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Bioeconomy in the circular economy cycle



Next generation breeding

Genetic resources : genetic material of actual or potential value for exploitation.

It is desirable to maintain, particularly of domesticated cultivars and their ancestors, a wide

genetic base.

The wider the genetic base, the greater the capacity for adaptation to particular

environmental conditions.

National and international genebanks (also known as seedbanks) conserve and distribute plant 
genetic resources for food and agriculture

Many valuable genes and alleles are stored in seedbank collections



Genetic resources in genebanks : Conservation, description, use…

Next generation breeding

Direct use
low input farming, organic

Use in pre-breeding - breeding programs
Discover new alleles
Private and public breeding programmes

Release and registration of new 
varieties (conventional breeding)

Validation of genes / effects



• Crop evolution and domestication have drastically reduced genetic diversity and intensive 

breeding could further worsen the situation.

Genebanks have been an important component in the conservation and availability of wild 
species useful for plant breeding

Next generation breeding

• Crop wild relatives (CWRs) is wild plant taxon that has an indirect use derived  from its 

relatively close genetic relationship to a crop
• Crop wild relatives, which are known to possess genes for several important traits like 

tolerance to various stresses that have been lost during domestication or breeding 

processes.

• CWRs can be exploited for introgression of new traits in cultivated lines to expand their 

genetic base.



Next generation breeding



Genotyping

• Genotyping is the process of determining the DNA sequence or polimorphism, i.e. genotype,

at specific positions within the genome. Sequence variations (SNPs) can be used, for

example, to identify relevant genes to specific traits or disease.

Whole-genome
resequencing (WGR)

Genotyping by 
Sequencing (GBS)



Biodiversity in the Solanaceae

G2P-SOL (Genotype to Phenotype) is an EU-funded project (March 2016-February 2021) to preserve

and revive the genetic resources of the main four Solanaceous crops: potato, tomato, pepper and

eggplant.

G2P-SOL main objectives:

1) Inventory, describe and conservation of the accessions (65,000 in G2P consortium) for
the four crops.

2) Building of core collections of 450 accessions for each crop. High density genotyping
and growth of the core collections in different locations for two years in order to perform
GWA studies

3) Make available genotypic and phenotypic data to breeders to released new varieties
with improved agronomic traits



Genotyping

3,532 accessions genotyped with 5k probes

3,412 final eggplant accessions after quality 
filters with more than 5K SNPs

Genebank Accessions

CREA 360

INRAE 1,546

IPK 112

UPV 260

CGN 510

BATEM 41

WorldVeg 3,745

Total accessions: 6,574

Genotyping

Species count
S. aethiopicum 313
S. anguivi 9
S. burchellii 1
S. campylacanthum 40
S. cerasiferum 2
S. dasyphyllum 4
S. humile/S.rigescens 10
S. incanum 17
S. indicum 3
S. insanum 22
S. lichtensteinii 11
S. lidii 3
S. linnaeanum 8
S. macrocarpon 123
S. melongena 2896
S. melongena_F1 3
S. myoxotrichum 1
S. paniculatum 2
S. prinophyllum 1
S. pseudolulo 2
S. pyracanthos 1
S. renschii 1
S. richardii 1
S. rostratum 2
S. schimperianum 2
S. sisymbriifolium 11
S. torvum 8
S. viarum 2



Population structure: PCA



Searching for duplicates and mislabelled

FAO estimated that, of 6 million accessions conserved worldwide, only 1 – 2 
million were distinct

The sharing of germplasm often results in duplicates within 
and between genebanks

The majority of duplicates from S. melongena (262), followed by S. 
aethiopicum (217) and S. macrocarpon (103)

A similar approach could be used to spot mislabelled accessions



GWA: phenotypic data retrieving of historical traits

TRAIT MEAN STANDARD 
DEVIATION

MAX MIN

Average Color Of 
The Flesh

1.35 0.85 3 0

Calyx Prickliness 2.23 2.35 9 0
Corolla Color At 

Anthesis
5.72 1.52 9 1

Cultivation Type 3.96 1 7 1
Flowering Earliness

From Sowing
4.39 1.19 7 3

Fruit Apex Shape 5.67 1.35 7 3
Fruit Colour At 

Commercial 
Ripeness

3.67 2.94 9 1

Fruit Colour 
Distribution

4.22 2.72 7 1

Fruit Cross Section 2.26 1.97 9 1
Fruit Curvature 2.14 1.76 9 1

Fruit Shape 4.94 1.25 7 3
Fruit Shape Lb Ratio 5.33 2.6 9 1

Fruit Size 5.25 1 9 1
Fruit Yield Per Plant 5.02 2.11 9 1

General 
Anthocyanin
Distribution

3 2.26 7 0

Growth Habit 4.54 1.19 7 1
Leaf Blade Lobes 4.37 1.28 9 1
Leaf Prickliness 1.46 1.75 9 0

18 qualitative/pseudoqualitative descriptors for plant, flower, and fruit trait 

categories useful for breeding purposes

About 4K markers: target SNPs



Leaf prickliness

The PRICKLINESS marker (Gramazio et al., 2014) and the
recently identified PI locus (Miyatake et al., 2020). Same
region of a selective sweep we recently identified (Barchi
et al., 2021)



Genetic resources, Genetic Improvement and Genomics: The case study of durum wheat

• Worldwide relevance of common wheat to durum wheat = 95: 5
• Durum wheat is an "orphan crop“ with lower investments in

research, pre-breeding, extension and training as compared to
bread wheat

• However:
• It is a main and characterizing crop for Italy, the Mediterranean

countries and other cereal countries
• Generate a respectful agro-food chain
• The genetic resources of tetraploid wