicate 0 1 0 0.99

Ear colour row 0.09 21 0.94 0.54

Ear colour column 0.08 22 0.8 0.73

Ear colour Residuals 0.83 193

Ear_density Genotype 249.96 235 45.2 | <2e-16 ok
Ear_density Replicate 0.02 1 0.88 0.35
Ear_density row 0.33 21 0.67 0.86
Ear_density column 0.67 22 1.3 0.18
Ear_density Residuals 4.52 192
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Figure S32: Total GWAS on Yield15 trait for VCU durum panel. All the tested GAPIT models by GWAS + K are reported, namely (from
the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK
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Figure S33: Total GWAS on TGW trait for VCU durum panel. All the tested GAPIT models by GWAS + K are reported, namely (from
the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK
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Figure S34: Total GWAS on plant height trait for VCU durum panel. All the tested GAPIT models by GWAS + K are reported,
namely (from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK
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Figure S35: Total GWAS on heading date trait for VCU durum panel. All the tested GAPIT models by GWAS + K are reported,
namely (from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK
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Table S16: Genes included in the confidence interval of QTLs on chromosomes 6B, 7B, 5A and 2A for Yield_15 detected with Blink
model. The genes associated with the peaks are highlighted.

Gene start Gene end
Gene stable ID Gene description
(bp) (bp) P
TRITD6Bv1G132180 430836471 430840128 | Receptor-kinase, putative
TRITD6BVIG132230 | 431302867 | 431304156 | -Cucine-rich repeat protein kinase
family protein
TRITD6BV1G132240 | 431309635 | 431310618
methyl-coenzyme M reductase Il
TRITD6Bv1G132250 431314486 431323464 | subunit gamma, putative
(DUF3741)
TRITD6BV1G132290 | 431397122 | 431400784 | Protein HIR1 G
TRITD6BV1G132370 | 431793986 | 431817246 | CLIP-associating family protein
TRITD6BV1G132420 | 431951070 | 431989122 E:gl‘gis"gopept'dase il
TRITD6BV1G132500 432279851 432291668 | Oligopeptide transporter, putative
TRITD6Bv1G132630 432585600 432587804 | GDSL esterase/lipase G
TRITD6BVIG132650 | 432589608 | 432602698 | © OY"ibonucleotide
nucleotidyltransferase
TRITD7BV1G198610 | 622812851 | 622818763 | 0| B/ POZ domain containing
protein, expressed
TRITD7Bv1G198690 | 623239178 | 623239963 E::t/eﬁgz domain containing
TRITD7Bv1G198720 | 623313659 | 623314069 E::t/eﬁgz domain containing
TRITD7Bv1G198780 623462119 623485520 | Inorganic pyrophosphatase 2
TRITD7Bv1G198820 623573035 623575356 | F-box/RNI superfamily protein
TRITD7BV1G198930 | 623891600 | 623895411 | 0| 0/POZ domain containing
protein, expressed
TRITD7Bv1G198940 623944498 623944872 | Growth/differentiation factor 11 G
TRITD7Bv1G198950 | 623945604 | 623947164 | RING/U-box superfamily protein G
TRITD7Bv1G198990 624077247 624078047 | Germin-like protein
TRITD7BVIG199000 | 624082149 | 624083296 | CO-factor for nitrate, reductase and
xanthine dehydrogenase 5 G
TRITD7Bv1G199010 | 624083714 | 624084150
TRITD7Bv1G199020 | 624087852 | 624088649 | DUF674 family protein
TRITD7Bv1G199050 | 624126048 | 624126335 Ejmdiﬁlma'”'conta'”'"g protein
TRITD7Bv1G199100 624309018 624311675 | Phosphoglycerate kinase
TRITD7BVIG199120 | 624373584 | 624375972 | C2rPoxyl-terminal peptidase
(DUF239)
TRITD7BV1G199170 | 624492621 | 624493505 | B1B/POZ domain containing
protein, expressed
TRITD7Bv1G199230 | 624572559 | 624573865 | Peroxidase
TRITD7Bv1G199260 624608201 | 624608581 | B' B POZand MATH domain

protein G
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BTB/POZ domain containing

TRITD7Bv1G199300 624680624 624681061 .
protein, expressed
TRITD7Bv1G199460 625154832 625156375 | Peroxidase
TRITD7Bv1G199470 625164187 625166161 | Zinc-binding protein
TRITD7Bv1G199540 625269881 625271244 | GDSL esterase/lipase
TRITD7BV1G199550 | 625336602 | 625337088 'c\'é?:'l“b'q”'”one oxidoreductase
TRITD7Bv1G199580 625343391 625437320 | Kinase-like protein
Acyl-CoA N-acyltransferase with
TRITD5Av1G203320 545841174 545854435 | RING/FYVE/PHD-type zinc finger
protein, putative
TRITD5Av1G203330 545855331 545856238 | Photosystem Il protein
TRITDSAV1G203340 | 545860098 | 545869249 | VYOsin family protein, putative,
expressed
TRITDSAV1G203460 | 546226501 | 546230147 | CVOlutionarily conserved C-
terminal region 2
Short-chain
TRITD5Av1G203470 546237669 546238490 | dehydrogenase/reductase family
protein
TRITD5Av1G203500 546260618 546263962 | PHD finger protein ING
Protein NDH-DEPENDENT CYCLIC
TRITD5Av1G203520 546265571 546266881 ELECTRON FLOW 5
TRITD5Av1G203530 546267757 546268722 | Receptor-like protein kinase
TRITD5Av1G203580 546323261 546324726 | Receptor-like kinase
TRITDSAV1G203590 | 546328844 | 546332006 | rotein kinase family protein,
putative, expressed
TRITD5AV1G203600 | 546332763 | 546333660 | ' D(P)H dehydrogenase
(Quinone)
TRITD5Av1G203610 546333971 546334601 | Maltase-glucoamylase, intestinal G
TRITD5Av1G203630 546364148 546367474 | B3 domain-containing protein
TRITD5AVIG203640 | 546420468 | 546433662 | _YLosOlic Fe-S cluster assembly
factor NAR1
TRITDSAV1G203670 | 546488084 | 54640403 | 17 dependent RNA helicase,
putative
TRITD5Av1G203680 546526930 546530494 | RNA-binding protein 39
TRITD5Av1G203690 546531451 546535150 | Glycosyltransferase
TRITD5Av1G203730 546684717 546689207 | Nitrate transporter 1.1 G
TRITD5Av1G203740 546695256 546696656 | Ammonium transporter
TRITD5Av1G203760 546752290 546948030 | Beta-glucosidase
TRITD5Av1G203770 546801393 546801860 | Beta-glucosidase
TRITD5Av1G203790 546814761 546820749 | F-box family protein
TRITD5AVIG203820 | 546830023 | 546831093 | | cniatricopeptide repeat-
containing protein
TRITD5Av1G203830 546930411 546933841 | Receptor-like protein kinase
TRITD5Av1G203860 546964919 547140019 | Beta-glucosidase
TRITD5Av1G203890 547140986 547152548 | Protein kinase
TRITD5Av1G203900 547153202 547154786 | Protein-lysine N-methyltransferase
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Universal stress protein family

TRITD5AV1G203910 | 547155317 | 547165350 .
protein
TRITD5AVIG203920 | 547167673 | 547169236 | O Versal stress protein family
protein
TRITD5AVIG203930 | 547169913 | 547173129 | |CUatricopeptide repeat-
containing family protein
TRITD5AV1G203970 | 547193682 | 547201269 | Kinesin-like protein
TRITD5AV1G204010 | 547228234 | 547230893 | Strictosidine synthase
TRITD5Av1G204040 547348643 547352985 | Transcriptional adapter ADA2
TRITDSAV1G204050 | 547372613 | 547375588 | b uctural maintenance of
chromosomes protein 2 G
TRITD5AV1G204120 | 547477973 | 547478648 | HMG-Y-related protein A
TRITD5AVIG204190 | 547740839 | 547742549 | O U@ endo-1,3-beta-glucosidase-
like protein
TRITD5AV1G204260 | 547880121 | 547880582 | CDO504
TRITD5AV1G204270 | 547881732 | 547883302 f'“ca” endo-1,3-beta-glucosidase
TRITD5AV1G204280 | 547884184 | 547888883 | RAN GTPase-activating protein 1
TRITD5Av1G204300 547889340 547892515 | Oligopeptide transporter, putative
TRITD5AV1G204320 | 547912562 | 547915197 Z,erox'soma' membrane protein 2
TRITD2Av1G043170 94092206 94092616
TRITD2Av1G043180 94099305 94099637 | hosPhate carrier protein,
mitochondrial
TRITD2Av1G043240 94211740 94215254 | Peroxidase
TRITD2Av1G043250 94214495 94214851 | Peroxidase 1 G
TRITD2Av1G043300 94336183 94336521 | Glutaredoxin, putative
TRITD2Av1G043500 94953246 94961150 | Leucine—tRNA ligase
TRITD2Av1G043580 95042901 95045768 | Phosphoserine phosphatase
TRITD2Av1G043590 95063116 95064607 | Peroxidase
TRITD2Av1G043630 95120665 95121520 | Peroxiredoxin
TRITD2Av1G043640 95125162 95127117 | tolB protein-like protein
TRITD2Av1G043650 95133908 95146519 | Kinesin-like protein
TRITD2Av1G043700 95215880 95221883 Ez;';i‘;/ threonine-protein kinase
TRITD2Av1G043710 95223274 95226078 | SNARE
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Table S17: Genes included in the confidence interval of QTLs on chromosomes 5A, 4B and 2A for TGW detected with Blink model.
The genes associated with the peaks are highlighted.

Gene start | Gene end
Gene stable ID Gene description
(bp) (bp) P
Vacuolar protein sorting-associated
TRITD5Av1G097030 278798396 | 278799910 . .
protein 45 like G
5-
TRITD5Av1G097050 278888447 | 278888902 | methyltetrahydropteroyltriglutamate-
-homocysteine methyltransferase G
TRITD5AV1G097060 278890137 | 278891936 | Pentatricopeptide repeat-containing
protein
Bifunctional
TRITD5Av1G097200 279485390 | 279490053 | uridylyltransferase/uridylyl-removing
enzyme
TRITD5AV1G097390 280136432 | 280141094 | Pentatricopeptide repeat-containing
protein
TRITD5AV1G097420 280145026 | 280147492 | AIPha/beta-Hydrolases superfamily
protein
TRITD5Av1G097690 281065529 | 281066396 | Terminal flower 1-like protein
TRITD4Bv1G194640 645229944 | 645234946 | Kinase family protein
TRITD4Bv1G194690 645315282 | 645325658 | Endoribonuclease Dicer-like protein 3
Nascent polypeptide-associated
TRITD4Bv1G194700 645326240 | 645327520 | complex alpha subunit, putative,
expressed
TRITD4Bv1G194710 645456949 | 645458447 | Syntaxin, putative
TRITD4Bv1G194720 645463642 | 645464923 | Peroxidase
TRITD4Bv1G194730 645468053 | 645471653 | Peroxidase
TRITD4Bv1G194740 645475396 | 645479466 | >0/ TMEMG4 family membrane
protein
TRITD4Bv1G194790 645552186 | 645553073 | Hfr-2-like protein
TRITD4Bv1G194800 645590804 | 645679455 | Hfr-2-like protein
TRITD4Bv1G194830 645714211 | 645716077 | Hfr-2-like protein
TRITD4Bv1G194860 645753770 | 645755561 | Hfr-2-like protein
TRITD4Bv1G194870 645807324 | 645809610 | Amino acid transporter, putative
TRITD4Bv1G194910 645868118 | 645869590 | NBS-LRR-like resistance protein
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TRITD4Bv1G194950 645907753 | 645908983 | Aquaporin-like protein
TRITD4Bv1G195040 646044107 | 646044784 | Protein F12F1.11-, putative G
TRITD4Bv1G195050 646051695 | 646053593 | DUF674 family protein
TRITD4Bv1G195060 646075231 | 646077274 | DUF674 family protein
TRITD4Bv1G195080 646079007 | 646082418 | Remorin
TRITD4Bv1G195100 646098386 | 646098826 | DUF>38 family protein (Protein of
unknown function, DUF538)
TRITD4Bv1G195150 646201001 | 646202401 | HE3V metal transport/detoxification
superfamily protein
TRITD4Bv1G195200 646335984 | 646340715 g“Gto'”h'b'ted Ca2+ -ATPase, isoform
TRITD4Bv1G195210 646361933 | 646362463 | Non-specific lipid-transfer protein
TRITD4Bv1G195230 646421171 | 646434994 | Purple acid phosphatase
TRITD4Bv1G195320 646647334 | 646648293 | B3 domain-containing protein
TRITD4Bv1G195390 646798562 | 646800419 | Hfr-2-like protein
TRITD4Bv1G195430 646865352 | 646867163 | EuCine-rich repeat receptor-like
protein kinase family protein
TRITD4Bv1G195500 646915682 | 646917341 | Receptor-kinase, putative
Leucine-rich repeat receptor-like
TRITD4Bv1G195510 646917525 | 646919684 . . .
protein kinase family protein
TRITD4Bv1G195530 646962125 | 646965692 | Receptor-kinase, putative
TRITD4Bv1G195580 647044051 | 647044362 | Histone H4
TRITD4Bv1G195600 647121341 | 647121652 | Histone H4
TRITD4Bv1G195620 647132132 | 647136077 | NAC domain protein,
TRITD4Bv1G195630 647168920 | 647171460 | F12P19.7, putative isoform 2 G
TRITD4Bv1G195640 647172244 | 647174581 | ALA-interacting subunit 3
TRITD4Bv1G195750 647478767 | 647479834 | NBS-LRR-like resistance protein
TRITD4Bv1G195760 647483582 | 647485339 | Ubiquitin
TRITD4Bv1G195800 647577444 | 647577656 | Cukarvotic translation initiation factor
4G, putative isoform 2 G
TRITD2Av1G043170 94092206 | 94092616
TRITD2Av1G043180 94099305 | 94099637 | | NOSPhate carrier protein,

mitochondrial
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TRITD2Av1G043240 94211740 | 94215254 | Peroxidase
TRITD2Av1G043250 94214495 | 94214851 | Peroxidase 1 G
TRITD2Av1G043300 94336183 | 94336521 | Glutaredoxin, putative
TRITD2Av1G043500 94953246 | 94961150 | Leucine--tRNA ligase
TRITD2Av1G043580 95042901 | 95045768 | Phosphoserine phosphatase
TRITD2Av1G043590 95063116 | 95064607 | Peroxidase
TRITD2Av1G043630 95120665 | 95121520 | Peroxiredoxin
TRITD2Av1G043640 95125162 | 95127117 | tolB protein-like protein
TRITD2Av1G043650 95133908 | 95146519 | Kinesin-like protein
TRITD2Av1G043700 95215880 | 95221883 f\:;ii/ threonine-protein kinase
TRITD2Av1G043710 95223274 | 95226078 | SNARE

Table S18: Genes included in the confidence interval of QTLs on chromosomes 3B, and 1B for plant height detected with Blink model.

The genes associated with the peaks are highlighted.

Gene stable ID Gene start (bp) | Gene end (bp) Gene description
TRITD3Bv1G000010 19320 21113 | Transcription factor
TRITD3Bv1G000040 58017 60765 | AnKvrin repeat protein family-like

protein
TRITD3Bv1G000080 300930 303306 | Ring box family protein
TRITD3Bv1G000100 304233 300067 | Ldeoxy-D-xylulose 5-phosphate
reductoisomerase
TRITD3Bv1G000190 396335 396985 Transc.rlptlon initiation factor TFIID
subunit 4B G
TRITD3Bv1G000200 399980 401050 | |ranscription elongation factor
SPT5 G
TRITD3Bv1G000220 508869 511463 | SCrine/threonine-protein kinase
ATM G
TRITD3Bv1G000230 535358 535749 | Cysteine-rich protein
TRITD3Bv1G000240 539365 540584 | Rerl protein, putative
Hydroxycinnamoyl-CoA
TRITD3Bv1G000290 706642 712029 | shikimate/quinate
hydroxycinnamoyltransferase
Polycomb group protein
TRITD3Bv1G000300 718265 719851 EMBRYONIC ELOWER 2 G
TRITD3Bv1G000310 1090268 1094704 | Chaperone protein Dnal
TRITD3Bv1G000320 1096291 1099576 | Subtilisin-like protease
TRITD3Bv1G000330 1101875 1103297 | Isoflavone reductase-like protein
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TRITD3Bv1G000350 1108938 1110039 | Subtilisin-like protease
TRITD3Bv1G000360 1114910 1118298 | Subtilisin-like protease
TRITD3Bv1G000370 1125787 1128864 | Subtilisin-like protease
TRITD3Bv1G000420 1186382 1187310 | Isoflavone reductase-like protein
TRITD3Bv1G000450 1207355 1237623 | Pasic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3BvV1G000460 1229055 1231026 | Pasic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3BvV1G000470 1251849 1254384 | Pasic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000480 1271090 1275023 | Pasic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000510 1323477 1326197 | 23sic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000530 1381936 1384059 | 23sic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000550 1401612 1409953 | Myosin-1 G
TRITD3Bv1G000560 1418574 1421315 | 23sic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000570 1430052 1432634 | P35I helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000580 1444435 14465098 | P3sic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000590 1456688 1457807 | P3sic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000610 1469038 1470723 | Pasic helix-loop-helix (bHLH) DNA-
binding superfamily protein
TRITD3Bv1G000620 1479129 1480397 | F-box like protein
TRITD1Bv1G030710 81760426 81761583 | AT5G11810-like protein G
TRITD1Bv1G030900 82473590 82475847 | WRKY transcription factor
TRITD1Bv1G030970 82703303 82705602 | /\Mminotransferase-related family
protein
TRITD1Bv1G030980 82721836 82723437 | Kinase family protein
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Table S19: Genes included in the confidence interval of QTLs on chromosomes 2A, and 1A for heading date detected with Blink
model. The genes associated with the peaks are highlighted.

Gene stable ID Gene start (bp) Gene end (bp) Gene description
TRITD2Av1G019050 36289642 36293816 | <Inase interacting (KIP1-Tike)
family protein
TRITD2Av1G019060 36313105 36314157 | Expansin protein
TRITD2Av1G019080 36327882 36328444 | Iposome production factor 2-
like protein G
TRITD2Av1G019100 36350313 36351698 | UDP-glycosyltransferase
TRITD2Av1G019110 36356017 36359578 | Expansin protein
TRITD2Av1G019120 36363569 36364523 | Expansin protein
Low affinity potassium
TRITD2Av1G019130 36369506 36381904 | transport system protein kup
G
TRITD2Av1G019170 36444868 36446845 | Transcription factor protein
TRITD2Av1G019180 36452268 36455012 | Protein kinase-like protein
TRITD2Av1G019200 36522474 36523052 | RING/U-box superfamily
protein
TRITD2Av1G019210 36526161 36535831 | CRF zinc finger family protein,

expressed TE?

E3 ubiquitin-protein ligase

TRITD2Av1G019220 36537714 36543948 SINA-like 10 G
TRITD2Av1G019230 36558965 36559923 | 40S ribosomal protein S7 G
TRITD2Av1G019240 36562771 36563358
TRITD2Av1G019250 36567124 36570283 | Pseudo-response regulator
TRITD2Av1G019290 36691780 36696573 | PPocampus abundant
transcript-like protein 1 G
TRITD2Av1G019320 36744246 36750772 | Sporulation protein RMD1
TRITD2Av1G019330 36751677 36755494 | Ascorbate peroxidase
TRITD2Av1G019340 36756356 36758653 | Arogenate dehydratase
TRITD2Av1G019400 36873797 36874456 | Tapetum determinant 1 G
TRITD2Av1G019430 36890646 36892887 | UvrABC system protein C
TRITD2Av1G019440 36926020 36927249 | Serine/threonine-protein
kinase ATM G
TRITD2Av1G019460 36959198 36960913 | Glycosyltransferases
TRITD2Av1G019470 37074527 37076234 | F-box family protein
TRITD2Av1G019520 37293639 37384029 | Elongation factor 1-alpha
TRITD2Av1G019530 37376072 37376969 | OWder tolerance-related
protein G
TRITD2Av1G019540 37386189 37387261 I‘;”OW stripe-like transporter
TRITD2Av1G019550 37386220 37386411 | C2rPon storage regulator
homolog G
TRITD2Av1G019570 37397770 37408859 | MLO-like protein
TRITD2Av1G019650 37586613 37587843 | Peroxidase
TRITD2Av1G019670 37606511 37611903 | | hosphoinositide
phospholipase C
TRITD2Av1G019740 37640461 37641691 | Peroxidase
TRITD2Av1G019750 37663248 37673090 | Symplekin
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Eukaryotic aspartyl protease

TRITD2Av1G019760 37684713 37686053 . .
family protein
TRITD2Av1G019840 37830355 37831059 | D-ribose-binding periplasmic
TRITD2Av1G019850 37885597 37953239 | D-ribose-binding periplasmic
TRITD2Av1G019860 37981950 37982675 | D-ribose-binding periplasmic
TRITD2Av1G019870 37986015 37988502 | Omega-3 fatty acid desaturase
TRITD2Av1G019880 38038172 38041654 | Chaperone protein dnal
TRITD2Av1G020040 38302371 38303667 | RING/FYVE/PHD zinc finger
protein
TRITD2Av1G020050 38329637 38339494 z‘r'g::;‘r:”'b'“d'”g protein >-like
TRITD2Av1G020090 38399235 38399555
TRITD2Av1G020100 38401754 38403517 | disease resistance family
protein / LRR family protein
TRITD2Av1G020110 38403825 38410194 | NBSLRR disease resistance
protein
TRITD1Av1G003550 7703344 7705075 | F-box protein
TRITD1Av1G003590 7756407 7761203 | €2 calcium/lipid-binding and
GRAM domain protein
TRITD1Av1G003700 8024424 8025167 | Chaperone protein dnal G
TRITD1Av1G003710 8025610 8030231 | '1bulin-specific chaperone
cofactor E-like protein
TRITD1Av1G003720 8032928 8036877 | Ras-like protein
TRITD1Av1G003750 8060307 8060825 | Ras family protein
TRITD1Av1G003760 8088128 8089433 | 1-Oxophytodienoate
reductase-like protein
12-oxophytodienoate
TRITD1Av1G003770 8092160 8093840 . .
reductase-like protein
12-oxophytodienoate
TRITD1Av1G003780 8124364 8126102 . .
reductase-like protein
12-oxophytodienoate
TRITD1Av1G003790 8129395 8129778
reductase
TRITD1Av1G003820 8139221 8147840 ifnr;:z/ threonine-protein
Serine/threonine-protein
TRITD1Av1G003850 8153993 8156671 kinase
Serine/threonine protein
TRITD1Av1G003880 8191724 8192234 | phosphatase 7 long form
isogeny
TRITD1Av1G003930 8461903 gagi43 | -eucine-rich repeat (LRR)
family protein
TRITD1Av1G003970 8481286 8482743 | NBSLRR disease resistance
protein-like protein
TRITD1Av1G003980 8510588 8515524 | aIl-associated receptor
kinase-like protein
TRITD1Av1G004000 8562438 8565188 | oo LRR disease resistance
protein, putative, expressed
TRITD1Av1G004010 8624885 8625097 gerat'”' type | cytoskeletal 28
TRITD1Av1G004030 8814754 8817837 | Protein kinase family protein
TRITD1Av1G004040 8821345 8822143 | Glutathione S-transferase
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Phosphatidate

TRITD1Av1G004050 8823330 8828533 |
cytidylyltransferase
TRITD1Av1G004060 8843881 8885081 | RNA binding protein
TRITD1Av1G004070 8851084 8851554 | Protein kinase family protein
TRITD1Av1G004080 8852105 8853681 ifnr;r;z/ threonine-protein
TRITD1Av1G004090 8966607 8967707 | Glutathione S-transferase
transmembrane protein,
TRITD1Av1G004100 9067542 9069430 | - tive (DUF247)
TRITD1Av1G004110 9075137 9079045 | Receptor-like protein kinase
TRITD1Av1G004190 9200751 9213751 | NBSLRR disease resistance
protein, putative
TRITD1Av1G004210 9217421 9222451 | Receptor-like kinase
TRITD1Av1G004220 9222484 9225714 | Receptor-like kinase protein
transmembrane protein,
TRITD1Av1G004250 9244432 9246921 | e (DUFS94)
TRITD1Av1G004260 9251626 9258710 | Zinc finger protein
TRITD1Av1G004300 9367138 9368722 | Nuclear inhibitor of protein
phosphatase 1
TRITD1Av1G004310 9371347 9375442 RDLS&alse resistance protein
TRITD1Av1G004320 9428539 9431467 | rOtein phosphatase 2C family
protein
TRITD1Av1G004380 9719981 9721468 | 1avonoid 3-0-
glycosyltransferase
TRITD1Av1G004400 9749932 9751548 | UDP-glycosyltransferase
TRITD1Av1G004410 9817406 9820293 | WAT1-related protein
TRITD1Av1G004470 9873750 9876781
TRITD1Av1G004480 9891355 9893751 | WAT1-related protein
TRITD1Av1G004500 9923555 9923899 | Cytochrome P450 protein
TRITD1Av1G004560 9960116 9964051 RDLS&alse resistance protein
TRITD1Av1G004570 10104725 10109492 RDLS&alse resistance protein
Regulator of chromosome
TRITD1Av1G004600 10114739 10125010 | condensation (RCC1) family
with FYVE zinc finger domain
TRITD1Av1G004620 10134112 10135963 | Actin
TRITD1Av1G004630 10136804 10138991 | Chaperone protein Dnal
TRITD1Av1G004640 10152405 10159033 | Phosphoinositide phosphatase
family protein
TRITD1Av1G004650 10203150 10204852 | CYtochrome P450 family
protein, expressed
TRITD1Av1G004660 10217747 10218190 | Bowman-Birktype trypsin
inhibitor G
TRITD1Av1G004680 10234306 10234690 | Trypsin inhibitor
TRITD1Av1G004700 10251229 10252608 | Anthocyanin 5-aromatic
acyltransferase
TRITD1Av1G004710 10256066 10260618 | Vechanosensitive ion channel

family protein
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Figure S36: Total GWAS on heading date trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported, namely

(from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK
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Figure S37: Total GWAS on plant growth habit trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported,

namely (from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.
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Figure S38: Total GWAS on ear density trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported,
(from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.
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Figure S39: Total GWAS on ear glaucosity trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported,
(from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.
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Figure S40: Total GWAS on culm glaucosity of the neck trait for DUS durum panel. All the tested GAPIT models by GWAS + K are
reported, namely (from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.

Blink_ear colour

GLM

MLM

MLMM

FarmCPU

Blink

1 2 3 4 5 6 7 8 9 10 1 12 13 14

Figure S41: Total GWAS on ear colour trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported, namely (from
the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.
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Figure $42: Total GWAS on awn colour trait for DUS durum panel. All the tested GAPIT models by GWAS + K are reported, namely
(from the top to the bottom): GLM, MLM, MLMM, FarmCPU and BLINK.

Table S20: Genes included in the confidence interval of QTLs on chromosomes 2B, 7B, 7A and 2A heading date detected with Blink
model in DUS dataset. The genes associated with the peaks are highlighted.

Gene start Gene end
Gene stable ID Gene description
(bp) (bp) i
TRITD2Bv1G025260 55902135 55906489 | Kinase interacting (KIP1-like) family protein
TRITD2Bv1G025290 55922291 55922968 | Expansin protein
TRITD2Bv1G025300 55925560 55926680 | Expansin protein
TRITD2Bv1G025310 55929180 55931235 | Expansin protein
TRITD2Bv1G025330 55932837 55934216 | UDP-Glycosyltransferase
TRITD2Bv1G025340 56011401 56013178 | Transcription factor
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TRITD2Bv1G025350 56053235 56055910 | Protein kinase-like protein
TRITD2Bv1G025480 56530134 56533829 | Peroxidase family protein
TRITD2Bv1G025490 56534421 56536712 | Arogenate dehydratase
TRITD2Bv1G025510 56566914 56567581 | Tapetum determinant 1 G
TRITD2Bv1G025530 56650689 56652921 | UvrABC system protein C
TRITD2Bv1G025540 56658223 56660088 | Serine/threonine-protein kinase ATM
TRITD2Bv1G025590 56772170 56774159 | Glycosyltransferases
TRITD2Bv1G025600 56779627 56781372 | Glycosyltransferases
TRITD2Bv1G025650 56953213 56954836 | F-box family protein
TRITD2Bv1G025720 57177759 57258373 | Elongation factor 1-alpha
TRITD2Bv1G025740 57262710 57266846 | Yellow stripe-like transporter 12
TRITD2Bv1G025750 57262741 57262932 | Urease subunit gamma G
TRITD2Bv1G025770 57270268 57273322 | Yellow stripe-like transporter 12
TRITD2Bv1G025780 57275377 57390728 | MLO-like protein
TRITD2Bv1G025970 57588408 57589539 | Peroxidase

TRITD2Bv1G025980 57599207 57602656 | Phosphoinositide phospholipase C
TRITD2Bv1G025990 57613668 57614117 | Peroxidase

TRITD2Bv1G026090 57682244 57691858 | Symplekin

TRITD7Bv1G008090 21153198 21153935 | F-box family protein
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Peroxyureidoacrylate/ureidoacrylate

TRITD7Bv1 12 21268182 21271622
v1G008120 6818 6 amidohydrolase RutB
TRITD7Bv1G008260 21614319 21621748 | Serine protease HTRA1
TRITD7Bv1G008280 21708082 21709110 | Eukaryotic translation initiation factor 3 subunit L G
TRITD7Bv1G008480 22075690 22080665 | Alpha/beta-Hydrolases superfamily protein
TRITD7Bv1G008490 22089866 22091774 | Late embryogenesis abundant protein
TRITD7Bv1G008520 22093924 22094451 | F-box-like protein
TRITD7Bv1G008530 22143567 22144733 | F-box protein
TRITD7Bv1G008550 22248507 22251101 | F-box protein
TRITD7Bv1G008640 22478881 22483084 | Protein disulfide-isomerase
TRITD7Bv1G008650 22484334 22497915 | Subtilisin-like protease 1
TRITD7Bv1G008690 22681589 22682828 | Peroxidase
TRITD7Bv1G008750 22856531 22857782 | Peroxidase
TRITD7Bv1G008760 22883092 22885218 | Galactoside 2-alpha-L-fucosyltransferase
TRITD7Bv1G008890 23094324 23095407 | Dirigent protein
TRITD7Bv1G008900 23137896 23138985 | Dirigent protein
TRITD7Bv1G008910 23203063 23324421 | Dirigent protein
TRITD7Av1G094570 228864279 | 228871552 | Squamosa promoter-binding protein, putative
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TRITD7Av1G094750 229344698 | 229345696 | Lectin receptor kinase

TRITD7Av1G094760 229346051 | 229346902 | Receptor-like kinase

TRITD7Av1G094810 229552507 | 229555689 | Lectin receptor kinase

TRITD7Av1G094840 229614419 | 229617694 | E3 ubiquitin-protein ligase ORTHRUS 2 G

TRITD7Av1G094870 229646021 | 229648558 | Pentatricopeptide repeat-containing protein

TRITD7Av1G094880 229660022 | 229661149 | Sulfotransferase

TRITD7Av1G095000 229788701 | 229789864 | Kinase-like

TRITD7Av1G095050 229874465 | 229877971 electron transporter, putative (Protein of unknown
function, DUF547)

TRITD7Av1G095060 229877537 | 229879437 Mltc.)chondrl.al transcription termination factor
family protein

TRITD7Av1G095070 229880908 | 229887454 | Dihydroflavonol-4-reductase

TRITD7Av1G095080 229883218 | 229886972 | Laminin-like protein epi-1

TRITD7Av1G095110 229913559 | 229917910 | Chaperone protein dnal, putative

TRITD7Av1G095170 230031458 | 230037123 | Peroxidase
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(RAP Annotation release2) Galactose-binding like

TRITD7Av1G095190 230038058 | 230039686 . . . .
domain containing protein
TRITD7Av1G095200 230040373 | 230047509 | Glycine-rich domain-containing protein 2 G
TRITD7Av1G095410 230621524 | 230626503 | RanBP2-type zinc finger protein
TRITD2Av1G018310 35012253 35013821 | Glycosyltransferase
TRITD2Av1G018390 35094299 35095598 | P53/DNA damage-regulated protein G
TRITD2Av1G018410 35100996 35102480 | Glycosyltransferase
TRITD2Av1G018420 35115384 35115935 | transmembrane protein, putative (DUF594)
TRITD2Av1G018430 35116075 35117376 | transmembrane protein, putative (DUF594)
TRITD2Av1G018440 35118886 35127255 | NAD-dependent protein deacetylase
TRITD2Av1G018480 35174326 35174931 5:formam|n0|m'|dazole—4—carboxamlde—l-(beta)-D-
ribofuranosyl 5'-monophosphate synthetase G
TRITD2Av1G018490 35208236 35209419 | Strictosidine synthase
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TRITD2Av1G018540 35269369 35290693 | Cytochrome P450 family protein, expressed

TRITD2Av1G018620 35292447 35292656 | Rho guanine nucleotide exchange factor 2 G

TRITD2Av1G018640 35337809 35341118 | O-glucosyltransferase rumi-like protein

TRITD2Av1G018670 35477061 35478293 | F-box family protein

TRITD2AV1G018720 35601493 35601954 Q—type lectin S-receptor-like Serine/Threonine-
kinase G

TRITD2Av1G018730 35606371 35608318 | Protein trichome birefringence

TRITD2Av1G018770 35646272 35647252 | Dof zinc finger protein

TRITD2Av1G018800 35698472 35702398 | Kinase family protein

TRITD2Av1G018810 35703004 35705988 | Peptide transporter family protein G

TRITD2Av1G018820 35709157 35714150 2—oxoglutarate dehydrogenase E1 component family
protein

TRITD2Av1G018830 35717410 35719557 | Telomere repeat-binding factor like-protein
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methyl-coenzyme M reductase Il subunit gamma,

TRITD2Av1G018880 35785954 35790852 outative (DUF3741)

TRITD2Av1G018890 35792786 35793992 | Pectate lyase

TRITD2Av1G018900 35796133 35796464 | LITAF-domain-containing protein

TRITD2Av1G018910 35818199 35846918 | Actin cross-linking protein, putative (DUF569)

TRITD2Av1G018940 35996729 35997151 | Dnal domain containing protein, expressed

TRITD2Av1G018950 35997197 35999320 DNAJ.hegt shock N-terminal domain-containing
protein-like

TRITD2Av1G018990 36059240 36059746 | Actin cross-linking

TRITD2Av1G019050 36289642 36293816 | Kinase interacting (KIP1-like) family protein

TRITD2Av1G019060 36313105 36314157 | Expansin protein

TRITD2Av1G019080 36327882 36328444 | Ribosome production factor 2-like protein G

TRITD2Av1G019100 36350313 36351698 | UDP-glycosyltransferase

TRITD2Av1G019110 36356017 36359578 | Expansin protein

TRITD2Av1G019120 36363569 36364523 | Expansin protein
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Low affinity potassium transport system protein kup

TRITD2Av1G019130 36369506 36381904 G

TRITD2Av1G019170 36444868 36446845 | Transcription factor protein
TRITD2Av1G019180 36452268 36455012 | Protein kinase-like protein
TRITD2Av1G019200 36522474 36523052 | RING/U-box superfamily protein
TRITD2Av1G019210 36526161 36535831 | GRF zinc finger family protein, expressed TE?
TRITD2Av1G019220 36537714 36543948 | E3 ubiquitin-protein ligase SINA-like 10 G
TRITD2Av1G019230 36558965 36559923 | 40S ribosomal protein S7 G
TRITD2Av1G019240 36562771 36563358

TRITD2Av1G019250 36567124 36570283 | Pseudo-response regulator
TRITD2Av1G019290 36691780 36696573 | Hippocampus abundant transcript-like protein 1 G
TRITD2Av1G019320 36744246 36750772 | Sporulation protein RMD1
TRITD2Av1G019330 36751677 36755494 | Ascorbate peroxidase

TRITD2Av1G019340 36756356 36758653 | Arogenate dehydratase

TRITD2Av1G019400 36873797 36874456 | Tapetum determinant 1 G
TRITD2Av1G019430 36890646 36892887 | UvrABC system protein C
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TRITD2Av1G019440 36926020 36927249 | Serine/threonine-protein kinase ATM G
TRITD2Av1G019460 36959198 36960913 | Glycosyltransferases
TRITD2Av1G019470 37074527 37076234 | F-box family protein
TRITD2Av1G019520 37293639 37384029 | Elongation factor 1-alpha
TRITD2Av1G019530 37376072 37376969 | Powder tolerance-related protein G
TRITD2Av1G019540 37386189 37387261 | Yellow stripe-like transporter 12
TRITD2Av1G019550 37386220 37386411 | Carbon storage regulator homolog G
TRITD2Av1G019570 37397770 37408859 | MLO-like protein

TRITD2Av1G019650 37586613 37587843 | Peroxidase

Table S21: Genes included in the confidence interval of QTLs on chromosomes 6B for plant growth habit trait detected with Blink

model in DUS dataset. The genes associated with the peaks are highlighted.

Gene start Gene end
Gene stable ID Gene description
(bp) (bp) P
TRITD6Bv1G204950 637242440 637243795 | RING finger protein
TRITD6Bv1G205020 637517818 637520702 | Ankyrin repeat-containing protein, putative
arginine N-methyltransferase, putative
D6Bv1G2 1481 1831
TRITD6Bv1G205050 63755148 63755183 (DUF688) G
TRITD6Bv1G205060 637553627 637554551 | Lectin receptor kinase
TRITD6Bv1G205080 637557890 637559911 | Lectin receptor kinase
TRITD6Bv1G205110 637566761 637568794 | Lectin receptor kinase
TRITD6Bv1G205130 637635460 637635843 | 60S ribosomal protein L10a-3 G
TRITD6Bv1G205140 637667900 637668467 | Uroporphyrinogen decarboxylase G
TRITD6BV1G205180 | 637728905 | 637731898 | 2 ¢ finger CCHC domain-containing protein

12
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TRITD6Bv1G205220 637862983 637864299 | UDP-D-glucuronate 4-epimerase
TRITD6Bv1G205260 637954722 637957680 | F-box protein
TRITD6Bv1G205270 637975632 637987536 | Kinase
TRITD6Bv1G205280 637988454 637992747 | Autophagy-related protein 18
TRITD6Bv1G205440 638501886 638502842 | Tyrosine-protein phosphatase CpsB
TRITDGBV1G205450 | 638509062 | 638512673 | 2N finger CCCH-type with G patch domain
protein
TRITD6Bv1G205470 638609480 638609755 | plastidic GLC translocator G
TRITD6Bv1G205500 638625337 638628174 | Serine incorporator
TRITD6Bv1G205520 638628865 638630800 | Pheophorbide a oxygenase, chloroplastic
TRITD6Bv1G205610 638903580 638911872 | Isopentenyl-diphosphate delta-isomerase
TRITD6BV1G205620 | 638915048 | 638915536 | L Otease inhibitor/seed storage/lipid transfer
protein family protein G
TRITD6Bv1G205670 639067763 639070684 | Disease resistance protein RPM1
TRITD6Bv1G205700 639128882 639143753 | Vacuolar protein-sorting protein 33
TRITD6Bv1G205710 639185314 639271835 | D-lactate dehydrogenase, putative
TRITD6BV1G205730 | 639282042 | 639282593 g/'yb/ SANT-like DNA-binding domain protein
TRITD6Bv1G205750 639292866 639303581 | Clustered mitochondria protein
TRITD6Bv1G205870 639487878 639488186 | Membrane steroid-binding protein
TRITD6Bv1G205890 639536560 639541221 | Embryogenesis transmembrane protein-like
TRITD6Bv1G205910 639545539 639549009 | ATP-dependent DNA helicase TE?
TRITD6Bv1G205920 639549614 639553062 | Snfl-related kinase interactor 1, putative G
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TRITD6Bv1G205930 ‘ 639596249 ‘ 639599379 ‘ RING/U-box superfamily protein

Table S22: Genes included in the confidence interval of QTLs on chromosomes 7A for ear density trait detected with Blink model in
DUS dataset. The genes associated with the peaks are highlighted.

Gene start Gene end
Gene stable ID Gene description
(bp) (bp) P
TRITD7Av1G024980 48253369 48254715 | Pectate lyase
TRITD7Av1G025010 48365580 | 48366025 gb'q”'t'”'comugat'”g enzyme 23 isoform 2
TRITD7Av1G025110 48732082 48732882 | Glycosyltransferase G
TRITD7Av1G025200 49035114 49041714 | Elongation factor 4
TRITD7Av1G025250 49243760 49244887 1-aminocyclopropane-1-carboxylate oxidase
homolog 2
Auxin repressed/dormancy associated
TRITD7Av1G025340 49929392 49930359 o
TRITD7Av1G025350 49934297 | 49936115 ﬁ;‘kc_‘;’”” repeat domain-containing protein
TRITD7Av1G025430 50200894 | 50202774 ::’L‘Lgr:'tad“m”ase'l non-catalytic beta
TRITD7Av1G025440 50226204 50227788 | WAT1-related protein
TRITD7Av1G025520 50455750 50459120 | B3 domain-containing protein
TRITD7Av1G025540 50467425 50470754 Penta.tncopeptlde repeat-containing protein,
putative
TRITD7Av1G025550 50472524 50476991 | ATP-dependent 6-phosphofructokinase
TRITD7Av1G025650 50791968 50792288 ;a;foizsréoge”es's abundant protein group
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Table S23: Genes included in the confidence interval of QTLs on chromosomes 2B for culm glaucosity of the neck trait detected with
Blink model in DUS dataset. The genes associated with the peaks are highlighted.

Gene stable ID Gene start (bp) | Gene end (bp) | Gene description

TRITD2Bv1G003900 8254000 8256094 | Sulfotransferase

TRITD2Bv1G003910 8257268 8283280 | Cytochrome P450 family protein,
expressed

TRITD2Bv1G003920 8262311 8263963 | Cytochrome P450 family protein

TRITD2Bv1G003930 8287061 8288709 | Cytochrome P450 family protein

TRITD2Bv1G003960 8330270 8330718 | Centrosomal protein of 126 kDa G

TRITD2Bv1G003970 8331068 8332963 | FCH domain only protein 1

TRITD2Bv1G004090 8485014 8626487 | Cleavage stimulation factor subunit 1 G

TRITD2Bv1G004100 8485470 8486564 | SKP1-like protein 4 G

TRITD2Bv1G004140 8604751 8606397 | CYtochrome P450 family protein,
expressed

TRITD2Bv1G004160 8627534 8630564 | Fructokinase-2

TRITD2Bv1G004200 8658981 8660177 | Cytochrome P450

TRITD2Bv1G004380 8743141 8752700 | Cytochrome P450 family protein

TRITD2Bv1G004410 8785629 8921809 | Cytochrome P450 family protein

TRITD2Bv1G004420 8851980 8852348 | Defensin

TRITD2Bv1G004470 9015821 9018300 | Cytochrome P450 family protein

TRITD2Bv1G004480 9039417 9041491 | Cytochrome P450 family protein

TRITD2Bv1G004510 9127254 9129725 | Cytochrome P450

TRITD2Bv1G004520 9134824 9136109 | Chalcone synthase

TRITD2Bv1G004560 9165804 9166822 | Heptahelical transmembrane protein 4

TRITD2Bv1G004570 9184903 9186138 | ~IPha/beta-Hydrolases superfamily
protein

TRITD2Bv1G004620 9251291 9251722 | Cytochrome P450

TRITD2Bv1G004640 9359558 9360837 | Chalcone synthase

TRITD2Bv1G004650 9459558 9460576 | Heptahelical transmembrane protein 4

TRITD2Bv1G004660 9478515 9479750 /;:E?Si/nbeta""ydro'ases superfamily
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TRITD2Bv1G004670 9533137 9535194 | Cytochrome P450

TRITD2Bv1G004680 9631850 9633129 | Chalcone synthase

TRITD2Bv1G004700 9664423 9665187 | CRF zinc finger family protein,
expressed TE?

TRITD2Bv1G004710 9728696 9729975 | Chalcone synthase

TRITD2Bv1G004720 9766412 9767625 | Chalcone synthase

TRITD2Bv1G004730 9799101 9799865 | CRF Zinc finger family protein,
expressed TE?

TRITD2Bv1G004740 9812887 9813752 | Cytochrome P450

TRITD2Bv1G004770 9823461 9824756 | Chalcone synthase

TRITD2Bv1G004780 9835573 9836028 | APha/beta-Hydrolases superfamily
protein G

TRITD2Bv1G004790 9845315 9857366 | O-acyltransferase WSD1

TRITD2Bv1G004830 9964967 9968044 | Ankyrin repeat-containing protein

TRITD2Bv1G004840 9970677 9993238 | Protein DA1-related 1

TRITD2Bv1G004850 9973519 9977697 | Protein kinase

TRITD2Bv1G004860 9982824 9985598 | |\ o> LRR disease resistance protein,
putative, expressed

TRITD2Bv1G004870 10001468 10003936 | Serine-rich 25 kDa antigen protein G

TRITD2Bv1G004880 10015129 10016280 the'“ PLANT CADMIUM RESISTANCE

TRITD2Bv1G004890 10022299 10023232 the'” PLANT CADMIUM RESISTANCE

TRITD2Bv1G004900 10038506 10039691 ;rOte'” PLANT CADMIUM RESISTANCE

TRITD2Bv1G004920 10062924 10065549 | Serine/threonine-protein kinase

TRITD2Bv1G004940 10077655 10084624 | Protein kinase

TRITD2Bv1G004950 10101254 10105520 | Ankyrin repeat protein family-like
protein

TRITD2Bv1G004960 10240547 10248379 | Protein kinase

TRITD2Bv1G005030 10287867 10289297 | NB-ARC domain-containing disease

resistance protein
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TRITD2Bv1G005050 10349156 10354893 | Meiosis-specific protein PAIR3 G

TRITD2Bv1G005060 10403852 10407026 | EMPryogenesis transmembrane
protein-like

TRITD2Bv1G005080 10420483 10425070 | Pectate lyase

TRITD2Bv1G005090 10450743 10452200 | NB-ARC domain-containing disease
resistance pr0t3|n

TRITD2Bv1G005130 10461824 10462729 | NB-ARC domain-containing disease
resistance pr0t6|n

TRITD2BV1G005140 10507519 10508475 | NB-ARC domain-containing disease
resistance pr0t6|n

TRITD2Bv1G005160 10514560 10516050 | NB-ARC domain-containing disease
resistance pr0t6|n

TRITD2Bv1G005170 10520775 10524684 | Apyrase

TRITD2Bv1G005210 10578069 10579673 | NB-ARC domain-containing disease
resistance pr0t6|n G

TRITD2Bv1G005250 10599654 10601111 | NB-ARC domain-containing disease
resistance pr0t6|n

TRITD2Bv1G005260 10672965 10673579 | Retarded palea 1 protein

TRITD2Bv1G005290 10785190 10786587 | '\B-ARC domain-containing disease

resistance protein
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Table S24: Genes included in the confidence interval of QTLs on chromosomes 1A for ear colour trait detected with Blink model in
DUS dataset. The genes associated with the peaks are highlighted.

Gene stable ID Gene start (bp) Gene end (bp) | Gene description
TRITD1Av1G000090 130446 131722 | Amino acid transporter
TRITD1Av1G000270 724765 733590 | Polyphenol oxidase
TRITD1Av1G000280 752684 754056 | Histone H3
TRITD1Av1G000360 981483 985759 | receptor kinase 1
TRITD1Av1G000380 991776 993030 | Werner Syndrome-like exonuclease
TRITD1Av1G000400 999821 1001495
TRITD1Av1G000450 1095301 1106930 | Paired amphipathic helix protein Sin3
TRITD1Av1G000460 1116308 1117751 | Pre-mRNA-splicing factor SYF1 G
TRITD1Av1G000480 1156772 1162539 | Phospholipid-transporting ATPase
TRITD1Av1G000490 1168983 1172033 | Cytochrome P450
TRITD1Av1G000500 1175277 1177769 | Endoribonuclease E-like protein G
TRITD1Av1G000530 1179103 1181600 | Receptor-like kinase
TRITD1Av1G000550 1197264 1198501 | Nucleic acid-binding, OB-fold
TRITD1Av1G000570 1210389 1216942 XaéC“'ar related NAC-domain protein
TRITD1Av1G000580 1219368 1227585 | RING-finger ubiquitin ligase
TRITD1Av1G000590 1241353 1242498 | 50S ribosomal protein L28
TRITD1Av1G000850 1990406 1990702 | 30S ribosomal protein S14 type Z G
TRITD1Av1G000900 2064766 2143117 | lectin protein kinase family protein G
TRITD1Av1G000910 2075070 2075489 | Senescence-associated protein,
putative G
TRITD1Av1G000950 2095681 2095977 | NAD(P)-binding Rossmann-fold
superfamily protein G
TRITD1Av1G000960 2102522 2102908 | lectin protein kinase family protein G
TRITD1Av1G000970 2102545 2102960 | Formin-like protein G
TRITD1Av1G000990 2112078 2112338 | TRICHOME BIREFRINGENCE-LIKE 26 G
TRITD1Av1G001010 2123377 2123673 | ATP synthase gamma chain G
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Mediator of RNA polymerase Il

TRITD1Av1G001030 2131632 2131928 - .
transcription subunit 12 G
TRITD1Av1G001060 2221027 2221404 | Protein TAR1 G
TRITD1Av1G001070 2231454 2231831 | lectin protein kinase family protein G
TRITD1Av1G001090 2246308 2251377 | Polyketide cyclase/dehydrase and
lipid transport superfamily protein G
TRITD1Av1G001100 2250939 2251354 | myosin 2 G
TRITD1Av1G001120 2278926 2279222 | ATP synthase gamma chain G
TRITD1Av1G001140 2295761 2296057 éo"ed'cc’" domain-containing protein
TRITD1Av1G001160 2338627 2338887 | (RNA (cytidine(34)-2-0)-

methyltransferase G
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Table S25: Genes included in the confidence interval of QTLs on chromosomes 1A for awn colour trait detected with Blink model in
DUS dataset. The genes associated with the peaks are highlighted.

Gene stable ID Gene start (bp) | Gene end (bp) | Gene description
TRITD1Av1G000090 130446 131722 | Amino acid transporter
TRITD1Av1G000270 724765 733590 | Polyphenol oxidase
TRITD1Av1G000280 752684 754056 | Histone H3

TRITD1Av1G000360 981483 985759 | receptor kinase 1
TRITD1Av1G000380 991776 993030 | Werner Syndrome-like exonuclease
TRITD1Av1G000400 999821 1001495

TRITD1Av1G000450 1095301 1106930 | Paired amphipathic helix protein Sin3
TRITD1Av1G000460 1116308 1117751 | Pre-mRNA-splicing factor SYF1 G
TRITD1Av1G000480 1156772 1162539 | Phospholipid-transporting ATPase
TRITD1Av1G000490 1168983 1172033 | Cytochrome P450
TRITD1Av1G000500 1175277 1177769 | Endoribonuclease E-like protein G
TRITD1Av1G000530 1179103 1181600 | Receptor-like kinase
TRITD1Av1G000550 1197264 1198501 | Nucleic acid-binding, OB-fold
TRITD1Av1G000570 1210389 1216942 ‘éasc“'ar related NAC-domain protein 1
TRITD1Av1G000580 1219368 1227585 | RING-finger ubiquitin ligase
TRITD1Av1G000590 1241353 1242498 | 50S ribosomal protein L28
TRITD1Av1G000850 1990406 1990702 | 30S ribosomal protein S14 type Z G
TRITD1Av1G000900 2064766 2143117 | lectin protein kinase family protein G
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Senescence-associated protein,

TRITD1Av1G000910 2075070 2075489 .
putative G
TRITD1Av1G000950 2095681 2095977 | NAD(P)-binding Rossmann-fold
superfamily protein G
TRITD1Av1G000960 2102522 2102908 | lectin protein kinase family protein G
TRITD1Av1G000970 2102545 2102960 | Formin-like protein G
TRITD1Av1G000990 2112078 2112338 | TRICHOME BIREFRINGENCE-LIKE 26 G
TRITD1Av1G001010 2123377 2123673 | ATP synthase gamma chain G
TRITD1Av1G001030 2131632 213198 | Mediator of RNA polymerase I
transcription subunit 12 G
TRITD1Av1G001060 2221027 2221404 | Protein TAR1 G
TRITD1Av1G001070 2231454 2231831 | lectin protein kinase family protein G
TRITD1Av1G001090 2246308 2251377 | Polvketide cyclase/dehydrase and lipid
transport superfamily protein G
TRITD1Av1G001100 2250939 2251354 | myosin2 G
TRITD1Av1G001120 2278926 2279222 | ATP synthase gamma chain G
TRITD1Av1G001140 2295761 2296057 éo"ed'co" domain-containing protein
TRITD1Av1G001160 2338627 2338887 | (RNA (ytidine(34)-2-0)-

methyltransferase G
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5 Characterization and fine mapping of the sbm2 QTL for
resistance to SBCMV

5.1 Introduction

5.1.1 Characterization of Soil Borne Cereal Mosaic Virus (SBCMV) resistance in
durum and bread wheat

Agriculture will face major challenges during the next decades because of climate change and
increase of population. Disease resistance is one of the principal topics that is currently being
explored in different species and cultivars, in order to register resilient varieties to principal pests in
common market. One of the most severe disease for durum and bread wheat, but grain cereals in
general, is represented by the Soil-borne Viruses, which cause sever yield losses (Kiihne, 2009).

In particular, Soil Borne Cereal Mosaic Virus (SBCMV) belongs to the Furovirus genus and, like other
Soil Borne Viruses, is vectorized by the soil fungus Polymixa graminis (Budge et al., 2007; Maccaferri
et al., 2011; Ratti et al., 2004; Rubies., 2003; Brakke & Langenberg, 1988.) where viral particles are
protected by the environment and spores may remain silent even for different years. This inter-
cellular parasite develops inside the roots of wheat plants: when a susceptible cultivar variety is
reached and environmental conditions are optimal, viral zoospores are released from resting spores
which incorporates the pathogen, entering the plant root hair cells (Campbell, 1996; Kiihne, 2009).
In infected plants, viral zoospores diffuse from the infected roots, reaching the aerial parts of the
plant where it causes range of different symptoms that causes severe yield losses during the growing
season. The visual symptoms go from different chlorosis diffusion in the leaf surface, differentially
distributed with different degrees of severity. The most severe disease symptoms cause a strong
depletion of yield production, resulting in up to 70% of yield losses which is worsening due to climate
change.

The genus Furovirus contains 5 different species differentially distributed (Bass et al., 2006). Namely,
SBCMV represents the European race (France, Germany, Italy, Denmark, Poland and UK), Soil Borne
Wheat Mosaic Virus (SBWMV) was first identified in North America causing severe yield losses but
is spread also in southern Germany and Africa (Bass et al., 2006; Ratti et al., 2004), and Chinese
wheat mosaic virus (CWMV) distributed in different part of Asia (Budge et al., 2007). The SBCMV
genome is divided in two RNA molecules: RNA1 codifies for a 37 kD polymerase described as the
movement protein, RNA2 codifies for a cysteine rich repeat protein (unknown function) and for the
viral cap protein (Kiihne, 2009). The latter is the only molecule transferred. Furthermore, as regards
SBWMV which shares a very similar genomic structure to SBCMV, RNA2 was found to be deleted
spontaneously in case of dilatated presence of the virus inside the host (Chen et al., 2014) (Figure
43).
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Figure 43: RNA1 and RNA2 structure in soil borne viruses. RNA1 codifies for the movement protein (MP), the polymerase domain and
the methyltransferase. RNA2 codifies for the coat protein, the readthrough protein and the cysteine rich domain (Kiihne, 2009).

Bread and durum wheat are strongly affected by SBCMV, causing yield losses between 50% and 70%
in France and Italy (Budge et al., 2007; Rubies-Autonell et al., 2003). Symptoms presence can be
evaluated by visual score analysis on leaves and on plant growth habit, however the severity of
mosaic symptoms can depend on the genotype (resistant or susceptible), the aggressiveness of viral
strains and environmental conditions (Budge et al., 2007; Kanyuka et al., 2004). Nevertheless, the
presence of non-homogeneous parts of field could be responsible of false positive regarding
resistance of genotypes to SBCMV. In addition to symptoms visual evaluation, it is therefore
important, in order to perform genetic studies, to perform molecular evaluation of infection levels
using enzyme-linked immunosorbent assay (ELISA) tests or reverse transcription—polymerase chain
reaction (RT-PCR) analysis (Kanyuka et al., 2004; Ratti et al., 2004). Because of the persistent nature
of SBCMV, the only solution against SBCMV is the development of resistant varieties, monitored for
different years on mosaic virus infected fields, in order to select economically valuable varieties
resistant to the disease (Budge et al., 2007; Rubies-Autonell et al., 2003). On the other hand, the
agronomic practices like crop rotation or delayed sowing are ineffective.

Genetic resistance in common bread wheat was detected in one to three major QTLs (Barbosa et
al., 2001; Bass et al., 2006; Dubey et al., 1970; Narasimhamoorthy et al., 2006).

Genetic resistance was detected both in bread and durum wheat in two different QTLs: sbm1 (Bass
et al., 2006) and sbm2 (Maccaferri et al., 2011a). Resistance in bread wheat was detected in Triticum
aestivum cv. Cadenza evaluating a double haploid population composed by Avalon (susceptible
cultivar) and Cadenza. Resistance was found to be controlled by a single locus based on the
segregation ratio, and consists in a mechanism called “translocation resistance” that prevents the
infection to spread from the roots to the stem and leaves (Kanyuka et al., 2004; Ordon et al., 2009).
The sbm1 QTL was mapped in long arm of chromosome 5D in Bread wheat, exploiting microsatellites
SSR markers where Xbarc110 and Xwmc765 were found to be flanking Sbm1 QTL in a region of
approximately 17 cM (Bass et al.,, 2006). This QTL showed resistance also to SBWMV
(Narasimhamoorthy et al., 2006). The sbm2 QTL was instead mapped on the short arm of
chromosome 2B (Bayles et al., 2007), showing that resistance to SBCMV is controlled by different
major genes (Maccaferri et al., 2011a). The resistance in durum wheat was ascribed to sbm2 by the
analysis of 181 Recombinant Inbred Lines (RILs) belonging to the segregant population Meridiano
(resistant) x Claudio (susceptible) (Maccaferri et al., 2011a). Based on multiple years field trials to
evaluate RILs response, a major QTL, namely QSbm.ubo-2B (confirmed to be sbm2), was found to
be responsible for phenotypic variance to SBCMV resistance. The QTL was delimited by SRR
Xwmc661-Xgwm210-Xbarc35, with DarT marker wPt-2106. The same QTL was detected in 180
individuals from the cross Simeto (susceptible) and Levante (resistant), being responsible for 60-
70% of phenotypic diversity.

Previous studies conducted to dissect the genetic basis of SBCMV resistance in durum wheat were
based on SSR and DArT markers, massively exploited as “past generation markers”. However, these
marker classes present a series of constraints: low throughput (SSRs), density insufficient to achieve
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a high mapping resolution, required in particular for fine mapping (SSR and DArT) (Terracciano et
al., 2013) and limited informativeness (DArT) (Maccaferri et al., 2012).

As a consequence of the widespread use of SNP molecular marker, different types of genotyping
arrays were developed, such as Illumina 90K (Wang et al., 2014a) and Affimetrix SNP Chip 35K and
820K (Allen et al., 2017) to perform genome association studies and QTL mapping. In addition, the
development of the consensus map for tetraploid wheat, which anchored approximately 90K SNP
(Maccaferri et al., 2015), and the sequencing of Triticum turgidum cv Svevo genome (Maccaferri et
al., 2019b) allowed to physically map the SNPs arrays. These were major advantages for genome
wide association studies (GWAS) and candidate gene evaluation. Genome-wide association studies
(GWAS) coupled with dense SNPs arrays allowed to efficiently exploit large phenotypic datasets to
search for new QTLs and confirm the presence of QTLs already mapped (Korte and Farlow, 2013).
Further research was therefore performed on the durum panel (Maccaferri et al., 2015) and on two
experimental population composed by Meridiano (Resistant) x Claudio (Susceptible) and Simeto
(Susceptible) x Levante (Resistant) (Maccaferri et al., 2011; Bruschi et al., unpublished). Exploiting
the SNP9OK Consensus Map (Maccaferri et al., 2015), 9 KASP markers were developed and validated
on the two segregating population, fine mapping the Sbmz2 interval, initially detected by Maccaferri
et al (2011; 2012), was performed narrowing down the interval to 3 Mb, from 13Mbp to 16Mbp on
chromosome 2BS. In parallel, a GWAS was performed on the durum panel phenotyped for
resistance to SBCMV, representing a wide number of modern durum varieties, confirming the
presence of the sbm2 QTL on chr2B and validation of the previously designed KASP markers (Bruschi
et al 2022 unpublished).

5.2 Material and methods

5.2.1 Background analysis and plant material

The starting point of this work was background material and analysis already performed in Unibo,
as a consequence of the research performed by Maccaferri and Bruschi et al (Maccaferri et al., 2011;
2012; Bruschi et al., unpublished). Briefly, a population composed of 181 RILs was developed by
Produttori sementi Bologna Spa (Argelato, Bologna) by crossing elite durum varieties Meridiano (M)
and Claudio (C); the population was advanced until F7:Fg stage by single seed descent (Maccaferri et
al., 2011). This population was useful to perform a backcross by the introgression of Meridiano in
Meridiano x Claudio RILs (MxMC) producing 2500 lines in F,. These lines were analyzed by PCR with
KASP markers developed by lllumina 90K SNP Chip (Bruschi et al., unpublished) flanking the sbm2
confidence interval KUBO 9 — wpt2106 (DaRT marker) and KUBO 13. 600 recombinants were
detected and advanced to homozygous stage in greenhouse and used for further analysis.
Meridiano variety is resistant to SBCMV, medium early heading under Mediterranean conditions
and high yield production (pedigree Simeto/WB881/Duilio/F21). Claudio variety is a medium late
heading, high yield production, medium susceptible to SBCMV but good resistance to oidium,
fusarium, septoria and leaf rust, medium resistance to cold and tillering (Maccaferri et al., 2011;
Rubies-Autonell et al., 2009).

Modern durum varieties were sown during 2020/2021 growing season in order to perform a
transcriptomic experiment using RNAseq technology. Resistant and susceptible varieties were sown,
namely: Neodur (R), Meridiano (R), Svevo (R), Levante (R), Simeto (S), Ciccio (S), Claudio (S) and Altar
84 (S).
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5.2.2 Field trials

Field trials were conducted in Cadriano (BO) (44°35" N 11°27’ E) in a field with homogeneous
presence of SBCMV infection as a result of continuous growth of durum Grazia cultivar (susceptible
to SBCMV). 600 RILs detected through MAS in MxMC population were sown during early November
2017 in SBCMV field, two complete block replicates sowed randomly at a seed density of 350/400
seed/m?2. Each plot was composed of two rows 1.20 m long divided from the following plot by 1m.
In addition, Svevo, Meridiano Ciccio, Grazia, Simeto, Levante and Claudio parental lines were sown
in regular intervals together with RILs in order to control the rate of infection and its distribution.
During November 2018, after the second step of fine mapping occurred, 17 RILS MxMC recombinant
for the restricted interval were detected and sown in SBCMV field. In addition, 39 MxMC RILs were
sown in order to repeat the phenotypic test. Finally, after a third evaluation with molecular markers,
6 critical recombinants were sown in randomized block design with 3 replicates during 2020/2021
growing season and evaluated in Cadriano nursery.

The RNAseq experiment field trial was performed in randomized block design with 3 replicates.
Roots and leaves were sampled for RNA extraction from a bulk of 3 plants, sampling occurred on
04-02-2022, 18-02-2022, 04-03-2022 and 11-03-2022. The samples were instantly frozen in liquid
nitrogen and kept at -80°C.

5.2.3 Phenotypic evaluation

SBCMV presence was detected on RILs evaluated in field trials by Visual score (VS) and ELISA test.
VS reports the symptom severity (SS) with a score from 0 to 5, where 0 reports resistance whilst 5
is susceptible. The scale was reported by Vallega and Autonell (Vallega, 1985) as following: 0-1.5 =
no or slight symptoms, 1.51-2.5 = mild mottling and stunting, 2.51-3.5 = mottling and stunting, 3.51-
4.5 = severe mottling and stunting, 4.51-5.0 = plants killed by virus. In particular, it is worth pointing
out that the scale developed by Vallega and Autonell reports SS score until 4, but the scale has been
extended up to 5 in order to include plant killed by virus infection and to separate better susceptible
and resistant scores. SS was detected on leaves surface in few VS scoring dates every week starting
from March to the beginning of April, when the plant starts to show the first symptoms until the
end of the virus infection. This period starts from the mid-end of tillering stage (GS25) (Zadoks et
al., 1974) until first and second node appearance (GS31 and GS32). As regards 2017/2018 growing
season, VS was performed on MxMC RILS in 6 separate dates: 22-03-2018, 28-03-2018, 6-04-2018,
11-04-2018, 16-04-2018, 20-04-2018. On the other hand, during 2018/2019, the VS was performed
on MxMC, in 4 separate dates: 11-03-2018, 19-03-2019, 26-03-2019, 2-04-2018. During 2021/2022,
MxMC was scored on 4 different dates: 02-03-2022, 08-03-2022, 16-03-2022 and 25-03-2022.
During the same year, modern varieties for transcriptomics were sampled and evaluated for SS
during the following dates: 04-02-2022, 18-02-2022 and 04-03-2022. These growth stages were
between third leaf unfolded (GS13) and tillering complete (GS29), as the aim was to evaluate the
progress of the disease from the beginning of infection.

The ELISA test was performed during 2019 on all the material sown in the field trials using double
antibody sandwich according to protocol reported by Clark and Adams (1977). Antiserum was
prepared using SBCMV particles extracted from Grazia cv. sown in field trials.
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5.2.4 KASP marker design and validation

Starting from the KASP markers developed from the Illumina SNP 90K consensus map (Maccaferri
et al., 2015) and tested on the durum panel and on the biparental population Svevo x Ciccio and
Meridiano x Claudio (Bruschi et al., unpublished), the following markers were tested on the MxMC
BCF4 population (Table 26 and Table 27).

Table 26: lllumina 90K SNP Chip ID, KUBO ID and probe sequence with allelic variants in bold

SNP KUBO ID Sequence

AATCGGTATATAACTTCCGCAGAAAGGTGCATCTCTGACATTCTCAGAACIA/G]GCA
ATGTCCCTGTCAGCCGGATGTGCTCGAGGGTGCGCTTCAGGCCGTAC
ATTCGTTGCTGCTCTTATACTTGAGGATTATATCTACTTCAAGTTTCACCIA/G]TTGCT
TATTAGCGAGTGATTGTTTATTCTGCTGAAATCATTTGAGCTCCT
AAAAGGCCTACTATCCAGGATATTGTCCGTGAAGTGGAGGAACTAGAAGC[T/C]GA
TATTGAGAAAATGATGTCAGCACCTTCTCCTGAGTCAAAAGATCTAAC
TTGATCTCTATGTTGAATGCGATGAAGCCACCCGTCTTGTTGGTCAGCTG[T/CJAGG
CAGCACGACGCCTCCTTCCTTAGCTCAAAGAGGAACCGCAGCTCCAT

GACCTATCGAATCATGAGGACCTGGGGCGTTGCACGGGACGATGACTCGT[T/C]TC
CTGGGATAAAAGGAGCATCAGCCCCCAGTTTCATTTCATATGAAATTG

AATATATGCAGGGCGGAAGCCTTGAGAAATACATCGCAGACGAACCATGTAGACTT
IWB35524 | KUBO41 | GACTGGCCCACATGTTATAAAATCATTCAAGGGATCTGTGACGG[T/CITTAAATCAC
CTTCACAATGCACAGGAAAAAGCAATTTTCCATCTGGACTTGAAGCCTTCGAA
CATTGTCGGAACATGAGTTATCTCACTAGGATGCGTTGTTTGCCAACTCT[A/G]TAA
CTTATGGTGGTGGTGGATGGCCCAAGGGATGTGGCGCTCAACTCCAT

IWB73347 | KUBO13

IWB11421 | KUBO27

IWB8328 KUBO3

IWB28973 | KUBO1

IWB29097 | KUBO40

IWB10512 KUBO9
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Table 27: KASP markers converted from 90K SNP chip. Allele 1 and 2 tails are complementary to FAM and HEX probes used in KASP
PCR kit. GAAGGTGACCAAGTTCATGCT = Allele 1 tail labelled oligo sequence, added to primer_A at 5’end AAGGTCGGAGTCAACGGATT
= Allele 2 tail labelled oligo sequence, added to primer_B at 5’ end Primer A and B are allele specific, Primer C is genome specific for
genome B (sbm2 QTL).

SNP KASP Primer A Primer B Primer C
ID ID

IWB7 | KUBO | GAAGGTGACCAAGTTCATGCTggct | GAAGGTCGGAGTCAACGGATTggct | gtgcatttcaaaat
3347 |13 gacagggacattgcT gacagggacattgcC tcattttctc
IWB1 | KUBO | GAAGGTGACCAAGTTCATGCTtaaa | GAAGGTCGGAGTCAACGGATTtaaa | gccatatgctgtga
1421 | 27 caatcactcgctaataagcaaC caatcactcgctaataagcaaT ctgctg
IWB2 | KUBO | GAAGGTGACCAAGTTCATGCTgctg | GAAGGTCGGAGTCAACGGATTgctg | aacagagcattgc
3029 | 29 gaggaactagaagctgaG gaggaactagaagctgaT aaaaccta
IWB8 | KUBO | GAAGGTGACCAAGTTCATGCTtgaa | GAAGGTCGGAGTCAACGGATTtgaa | gagaaggtgctga
328 3 gtggaggaactagaagcT gtggaggaactagaagcC catcattttc
IWB2 | KUBO | GAAGGTGACCAAGTTCATGCTcgtc | GAAGGTCGGAGTCAACGGATTcgtc | gcagctgtgacac
8973 |1 ttgttggtcagetgT ttgttggtcagctgC gaacatta
IWB2 | KUBO | GAAGGTGACCAAGTTCATGCTgatg | GAAGGTCGGAGTCAACGGATTgatg | tcgaatcatgagg
9097 | 40 ctccttttatcccaggaA ctccttttatcccaggaG acctggg
IWB3 | KUBO | GAAGGTGACCAAGTTCATGCTtgtG | GAAGGTCGGAGTCAACGGATTtgtG | acttgcagacgaa
5524 |41 cattgtgaaggtgatttaaA cattgtgaaggtgatttaaG ccatgtag
IWB1 | KUBO | GAAGGTGACCAAGTTCATGCTagga | GAAGGTCGGAGTCAACGGATTggat | gccatccaccacca
0512 |9 tgcgttgtttgccaactctA gegttgtttgecaactctG ccataagtta

In order to fine map the sbm2 confidence region on short arm of 2B chromosome (Bruschi et al.,
unpublished; Maccaferri et al., 2011), these KASP markers were developed from lllumina SNP 90K
consensus map (Maccaferri et al., 2015; Liu et al., 2014). Using Polymarker tool
(http://Polymarker.tgac.ac.uk), 25 KASP primers were designed within the sbm2 confidence interval
but, after PCR test, only 8 proved to be polymorphic in resistant and susceptible parental lines from
[llumina SNP 90K Chip (IWB markers) (Table 27). According to KASP protocol developed by (LGC
Genomics) KASP primers were developed as following: primer A and primer B were designed on the
varietal SNP, each one presents at 3’-end a specific allelic variant and at 5’ end the complementary
sequence for two different fluorophore FAM and HEX which emit fluorescence at different
wavelength (GAAGGTGACCAAGTTCATGCT for 5’-FAM in primer_A and
GAAGGTCGGAGTCAACGGATT for 5’-HEX in primer_B). Primer C is common for primer A and B but
it is genome specific and was designed on homeologue SNP at 3’- end. KASP PCR components were
reported in Table 28.

Table 28: components in each well plate 96x for PCR reaction with KASP primers.

PCR reaction (well)
DNA (20ng/pl) 2ul
Primer mix 0.14ul
Master Mix 2X 3ul
H20 3ul
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Primer mix was composed by Primer A, B and C in order to dilute them to working solution (Table
29).

Table 29: primer mix diluted to working solution for KASP PCR genotyping.

Primer mix
Primer A (100uM) 12ul
Primer B (100uM) 12ul
Primer C (100uM) 30ul
H20 46l

KASP PCR genotyping tests were developed in 96x well optical plates and run in FAST 7500 Bio
Analyzer (Applied Biosystem) using the following thermal protocol (Table 30).

Table 30: thermal cycling protocol for KASP PCR using Fast 7500 thermal cycler machine.

Pre-PCR Read 30°C for 1 minute

Step 1 - Polymerase activation step 94°C for 15 minutes
94°C for 20 seconds

Step 2 - 10 cycles 61-55°C for 60 seconds with a temperature
decrease of 0.6°C per cycle
94°C for 20 seconds

Step 3 - 26 cycles 55°C for 60 seconds

Post-PCR Read 30°C for 1 minute

Usually, the number of cycles reported in the standard thermal protocol are not enough to separate
allelic varieties in a proper way, thus recycling steps are needed composed by temperature reported
in Step 3 and Post PCR Read.

Each KASP marker was tested on resistant (Meridiano, Svevo and Levante) and susceptible (Ciccio,
Claudio and Simeto) durum wheat varieties to SBCMV. Artificial heterozygotes were created by
mixing 1pl DNA of Meridiano and 1ul DNA of Claudio varieties. Each variety and artificial
heterozygote were analysed in 3 technical replicates for each KASP marker.

The KASP markers from Illumina Infinium 90K SNP Chip (Table 26 and Table 27) were developed and
tested on background material (Bruschi et al., unpublished) and some of them were used for
haplotype analysis on a durum panel of modern elite varieties.

Further KASP markers were developed from 420K Affimetrix SNP Chip (cfn markers) (Table 31) to
fine map the sbm2 interval on the backcross population MxMC. 11 KASP markers proved to be
polymorphic on sbm2 contrasting parental lines, out of 22 primers designed. Two primers were
designed from lllumina SNP 90K Chip for a total number of 13 KASP marker within the sbm?2
confidence interval covering a region of approximately 2 Mb (Table 31 and Table 32).

Among the 11 KASP markers validated, few of them were designed by hand as Polymarker did not
produce polymorphic marker. Primer design by hand was produced using MEGA X software
(https://www.megasoftware.net) by multiple alignment of marker sequence and A/B genomes of
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Triticum turgidum cv. Svevo, Triticum dicoccoides cv. Zavitan and Triticum aestivum cv. Chinese
Spring (Maccaferri et al., 2019; Avni et al., 2017; The International Wheat Genome Sequencing
Consortium (IWGSC) et al., 2018).

Table 31: Axiom 420K Affimterix SNP markers sequences, converted into KASP markers.

Marke |\ 1spiD Marker seq
riD

cfn062 | o | GTTATATAGTTCACGCACTAGTAAGTAGTAAAAGAIC/TIGAGGAGCTTGAGGATAGTGAT
8661 TTATAGGTCCGAAG

cfn062 | o | AATAACGGATAGGACTGATAACTAGCAAAACACGCIA/GITAGTTTCTTTTTGCTGTGCTCA
8662 ATTTGTATACATA

cfn063 | o ' | AGGCCACTCATAAAGGAGAAGAAATTGCCGTGAATA/TICCACGCCGAATACCGTAACCT
1347 TCGTAAGGTACGCC

¢fn063 | o | CAATTTCAGCCTCTGCTCCACTGTTGCTGCAACACIG/TICGTTTCCCCTGCTCCCCATGGAT
4141 GAAAAGCTCACC

cfn064 | o | TGCAATCTAGCTAGCTTTTGCTTGGTGAGTACTAGIC/TIGGAGTACTTCTTGGCACTTGGC
3373 AGCGAGAGCTTGG

¢fn170 | o | CCAGTGGAGAATTGGCACGAGGTGGCTGATATGTTIC/TICTTTTACTTTTTTTTTTGAAAAT
2104 AGAAGTGATGGA

cfn174 | o | ATGGAAATTATTCCGTGCATACATGGATCATGTCAIC/TIAGGTCGATAAGTTGAAGGCCG
4096 GCGTGAGGGAGCGG

cfn063 | o | CCGTGCAACCAGCAACGCGCTTACCTCCATTATTAIA/GIAAAGGTTGCAAGGAGCTGCTG
1343 GACCAGCAAGCAAC

cfn063 | | GCCGCCATGAAAATACCCAAACACGCGCATGCAAGIA/GIGACAGGAACAGGAGAAGACA
8744 TCGGGCACCCTAACA

cfno6a | | TGAGTGTTAAAAAGGTGGAGTCTCTCCGCACCGTCIG/TICCATGGAACAGGTAACTTCAA
3378 AAACAAAATATCAG

cfn064 | o | ATATTGCTGGATAAGAGCATGACGCCTAAAATCGCIC/GIGATCTTGGTTTGTCCAAACTTG
3594 TTTCTTCGACATT

cfni7a | o | AAAACAGTACAGAAGCACCTTCCTAGGCCTCATGCIC/TITCCAGCTGCAGGTAGTAGTGTG
0996 AAAGAGATAGATG

cfn064 | | GACGAGAAAACAAATAGAAAAATAAAATTATTCAAIA/GICCAAGAAATGCGCACAGGAA
3379 GGCACGTAGTGCGTC

cfn064 | o | TGTGATGGACATGAGCAAGCTTCTCAAGTCATTCA[A/CIATGTGACATTGCGTGCCGCATC
3388 GTGTCGGGAGAAT

¢fni72 | o | CGATTTCATCGGCCCCGACAACCCTCCCCCTGATGIA/GIGAGTATTATGACTCCATTGCCAC
9998 AAGCTTTTTCTA

IWB40 | - ' | CATGATTACCCTCTGGGAAAGCACATGTAGCAACATCCCATACTGATGTA[T/GICCCATAT
895 GTCATCAATTATAATAATATACCTTTTATCCTGTAGATGCTCG

cfn062 | o o | AGTGTGCTGTGGAGGGCCCGGAAGGTACGGAATGAIA/GICTCGACTGTTCCATGCGGCG
7610 ATGCAGCCGCGACGA

cfn064 | - ' | CGTCCCAGAAGCATCAAAAACATTCGCCCACCACTIC/TIATCAATTCTTTTGAGCGCAGTGT
3155 AAGGAACAACTC
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Table 32: KASP markers validated to be polymorphic between resistant and susceptible durum wheat varieties. 11 markers were
converted from 420K Affimetrix SNP Chip Array (cfn code) and 2 markers from SNP 90K Chip (IWB code). The HEX and FAM tails are
reported in capital letters in primer A and B, ( GAAGGTGACCAAGTTCATGCT for 5-FAM in primer_A and GAAGGTCGGAGTCAACGGATT
for 5’-HEX in primer_B).

SNP KASP Primer A Primer B Primer C
code ID

c¢fn063 | KUBO | GAAGGTGACCAAGTTCATGCTGG | GAAGGTCGGAGTCAACGGATTGG | cacagaccaacact
4141 63 gGagcaggggaaacgC gGagcaggggaaacgA gCcgA

cfn064 | KUBO | GAAGGTGACCAAGTTCATGCTgct | GAAGGTCGGAGTCAACGGATTgct | tcgetgecaagtGe
3373 64 tttgcttggtgAgtacTAgC tttgcttggtgAgtacTAgT caagA

cfn170 | KUBO | GAAGGTGACCAAGTTCATGCTcac | GAAGGTCGGAGTCAACGGATTcac | cccctcTecatcact
2104 65 gAggtggcTgatatgttC gAggtggcTgatatgttT tctAtttT

c¢fn063 | KUBO | GAAGGTGACCAAGTTCATGCTcgc | GAAGGTCGGAGTCAACGGATTcgc | ggcgaagacgagtt
1343 68 gcttacctccattattaa gcttacctccattattag gctct

c¢fn064 | KUBO | GAAGGTGACCAAGTTCATGCTgca | GAAGGTCGGAGTCAACGGATTgca | cgaagcaagcctaa
3594 72 tgacgcctaaaatcgeg tgacgcctaaaatcgcec agtatgca

c¢fn174 | KUBO | GAAGGTGACCAAGTTCATGCTAc | GAAGGTCGGAGTCAACGGATTAC | tagctgtcagattaa
0996 73 actactaccTgcagctGgaG actactaccTgcagctGgaA tgagacaagg

cfn064 | KUBO | GAAGGTGACCAAGTTCATGCTtcc | GAAGGTCGGAGTCAACGGATTtcc | agattatgggttggg
3379 74 tgtgcgcatttcttggT tgtgcgcatttcttggC aggga

c¢fn064 | KUBO | GAAGGTGACCAAGTTCATGCTgca | GAAGGTCGGAGTCAACGGATTgca | tattctcccgacacg
3388 75 agcttctcaagtcattcaA agcttctcaagtcattcaC atgcg

c¢fnl172 | KUBO | GAAGGTGACCAAGTTCATGCTgtg | GAAGGTCGGAGTCAACGGATTgtg | gcaattgcactcgg
9998 76 gcaatggagtcataatactct gcaatggagtcataatactcc ggtta

IWB40 | KUBO | GAAGGTGACCAAGTTCATGCTgta | GAAGGTCGGAGTCAACGGATTgta | gaaataactgtgtg

895 80 gcaacatcccatactgatgtat gcaacatcccatactgatgtag cagcca

c¢fn062 | KUBO | GAAGGTGACCAAGTTCATGCTCG | GAAGGTCGGAGTCAACGGATTcgc | tggaaggtggttga
7610 81 CATGGAACAGTCGAGC atggaacagtcgagt cgttg

cfn064 | KUBO | GAAGGTGACCAAGTTCATGCTcac | GAAGGTCGGAGTCAACGGATTcac | ccaatttccccatge
3155 82 tgcgctcaaaagaattgatG tgcgctcaaaagaattgatA gtc

The KASP makers from 420K Affimetrix SNP Chip were tested on 30 RILS MxC population
recombinants in sbm2 confidence interval between KUBO 9 and KUBO 13 and the recombinant bins
were confirmed (data not shown) (Bruschi et al, unpublished).

600 MxMC RILs were genotyped with the following KASP markers: KUBO 63, KUBO 64, KUBO 65,
KUBO 68, KUBO 72, KUBO 73, KUBO 74, KUBO 75 during 2018. Each KASP marker was analyzed also
with parental lines Meridiano, Claudio, Svevo, Ciccio, Simeto and Levante to confirm allelic
separation and with an artificial Heterozygote created merging equal part of resistant and
susceptible cultivar.
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5.2.5 DNA extraction

MxMC 600 RILs were sown in greenhouse, 4 seeds per line. At first leaf stage, leaf samples were
collected and located in the lyophilizator for three days under vacuum and at -50 °C. Subsequently,
leaf samples were grinded with Tissuelyser (QIAGEN) obtaining approximately 100mg of leaf powder
that was used for DNA extraction. DNA was extracted following CTAB protocol (Doyle and Doyle,
1987), with few adaptations. For example, two steps of chloroform purifications were applied in
order to have a better purification of the DNA.

After the extraction, DNA was quantified with biophotometer (QIAGEN), retaining samples with
260/280 and 260/230 ratios higher than 2.

5.2.6 RNA extraction and RNAseq experimental layout

Root samples from varieties harvested from the field on 4-02-2021, 18-02-2021 and 4-03-2021 were
collected and grinded with liquid nitrogen. Total RNA was extracted starting from about 100mg of
root samples using the RNA extraction plant kit protocol (Macherey Nagel). The RNA from each
sampled variety was extracted and quantified using Nanodrop, retaining only samples with quality
ratio higher than 2. RNA samples were diluted at the same concentration in order to prepare the
samples for RNAseq.

As regards the RNAseq experiment, Svevo and Ciccio were used as single varieties, then resistant
and susceptible bulks were created from other varieties, namely: Neodur, Meridiano and Levante
were included in the resistant bulk (RB), Simeto, Claudio and Altar-84 were included in the
susceptible bulk (SB). All the samples send to be sequenced were represented in 3 biological
replicates, regarding the bulks the merging of varieties between different replicates occurred
including the same replicates of each sample.

5.2.7 RNAseq analysis

RNA samples were sequence at IGA Tech company (Udine, Italy) using lllumina technology with 150
bp paired end reads. RNAseq libraries were created following for each sample, producing 20 million
pared reads for single varieties (Svevo and Ciccio) and 30 million for resistant and susceptible bulks.
RNA reads were checked for quality control using Fastqgc (“Babraham Bioinformatics - FastQC A
Quality Control tool for High Throughput Sequence Data,” n.d.) with default options. RNAseq reads
were trimmed using TrimGalore software (“Babraham Bioinformatics - Trim Galore!l,” n.d.),
removing adapters used in the lllumina library preparation adapter sequences.

RNAseq reads were mapped on Svevo cDNA using kallisto (Bray et al., 2016). Basically, index was
produced from Svevo cDNA sequence and reads for each sample were mapped on the index Svevo
file with default parameters, adding the --bias option. The resulted abundance file was analyzed
with the R package sleuth (Pimentel et al., 2017), adding the experimental design and performing
bootstrap analysis. Expression values (transcript per million - tpm) for each gene transcript variant
in every sample were calculated. Transcript variant for each gene were merged together and only
significant differentially expressed genes (0.05 p-value threshold) were retained for further analysis.
The genes within the sbm2 interval were isolated from Svevo region between 13 Mb and 16 Mb on
chromosome 2BS. Differential expressed genes plot was performed using pheatmap R package and
cluster with Ward.D2 algorithm.
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The alignment file was obtained mapping the RNAseq reads on Svevo Ref v1.0 Pseudomolecules
with HISAT2 (Kim et al., 2021) aligner. HISAT2 index was built on reference genome and reads were
mapped using default parameters with -min-intron-length 40. The bam files were obtained for each
sample and used for further analysis.

5.2.8 Svevo RefSeq v1.0 liftover on Svevo Platinum pseudomolecule

The Svevo Platinum pseudomolecule was available from Unibo background material (Maccaferri et
al., unpublished). The Svevo RefSeq v1.0 transcript annotations were lifted over Svevo Platinum
pseudomolecule using GMAP (Wu and Watanabe, 2005) in order to be used for improved gene
interval exploration and updated RNAseq analysis.

At first, the transcripts annotated on the Svevo RefSeq v1.0 gff file were transferred on the Svevo
Platinum Pseudomolecule, 900 genes had ambiguous annotation (based on different transcript
variant on different chromosomes or position) and were manually blasted on the Svevo RefSeq v1.0
cDNA recovering 809 out of 900 genes and generating a new lifted gff transcript annotation file of
Svevo Platinum.

Subsequently, this lifted annotation gff was used by HISAT2 to build the Svevo Platinum index and
adjust the RNAseq reads mapping on the Svevo Platinum pseudomolecule with shifted gff from
Svevo RefSeq v1.0. Finally, reads mapped inside the sbm2 interval on Svevo Platinum
pseudomolecule were used to perform a de novo reference-based transcriptome assembly and
annotation using software Stringtie with default parameters. The final transcriptome, based on the
Svevo RefSeq v1.0 lifted on Svevo Platinum genome assembly and implemented with de novo
annotations at the sbm2 interval was used to re-analyze RNAseq data using kallisto software and
sleuth R package.

Svevo Platinum unmapped reads were further analysed and re-mapped with HISAT2 on SBCMV
RNA1 and RNA2 and on vector Polymixa betae genomes, with the objective to verify the
presence/absence of viral or vector RNAs inside sample roots.

The Svevo RefSeq v1.0 and Svevo Platinum 2B chromosomes were annotated also to detect
presence of NLR genes, among the same candidates of resistance to pathogens, using the NLR
annotator software (Steuernagel et al., 2020) with default parameters. Genes with partial
annotation, annotated as pseudogene or with incomplete NLR domains were discarded, keeping
only complete genes.

5.2.9 Comparison between Svevo RefSeq v1.0 and Svevo Platinum

The 2B chromosome on Svevo RefSeq v1.0 was compared to the 2B chromosome on Svevo Platinum
in order to check differences between the two assemblies, using mummer 3.23 software (Kurtz et
al., 2004) with Nucmer function.

Nucmer alignment was carried out for each chromosome using Svevo RefSeq v1.0 as reference and
Svevo_Platinum as query, with the --mum options to retain only unique matches between reference
and query. The output delta file was filtered using the delta-filter command with the following
options: -1 10000 to keep aligments longer that 10 kbp between reference and query and -r and -q,
which retain only alignment that form the long consistent set for reference and query respectively.
First of all, the filtered output was used to generate the plot with the mummerplot command line,
which converts the alignment data into a dot plot format exploiting gnuplot. Mummerplot was used
with the --large option, to set the output size, and --layout to orient and order the sequences such
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that the largest alignments hit the plot cluster near the main diagonal. The output plot shows the
reference sequence (x axis) and the query sequence (y axis) where the bp distance is reported, if
the alignment is colinear the dots are displayed in red, whereas inversions are shown in blue.

The delta-filter output file was used also to create a tabular file displaying the summary information
about the alignment with the show-coords function. The included options used were -c to add the
percent coverage in the output, -/ to add the sequence length in the output, -T to convert in tab
format, -d to include the alignment direction (-1 or 1) and -r to order the alignments based on the
reference. The output file reports the following columns: start and end of reference sequence
alignment, start and end of query sequence alignment, length of the alignment of the reference and
for the query, identity percentage of the alignment, length of the reference and of the query,
percentage coverage of the reference and query and finally frame orientation for the reference and

query.

5.2.10 Statistical analysis on phenotypic data

Analysis of variance (ANOVA) was performed to analyse phenotypic data collected for each
genotype, introducing replicates and position of each genotype in the field, interactions between
genotypes and replicates (G x E) and environment (E), the analysis was performed with softwares R
and Rstudio (Rgroup, 2020) using car package. Outliers were removed using the interquartile rules:
the interquartile range (IQR) of the data was multiplied by 1.5, outliers were defined as values 1.5
*IQR above the third quartiles and 1.5 * IQR below the third quartile. The position of each genotype
in the field was given by XY coordinates where X represents rows and Y columns. BLUEs (Best Linear
Unbiased Estimators) were calculated for the phenotypic traits in order to standardize the data,
taking in consideration replicates and field positions using the mixed model /Imer function in Ime4
package (Bates et al., 2015), with the following formula (using genotypes as fixed and other
parameters as random):

Symptom_severity ~ Genotype + Replicate + Rows + Columns

Heritability was calculated on phenotypic traits for each replicate using the R package heritability.

5.2.11 Comparison of markers order in sbm2 region among genomes

Markers order between IWB73347 (KUBO 13, position: 9,986,862 bp) and IWA7936 (position:
24,678,860 bp) based on Svevo reference genome was compared with same markers’ order (when
marker was present) on bread wheat reference genome (Chinese Spring, IWGSC RefSeq V2.1; Zhu
et al., 2021) and wild emmer wheat reference genome (Zavitan, WEW_v2.0; Zhu et al., 2019). This
physical region comprises IWB10512 (KUBO 9, position on Svevo genome: 24,313,744), the marker
flanking sbm2 along with KUBO 13.

Marker physical position on the durum wheat genome assembly (Maccaferri et al., 2019) was
determined by blastn analysis. BLAST version 2.11.0 was run using the flanking marker sequences
as queries with an e-value threshold of 10-10 threshold. To solve multiple hits issues due to
homoeologues/paralogs matches, for each query, the best hit was defined as the hit with the
smallest e-value and the longest High-scoring Segment Pair (HSP) alignment. Hits of markers in the
confidence interval were manually cross-checked. Similar blast analyses were applied to determine
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the physical position of markers on the Wild Emmer Wheat Zavitan WEWSeq v2.0 (Zhu et al., 2019)
and the Wheat Chinese Spring IWGSC RefSeq v2.1 (Zhu et al., 2021) genome assemblies.

The marker position, in some cases, was also checked using Ensembl Plant database
(https://plants.ensembl.org/index.html) or graingenes BLAST (https://wheat.pw.usda.gov/blast/)
online tools.

Finally, markers in each genome were ordered based on the physical position and a graphical
comparison of physical maps was produced using Pretzel (Keeble-Gagnere et al., 2019).

5.2.12 Sbm2 haplotypes based on Durum Panel

Haploblocks in the region investigated in the previous section were defined for the accessions of
the durum panel 1 (DP1) (Maccaferri et al., 2015) using the software Haploview (Barrett et al., 2005).
Accessions were grouped based on the different haplotypes at the fifth block of chromosome 2B,
the block encompassing the region most associated with sbm2 based on the GWAS, containing
markers KUBO 27, KUBO 29, KUBO 1, KUBO 3, KUBO 41 and KUBO 40. Box plots were produced for
each haplotype at block 5, to study the distribution of the accessions based on adjusted visual score
data and ELISA traits.

5.2.13 Genotyping of a panel of worldwide durum wheat accessions

Genomic DNA of 291 additional durum wheat accessions (Innovar dururm panel and DP1) was
isolated by means of a CTAB DNA extraction protocol for single tubes. DNA samples were then
genotyped with KASP markers KUBO 27, KUBO 29 and KUBO 1 following the protocol previously
described (Paragraph 5.2.4). Meridiano, Claudio, Svevo, Ciccio and artificial heterozygous samples
were used in two replicates as control. The distribution of SBCMV-resistant and susceptible
haplotypes in the whole durum panel, for whose accessions the haplotype genotypic data were
already available, was studied based on the accessions’ passport data (origin, pedigree and year of
release) and Unibo background information on SBCMV resistance.

5.2.14 Sbm2 gene interval exploration

The sbm2 confidence interval was analyzed in Ensembl plant database using the Biomart tool (Bolser
etal., 2016), downloading the genes from Triticum turgidum cv Svevo RefSeq v1.0 (Maccaferri et al.,
2019). The gene network for the candidate genes was studied obtaining the orthologues on Triticum
aestivum cv Chinese Spring v1.0 genome, and the gene network was enquired using the knetminer
database (Hassani-Pak et al., 2021).
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5.3 Results

5.3.1 KASP genotyping

The GWAS analysis and fine mapping performed by Bruschi et al. (unpublished) on durum panel and
RILs populations, confirmed the sbm2 QTL presence (Maccaferri et al., 2011b) on durum panel
(Maccaferri et al., 2015) for multiple years of phenotyping. Furthermore, SNP markers from Illlumina
Infinium 90K SNP Chip were converted in KASP markers and tested on the biparental population
Meridiano (R) x Claudio (S) and Svevo (R) x Ciccio (S). The tested KASP markers showed a strong
association in sbm2 QTL peak on durum panel and allowed to narrow down the interval on 2B based
on informative recombination on the two biparental population (Table 33) (Bruschi et al.,
unpublished).

Table 33: KASP primers converted from the most associated SNPs on Sbm2 QTL. For each KASP marker is reported the genetic and
physical position on Svevo genome, the alleles and alleles frequencies and the -logP and R? values obtained from GWAS using Visual
score data and ELISA on durum panel.

Visual Score (VS) ELISA
Marker Position | Position | Stran | Allel Allele -Log10(P- R? -Log10(P- R?
(cM) (bp) d e frequency Value) (%) Value) (%)

9,986,86

KUBO 13 8.4 ) + A/G 0.45/0.45 5.65 8.3 3.72 5.7
13,011

KUBO 27 11.6 3’22 3 + A/G 0.56/0.39 19.36 35.0 17.76 35.6

wPt- 14,314,4

2106 10.9 49 - A/T 0.38/0.59 18.48 31.2 15.10 27.8
15,64

KUBO 29 11.6 5’813’6 + G/T 0.57/0.38 18.84 32.4 16.12 30.9
15,672

KUBO 1 12.2 S’gz > - c/T 0.56/0.26 14.11 34.0 15.49 35.9

KUBO 3 12.3 15’325’9 + c/T 0.26/0.57 11.99 26.0 15.78 36.4
16,184,4

KUBO 41 12.3 6'5§ ! - c/T 0.68/0.25 6.27 9.3 10.58 19.6

KUBO 40 12.3 16’i§5’4 + c/T 0.58/0.25 9.35 19.2 11.75 25.6
24,313,7

KUBO 9 19 ’i43’ + A/G 0.26/0.66 9.80 16.9 7.17 12.6

The new fine mapped interval was then included between markers KUBO 27 and KUBO 41 narrowing
down the QTL interval to 3 Mb, between 13 Mb and 16 Mb on short arm of chromosome 2B (Bruschi
et al., unpublished).

In order to fine map the sbm2 interval, a wider chromosomic region, between markers KUBO 9 and
KUBO 13 (approximately between 9 and 24 Mb on chromosome 2BS), was explored with KASP
developed from Affimetrix SNP chip 420K. KUBO 9 and KUBO 13 determine an interval of
approximately 6 cM, SNP markers from 420K Affimetrix SNP Chip within the interval were converted
to KASP primers at first with Polymarker tool (Ramirez-Gonzalez et al., 2015) 11 markers in total
showed to be polymorphic, tested with SBCMV resistant or susceptible durum lines and artificial
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heterozygotes. KASP markers with separated allelic varieties were validated as polymorphic, their
position in the recombination bin was confirmed with M x C RILs population genotyping. On the
other hand, KASP markers that showed dominance or that were not polymorphic were re-designed
by multiple alignment sequences of Svevo, Chinese Spring and Zavitan. KUBO 63, KUBO 64, KUBO
65, KUBO 68, KUBO 72, KUBO 73, KUBO 74, KUBO 75, KUBO 76, KUBO 80, KUBO 81 and KUBO 82
were designed inside the confidence interval KUBO 9 / KUBO 13 and proved to be polymorphic from
analysis on resistant and susceptible durum lines. 11 markers were converted from 420K SNP Chip
Affimetrix and KUBO 80 from SNP90K Chip consensus map (Maccaferri et al., 2015).

These markers, together with KUBO 29 (Bruschi et al., unpublished) and DArT marker wpt-2106 were
used to genotype MxMC 600 RILs population in order to find new recombination events.

Also in this case, the KUBO markers were tested with durum wheat resistant and susceptible
varieties, also an artificial heterozygote was analysed combining genotypes with opposite haplotype
as shown in the amplification plots (Figure 44). KUBO 73, KUBO 76, KUBO 80 and KUBO 81 showed
a sufficient discrimination capacity between resistant and susceptible cultivars but not so evident
on the artificial heterozygote, so amplification plots for these markers are not included in this report.
Furthermore, by a BLAST analysis on Svevo genome latest version, KUBO 73 and KUBO 80 have
strong hits also on A genome (chr4A and chr2A respectively) that could be one cause of a not
completely haplotype discrimination. Therefore, the markers showed in the amplification plots
could be ascribed as the most consistent for sbm2 analysis.
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The Affimetrix KASP markers genotyping on MxMC BCF4 RILs resulted in 13 recombinant lines
between KUBO 74 and KUBO 9 (Figure 45).
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Figure 45: confidence interval of MxMC population showing genotyping results of KASP markers assays, developed from lllumina 90K
SNP Chip and Affimetrix 420K SNP array. “A” stands for resistant allele, “B” stands for susceptible allele, “H” stands for heterozygotes
and missing data are reported with “NA”.

In order to study the different haplotypes, a comparison between the lllumina SNP 90K markers
order in 3 reference genomes (physical maps) of Triticum turgidum (Svevo), Triticum dicoccoides
WEW v2.0 (Zavitan) and Triticum aestivum IWGSC RefSeq v1.0 (Chinese spring) was performed using
Pretzel database. As reported in Figure 46, the marker order was maintained between three
genomes with only few rearrangements.
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Figure 46: QSbm.ubo-2BS region, Chr. 2BS, Mb 9-24. 90K SNP markers order comparison between three reference genomes: Triticum
turgidum (Svevo), Triticum dicoccoides WEW v2.0 (Zavitan) and Triticum aestivum IWGSC RefSeq v1.0 (Chinese spring).
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5.3.2 Phenotypic analysis

The MxMC BCF4 population was evaluated in three different years: 2018 (background data already
available before the PhD beginning), 2019 and 2021. During these three years symptom severity (SS)
was evaluated in different dates, with the only exception of 2019 where the ELISA test was
performed as well. BLUES values were calculated for all the years and descriptive statistics was
computed, together with heritability.

SS score was evaluated during spring 2018 in six different dates from March to April. Approximately
138 MxMC RILs genotypes were evaluated in the Cadriano (Unibo) field trial, sown in two replicates,
out of initial 600 lines. In fact, as a consequence of the KUBO 9 and KUBO 13 fine mapping (Bruschi
et al., unpublished), only a sub selection of recombinant lines was tested in the field.

During autumn 2018, after KASP genotyping, further selected MxMC recombinants and additional
genotypes (to confirm 2017 phenotypic values) were sowed in SBCMV field in three replicates, a
total of 56 genotype for each replicate. SS was scored in four different dates from March to April
2019 and BLUES values were calculated using genotype coordinates in the field to adjust for field
effects. In addition, ELISA test was performed on all parcels, sampling 12 random leaves for every
genotype in one single date (April 2019). ELISA values were then normalized using the positive
control sample with the highest value. The experiment was repeated in 2021, with the same number
of varieties used in 2019, in two replicates with randomized block design. A summary of descriptive

statistics of the three years of trial is reported in Table 34.

Table 34: descriptive statistic for ELISA test for MxMC population, year 2018, 2019 and 2021. BLUES values were calculated for each
genotype across the different traits. The heritability values for each year trial were included.

MxMC VS 2018 | MxMC VS 2019 | MXMC ELISA 2019 | MXMC VS 2021
Average 3.64|1.85 0.44 2.68
Standard error 0.037]0.061 0.059 0.07
Standard deviation 0.41(0.46 0.44 0.63
Skewness -0.3410.045 0.64 0.31
Min 2.5411.007 -0.001 1.50
Max 4.422.82 1.28 4.13
cv 0.11]0.25 1.013 0.23
h? 0.49|0.28 0.7 0.89

As regards the heritability values, 2019 season was lower than expected. A probable cause was the
low disease presence during the season and the concurrent presence of cold stress that hamper the
correct visual evaluation of disease symptoms. However, on the same year, the ELISA test was
performed, and it gave a better outcome regarding the disease presence and heritability values
(0.7). Therefore, the ELISA values were considered the most reliable for 2019 in comparison to the
visual score. The highest disease pressure was detected during the 2021 growing season, with the
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highest heritability value (0.89) obtained from the analysis of visual score data performed on 4
evaluation dates.
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Figure 47: phentoypic distribution of Visual score and Elisa values for 2018, 2019, 2021 of MxMC RILs selected population.

The phenotypic distribution of the multi-year SS traits could be ascribed to a bimodal distribution
(Figure 47). This leads to the fact that the resistance to the SBCMV in the MxMC population has a
strong genetic component which discriminates precisely between resistant and susceptible
genotypes, with high segregation in the different MxMC generations.

5.3.3 Fine mapping of the sbm2 QTL

Phenotypic data were merged on genotypic data from MxMC BCF4 population, genotyped with 11
KASP markers developed from Affimetric 420K SNP Chip array. As detected by comparing
phenotypic values from different years (2018 and 2019), the ELISA seemed to better discriminate
resistant and susceptible varieties as proved also by the bimodal distribution of the phenotype.
Based on the phenotypic and genotypic results (excluding VS from 2019 because of the low
heritability), the confidence interval could be narrowed down between markers KUBO 63/KUBO 76
and markers KUBO 29/KUBO 81 (Figure 48).
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Figure 48: Fine mapping on MxMC recombinants using the KASP markers developed inside the Sbm2 interval (13-16 Mb). “A” stands for resistant allele, “B” for susceptible allele, “H” for heterozygotes
and missing data as “NA”. The phenotypic values reported come from Visual score analysis of 2018 and 2021, and ELISA od 2019. The fine mapped interval was detected between markers KUBO63/76
and KUBO29/81, based on the MxM(C critical recombinants: 2252-3, 2252-4, 1011-4, 1096-3, 1033-2 and 1033-3
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As a consequence, KASP markers were aligned (blastn, NCBI blast) against Svevo RefSeq v1.0
Pseudomolecule, hits were filtered for more than 70% identity and top 5 hits were retained,
choosing the best hit based on e-value, highest query coverage and identity.

Based in these results, the restricted interval on chromosome 2B was detected between 14.7 Mb
and 15.7 Mb, fine mapping the interval to 1.1 Mb (Table 35).

Table 35: KASP markers position on Svevo RefSeq v1.0 pseudomolecule. The fine mapped interval is highlighted in blue (14.7/15.7
Mb), and it was narrowed down to 1.1 Mb in comparison to the previous interval of 3 Mb.

KUBO blast on Svevo RefSeq

name v1.0
KUBO 74 13390403
KUBO 64 13385437
KUBO 75 13391443
KUBO 65 13762796
KUBO 63 14700984
KUBO 76 15592223
KUBO 72 15631168
KUBO 68 15629783
KUBO 29 15643691
KUBO 81 15709012
KUBO 82 15712076

The genetic interval on Svevo chr2B chromosome between markers KUBO 13 and KUBO 41 was
explored using the Ensembl Plants database. The narrowed down region between markers KUBO 63
and KUBO 81 includes 30 genes among high and low confidence genes (Table 36). Based on the
protein functions ascribed for each gene, the following pathways could be candidate for resistance
to SBCMV: cytochrome p450, protein kinases, defensins and NBS-LRR resistant proteins. NBS-LRR
protein coding genes can be ascribed as the principal candidates for resistance to pathogens, based
on the Svevo interval, genes with this function aggregate together in the annotation, being major
candidates for the resistance, namely: TRITD2Bv1G007220, TRITD2Bv1G007240 and
TRITD2Bv1G007250.
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Table 36: Sbm2 fine mapped interval between KUBO27 and KUBO 41 (Bruschi et al., manuscript in preparation). The genes with
relative functions are reported, together with KASP marker position. The candidate genes for resistance reaction are represented in

bold.

Genes_marker

start

end

Protein_function

KUBO13

9986862

9986962

NA

KUBOS80

10455079

10455160

NA

IWB11421

13011332

13011409

NA

KUBO27

13011332

13011409

TRITD2Bv1G006510

13011439

13015688

E3 ubiquitin ligase BIG BROTHER-related protein

TRITD2Bv1G006520

13019945

13024532

Formamidopyrimidine-DNA glycosylase

TRITD2Bv1G006530

13088442

13089065

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G006540

13128745

13129163

ATP synthase subunit b 2

TRITD2Bv1G006550

13144764

13145612

Terpene synthase

TRITD2Bv1G006560

13188067

13188369

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G006570

13264020

13264445

Gag-Pol polyprotein

TRITD2Bv1G006580

13291123

13291791

CDT1-like protein a, chloroplastic

TRITD2Bv1G006590

13305904

13308322

Myrcene synthase, chloroplastic

TRITD2Bv1G006600

13382910

13385424

Myrcene synthase, chloroplastic

KUBO64

13385437

13385507

NA

TRITD2Bv1G006610

13389697

13392529

Cytochrome P450

KUBO74

13390403

13390473

NA

TRITD2Bv1G006620

13390645

13391031

ARM repeat superfamily protein

KUBO75

13391443

13391513

NA

TRITD2Bv1G006630

13409178

13409840

RNA-directed DNA polymerase (reverse transcriptase)-
related family protein

TRITD2Bv1G006640

13414501

13416024

Myrcene synthase, chloroplastic

TRITD2Bv1G006650

13417163

13417723

Myrcene synthase, chloroplastic

TRITD2Bv1G006660

13435526

13437197

Myrcene synthase, chloroplastic

TRITD2Bv1G006670

13451142

13453526

Myrcene synthase, chloroplastic

TRITD2Bv1G006680

13488438

13490857

Cytochrome P450 family protein, expressed

TRITD2Bv1G006690

13537757

13540226

Myrcene synthase, chloroplastic

TRITD2Bv1G006700

13761882

13768700

Cytochrome P450

KUBO65

13762796

13762867

NA

TRITD2Bv1G006710

13781131

13781603

Myrcene synthase, chloroplastic

TRITD2Bv1G006720

13783271

13783642

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G006730

13805895

13808737

ATP-dependent Clp protease adapter protein ClpS

TRITD2Bv1G006740

13835945

13836244

lysine ketoglutarate reductase trans-splicing-like protein
(DUF707)

TRITD2Bv1G006750

13861376

13861726

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G006760

13862402

13863763

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G006770

13876446

13877171

Retrotransposon protein, putative, Ty3-gypsy subclass

TRITD2Bv1G006780

13912711

13913079

PQ-loop repeat family protein / transmembrane family
protein

TRITD2Bv1G006790

13913841

13916411

Cytochrome P450
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TRITD2Bv1G006800

13937938

13938597

Myosin regulatory light chain 2, skeletal muscle isoform

TRITD2Bv1G006810

13956898

13957218

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G006820

14052568

14054346

Cytochrome P450

TRITD2Bv1G006830

14082288

14083965

Cytochrome P450

TRITD2Bv1G006840

14148344

14148649

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G006850

14199183

14199527

Transposon protein, putative, Mutator sub-class,
expressed

TRITD2Bv1G006860

14222013

14222336

GMP synthase [glutamine-hydrolyzing]

TRITD2Bv1G006870

14263143

14263484

Retrotransposon protein, putative, unclassified

TRITD2Bv1G006880

14275944

14276273

NAD(P)-binding Rossmann-fold superfamily protein

TRITD2Bv1G006890

14318626

14320342

Cytochrome P450

TRITD2Bv1G006900

14323721

14324242

Protein translocase subunit SecA 1

TRITD2Bv1G006910

14324678

14325224

zinc/iron-chelating domain protein

TRITD2Bv1G006920

14345071

14345643

Cytochrome P450 family protein, expressed

TRITD2Bv1G006930

14345729

14346193

Cytochrome P450

TRITD2Bv1G006940

14346917

14347279

Cytochrome P450

TRITD2Bv1G006950

14350222

14350614

Cytochrome P450

TRITD2Bv1G006960

14350624

14351470

Cytochrome P450

TRITD2Bv1G006970

14360518

14361090

Cytochrome P450

TRITD2Bv1G006980

14362137

14362739

Cytochrome P450

TRITD2Bv1G006990

14409959

14410585

Cytochrome P450

TRITD2Bv1G007000

14420662

14420997

Copia-like polyprotein

TRITD2Bv1G007010

14429622

14430922

Protein kinase superfamily protein

TRITD2Bv1G007020

14451870

14470317

Cytochrome P450 family protein, expressed

TRITD2Bv1G007030

14457084

14457850

Cytochrome P450

TRITD2Bv1G007040

14484180

14484590

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G007050

14501192

14501656

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G007060

14512481

14514197

Cytochrome P450

TRITD2Bv1G007070

14700417

14702116

Myrcene synthase, chloroplastic

KUBO63

14700984

14700914

TRITD2Bv1G007080

14702343

14702892

Myrcene synthase, chloroplastic

TRITD2Bv1G007090

14724839

14725354

Pol polyprotein

TRITD2Bv1G007100

14728583

14735933

TSL-kinase interacting protein 1

TRITD2Bv1G007110

14777445

14778155

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G007120

14794208

14795918

Cytochrome P450

TRITD2Bv1G007130

14824480

14824824

2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-
carboxylate synthase

TRITD2Bv1G007140

14824863

14825294

basic helix-loop-helix (bHLH) DNA-binding superfamily
protein

TRITD2Bv1G007150

14851144

14852099

Serpin-like protein

TRITD2Bv1G007160

14852299

14852637

Serpin-like protein

TRITD2Bv1G007170

14857557

14859608

Receptor-like kinase

TRITD2Bv1G007180

14868843

14869181

Serpin-like protein

TRITD2Bv1G007190

14869381

14870336

Serpin-like protein

TRITD2Bv1G007200

14925817

14926725

Omega-6 fatty acid desaturase, endoplasmic reticulum
isozyme 2
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TRITD2Bv1G007210

14930339

14930749

Retrovirus-related Pol polyprotein from transposon TNT 1-
94

TRITD2Bv1G007220

14944520

14948411

NBS-LRR-like resistance protein

TRITD2Bv1G007230

15010013

15022097

receptor kinase 1

TRITD2Bv1G007240

15053487

15080119

NBS-LRR-like resistance protein

TRITD2Bv1G007250

15081109

15087938

NBS-LRR disease resistance protein-like

TRITD2Bv1G007260

15092451

15096269

receptor kinase 1

TRITD2Bv1G007270

15113911

15114856

RING/FYVE/PHD zinc finger superfamily protein

TRITD2Bv1G007280

15122880

15123212

(DL)-glycerol-3-phosphatase 2

TRITD2Bv1G007290

15152588

15153496

Integrase-type DNA-binding superfamily protein

TRITD2Bv1G007300

15154563

15155545

Jasmonate-induced protein

TRITD2Bv1G007310

15181521

15181955

piezo-type mechanosensitive ion channel component

TRITD2Bv1G007320

15193086

15193545

ABC-2 type transporter family protein

TRITD2Bv1G007330

15271707

15272099

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G007340

15328195

15328965

Retrotransposon protein, putative, unclassified

TRITD2Bv1G007350

15470221

15470562

Retrotransposon protein, putative, Ty3-gypsy subclass

TRITD2Bv1G007360

15541650

15541994

Transposon protein, putative, CACTA, En/Spm sub-class

TRITD2Bv1G007370

15585810

15587738

Receptor-like protein kinase

TRITD2Bv1G007380

15589495

15590559

Glycosyltransferase

KUBO76

15592223

15592293

KUBO68

15629783

15629853

TRITD2Bv1G007390

15630524

15806566

receptor kinase 1

TRITD2Bv1G007400

15630833

15632470

Receptor-like protein kinase

KUBO72

15631168

15631238

KUBO29

15643691

15643791

TRITD2Bv1G007410

15644845

15645322

Defensin

TRITD2Bv1G007420

15662923

15663300

Defensin

TRITD2Bv1G007430

15684330

15686489

Receptor-like protein kinase

TRITD2Bv1G007440

15707161

15709249

GDSL esterase/lipase

KUBOS81

15709012

15709082

TRITD2Bv1G007450

15711304

15713726

Carboxyl methyltransferase

KUBO82

15712076

15712146

KUBO73

15720532

15720602

NA

TRITD2Bv1G007460

15721167

15723131

Protein kinase, putative

TRITD2Bv1G007470

15784509

15786270

Glutamyl-tRNA (GIn) amidotransferase subunit A

KUBO3

15805958

TRITD2Bv1G007480

15838562

15841457

Receptor-like protein kinase

TRITD2Bv1G007490

15846893

15847763

Glutamyl-tRNA (GIn) amidotransferase subunit A

TRITD2Bv1G007520

15891737

15893627

Protein MID1-COMPLEMENTING ACTIVITY 1 G

TRITD2Bv1G007540

15905129

15905756

Glutamyl-tRNA (GIn) amidotransferase subunit A

TRITD2Bv1G007550

15923669

15925153

Cytochrome P450

TRITD2Bv1G007560

15968115

15975371

Cytochrome P450

TRITD2Bv1G007570

15976977

15985199

Glutamyl-tRNA (GIn) amidotransferase subunit A

KUBO41

16184388
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In order to further check the gene annotation, the sbm2 interval from KUBO 27 to KUBO 41
identified by Bruschi et al., (fine mapped interval between 13 Mb and 16 Mb) (Bruschi et al.,
unpublished) was analysed to confirm the presence of NBS-LRR protein coding genes using NLR-
annotator tool (Steuernagel et al., 2020).

As reported in Table 37, the NLR protein coding genes annotated on the genome inside the region
are confirmed by the NLR annotator tool. The tools detected complete domains as regards the
TRITD2Bv1G007220 and TRITD2Bv1G007240 only proteins with complete functional domains and
p-loops. On the other hand, the TRITD2Bv1G007250 was appointed as partial NBS due to the
absence of p-loop domain in protein structure.

In Table 37, the gene TRITD2Bv1G006350 is outside the upstream flanking marker KUBO 27 and
TRITD2Bv1G007810 complete gene is outside the downstream flanking marker KUBO 41. As regards
this gene, partial NBS-LRR domains are annotated inside the sbm2 interval, but they are classified
as pseudogenes.

Table 37: NLR identified by NLR annotator tool in the Sbm2 confidence interval between KUBO27 and KUBO3 (13-16 Mb) on Svevo
Platinum genome. The protein domain is specified as complete, partial or pseudogene.

Genes domain status start end
TRITD2Bv1G006350 partial 12727616 | 12729104
TRITD2Bv1G007220 complete 14945443 | 14948372
TRITD2Bv1G007240 complete 15011339 | 15015672
TRITD2Bv1G007250 partial 15067136 | 15068171
TRITD2Bv1G007810 complete 15081147 | 15086894
TRITD2Bv1G007810 | complete (pseudogene) | 15735966 | 15743539
TRITD2Bv1G007810 | partial (pseudogene) 15773286 | 15776118

5.3.4 Comparison with Svevo Platinum pseudomolecule

In order to check the correct assembled sequence of Svevo RefSeq v1.0 inside the sbm2 region, an
alignment comparison was performed with the update version of Svevo pseudomolecule assembly
available in Unibo (Maccaferri et al., unpublished), namely Svevo Platinum. First of all, the chr2B of
Svevo RefSel v1.0 was compared to Svevo Platinum using mummer 3.23 package with nucmer
function.

The chromosome comparison shows that there are different inversion or duplications especially in
the telomeric region of the chromosome, pointing out orientation errors between Svevo RefSeq
v1.0 in comparison to Svevo Platinum (Figure 49). Looking in details at the sbm2 region, it is visible
that there is a strong 500 kbp inversion between 14.3 Mb and 14.8 Mb in Svevo RefSeq v1.0 genome
which directly involves the fine mapping interval with the flanking marker KUBO 63, at 14,700,984
bp. This leads to the inversion of the region and inclusion of different genes, involved principally in
cytochrome p450 pathway, that were previously excluded from the fine mapped interval.
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Figure 49: mummer output from the comparison between chr2B Svevo RefSeq v1.0 (query) and chr2B Svevo Platinum (a) and between
sbm2 fine mapped regions (b), 13-16 Mb for Svevo RefSeq v1.0 and 19-23 Mb for Svevo Platinum. The red dots show linearity between
the two sequences, the blue dots show inversions between query and reference sequence

The sbm2 corresponding interval on Svevo Platinum is between 19.3 Mb and 22.7 Mb on
chromosome 2B, with 300 kbp added to the Svevo Platinum interval that could be a consequence
of the Svevo RefSeq v1.0 inversion.

In order to confirm that the wrong oriented interval was corresponding to Svevo RefSeq v1.0, the
2B chromosome of Svevo Platinum was aligned to Triticum aestivum cv. Chinese Spring (CS)
chromosome 2B, showing the presence of small duplications, but the inversion at the proximal
telomeric part of the chromosome was not present (Figure 50).

chr2B_CS_v2

Figure 50: mummer output between chr2B of Svevo Platinum and chr2B of CS RefSeq v2.0. The red dots show linearity between the
two sequences, the blue dots show inversions between query and reference sequence.
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To confirm the presence of the candidate NLR protein coding gene and to further check the Svevo
RefSeq v1.0 annotation, NLR annotator was used in the sbm2 corresponding region of Svevo
Platinum.

The previously annotated NLRs inside the sbm2 interval of Svevo RefSeq v1.0 were consistent in the
Svevo Platinum version, with the only exception of TRITD2Bv1G007230 gene, previously annotated
as low confidence gene with a different function in Svevo RefSeq v1.0 (Table 38).

Table 38: NLR identified by NLR annotator tool in the Sbm2 confidence interval between KUBO27 and KUBO3 (19-24 Mb) on Svevo

Platinum genome. The protein domain is specified as complete, partial or pseudogene.

Genes domain status start end
TRITD2Bv1G006350 partial 19,110,739 ( 19,112,227
TRITD2Bv1G007220 complete 21,450,493 | 21,453,422
TRITD2Bv1G007230 complete 21,514,513 21,518,846
TRITD2Bv1G007240 partial 21,569,796 | 21,570,831
TRITD2Bv1G007250 complete 21,583,720 21,589,467
TRITD2Bv1G007810 | complete (pseudogene) | 22,234,773 | 22,242,346
TRITD2Bv1G007810| partial (pseudogene) | 22,261,050| 22,261,755
TRITD2Bv1G007810| partial (pseudogene) | 22,272,093 | 22,274,925
TRITD2Bv1G007810| partial (pseudogene) | 22,272,093 | 22,274,925

To conclude, differences between the two genome versions seem to be ascribed only to the 500
kbp inversions between 14.3 Mb and 14.8 Mb which includes genes that were previously excluded.
However, the principal candidate NLR protein coding genes are consistent between the two version
with the only exception of a gene addition in Svevo Platinum genome version.

5.3.5 Phenotypic and RNAseq analysis

The RNAseq experiment was carried out with root samples collected from the SBCMV field in 3
different dates: 04-02-21, 18-02-21 and 04-03-21. These data were chosen as the progress of the
infection was evaluated by visual score and ELISA. Data were analysed and corrected for spatial
distribution using Spats R package (Figure 51 a and b).
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Visual score (VS) assessment on transcriptomic varieties
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Figure 51: a) Spatial and phenotipic distribution of BLUEs visual score symptoms for durum transcriptomics pane across different dates
0s SS evaluationl. b) Descriptive statistics of durum transcriptomics panel for visual score BLUEs across different SS evaluation dates.

The infection gradient was visible in the field trial, showing more infection at the right end of the
field. However, the analysis corrected the gradient when generating BLUEs, showing the expected
bimodal distribution of the phenotype as the trial is composed by resistant and susceptible varieties.
The heritability of the trait was about 0.95.

In order to confirm the phenotypic data, the ELISA was performed on the three dates before
sampling plants for RNAseq. The phenotypic distribution for the three-sampling point of the three
replicates was bimodal, strengthening the strong segregation of the trait between the parental lines
(Figure 52). The heritability values for the ELISA traits ranged between 0.8 and 0.93 across different
dates.
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Figure 52: ELISA phenotypic distribution of BLUEs ELISA values across the different dates for the transcriptomic pane.

The RNA experiment was performed on samples of three biological replicates for each sampling
date of the following varieties: Svevo (R), Ciccio (S), resistant Bulk (RB: Levante, Neodur, Meridiano)
and susceptible bulk (SB: Simeto, Claudio, Altar-84). RNAseq was performed on roots as it is the first
tissue that is in contact with the SBCMV and the Polymixa graminis vector, so it is the principal
candidate tissue where resistance reaction could occur. RNA was extracted and RNAseq was
performed on Svevo, Ciccio, RB and SB for 04-02-2121, 18-02-2021 and 04-03-2021. RNAseq output
data resulted in between 40 and 80 million of reads pairs sequenced for each sample.

The reads were aligned to the Svevo RefSeq v1.0 annotated cDNAs using kallisto and sleuth for
statistical analysis, merging transcript for each gene and extracting normalized gene expression
values (transcript per million, tpm) for each gene in each analysed sample.

The Svevo RefSeq v1.0 was explored in the sbm2 interval between 13 Mb and 16 Mb on short arm
of chromosome 2B. 25 genes inside the interval showed differential expression between resistant
and susceptible samples. As shown in Figure 53, resistant and susceptible samples cluster separately
and differentially expressed gene clusters are visible: in order, from TRITD2Bv1G007400 to
TRITD2Bv1G007570 genes were overexpressed in susceptible cultivars, similarly from
TRITD2Bv1G007480 to TRITD2BviG007320 genes were overexpressed in resistant cultivars.
Furthermore, three genes seemed to be strongly overexpressed in resistant cultivars in comparison
to susceptible ones, namely: TRITD2Bv1G007390 (protein kinases), TRITD2Bv1G007240 (NBS-LRR)
and TRITD2Bv1G007260 (protein kinases).
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RNAseq results — 13-16 Mb Svevo RefSeq v1.0
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Figure 53: RNAseq results for the candidate genes within the sbm2 interval on Svevo RefSeq v1.0. Statistically significant differential
expressed genes are shown in TPM values.

The RNAseq experiment clearly show that there is differential expression between candidate genes
within the sbm2 interval, especially regarding the NBS-LRR coding genes and protein kinases.
Furthermore, Figure 53 shows that the expression level seems to be similar at the first two dates (4-
02-2021 and 18-02-2021) whilst it is lower and the differential expression is less visible at 4-03-2021,
especially between RB and SB. The hypothesis that seems valuable is that the resistance reaction is
more effective during the replication of the SBCMV and Polymixa graminis. In fact, at 04-03-2021,
viral symptoms were already visible in the field so, probably, the resistance reaction should occur
earlier in order to hamper the spreading of the viral proteins into the plants and the symptoms to
be visible.

The Svevo RefSeq v1.0 annotation was shifted to the Svevo Platinum pseudomolecule using the
softwares gmap (Wu and Watanabe, 2005), and blastn to correct the ambiguous annotations for
900 genes. In addition, the final gff file with the shifted annotation was used to extract gene
sequences and correct the alignment of the RNAseq reads against Svevo Platinum pseudomolecule
using the software HISAT2.

In order to better understand if the resistance reaction occurs in durum wheat by the recognition
of the vector Polymixa graminis or the SBCMV viral particles, the viral SBCMV RNA 1-2 and vector
Polymixa betae public available genomes (same genus as Polymixa graminis) were used. The
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unmapped reads from the alignment of RNAseq data against Svevo Platinum were mapped at first
against the Polymixa betae reference genome (Decroés et al., 2019). A minimum part of the reads,
between 500 and 600 reads, mapped against the vector genome without significant differences
between resistant and susceptible samples (Figure 54).
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Figure 54: Unmapped reads against Polymixa betae genome for the following samples: resistant bulk (bulk_res), susceptible bulk
(bulk_sus), resistant varieties (res) and susceptible varieties (sus).

On the other hand, about 35000 reads from the susceptible samples mapped against the RNA 1-2
of SBCMV, comparing to the resistant samples where about 100 reads mapped against the virus
(Figure 55).
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Figure 55: Unmapped reads against RNA1-2 of SBCMV from the following samples: resistant bulk (bulk_res), susceptible bulk
(bulk_sus), resistant varieties (res) and susceptible varieties (sus).

The data show that there is a higher percentage of unmapped reads from susceptible samples in
comparison to the resistant ones, when the alignment is performed directly on RNA1-2 of SBCMV.
However, there is not significant difference when the mapping occurs on the Polymixa betae
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genome that, even if it is not the specific Polymixa graminis genome, it is supposed that all the
different genomes from this same genus could share a major part of the characteristics and not
being very different one another. This may lead to the conclusion that the unmapped reads of
RNAseq samples against Svevo Platinum pseudomolecule, could belong to SBCMV, hypothesizing
that the resistant reaction occurs by recognition of the virus and not the fungal vector.

The RNAseq analysis was performed also against Svevo Platinum pseudomolecule, after lifting the
annotation from Svevo RefSeq v1.0. Before proceeding with the final analysis, the RNAseq reads
were aligned with HISAT2 on Svevo Platinum and transcripts in the sbm2 regions were annotated
de novo using Stringtie software, in order to check if there were other genes in the interval that
could be involved in resistant reaction. The de novo annotation didn’t show any error or difference
from the reference gene annotation, with only genes TRITD2Bv1G007290 and TRITD2Bv1G007270
that showed different orientation and intron/exon overlap.

The final analysis was performed on Svevo Platinum liftover transcriptome annotation file using
software kallisto and R package sleuth (Figure 56).
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Figure 56: RNAseq results for the candidate genes within the sbm2 interval on Svevo Platinum, after the annotation liftover from
Svevo RefSeq v1.0. Statistically significant differential expressed genes are shown in tpom values.

As reported in Figure 56 the resistant and susceptible clusters are still visible, but there are two
genes strongly differentially expressed in resistant cultivars in comparison to susceptible ones,
namely: TRITD2Bv1G007260 and TRITD2Bv1G007390, two protein kinases. This confirms the
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importance of these genes to be evaluated as candidates and also that, especially for the bulk
samples, the differential expression on the 04-03-2021 is less evident. This strengthen the
hypothesis that the resistance reaction in roots may occur during the viral replication phase, and
not when the symptoms are already visible.

The gene network of the candidate genes TRITD2Bv1G007260, TRITD2Bv1G007390 and
TRITD2Bv1G007240 was explored with Knetminer, using Triticum aestivum cv. Chinese Spring as
orthologue. The gene network shows the molecular functions in which the genes are involved. It is
worth pointing out that the gene TraesC52B02G033600 is the orthologue of TRITD2Bv1G007260 in
durum wheat and codifies for an NBS-LRR protein. In fact, the biological and molecular functions
reported in the gene network correspond to defense response to virus, cell wall organization and
other aspecific plant defense responses (Figure 57).
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Figure 57: Knetminer gene network SBCMV resistance considering the candidate genes strongly differentially expressed between
resistant and susceptible cultivars. Gene networks are involved in aspecific plant defense pathways, such as cel wall reorganization,
brassinosteroid pathway and defense response to viruses. The light green pentagons and triangles represent the corresponding
phenotype and trait of interest, the light blue triangles represent the genes involved in the network, the dark green pentagons report
the biological process, the red circles report the associated proteins and the orange squares the related publications. Highlighted in
yellow are reported the candidate genes with the main molecular functions.
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5.3.6 Sbm2 haplotypes based on durum panel

A haplotype analysis was performed on durum panel 1 (DP1) accessions, ca. 180 genotypes, on the
sbm2 QTL interval. The haplotype analysis identified five haplotype blocks where the fifth
represented the main blocks that included the candidate genes within the confidence interval. This
block included four different haplotypes, present among durum panel accessions for sbm2 (Figure
58). Two out of the four different haplotypes, defined as haplotype one (the most frequent) and
haplotype four (the least frequent) are associated with resistance based on adjusted visual score
(VS) data (Figure 58 A) and adjusted ELISA data (Figure 58 B). The other two haplotypes, haplotype
two and haplotype three, are associated with susceptibility based on adjusted VS data (Figure 58 A)
and adjusted ELISA data (Figure 58 B) from DP1 (background data in Unibo).
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Figure 58: box plot showing the distribution of phenotypic values (y-axis) for Durum Panel accessions, based on the four haplotypes
(x-axis) at block 5. Phenotypic values are BLUEs of symptom severity scores (SS; A) and ELISA (B) data collected in 2005 (VS), 2007
(SS and ELISA) and 2010 (VS and ELISA) in Cadriano (Bologna, Italy) and spatially corrected according to a moving average model
based on population means considering the double of adjacent plots for each area. Haplotypes one and four are associated with
resistance and haplotypes two and three are associated with susceptibility.

In order to broaden the field of investigation regarding sbm2 haplotypes in durum wheat, a larger
panel was investigated including the durum panel for Innovar collection. The total durum
augmented panel included 549 accessions, including both DP1 and Innovar durum panel, were
genotyped with markers KUBO 27, KUBO 29 and KUBO 1. Markers were chosen based on their
position, with KUBO 27 and KUBO 1 being the flanking markers of the shortest interval determined
by Sv x Cc fine mapping and KUBO 29 being inside the interval (Bruschi et al., unpublished).
Moreover, these three markers showed to be efficient when tested on the DP1 (lowest level of
conflicts).

Based on the genotyping results, haplotypes were classified in seven categories: resistant haplotype,
susceptible haplotype, recombinant haplotype 1, recombinant haplotype 2, recombinant haplotype
3, double recombinant haplotype and admixed (this latter being defined as any haplotype different
from the previous categories, including also missing data and heterozygous genotypes).

The proportion of accessions presenting each one of these haplotypes categories is reported in
Figure 59. The resistant haplotype was the most present, representing the 53% of the accessions,
followed by the susceptible haplotype, which represented the 31% of the accessions. The three
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categories of recombinant haplotypes 1, 2 and 3 represented in total the 11%, while accessions with
a double recombinant haplotype were less than 1%.

The distribution of resistant, susceptible and recombinant (1, 2 and 3) haplotypes based on varieties’
origin is reported in Figure 60. For all origin locations, varieties with a resistant haplotype
represented more than 45% of the total, with Portugal-Spain having the minor proportion of
resistant accessions (46%). The highest proportion of resistant varieties was reported in Australia
(100%) even though only three Australian cultivars were present in the panel. In the North American
continent, Canada-USA beat CIMMYT-Mexico with 81% versus 49% of resistant varieties. In Europe
the resistant haplotype was most represented in France (51%), even if the proportion was very
similar to that of the other European countries, ranging from 46% to 51%. Resistant varieties from
ICARDA were 72%. The susceptible haplotype was totally absent in the Australian varieties and
poorly represented in Canada-USA locations (14%) and ICARDA (25%), while ranged from 35% to
44% in all other locations. The proportion of recombinant varieties was the least represented
ranging from 0% (Australia) to 16% (CIMMYT).

Analysing haplotypes trends based on the year of release of varieties from 1955 to 2020 it is worth
to note that the release of varieties in the North American continent has undergone an outburst in
the interval 1995 - 2000: while in Canada - USA the great majority of released varieties have the
resistant haplotype, varieties from CIMMYT — Mexico are more balanced in terms of proportion of
resistant/susceptible haplotypes. In Italy and France, the release of varieties has increased starting
from 2005 and the proportion of resistant haplotypes had been higher starting from that year in
respect to the susceptible haplotype. In the Central — Eastern Europe the initial release of most
resistant varieties left the place to the release of susceptible varieties starting from 2000. For what
concerns Portugal-Spain the release of varieties is more constant throughout the years, with a major
release of resistant varieties in the interval 1995 — 2000. Release of varieties from ICARDA was
concentrated in the first half of the considered period, from 1985 to 2000 and the majority of
varieties presented the resistant haplotype (Figure 61).
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Figure 59: Proportion of different haplotypes at sbm2 composing the panel of 549 durum wheat accessions. The haplotype refers
to three markers (KUBO 27, KUBO 29 and KUBO 1) and includes the support interval of the QTL.
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Figure 60: Proportion of resistant, susceptible and recombinant haplotype in durum wheat varieties based on their origin. The number
in brackets refers to the total number of accessions. The haplotype refers to three markers (KUBO 27, KUBO 29 and KUBO 1) and
includes the support interval of sbm2.

156



Canada - USA

5 CIMMYT - Mexico
10 14
12
8 10
6 8
4 6
2
o 10 1 1 I l m n o 1 m i I | m
O 0 Ao % % S O O o o o o o )
'\,@ RGOS \9@ o '\909 & "9@ & S ’@QS) o S "9@ 0 S
S I IO M R o 7§ F ¢ &
Y Ny "y "y N Ny "y Y N v Vv v N Ay Y N % " v %
France

Portugal - Spain

20
8 15
6
p 10
> | I ; I
0 I N0 NN 0N . I o« (, - sn n. Null 0l a1 |
O o S O vl 5 $ O el Q
O S S~ SN ~ CH R R F F FH PSP
> R . s R S, b2 - : P
@ cb‘o c?’q cgc’?) @Qf é)‘q .@’ ,»‘0’ é.v\c’ %U %q,") 09;3{ 09")’ @Qf (9‘3 Q'\/Q, Q,é;’
S 5 ~ + B P 5 S O S L
Central - Eastern Europe
ltaly
a
30
25 3

20
15 2
10 I 1
5 fish | n | [
O e | | )
O o)
v

) £ o o o o o
R N I I S S o) & & & F ¥ >
R - B I S S S h% o5 5 S 5 5
COCI T T S O § SN A R
S S - S O S S N N A +* + 2
ICARDA
35
30 LEGEND:
25
20 [ RESISTANT HAPLOTYPE
15
10 SUSCEPTIBLE HAPLOTYPE
. I i
o == _HN w 1 i= 0 RECOMBINANT HAPLOTYPE 1/2/3
% 5 6 © O P
o @09 & '19@ S
Sl R R S R I
I ~ B A S

Figure 61: Histograms showing Qsbm.ubo-2BS haplotypes trends across intervals of 5 years based on the years of release of the
accessions and on their origin. The haplotype refers to three markers (KUBO 27, KUBO 29 and KUBO 1) and includes the support
interval of sbm2. Two accessions of Central — Eastern Europe, respectively resistant and released in 1926 and recombinant and

released in 1950, and three accessions of Italian origin, respectively recombinant and released in 1915 and susceptible and released
in 1930 and 1940, are not reported in the histograms.
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5.4 Discussion

The sbm2 QTL responsible for resistance to SBCMV was first detected in durum wheat on the short
arm of chromosome 2B using mapping RILs population Meridiano x Claudio and Simeto x Levante
(Maccaferri et al., 2011b). In addition, this QTL was confirmed by Bruschi et al. (2022, unpublished)
based on QTL mapping on RILs population Svevo x Ciccio and Meridiano x Claudio, together with a
GWAS analysis on durum panel 1 (Maccaferri et al., 2015). The sbm2 QTL was also detected in bread
wheat on the same chromosome, but an additional QTL was detected on long arm of chromosome
5D (sbm1), responsible for wide spectrum resistance to different races of soil borne viruses (Bass et
al., 2006; Kanyuka et al., 2004).

The herein work reports the fine mapping procedure for the sbm2 QTL exploiting two genotyping
platforms, Infinium SNP 90K Chip array and Axiom Affimetrix 420K SNP Chip. Basically, about 20
KASP markers were converted from the genotyping platforms included in the sbm2 QTL interval of
2 cM. Based on the analysis on the RILs mapping population Meridiano x Claudio and backcross
Meridiano x MC F4 the sbm2 interval was fine mapped to a region of 1.1 Mb on chromosome 2B,
between 14.7 Mb and 15.8 Mb flanked by the markers KUBO 63/76 and KUBO29/81. The interval
was confirmed by multi-years field trial where symptoms severity was evaluated by visual score (0
as resistance and 5 as susceptible) and by ELISA molecular test.

This fine-mapping procedure using KASP markers has been extensively used form different studies
to narrow down QTLs interval, such as studies regarding main agronomic traits and disease
resistance traits (Rahman et al., 2020; Dong et al., 2022; Duan et al., 2022). The KASP technology is
very efficient in detecting the SNP marker segregation for the QTL of interests, that can be
developed from different SNP Chip arrays. For example, the procedure followed by Rahman et al.,
(2020) is similar to the one developed herein for sbm2 fine mapping as, after QTL detection, KASP
markers were used to fine map the QTL confidence interval to a smaller genomic region to detect
the most probable candidate genes.

The fine-mapped interval contains about 40 genes between high confidence and low confidence,
whose candidates can be grouped in few categories: cytochrome p450, defensins, protein kinases
and NBS-LRR coding genes. The last two categories can be ascribed as the principal candidates for
the resistance, as they are involved in signal transduction, wide spectrum defense and effector
triggered immunity (ETI) (Dodds and Rathjen, 2010). The ETI immunity system is based on the direct
recognition of NBS-LRR proteins with the avirulent protein from the pathogen. The recognition can
occur by different types of interaction mechanism, the clusterization of the NBS-LRR protein coding
genes in the sbm2 interval can hypothesize also interaction between different proteins, such as
prey-bait mechanism of avirulence protein recognition (Marchal et al., 2020).

The genes transcription level was explored by an RNAseq experiment on susceptible and resistant
durum wheat varieties. The varieties were sown in a homogeneous SBCMYV infected field trial and
root samples for RNA were collected at different dates during the growing season, corresponding
to different phases of viral, vector development and differentiation. Based on the RNAseq results,
differentially expressed genes were identified, whose expression can be grouped in clusters. In fact,
a group of genes is more expressed in resistant samples and another cluster is more expressed in
susceptible samples. The genes are clustered based on Ward algorithm, showing small cluster of
three genes strongly overexpressed in resistant cultivars, two of which are protein kinases and one
is a NBS-LRR protein coding gene. The main consideration is that none of the genes differentially
expressed across the clusters can be excluded as candidate for the resistance reaction, but priority
can be given to protein kinases and NBS-LRR proteins. The latter usually cluster together in close
genomic regions, as shown using NLR-annotator software (Steuernagel et al., 2020).
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Furthermore, the new version of Svevo assembly was available in Unibo, namely Svevo Platinum
(Maccaferri et al., unpublished). The sbm2 interval was compared, shifting the annotation of Svevo
RefSeq v1.0 to Svevo Platinum and reannotating de novo transcript included in the sbm2 region.
The comparison between the two intervals shows an inversion between Svevo RefSeq v1.0 and
Svevo Platinum which is included in the interval reported by Bruschi et al. (unpublished) but it brings
new genes to be considered focusing on the fine mapped interval (17.8 Mb — 15.8 Mb), that are
involved in cytochrome p450. However, no significant differences in the annotation were identified
between Svevo RefSeq v1.0 and Svevo Platinum and the cytochrome p450 genes, included in the
fine mapped interval of the correct assembly Svevo Platinum, were not differentially expresses re-
analysing the RNAseq data on Svevo Platinum transcriptome. The fact that the comparisons
between the two assemblies revealed some differences in the orientation of chromosome regions
was not totally unexpected, as it may depends on differences of sequency technology (lllumina HiFi
for Svevo RefSeq v1.0 and PacBio for Svevo Platinum) and contigs length that could lead to errors
during the pseudomolecule assembly. The fact that PacBio technology was used to sequence the
new version of Svevo Platinum pseudomolecule gives more reliability to this assembly in comparison
to the Svevo RefSeq v1.0. Similar tools used to check differences between Svevo RefSeq v1.0 to
Svevo Platinum were used also to compare the Triticum aestivum cv. Renan assembly to the
published ten bread wheat genomes (Walkowiak et al., 2020; Aury et al., 2022). As shown also by
the Svevo assemblies’ comparisons, there is very little difference between the assemblies with few
inversions between Renan and all the other assemblies, using similar parameters in the sequence
comparison analysis to the ones reported in the current thesis chapter.

The RNAseq analysis using Svevo Platinum as reference showed similar results to the previous
outcomes on Svevo RefSeq v1.0. In fact, same differentially gene expression clusters were detected
with the most differentially expressed genes involved in NBS-LRRs (TRITD2Bv1G007230 and
TRITD2Bv1G007240) and protein kinases (TRITD2Bv1G007260 and TRITD2Bv1G007390).

The final question was to determine who is recognized for the resistance reaction: the fungal vector
Polymixa graminis or SBCMV. Based on literature research, the real trigger for the resistance
reaction is still uncertain, different methods were published to determine the presence of viral
proteins inside the host plant (Kanyuka et al., 2004; Ratti et al., 2004) but the interactors are not
known. RNAseq unmapped reads were used to try to answer to this question, finding that an high
percentage of unmapped reads is on Svevo Platinum were mapped in SBCMV RNA 1-2 in susceptible
samples in comparison to the resistant ones. No differences were detected between resistant and
susceptible samples mapping the reads on the available genome of a close fungus relative, Polymixa
beate. This shows that there is no presence of vector genes inside the host plants, that could lead
to a recognition to the resistance genes. On the other hand, the susceptible samples host an high
percentage of viral genes, which seems not to be recognized by the resistance genes allowing the
virus to replicate inside the host plant.

To conclude, the herein reported work show the fine mapping procedure of the sbm2 QTL in durum
wheat with the characterization of the candidate genes involved inside the interval. Furthermore,
the haplotypic analysis on the durum panel 1 augmented with Innovar durum panel, show that
sources of resistant haplotypes gradually decrease in recently registered varieties. The sbm2 QTLs
is less spread in the analyzed germplasm, composed of modern registered varieties commercially
distributed in European market (Innovar germplasm), probably because, as shown by ancestry
analysis, the major representation of breeding programs comes from ICARDA and CYMMIT, where
the presence of SBCMV is not diffused. On the other hand, the sbm1 QTL (Bass et al., 2006), mapped
on chromosome 5DL of bread wheat, is more stable at high frequencies in bread wheat modern
germplasm, especially in UK germplasm. The link between durum and bread wheat regarding
SBCMV resistance is not fully understood and explored. Sbm1 and sbm2 are two separate QTLs for
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the same resistance reaction to SBCMV, however it is known that some bread wheat varieties have
both QTLs (es. Cadenza and Cordiale), whose mapping population with susceptible parental lines
are under evaluation by Unibo and other partners (Kanyuka et al., 2004).

The fact that sbm2 is not spread in modern varieties reflect the lack of genetic diversity and fixation
of different alleles of recent breeding programs. In the past, different durum varieties were
identified as sources of resistance to SBCMV, such as Meridiano, Svevo, Levante, Neodur and few
others mainly registered during 90’s or earlier (Maccaferri et al., 2012, 2011b; Ratti et al., 2006;
Russo et al., 2012; Vallega, 1985). This strengthens the importance of detecting the candidate genes
and piramidize the QTLs both in bread and durum wheat varieties under registration procedure,
trying to counteract the SBCMV spread that depletes yield production about 70% in Europe.
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6. Characterization of the GNI-2A QTLs in a biparental durum
population

6.1 Introduction

6.1.1 Yield related traits in wheat

Yield is a very complex trait under the regulation of multiple QTLs (Sakuma and Schnurbusch, 2020)
in all grasses, wheat in particular. This agronomic character is strongly linked to the environment
and is dependent by different phenological features (Reynolds et al., 2001). Two equations explain
the components that play a role in the yield determination (Gonzélez et al., 2003; Hay, 1999):

GY=BY * Hl developed in GY=Q * | * RUE * HI

where GY, BY, HI, Q, I, RUE, stand for: grain yield, biomass yield, harvest index, amount of incident
radiation during growing season, the fraction of incident radiation intercepted by the crop canopy
and the efficiency of the crop to convert this radiant energy into dry matter, respectively.

The final yield of a plot is calculated using the following formula:

GY=NG m? * IGWt

Where NGm™ stands for number of grains per square meter and IGWt stands for individual grain
weight.

Other components of yield could be calculated after plot harvest, such as: number of spikes/m?,
number of grains/spike and thousand grain weight (TGW). The latter has a lower range of value than
NGm2and a minor correlation with total yield (Slafer and Rawson, 1994; Slafer and Andrade, 1993).
As a consequence of climate change and increase in world population size, there is the need for
agriculture to focus on grass productivity and sustainability (Sakuma and Schnurbusch, 2020).
Because of that, the interest in increasing grass yield and grain number is of major importance for
breeders and genetic programs (Lynch et al., 2017; Voss-Fels et al., 2019; Wiirschum et al., 2018).
Grains of wheat (both durum and common) are located in single florets organized in spikelets. The
spikelets are arranged on a stem called rachis alternating on opposite sites symmetrically (Bonnett,
1966; Newton et al., 2011; Shiferaw et al., 2013). The total number of spikelets composes the spike
itself, with a terminal spikelet at the top of it (Bonnett, 1966). Each spikelet is organized in an

undetermined number of florets placed on a secondary axis called rachilla (Figure 62). The number
of florets per spikelet is directly connected with the grain number trait the spike fertility (Gauley
and Boden, 2019; Sakuma et al., 2019; Sakuma and Schnurbusch, 2020).
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Figure 62: spike floret fertility architecture in bread and durum wheat, where gl represents the glumes, f the number of florets and sm
the spikelet meristem. A) reports a spike at immature stage, B) Triticum Urartu, C) Aegilops speltoides, D) Aegilops tauschii, E) wild
emmer, F) domesticated emmer, G) durum wheat H hexaploidy bread wheat (Sakuma et al., 2019).

As already mentioned, yield is a complex trait under control of different agronomical features, but
its complete regulation is still under investigation. For example, domestication played a role in
inflorescence development and morphology (Doebley et al., 2006). One of the main events was the
gain of non-threshing which prevented the grain to fall to the soil at complete maturity, controlled
by few genes such as Non-brittle rachis 1 (btr1) (Avni et al., 2017; Pourkheirandish et al., 2018, 2015)
and Shattering1 (Sh1) (Lin et al., 2012). After fixation of the non-brittle rachis allele, breeding
selection for increased vyield favoured unconsciously mutants with increased fertility in spikelets,
converting sterile florets to fertile florets (Komatsuda et al., 2007; Sakuma et al., 2019).

In Nature, most of phenotypically active genes are transcription factors that respond to
environmental and endogenous stimulus to fine tune/regulate the functioning of structural genes.
Among transcription factors, we have activators and repressors.

The study of grasses inflorescence is focused on understanding floret sterility as a consequence of
strong repressors naturally selected through millions of years and the conversion from sterile florets
to fertile in order to increase spike productivity. As regards to barley inflorescence, Vrs1 (HD-Zip |
transcription factor) gene was first identified to have a contribution in grain number increase in
barley six-rowed spike, by converting sterile to fertile lateral florets(Komatsuda et al., 2007; Sakuma
et al., 2013). In addition to vrs1, the Vrs5 gene was identified as the orthologue of maize
domestication gene teosinte branched 1 (tb1) (Lundqvist and Lundqvist, 1988; Ramsay et al., 2011).
The Vrs5 loss of function alleles confers high grain number in lateral spikelet and increased number
of tillers in six row barley, the gene encodes for a transcription factor. Other genes involved in grain
number for lateral spikelet development in six-rowed barley are Vrs4, which regulates lateral
spikelet fertility in spikelet primordia (Koppolu et al., 2013), and Vrs3 which promotes the activation
of Vrs1 acting as a positive regulator (Bull et al., 2017). Taken together, these findings indicate that
Vrs3 and Vrs4 regulate row-type architecture of the barley inflorescence by converging to positively
regulate transcription of Vrsi1. The last identified gene was Vrs2 which encodes for SHORT
INTERNODES (SHI) transcriptional regulator during barley inflorescent development, promoting
two-rowed spikelet architecture by regulating hormone level (Youssef et al., 2017). Figure 63
reports the actions of the Vrs genes in the floret’s determination and lateral spikelet development
in barley.
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Figure 63: A) spike morphology of two and six row barley spikes. B) Vrs genes schematic activity where pink and blue spots reports
the site of expressions and arrows report the positive or negative effects of Vrs2,3,5 on Vrs1,4 (Boden et al., 2019).

The studies carried out in barley provide several access points for wheat, also in consideration of
the extended synteny and conservation of the gene functions between the two species. As regards
to regulation of floret abortion, Grain number increase 1 (GNI1), in wheat, encodes for a
transcription (HD-Zip 1) factor responsible for abortion, orthologue of Vrs1 in barley (Sakuma et al.,
2019) (Figure 64). GNI1 expression is detectable in apical florets primordia and in part on the rachilla,
where it inhibits floret development. It has been shown that its loss of function, due to single amino
acid substitution (N105Y) in the conserved domain, enhance the number of fertile florets per spike.
The duplication of GNI1 in Triticeae genus with mutation increasing floret fertility have been under
selection during domestication (Sakuma et al., 2019).

The GNI1 paralogue, hox2, is a gene conserved among grasses which codifies for the same class of
transcription factors as GNI1. Its overexpression in bread wheat produces spikes with a lower
number of spikelets and decrease in grain numbers (Wang et al., 2017).
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Figure 64: structure of barley and wheat inflorescence reporting the functions of vrs1 and GNI1 in wt or mutated form (Sakuma and
Schnurbusch, 2020).

Beside the controls of the number of florets per spikelets, another important trait is the flowering
time that are influenced by temperature and photoperiod. The flowering time is controlled by the
Flowering locus T (FT) (Kardailsky et al., 1999; Kobayashi et al., 1999; Turck et al., 2008). This gene
promotes flowering based on the photoperiod activating expression of meristem genes in the shoot
apical meristem (Boden et al., 2015; Corbesier et al., 2007; Tamaki et al., 2007). This gene is
regulated by the Photoperiod-1 (Ppd-1) which regulates photoperiod responsive flowering pathways
in wheat and barley. The gain of function of Ppd-1 reduce the number of spikelets per spike caused
by a reduce duration of early developmental stages (Ochagavia et al., 2018). The FT-1 copy on the B
genome has a role in the number of spikelets, acting downstream of Ppd-1, FT-B1 mutants show an
increase in spikelet number (Dixon et al., 2018; Finnegan et al., 2018).

These results show how the inflorescent architecture is regulated, both in barley and wheat, by
different transcriptional and post-transcriptional regulation of flowering signals that regulate the
inflorescent architecture. The spike architecture is regulated by different genes that act at different
steps of inflorescent development and interact each other, coordinated also by the photoperiod
and temperature of environment.
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6.2 Materials and methods

6.2.1 Background material in UNIBO

This project is in collaboration with IPK (Gatersleben, Germany), where background activities and
material were developed to understand the genetic regulation of grain number increase in central
spikelets of durum wheat and of spike fertility in general. The main results of this collaboration
were reported in the paper by Milner et al (2016). Briefly, a four-way population composed by
Neodur, Claudio, Colosseo and Rascon2/Tarro (NCCR) was developed and phenotyped for different
yield traits (Milner et al.,, 2016), used for association mapping analysis. Neodur is a French
photoperiod-sensitive late cultivar showing high number of spikelets per ear; Claudio shows wide
adaptability to Southern Europe and resistance to drought and powdery mildew; Colosseo presents
high-yielding ears (with balanced yield components); Rascon/2*Tarro (related to Altar-84) is a
photoperiod-insensitive cultivar with high yield potential due to a high number of grains per
spikelet.

Briefly, based on association mapping on NCCR population, QGns.ubo2A QTL (chr2A, QTL s.i. 84.6-
87.6 cM) QTL, here referred as GNI-2A, was detected as strongly involved in phenotypic variation
for grain number per spikelet increase (GNI). Comparing different haplotypes of the NCCR
population based on Illlumina iSelect Infinium SNP 90K chip, the Rascon/2*Tarro haplotype effect
was responsible of an increase of +0.55 grains per spikelet. On the other hand, all the three other
parents show a negative GNI effect at the locus. Furthermore, it was identified that the
Rascon/2*Tarro haplotype was consistent with the Altar-84 haplotype, historic parental varieties
from CYMMIT germplasm, and all the related varieties. Starting from the identified QTL peak on the
2A chromosome, a candidate gene was detected with a collaboration between Unibo and IPK, from
a blast analysis against emmer and durum wheat assemblies the candidate gene seems to be hox2,
which codifies for an Homeobox-Leucin Zipper transcription factor (HD-Zip). The gene presents a
deletion of 4kbp in Altar84 haplotype related variants (such as Rascon/2*Tarro, Saragolla and Iride),
highly correlated with increase in numbers of fertile florets per central spikelets.

6.2.2 Plant material

The haplotype analysis with GNI-2A KASP markers was performed on the durum panel 1 (DP1) on
167 genotypes (Maccaferri et al., 2015).

The fine mapping of GNI-2A QTL occurred on a biparental population acquired in F3 from Florimond
Desprez (France) and obtained from a biparental cross between Relief and Iride. Relief is a French
variety characterized by a long spike and awns and with late flowering time, Iride is characterized
by short spike with increased florets per spikelet, related to Altar-84 haplotype on GNI/-2A QTL,
which is the CYMMIT variety first identified to carry the grain number increased (GNI) phenotype.
The population (1500 genotypes) was multiplied in Cadriano (Unibo) field station (44°330N lat.,
11°240E long., Bologna, Italy), during 2018 in 0.5x1m plots, and sown for fertility trait evaluation in
two consecutive years, 2019 and 2020, reaching Fs and Fe generation. These field trials were
conducted in complete randomized block design with two replicates using common repeated
controls, namely: Relief, Iride, Altar-84 and Svevo.

Genotypes were harvested at complete maturity collecting 6 separate plants per genotype, main
culms were collected for phenotypic evaluation and bulk seeds were threshed for all the secondary
culms.
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6.2.3 Phenotypic analysis

Spike fertility trait was assessed for each genotype and replicate of Relief x Iride Fs/Fs population on
6 main culms harvested from selected plants and from harvested spikes from NCCR multi-parental
cross (average of six plants).

The following parameters were measured: spike length, number of fertile spikelets, number of
unfertile spikelets, number of total florets per central spikelet and number of grains per central
spikelet (Figure 65).

The central spikelet was considered as the 9t or 10%™ starting from the bottom of the spike, the bract
(sterile floret) at the top of the spikelet was not included in floret counting.

ALL average spike lenght
spike_number
SPIKE n Sterile_spikelet_number
SPIKE n Fertile spikelet number
SPIKE n floret number per central spikelets
WHITE/BRONZE/BLACK GLUME COLOR
WHITE/BRONZE/BLACK AWN_COLOR

Figure 65: Phenotypic tables to monitor spike fertility traits in durum wheat RILs population and panels. The total number of spikes
analyzed per genotype was at least 6.

6.2.4 Statistical analysis on phenotypic data

Phenotypic data were statistically analysed using software R with packages car, cardata, Ime4 and
heritability. Fertile florets per central spikelet were considered and outliers were removed using the
interquartile rules: the interquartile range (IQR) of the data was multiplied by 1.5, outliers were
defined as values 1.5 *IQR above the third quartiles and 1.5 *IQR below the third quartile. Based on
shapiro-test analysis, not normal distributions were normalized using power transform algorithm,
in order to be analyzed by ANOVA via linear mixed model analysis with the Ime4 package. Basically,
the Imer (mixed model using Ime4 package) function was used to analysed phenotypic data,
including environmental variables as covariates, such as rows, columns, replicates, number of plants
considered and the interaction between number of plants within the genotype. From the mixed
model, BLUEs were calculated using genotype as fixed and other parameters as random using the
following formula:

Florets/central_spikelet ~ Genotype + Replicate + rows + columns + number_of_plants +
Genotype:number_of_plants

Heritability was calculated using package heritability using RStudio software.
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6.2.5 DNA extraction and sample preparation

A sub-selection of durum panel | (DP1, 167 genotypes) (Maccaferri et al., 2015) and Relief x Iride
population (1500 genotypes) were sown to extract DNA and perform wet lab analysis. Briefly, 5
seeds from different selected spikes were sown in a multi-pot trial and grown for 10 days in
greenhouse with 14h light, 25°C during day period and 16°C during night period. Once plants
reached 10cm length, leaves were harvested and freeze dried using a lyophilizer for 72h.
Subsequently, leaves were grinded in extraction plates and DNA was extracted using CTAB protocol
(Doyle and Doyle 1987) with minor adjusted steps.

The DNA was quantified using both agarose gel at 1% concentration and biophotmeter, checking for
high quality value of 260/280 and 260/230 ratios. DNA was diluted at a concentration of 25ng/ul for

genotyping.

6.2.6 KASP genotyping

[lumina Infinium SNP 90K Chip genotyping array dataset (Maccaferri et al., 2015) was used to
analyse the haplotype GNI-2A QTL on durum panel accessions. 90K SNP markers with contrasting
alleles within GNI-2A chromosomic region between Svevo and Altar-84 were converted to KASP
markers. KASP primers A and B were designed on the specific SNP being variety specific, whilst the
common C primers was designed to be specific for the A genome on Triticum turgidum cv. Svevo.
The KASP primers were developed following methodology reported in paragraph 5.2.4.

KASP primers specificity was tested on Relief, Iride, Svevo and Altar-84 durum genotypes. Once
confirmed, genotyping was performed on durum panel 1 (Maccaferri et al., 2015) and Relief x Iride
RILs Fe using KASP genotyping kit (LGC genomics). A and B primers were attached with different tails
complementary to different fluorescent probes (FAM and HEX) included in the master mix, to
discriminate different allelic variants on specific SNPs: GAAGGTGACCAAGTTCATGCT (5’-FAM) for
primer_A and GAAGGTCGGAGTCAACGGATT (5’-HEX) for primer_B (

Table 39). Primer C was common to both primer A and B and was designed on homoeologues SNP
for genome A.

Table 39: KASP primers developed from Illumina Infinum 90K SNP Chip. The different target SNP in primer A and B are reported in
capital letter.

SNP ID KASP Primer A Primer B Primer C

IWB24557 KUuBO44 tgagttggattggatggttgA tgagttggattggatggttgC gctacctcaaggaaggttcttc
IWB45502 KUBO45 atgatgacacaacaccaggT atgatgacacaacaccaggG gaggcctgatcgttgetgt
IWB45503 KUBO46 cctctaaccgtcacaatgctA cctctaaccgtcacaatgetC tctcggcttgttcattgagtc
IWB63013 KUBO47 tctgtgcaagcgtgataagA tctgtgcaagcgtgataagC atctgagctgctcccacaa
IWB69369 KUBO49 gcagtgctgattgagacttacttaA | gcagtgctgattgagacttacttaC cgaacttaggtctaggectgg
IWA581 KUBO50 gggttcatactacaatggtggttT gggttcatactacaatggtggttC tgaactcaatatcgatcctgaatca
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Additional KASP markers were converted from Affimetrix 420K in order to fine map the GNI-2A
confidence interval (Table 40).

SNP sequences inside the confidence interval were aligned on 55 durum varieties from durum panel
1 (Maccaferri et al.,, 2015) to select the polymorphic probes on durum wheat, markers with
contrasting alleles on selected cultivars were converted to KASP and tested to be specific as
performed for the previous KASP markers.

KASP converted from Affimetrix 420K were tested on ten Relief x Iride selected recombinants lines.

Table 40: KASP primer A, B and C sequences converted from Affimetrix 420K SNP Chip. Position of each probe and KASP numbers are

reported. A and B primers (primers forward 1 and 2) and common primer sequences are reported

SNP ID KASP position Primer Forward 1 Primer Forward 2 Common Reverse
AX-89710414 KUBO 172 151074385 GAAGGTGACCAAGTTCATGCTAGTGC 22?2?;5:‘?:;15:::5?:;: CGCCATTTCAATTTTCTACTTCTG
AAATAATGAAAGCAGTAAAAA
AAAAG
AX-89584287 KUBO 173 153155184 GAAGGTGACCAAGTTCATGCTATAAA i'?/ﬁffgfffAAGGCT(?CA'IFGGAGAAAT;— TATTATTGTCGCACTGGCACACC
CTAAAGCAGCTGAAAGAAAAT
AAAAC
AX.89584287 KUBO 174 153155184 GAAGGTGACCAAGTTCATGCTAACCT i(/;\éfgr E_i?_?g:;gﬁgii?:l GTGAAAGAGTTGATGATTGCTGC
CTCTATTGTAGACAACAACCA cce A
GAAGGTCGGAGTCAACGGATT
GAAGGTGACCAAGTTCATGCTGAGTT
AX-89623025 KUBO 175 153760282 AATAATTCAACGCATTTGATA GAGTTAATAATTCAACGCATTT |[ATTTCGCACTCATAAGCAGAATC
GATG
AX-89612309 KUBO 176 153574054 GAAGGTGACCAAGTTCATGCTAAACA i::gfggfgrizzcciﬁii‘fﬁg; CAGGGACACTTTATAAGTACCCC
) TCACTAGCCTTTATTCTCTCT cree
AX-89505095 KUBO 177 150351083 GAAGGTGACCAAGTTCATGCTAGGAT|GAAGGTCGGAGTCAACGGATT CCAGTGAAACACCCCGAGTACTA
TTGACACGAGCCTCGTT GGATTTGACACGAGCCTCGTC
AX-89459527 KUBO 178 151565662 GAAGGTGACCAAGTTCATGCTATGCA S:"IEAGGCG:CC(?CG({}-\AGJE'CA:ESEAA:; GATCCCACCTCTGTTGGTGGTTCC
) CGCGAGCCAGGAATCA G
AX-89444977 KUBO 179 152169892 GAAGGTGACCAAGTTCATGCTGCCAC gé?:f:é?f:f:gﬁ(;c?s:gg TATGCAAAGGGTCGACACTTCAAC
) AGTAAAAGTGATGACCTGA rce
AX-89612309 KUBO 180 153574054 GAAGGTGACCAAGTTCATGCTAAACA iiiglf;gfgf/;i?cﬁ'ﬁiig\g‘: CAGGGACACTTTATAAGTACCCC
TCACTAGCCTTTATTCTCTCT cTee
AX-89332583 KUBO 181 153916153 GAAGGTGACCAAGTTCATGCTCCACC SgAAf;LC;GAZiLC(g:i%G(IAAL-FA TTTTGCATTGACGGGTCCCAG
TGTAAGTAGTAAGCACAAAAA AAAG
GAAGGTGACCAAGTTCATGCTGAGG |GAAGGTCGGAGTCAACGGATT |TGCTATGCAGCACTGGCGGCATAA
AX-89532109 KUBO 182 152849539 CCCGTCGCGAGGCCGA GAGGCCCGTCGCGAGGCCGG |TA

The PCR protocol was used according to manufacturer instructions by LGC genomics. The following
thermal protocol was used: 94°C 10 minutes — 10 cycles touchdown at 94°C 10 second and starting
from 65°C to 57°C, 26 cycles at 94°C for 20 seconds and 57°C for 60 seconds.

Further re-cycling steps were applied in case a better separation of clusters was required using the
following thermal protocol: 3 cycles at 94°C for 20 seconds and 57°C for 60 seconds. The reaction
components are reported in Table 28 and Table 29 (Paragraph 5.2.4).
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6.2.7 PCR specific assay

The PCR assay on the candidate gene hox2 was composed of two primers forward and one primer
reverse, specific to discriminate the presence/absence of the deletion in the genotype. The
sequences of the three primers are the following:

Primer Fw2: 5’-CCACTAAAGATCATCCCCTGCTA-3’
Primer Rvl: 5'-CGGTCACGCAATATCCAC-3’
Primer Rv4: 5’-ACACTTATAGCTAACCATTCGGTG-3’

The PCR reaction was performed using GoTag® G2 Flexi DNA Polymerase (Promega), using the
following PCR components (Table 41)

Table 41: PCR components of hox2 specific assay using Promega Gotaq PCR kit.

Components Working sclution concentration (Ci) Final Concentration (Cf) | Volume x L-20ul in total (pl)
HO 454
FCR Buffer 5 1 4
MgCl2 25 mM 1.5 mM (highly stringent) 12
10 uM TE | work inormal)
Primers F+R (104 Rv4+5yl Rv1+20u Fu2+65TE ) 0.4 1M = 400 nM of each 0.8
dMTFs 25 mM each 0.2 mM (fixed) .16
TAQ 1-5 Units / pl 0.5 — 1 Unit per reacticn 0.1
DMA 10ng/ W 100 ng per reaction 10

The PCR thermal protocol used for the reaction was the following, the fixed elongation time of 50
seconds was used to discriminate between presence or absence of hox2 deletion (Table 42).

Table 42: thermal cycling protocol of the hox2 PCR specific assay.

TAQ
activation 95°C for 5 min 1 cycle
denaturation 95°C for 45 sec
annealing 62°C for 45 sec 40 cycles
elongation 72°C for 50 sec (1 min every kb)
final extension 72°C for 5 min 1 cycle
hold 12°C for =

6.2.8 Genetic interval evaluation

The gene interval included in the GN/-2A QTLs was explored using Biomart tool included in Ensembl
plant database (Durinck et al., 2009) where high confidence genes were downloaded. The hox2
expression pattern was extracted from the wheat expression browser (Borrill et al., 2016; Ramirez-
Gonzélez et al., 2018).
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6.3 Results

6.3.1 QTL mapping on NCCR — background material

Starting from Unibo background material and work (Milner et al., 2016), Milner and colleagues used
the NCCR mapping population and its genetic map to perform an association mapping analysis on
yield traits and floret fertility architecture. As a results, a strong QTL on chromosome 2A
(QGns.ubo2A QTL), hereafter referred as GNI-2A, was detected between genetic distances 84.6 cM
and 87.6 cM, responsible for the regulation of the number of fertile florets per central spikelet (Table

43).

Table 43: Confidence interval detected for the GNI-2A QTL on the NCCR population using lllumina SNP 90K molecular markers.

Chromosome and genetic distances on NCCR population are shown for each marker.

SNP code CHR cM
IWB27892 2A 84.59
IWB71483 2A 84.59
IWB33922 2A 84.59
IWA314 2A 84.59
IWB65847 2A 84.59
IWA581 2A 86.09
IWB72980 2A 87.59
IWB55871 2A 87.59
IWB43629 2A 87.59
IWB43630 2A 87.59
IWB74831 2A 87.59
IWB36149 2A 87.59
IWB72516 2A 87.59
IWB40453 2A 87.59
IWB12320 2A 87.59
IWB47511 2A 87.59
IWB24776 2A 87.59
IWB28709 2A 87.59
IWB66004 2A 87.59
IWA8491 2A 87.59
IWB2840 2A 87.59
IWB25154 2A 87.59
IWB43628 2A 87.59
IWB45265 2A 87.59

The most associated marker was IWA581, which has a phenotypic effect of 42% in the NCCR

population and a -logPvalue of 40.36 (Table 44).

Based on the alignment on the Svevo pseudomolecules, the QTL interval detected was between 83

Mb and 155.9 Mb on chromosome 2A (Table 44

).
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Table 44: GNI-2A interval on NCCR population mapped on Svevo RefSeq v1.0 genome. The -logP-value based on Milner et al. (2016)
is reported together with the r? effect (%).

-logPvalue NCCR population SVEVO_BLAST_physical

SNP ID g(MiIner et al.p2($16) ERELLPAES, - (bp)_p !
IWB26960 30.71 33.74 83,047,998
IWB20811 32.09 35.08 83,047,603
IWA4027 30.37 33.35 83,048,244
IWB34544 32.98 35.96 83,049,280
IWA3569 30.71 33.74 83,053,185
IWB329 32.32 35.45 84,319,271
IWB27190 32.98 35.96 84,319,311
IWB51634 32.50 35.44 84,630,155
IWB49088 31.24 34.22 85,683,530
IWB10760 32.32 35.45 86,161,856
IWB68419 31.63 34.58 86,216,726
IWB68420 32.30 35.09 86,216,748
IWB28709 33.34 36.20 86,685,873
IWB47511 33.61 36.61 86,703,545
IWB12320 33.61 36.61 86,711,316
IWB40453 34.29 37.13 87,135,104
IWB74831 34.27 37.10 87,155,112
IWB43629 34.44 37.16 87,157,898
IWB43630 34.44 37.16 87,157,964
IWB2840 33.49 36.24 87,167,532
IWB25154 33.00 35.73 87,897,800
IWB36149 34.44 37.16 88,276,287
IWB24776 32.58 35.61 88,642,793
IWB66004 33.49 36.24 88,646,196
IWB71483 34.80 37.48 88,921,233
IWB65847 34.10 36.96 89,571,125
IWA5240 36.09 38.68 93,029,271
IWB45265 33.61 36.61 87,132,698
IWB55871 34.29 37.13 87,134,639
IWB43628 33.00 35.73 87,157,500
IWB72980 33.77 36.58 87,188,075
IWB72516 33.75 36.65 87,889,127
IWAS8491 33.49 36.24 88,276,987
IWA314 34.10 36.96 89,887,450
IWB75196 35.76 38.22 91,359,376
IWB71620 36.09 38.68 92,985,398
IWB71619 36.82 39.20 92,988,685
IWB23617 36.09 38.68 93,020,198
IWB3900 35.44 38.12 93,029,257
IWB59387 35.55 38.04 94,214,978
IWB23108 35.14 37.68 94,874,913
IWB48585 31.18 34.59 94,956,501
IWB48587 35.76 38.22 94,957,056
IWA1256 36.24 38.90 95,044,489
IWB11681 36.29 38.67 96,416,485
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IWB73897 36.09 38.68 97,261,496
IWB664 36.09 38.68 97,261,596
IWB32206 36.10 38.50 97,278,301
IWA2245 36.82 39.20 98,205,852
IWB65613 35.59 38.07 99,459,539
IWA424 36.29 38.67 100,336,668
IWB33110 33.60 39.24 100,768,882
IWB72860 36.82 39.20 100,855,328
IWB62501 36.35 39.36 100,855,483
IWB72859 36.82 39.20 100,855,583
IWA7389 35.57 38.14 103,999,255
IWB49279 34.95 37.34 103,999,765
IWB5320 35.57 38.14 103,999,443
IWB5321 35.55 38.04 103,999,857
IWB27207 35.59 38.25 107,264,819
IWB65638 36.09 38.68 114,111,448
IWA6369 36.82 39.20 114,131,326
IWB45501 36.82 39.20 114,131,423
IWAS5586 35.55 38.04 114,412,427
IWB45503 36.29 38.67 116,248,843
IWB45502 36.82 39.20 116,249,061
IWA1597 36.09 38.68 116,441,975
IWB21864 36.90 39.46 117,552,097
IWB34587 36.82 39.20 117,789,807
IWB37153 36.82 39.20 117,789,957
IWB71756 36.09 38.68 117,784,565
IWB66712 34.29 37.12 118,273,009
IWA994 36.82 39.20 120,418,376
IWB4905 35.43 38.20 126,515,332
IWB42663 35.57 38.14 126,517,238
IWB27678 36.09 38.68 126,517,436
IWB49366 35.76 38.22 129,682,673
IWB70278 35.57 38.60 137,504,107
IWB32396 38.76 40.63 145,172,046
IWB63013 38.73 40.71 145,174,846
IWB66099 38.56 40.76 145,693,567
IWA690 39.59 41.70 147,006,985
IWB32379 38.73 40.71 149,401,687
IWB65382 38.84 41.17 149,405,732
IWB32289 38.27 40.61 149,410,525
IWB32288 39.87 41.83 149,410,711
IWB24557 39.87 41.83 150,112,012
IWB1896 39.69 41.78 152,460,005
IWB69369 36.48 38.83 154,339,961
IWA581 40.36 42.22 154,732,761
IWB11613 38.26 40.50 155,892,451
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6.3.2 KASP genotyping analysis

Starting from the most associated peak, -logP +/- 2 was considered to convert Illumina 90K SNP into
KASP markers and narrow down the confidence interval, using marker probes from lllumina Infinium
Array 90K SNP Chip.

Different KASP markers were developed within this interval, 6 proved to be polymorphic and were
used to genotype the durum panel accessions from durum panel 1 (DP1) (Table 45) (Maccaferri et
al., 2015). The genetic distance on the Svevo consensus map (Maccaferri et al., 2015) for each of the
6 KASP markers developed, ranged between 99 cM and 102 cM (different from the genetic distances
previously reported by Milner et al., 2016) (Table 45).

Table 45: KASP markers developed from Illumina Infinium 90K SNP Chip inside the GNI-2A interval detected in NCCR population. The
-logP, marker effect, position on Svevo RefSeq v1.0 assembly and genetic distance on Svevo consensus map are reported,

-log(p- M-
value) | marker_R?
SNP_Consensus ID KUBO ID — | position_Svevo_bp chr Consensu
NCCR (%)
. Map
population

IWB45503 KUBO46 36.29 38.67 116248843 2A 99
IWB45502 KUBO45 36.82 39.20 116249061 2A 99
IWB63013 KUBO47 38.73 40.71 145174846 2A 101.6
IWB24557 KUBO44 39.87 41.83 150112012 2A 102
IWB69369 KUBO49 36.48 38.83 154339961 2A 102
IWA581 KUBO50 40.36 42.22 154732761 2A 102

All primers proved to be polymorphic, codominant, and segregating for different haplotypes
between contrasting durum parental lines Relief, Iride and the multi-parental line population
founders Neodur, Colosseo, Claudio and Rascon/2*Tarro. The following KASP markers, KUBO 45,
KUBO 46, KUBO 47, KUBO 44, KUBO 49, KUBO 50 ranged between 116 Mb and 155 Mb on chr2A of
Triticum turgidum cv Svevo pseudomolecule, and were used to genotype the DP1, a panel composed
by a subselection of 167 genotypes out of 300 (Maccaferri et al., 2015) (Table 46).

Table 46: Summary of genotyping results for KASP markers on DP1 using KUBO45, KUBO 46, KUBO 47, KUBO 44, KUBO 49, KUBO 50.

DP1 population n° of lines

Total number of lines 167
WT haplotype 158
Mutant haplotype 4
Recombinant lines 5
% mutant lines 2.40
% wt lines 94.61
% recombinant lines 2.99

The amplification plots show the segregation between GNI-2A haplotype, wt genotypes and artificial
heterozygotes in the durum panel accessions (Figure 66). All the markers tested show a good
discrimination capacity and codominance between opposed parental lines.
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Figure 66: Amplification plots for KUBO 44. KUBO 45, KUBO 46, KUBO 47, KUBO 49 and KUBO 50 on DP1. Wt and GNI-2A alleles are
highlighted in blue and red respectively, the heterozygotes are in green.
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The fertility haplotype was detected in less than 2.4% of analysed elite durum panel genotypes,
resulting as a rare allele (minor than 5%) in modern elite variety panel (Table 46). To confirm these
results, the allele frequency for each SNP 90K marker converted into KASP was calculated in the DP1
genotyping array, strengthening the fact that single markers and the GNI-2A haplotype corresponds
to rare alleles in the population responsible for an increase in spike fertility trait.

Marker ID SVEVO_BLAST_physical KASP CHR Altar_g4 ME:;;,M Iride agolla| Claudio | Neodur | Colosseo | Svevo
IWB45503 116,248,843 KUBO_46 2A T T T T G G G G
IWB45502 116,249,061 KUBO_45 2A G G G G T T T
IWB63013 145,174,846 KUBO_47 28 [ [ [ [ A A A A
IWB24557 150,112,012 KUBO_44 2A G G G G T T T T
IWBG69369 154,339,961 KUBO_49 2A A A A A C C C C
IWAS581 154,732,761 KUBO_50 2A c c c c T T T T

Figure 67: NCCR founders and GNI-2A haplotypes based on KASP markers converted from 90K SNP Chip.

As shown in Figure 67, the rare haplotype corresponds to cultivars Altar-84, Rascon/2*Tarro, Iride
and Saragolla, which have a GNI-2A haplotype and show increased number of florets per spikelet.
This is in contrast with NCCR parental lines Neodur, Claudio, Colosseo and the genome sequenced
reference cultivar Svevo, which have a different haplotype and do not have the increase in spike
fertility.

As a confirmation of the haplotypes detected on modern cultivars from lllumina Infinium 90K SNP
Chip, resulting KASPs from the KASP genotyping on DP1 show that the elite cultivars with the GNI-
2A haplotype are: Iride (which carries the Altar-84 haplotype), Saragolla, Sculpture and Cuspide,
which have an increase in spike fertility (Figure 68).
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Durum cultivars K46 K45 K47 Ka4 K49 K50 Durum cultivars K46 K45 Ka7 K44 K49 K50
Acadur Italy A A B B H H Lloyd USA/France B B B B B B
Achille Italy B B B B X H M1084 ICARDA B B B B B B
Adone Italy X B B B B B M20 ICARDA B B B B B B
Alemanno Italy X B B B B B Maesta Italy B B B B B B
Amina ICARDA B B B B B B Maier USA B B B B B B
Amria ICARDA B B B B B B Marakas Italy A A B B B B
Anvergur France B B B B H B Marco Aurelio Italy B B B B B H
Augusto Italy B A B B H B Mario Italy B B B B B X
Aureo Italy B B X B H B Massimo Meridio |ltaly B B B B B B
azeghar_2 ICARDA B B B B B B Miki ICARDA B B B B B B
Babylone France B B B B H B Mindum USA B B B B B B
Bacardi Italy B B B B B B Miradoux France B B B B B B
Casteldoux France B B H B B B Morse USA B B B B B B
Ceedur France A H B B B B Nadif Italy B B B B B B
Cesare Italy B B B B H B Natal Italy B B B B B B
Cham-1 ICARDA B B B B B B Neodur France B B B B B B
Cincinnato Italy B B B B B B Nobilis France B B B X B H
Claudio Italy B B B B B B Obelix / Italy B B B B B B
Claudio Sis Italy B B B B B B Odisseo Italy B B B B B B
Cndo/Primadur Italy B B X A A A Ofanto Italy B B B B B B
Colombo Italy B B B B L B omrabi_5 ICARDA B B B B B B
Corallo Italy B B B B B B Opera Italy B A B B B H
Core Italy B 2 E 2 E 2 Orizzonte Italy B B B B B H
Cmd'_t Italy E Bl A A A A Orobel France B B B B B B
Cuspide Italy A A A A A A Ovidio Italy B B B B B H
DGEL - USA X 3 X 3 E A Pellisier Tunisia B B B B B B
desert king USA/desert durum B B B B B B Pescadou France B B B B B B
Dlam.ante Italy B B B B B B Pi Greco Italy B B B B B B
Duroi Italy 3 2 3 B X 2 plata_10/6/mge/ |CIMMYT A A B B B B
Dytan ltaly B Bl B Bl B B! PR22D84 Italy B B B B B B
Edmore Italy 3 B 3 B 3 B Produra CIMMYT B B B B B B
Emilio Lepido Ital B B B B B B
i Y Provenzal France B B H H H H
ettore Italy B B B B H B N
Ramirez Italy H H B B B B
FD14DW021 France B B H B B B N
- Relief France B B B B B B
Flavio Italy B B B B B B
Sachem France B B B B B B
Furio Camillo Italy B B B B H B
san carlo Italy B B B B B B
Gibraltar France B B B B B B
- Saragolla Italy A A A A A A
Gidara ICARDA B B H B B B
- sculpture France A A A A A A
Ginseng Italy B B B B H B
— Secolo Italy B B B B B X
Giulio Italy B B B B B B
" Sy Cisco Italy X H B B B H
Grazia Italy B B B B B B -
Sy Lido Italy B B B B B H
Haby ICARDA B B B B B B
- teodorico Italy B B B B B H
ica mor. ICARDA B B B B B B
- Textur France B B B B B B
Iride*** (TaHOX2 allele from Altar84-Gallareta) |ltaly A A A A A A -
Joyau France B B B B B B t";ex - Italy B = B = B B
Kanakis Ttaly B 5 B 5 B m Tft:{; Flavio Italy B B B B B H
Karim cIMMYT B B B B B B Tiziana Italy B B B B B B
Karur France B B B B B H Trinakria Italy B B B B B B
Kiko nick Italy B B B B B H Valnova Italy = B = E = B
Kronos USA/desert durum B B B B B B Varano ltaly X B B 2 2 =
Kyle USA B B B B B B 'Vatan East Europe B B B B B B
Lambro Italy H B B B B B 'Vendetta Italy B B B B B B
Langdon USA B B B B B B ‘West Bred Turbo [USA/ desert durum B B B B B B
Levante Italy B B B B B B zaghar. ICARDA B B B B B B
liberdur France B B B B B B zardak IRAN B B B B B B
zeina_1 ICARDA B B B B B B

Figure 68: KASP genotyping analysis on 167 genotypes from DP1 using KUBO 44. KUBO 45, KUBO 46, KUBO 47, KUBO 49 and KUBO 50. A stands for GNI-2A allele and B for wt allele, H stands for
heterozygotes
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6.3.3 Phenotypic analysis

The number of fertile florets per central spikelets and other spike architecture parameters were
scored in the Relief x Iride population during 2019 and 2020 growing season. The number of fertile
florets per central spikelet was monitored by Milner et al (2016) also in the four-way NCCR
population (background material). As visible in Figure 69, the spike morphology is differentiated
between the parental lines of the NCCR population. The Rascon / 2*Tarro spike show higher number
of spikelets with a denser spike in comparison to the other parental lines (Figure 69).

Figure 69: spike differences between the four parental founders of NCCR population.

Milner et al (2016) compared the number of fertile florets per central spikelet at different growing
stages following BBCH wheat growth scale (Zadoks et al., 1974), from GS49 to GS70, across the 4
NCCR parental lines and Altar-84 variety (CYMMIT line that originated the Rascon /2*Tarro
haplotype). Figure 70 shows that Rascon /2*Tarro and Altar-84 have a higher number of fertile

florets per central spikelet across the different growing stages, reaching the maximum values (9)
between GS65 and GS69.
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Fertile florets/spikelet in NCCR founders

12
10
8 —t—Neo
-3 Cla
6
Col
4 R as
e V1 §
2
0 T

49-50 53 55 57 59-60 65-69 70
Figure 70: different number of fertile florets per central spikelets across the NCCR parental lines in the different growing stages, from
BBCH 49-50 to BBCH 70.

As regards the Relief x Iride biparental population, phenotypic distribution of number of florets per
central spikelet was assessed by data analysis during 2019 and 2020 growing season after harvest.
The distribution of the dataset was bimodal, showing peaks on the average number of florets which
segregates for the parental average phenotypes, namely 4.5 and 6.3 florets per central spikelet

(Figure 71).

Florets per central spikelet 2019 RxI Florets per central spikelet 2019 RxI

Frequency
Floret number

2 6 9
Floret number Relief % Iride

a) b)

Figure 71: phenotypic distribiution of Relief x Iride population in 2019. a) the distribution is bimodal, b) the first and fourth quartile
range goes from 3 to 8.5 fertile florets per central spikelets

The range of phenotypic diversity observed in the population went from 3 to 8.5 florets per central
spikelet, broad sense heritability reported was 88% (Table 47).
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Table 47: Descriptive statistics of Relief x Iride population from 2019, and heritability value.

Descriptive statistics 2019 FI(?rets per  central
spikelet
min 3
max 8.5
range 5.5
median 5
mean 4.98
SE.mean 0.02
o’ 1.08
ST. DEV 1.04
cv 0.21
h? 0.88

During the 2019/2020 growing season, Relief x Iride was phenotyped for spike fertility trait with the
same methodology used for the previous season, in two replicates and 6 selected spikes per
genotype.

As previously showed for the 2018/2019 growing season, the number of florets per central spikelet
distribution detected was bimodal with the following peak averages: 3.8 for wt genotypes and 4.9
for GNI-2A genotypes (Figure 72). The average values were a little bit lower than expected,
especially based on 2019 data, however presence of diseases and differential growing seasons could
hamper the floret development.

Florets per central spikelet 2020 Florets per central spikelet 2020
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3
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Floret number Relief x Iride

a) b)

Figure 72: phenotypic distribiution of Relief x Iride population in 2020. a) the distribution is bimodal, b) the first and fourth quartile
range goes from 3.5 to 6 fertile florets per central spikelets.

The range was between 3 and 6 florets per central spikelet and the heritability calculated value was
89% (Table 48).
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Table 48: Descriptive statistics of Relief x Iride population from 2020, and heritability value.

Descriptive statistics 2020 | Florets per central spikelet

min 3
max 6
range 3
median 5
mean 4.57
SE.mean 0.02
Cl.mean.0.95 0.04
o’ 0.59
ST.DEV 0.77
cv 0.17
h? 0.89

Based on the analysis of 2019 and 2020 for Relief x Iride population, the phenotypic distribution
shows that the fertile florets per central spikelets segregates within the population for the multi-
year trials. This confirms the presence of a strong QTL (GNI-2A) which regulates the trait with a
strong genetic component between the different generations, as the heritability value are close to
90%.

6.3.4 QTL fine mapping

The GNI-2A interval was explored considering the chromosomic region with the highest association
scores and effect on the NCCR population, considering -logP +/-2 within the region, thus evaluating
the interval between 150 Mb and 154.9 Mb. The considered interval was included between KUBO
44 and KUBO 49 (Figure 73).

The confidence interval was confirmed by KASP PCR assay (using KUBO 44 and KUBO 49) performed
on Relief x Iride Fs population, extracting DNA from selected spikes harvested during 2019/2020
growing season.

As a result, the analysis showed KASP primers segregation inside the Relief x Iride genotypes,
accordingly to Rascon/2*Tarro (GNI-2A haplotype) and Svevo (wt haplotype).
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Figure 73: Amplification plots of KUBO 44 and KUBO 49 between GNI-2A and wt genotypes on Relief x Iride population from 2020.

The identified interval between KUBO 44 and KUBO 49 was approximately of 4.9 Mb, much shorter
than the interval detected in NCCR population (Table 44). As a consequence of the Relief x Iride Fe
genotyping, 401 genotypes showed the wt haplotype, 326 accessions had the GNI-2A haplotype,
and 10 genotypes were recombinant between KUBO 44 and KUBO 49. The linear model between
haplotype and number of florets per central spikelet was computed for 2020 Relief x Iride dataset,
where the detected r? was equal to 0.46. A significant difference was detected based on ANOVA
performed on the two genotypic groups (GN/-2A and wt) and the number of florets per central
spikelet (Figure 74).
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Figure 74: boxplots between GNI-2A and wt genotypes in Relief x Iride population. The difference between the boxplot is significant
(** =<0.05). The wt and GNI-2A medians are approximately 4 and 4.7 respectively.
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In order to further fine map the confidence interval, the Affymetrix SNP Chip 420K was exploited.
The SNP array was aligned on 55 durum elite varieties (background material Unibo) and polymorphic
SNP between wt and GNI-2A varieties haplotypes were chosen to be converted in new KASP primers.
Eight KASP markers proved to be polymorphic between population parents, Relief and Iride, by KASP
PCR analysis on 10 recombinants detected between KUBO 44 and KUBO 49.

In order to strengthen the phenotypic data of recombinant genotypes, 3 central spikelets were
phenotyped for number of florets for each genotype in two replicates, the final phenotypic average
data was obtained.

Based on the phenotypic data and fined mapped genotypic data, the interval was narrowed down
between 150.35 Mb and 153.92 Mb on chr2A (3.9 Mb), critical recombination event were detected
between KUBO 44 / KUBO 177 and KUBO 49 / KUBO 181 as Relief x Iride recombinant lines 1140,
1170 and 1172 showed an increase number of fertile florets per spikelet ranging from 4.47 to 5.39
(Table 49).

Table 49: Fine mapped interval on Svevo RefSeq v1.0 genome on chromosome 2A. The wt or GNI-2A haplotypes are reported, based
on the phenotype (number of florets per central spikelet) the interval was fine mapped between KUBO181 and KUBO177

Svevo bp 572 651 1011 1125 1140 1170 1172 1319 1405 801
ka7 145174846 wt GNI-2A wt GNI-2A | GNI-2A wt GNI-2A wt wt wt
k44 150112012 wt GNI-2A wt GNI-2A | GNI-2A wt GNI-2A wt wt wt
k177 |150351083 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k178 (151565662 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k179 |[152169892 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k169 |[152460005 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k182 (152849539 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k173 |153155184 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k175 |[153760282 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k181 |[153916153 wt wt wt wt GNI-2A | GNI-2A | GNI-2A wt wt wt
k49 154339961| GNI-2A wt GNI-2A wt wt GNI-2A wt GNI-2A | GNI-2A wt
k50 154732761| GNI-2A wt GNI-2A wt wt GNI-2A wt GNI-2A | GNI-2A wt

Florets/central
spikelet 2020 3.47 3.75 3.97 3.83 4.47 4.54 5.39 4.13 4.33 4.06

6.3.5 GNI-2A genetic interval exploration
The genetic interval was explored in Ensembl Plants database, exploring the region between KUBO

44 and KUBO 49 on chromosome 2A of Triticum turgidum cv. Svevo. The fine mapped interval
contained 8 High confidence gene and 13 low confidence gene (Table 50).
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Table 50: GNI-2A gene interval between KASP markers KUBO44 and KUBO49. Gene positions and functions are reported, the candidate
gene is highlighted in green.

Gene_stable.ID Gene_start |Gene_end |Confidence |Human_Readable_Description
k44 150112012
TRITD2Av1G065720 | 150154760]150155062|LC LisH/CRA/RING-U-box domains-containing protein
TRITD2Av1G065760 | 150277260|150277673|LC Na(+)/H(+) antiporter NhaB
TRITD2Av1G065790 | 150351030(150351401(LC NAD kinase 2
k177 150351083
TRITD2Av1G065810 | 150406349|150407143|LC NAC domain-containing protein 21/22
TRITD2Av1G065820 | 150418530|150419438|LC Succinate dehydrogenase assembly factor 2, mitochondrial
TRITD2Av1G065930 | 151044680(151045171|HC Protein kinase superfamily protein
TRITD2Av1G065990 | 151156448(151157290(LC ATP-dependent RNA helicase dhx8
TRITD2Av1G066020 | 151336034|151336531|LC ARM repeat superfamily protein
TRITD2Av1G066040 | 151392407)151392739|LC nuclear RNA polymerase C2
k178 151565662
TRITD2Av1G066070 | 151574182|151574706|LC RING/U-box superfamily protein
k179 152169892
TRITD2Av1G066110 | 152458187|152459853|HC Polyol transporter
k169 152460005
TRITD2Av1G066120 | 152477625|152479031|HC Polyol transporter
TRITD2Av1G066140 | 152700098|152700412|LC Subtilisin-like protease
TRITD2Av1G066160 | 152785613|152786326|LC Dual 3',5'-cyclic-cAMP and -GMP phosphodiesterase 11A
TRITD2Av1G066170 | 152786434|152787132|LC Iron-sulfur cluster insertion protein ErpA 1
TRITD2Av1G066180 | 152814040|152815294|LC Cap-specific mRNA (nucleoside-2'-O-)-methyltransferase
TRITD2Av1G066190 | 152819657|152819863|LC Histidine biosynthesis bifunctional protein HisB
TRITD2Av1G066220 | 152844465|152846986|LC Cwfl-like family protein / zinc finger (CCCH-type) family protein
TRITD2Av1G066230 | 152849223|153072120|HC Polyol transporter
k182 152849539
k173 153155184
TRITD2Av1G066240 | 153157347|153158896|HC Sorbitol transporter
TRITD2Av1G066280 | 153463708|153464085|LC NAD(P)-binding Rossmann-fold superfamily protein
TRITD2Av1G066300 | 153567357|153571215|HC Mitochondrial transcription termination factor family protein
TRITD2Av1G066310 | 153573105|153575601|LC Zinc finger C-x8-C-x5-C-x3-H type family protein
TRITD2Av1G066350 | 153723067|153723638|HC Sodium channel protein type 5 subunit alpha
TRITD2Av1G066360 | 153727715|153729013|HC F-box protein
TRITD2Av1G066380 | 153751787|153752158|LC nucleoporin
TRITD2Av1G066390 | 153756304|153761403|HC Proteasome subunit alpha type
k175 153760282
TRITD2Av1G066460 | 153915102|153924089|HC 1-phosphatidylinositol-3-phosphate 5-kinase
k181 153916153
TRITD2Av1G066500 | 154060075|154061397|LC zinc knuckle (CCHC-type) family protein
TRITD2Av1G066520 | 154179985|154180290|LC DNAse I-like superfamily protein
TRITD2Av1G066560 | 154338005|154339669|HC GRAS transcription factor

154339961
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Based on background analysis performed by a collaboration between Unibo and IPK (Milner et al.,
2016), a probable candidate gene was identified in TRITD2Av1G066050, homeobox leucin zipper
transcription factor (Figure 75), which corresponds to the hox2 gene, identified as an orthologue of
vrs1 (Sakuma et al., 2017) and a paralogue of the GNI-1 in Triticum aestivum (Sakuma et al., 2019).
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Figure 75: functional domain of hox2 gene, homeobox leucin zipper domain from NCBI blast database.

By background information from the collaboration between Unibo and IPK, a resequencing analysis
was performed on different durum cultivars, some of which share the Altar-84 haplotype (GNI-2A),
showing that the gene has a 4 kbp deletion in in Rascon/2*Tarro and Altar-84 related germplasm.
This mutation seemed to be strongly correlated with spike fertility trait, strengthening the fact that
the hox2 gene seem to be a promising candidate for the increased number of fertile florets per
central spikelet. The presence of the deletion in the candidate gene was confirmed by a PCR specific
assay, where three primers are used (Figure 76). Based on the presence or absence of the deletion,
using the same elongation time for the PCR reaction (50 seconds), it is amplified a fragment of 0.2
kbp (in the absence of the deletion, primers Fw2 and Rv1 produce the PCR product in wt genotype)
or a fragment of 0.9 kbp (presence of the deletion, GNI-2A genotype).

4 kbp sequence deleted in mutant gene

o | R

Figure 76: difference between deleted (RT) and wt sequence (Svevo). The blue rectangle corresponds to the 4kbp deletion present in hox2
mutant gene. The primers that produce the PCR fragment in the absence of the deletion are Fw2 and Rv1, on the other hand, when there
is the deletion, primers Fw2 and Rv4 produce a 0.9 PCR fragment.
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The PCR results on parental Rascon/2*Tarro, Svevo, and artificial heterozygote (H) showed that the
PCR system is efficient and confirmed the presence of the deletion in Rascon/2*Tarro haplotype,
and that both alleles are present in the artificial heterozygote (H) performed by merging equal

volumes of Rascon/2*Tarro and Svevo (Figure 77).

1,5Kkbp

0,85 kbp
0,4 kbp

0,2 kbp

Figure 77: PCR result of PCR specific assay on hox2 gene between contrasting GNI-2A varieties Svevo (Sv) and Rascon/2*Tarro (RT).
The artificial heterozygote was composed by equal volumes of Sv and RT.

The hox2 expression was explored using Wheat expression browser database (Ramirez-Gonzdlez et
al., 2018) in different tissues and at different developmental stages of the Azurnhaya cultivar (Figure

78).
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Figure 78: hox2 gene expression in wheat expression browser database. The level of expression in different tissues at different stages

of Azurnhaya cultivare are shown in tpm expression unit.
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The gene expression is very high in early developmental stages, during spike meristem
differentiation. At adult stages the expression decreases but remains stable especially in mature
spike.

6.4 Discussion

The reported work describes the characterization of the QTL GNI-2A in the mapping population
Relief x Iride Fsand in the durum panel 1 (Maccaferri et al., 2015). The QTL was initially mapped in
the 4-way durum cross population NCCR on chromosome 2A, leading to an increase of 0.55 grains
per spikelet (Milner et al., 2015). The GNI-2A haplotype derives from the CYMMIT line Altar-84 which
is related to the NCCR parental lines Rascon/2*Tarro. The herein work report a complete phenotypic
and genotypic characterization of the biparental population Relief x Iride Fs, Iride has the same
haplotype and is strongly related with the Altar-84 CYMMIT line. Iride has an increase in the number
of florets per central spikelet, causing an increase in spike fertility and yield but leading to the
abortion of apical florets during spikelet differentiation. Multi-years field trials and spike fertility
phenotyping showed a segregation of the GNI-2A QTL in the Relief x Iride population, showing a
bimodal distribution between all the genotypes. As both Iride and Rascon /2*Tarro derived from
the CYMMIT line Altar-84, the range of values detected for Relief x Iride was similar to the ones
described in NCCR multi-parental cross (Milner et al., 2016), with a stronger bimodal distribution
due to the high QTL segregation in the biparental population. The fine mapping occurred converting
11 KASP markers from Illumina Infinium SNP 90K Chip and Affimetrix Axiom 420K narrowing down
the interval in a 3.9 Mb. The fine mapped interval contains about 15 high confidence (HC) genes,
but a strong candidate corresponds to the hox2 genes, that has a 4 kbp deletion in Altar-84 related
haplotypes. This gene is a strong candidate as its molecular function belongs to a gene family
strongly involved in spike development and floret differentiation. In fact, this gene codifies for a
homeobox leucin zipper transcription factor, which is the same protein domain detected for other
genes involved in spike fertility and architecture morphology.

For example, the vrs genes (vrs1-5) are deeply involved in barley spike morphology with multi-rows
spike leading to an increased number of grains per spike, in particular vrs-1 codifies for a HD-Zip1
protein domain typical of transcription factors protein (Komatsuda et al., 2007; Sakuma et al., 2013).
In addition, the identified hox2 gene is a paralogue of GNI-1 which codifies for a similar kind of
protein (Sakuma et al., 2019). Paralogue genes correspond to multiple copies of the same sequence
in the genome. The GNI-1 gene is on the same chromosome (chr2A) of hox2 on GNI-2A,
approximately 400 Mb apart. GNI-1 has a single amino acidic mutation (N105Y) that prevents from
the inhibition of apical florets abortion (Sakuma et al., 2019). This function can be connected with
the GNI-2A mutation on Altar-84 related genotypes, as the genes carrying the 4 kbp deletion lead
to an increase in spike fertility preventing apical florets abortion. In fact, it has been demonstrated
that the overexpression of the hox2 gene produces plants with reduced fertility (Wang et al., 2017).
Thus, both hox2 and GNI-1 wild type genes regulate the apical floret abortion reducing the number
of florets per spikelet. On the other hand, the mutation for both genes that causes a loss of functions
is responsible for an increase of grain number per spikelet where apical florets are not aborted.

It is evident that there is a strong connection between GNI-2A and GNI-1 regarding the phenotypic
effect, the function on the development of florets per spikelet and the tissues/developmental stages
of expression. Furthermore, the segregant population Relief x Iride could also be influenced by the
action of GNI-1, which could not be excluded from the phenotypic expression. However, based on
the 20 KASP markers used to genotype the population and on the phenotypic analysis, it can be
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concluded that the GNI-2A QTL has the major effect on the spike fertility trait in the segregant Relief
x Iride population.

The KASP mapping on the durum panel germplasm revealed that the GNI-2A QTL is a rare allele in
the modern breeding varieties. Rare alleles are defined with a frequency lower than 5% in the
population. The fact that the GNI-2A haplotypes is rare in the durum panel probably means that the
mutation, occurred in the Altar-84 variety and related genotypes based on pedigree, has occurred
recently in CYMMIT germplasm and it is not spread in the modern varieties of durum panel 1.

It is worth pointing out that the flowering time regulation and spike fertility are regulated by
different type of genes belonging to similar protein family, such as transcription factors with DNA
binding domains. For example, similar functions and protein domains are shared between vrs genes
and GNIin barley and wheat (Komatsuda et al., 2007; Sakuma et al., 2013; Sakuma et al ., 2019). For
example, other genes involved in the spike morphology traits are the Q gene which encodes for a
AP2-like transcription factor (Simons et al., 2006). The mutation of this gene is responsible of an
increase rachilla length with more than 12 flowers, but almost completely sterile.

As regards the location and level of transcription of hox2 gene, higher expression was detected on
Triticum aestivum from the wheat expression database browser between first leaf and tillering
stage, in immature spikes tissues (Figure 78). The expression pattern is similar to the one reported
for GNI-1, whose expression was increased up the white anther/green anther stage (based on Kirby
scale) and then it is reduced in the following step of spike developmental stage (Kirby, 1974; Sakuma
et al., 2019). Both genes seem to mainly work on the immature spike developmental stages,
regulating spikelet formation and apical floret development. The transcriptional level is then
lowered at later stages of the spike development for both genes, meaning that floret development
was established at early spike development stages.

To conclude, the herein work reports the characterization of spike fertility trait on the biparental
population Relief x Iride, exploiting QTL mapping analysis performed on NCCR population (Milner et
al., 2016). The work identifies a bimodal segregation of GNI-2A QTL in the biparental population,
which strongly influences the floret phenotype. The strong candidate gene for the GNI-2A QTL is
represented by hox2, which has a 4 kbp deletion in the mutant genotypes which is rare by KASP
analysis in modern durum panel meaning that it represents a recent event occurred in Altar-84 and
related CYMMIT genotypes. The herein work developed KASP markers, polymorphic and high
informative for the GNI-2A QTL, that can have a practical outcome for marker assisted selection and
in breeding programs to select for increase fertility haplotypes.
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7. Conclusions and future perspectives

The herein reported PhD thesis was developed in the framework of Innovar H2020 project. This
project aims at using genomics, transcriptomics, high throughput phenotyping techniques and
machine learning to update and improve varietal characterization and registration procedure used
in Europe for VCU and DUS protocols. The focus was on durum wheat, with a panel of 253
commercial European varieties phenotyped with DUS protocol (CREA-DC, Italy), and with multi
environmental field trials across Europe (Spain, Italy, Hungary) characterized by agronomic traits
monitored in VCU protocol. This panel was genotyped with Illumina Infinium iSelect 90K SNP Chip
array (Wang et al., 2014a), performing the SNP call with GenomeStudio Software and augmenting
the panel with the Global Durum Panel (Mazzucotelli et al., 2020) up to more than 1000 accessions
to increase the source of genetic diversity. The panel was then evaluated for population structure
and genetic similarity for each genotype, obtaining separate subpopulations showing the different
breeding programs and the high percentage of admixed lines due to modern varieties with common
ancestors in the genetic pedigree. In order to augment the resolution of the ancestry analysis, future
analysis could be performed on haplotypes. In particular, haplotype blocks and haplotype
frequencies could be calculated within the population in order to observe haplotype different
frequencies across the genotypes coming from different breeding programs and subpopulation
groups. As previously mentioned, the Innovar durum panel (253 varieties) was phenotyped for
agronomic traits reported in VCU (more connected with yield and disease resistance) and DUS
(morphological and plant developmental traits). Phenotypic data were statistically analysed, and
BLUEs were obtained to perform GWAS analysis together with genotypic data. The analysis was
performed with different statistical models and results showed major QTLs for different traits, with
strong effect on the population and correlation between most associated marker with the
phenotypic variation. Reviewing the literature, different confidence intervals for some traits
included in VCU and DUS protocols were reported in several publications. For example, known peaks
were already detected for grain yield connected with thousand kernel weight or grain protein
content (Giunta et al., 2018; Graziani et al., 2014, 2014; Peleg et al., 2009; Roncallo et al., 2017),
flowering time (Ppd) (Graziani et al., 2014, 2014; Milner et al., 2016), plant growth habit (Mengistu
et al., 2016), spike architecture (Blanco et al., 2012) and ear coloration (Patil et al., 2013). For each
QTL, a confidence interval and putative candidate genes were identified and some of them were
strongly linked with the phenotypic traits. This data could be already useful to build KASP markers
associated with phenotypic traits and used to better characterize the agronomic traits reported in
the DUS and VCU protocols, giving useful molecular markers for marker assisted selection (MAS) in
breeding programs. However, these dataset report only one year of analysis and need to be
confirmed with second year of data, performing: 1) separated analysis for year 1 and year 2,
expecting to consolidate the QTLs for both years, 2) merge the phenotypic data for both years doing
a complete analysis considering also the interaction between genotypes, environments and years.
GWAS analysis can be augmented also with results coming from haplotype GWAS, where major
peaks for each agronomic trait are expected to be detected as well considering the haplotypes.

The VCU protocol proposes the evaluation of different yield related traits, but also disease
resistance is monitored for the variety registration procedure. In Unibo, modern durum wheat
resistance was tested for different pathogens, but a detailed case study was presented regarding
resistance to SBCMV. Starting from the work published by Maccaferri et al., (2011) and Bruschi et
al., (manuscript in preparation), a major QTL, sbm2, was detected on chromosome 2B conferring
resistance to SBCMV in durum wheat. The sbm2 interval was explored using the reference durum
genome Svevo, converting 11 SNP molecular markers from lllumina 90K in KASP markers used on
backcross population Meridiano x MeridianoClaudio BCF4 to fine map the confidence intervals to
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approximately 1 Mb, evaluating different candidate genes inside the interval involved in plant-
pathogen interaction and defence response. The genetic interval, compared also with the new
Svevo Platinum assembly, was explored also by RNAseq analysis on resistant and susceptible
cultivars, detecting different genes overexpressed in resistant cultivars in comparison to the
susceptible ones. The strongest candidate genes are represented by protein kinases and NBS-LRR,
which are present in different copies inside the interval. These genes are going to be edited using
CRISPR-CAS9 technology on Svevo genotype (resistant cultivar), to create knock-out mutant to test
in controlled environment for SBCMV infection. A further possibility would be to overexpress the
candidate genes in susceptible cultivars, such as Kronos, or doing transient silencing using miRNA in
resistant cultivars.

As regards yield related traits, the herein thesis reports the analysis on the GN/-2A QTL in the
biparental segregant population Relief x Iride Fs and in the Unibo durum panel. The GNI-2A QTL is
responsible of increased number of fertile florets per spikelet in Iride, Altar-84 and other CYMMIT
related lines. By KASP genotyping analysis, the GNI-2A haplotype was detected as a rare allele in
modern durum varieties. This means that probably the mutation occurred recently in breeding
programs, thus further analysis could be exploited as confirmation. In particular, the Tetraploid
Global Collection (TGC, 1500 varieties) available in Unibo (Maccaferri et al., 2019) could be
genotyped to check for GNI-2A haplotype in wild tetraploid genotypes. Further genotyping analysis
can be performed also in Innovar durum panel to detect which variety share (or not) the GNI-2A
haplotype. The most-likely candidate gene on the GNI-2A interval is hox-2, Homeobox Zip protein
belonging to the transcription factor family. The gene is paralogue of GNI-1, orthologue of vrs in
barley, and based on the expression databases (Borrill et al., 2016), its expression is allocated in
immature spike and floret primordia, decreasing than after floret and ovary maturation. This
expression pattern is similar to the one of GNI-1, its paralogue gene (Sakuma et al., 2019). To confirm
the expression pattern, an RNASeq analysis will be performed on different developmental stages of
immature spikes (from floret primordia to complete floret formation) to detect the hox-2 expression
pattern in different varieties, with increased floret fertility and wild type inflorescence.

To conclude, the herein reported thesis shows the application of different phenotyping, genotyping
and transcriptomic analysis to characterize agronomic and disease resistance traits in modern
durum wheat varieties. The information and results obtained will augment available
characterization for each variety, identifying informative molecular markers for breeding purposes
and QTLs/candidate genes responsible for the main studied agronomic traits. These data can be
proposed to the European variety registration offices to augment the information for varietal
characterization included in DUS and VCU protocols.
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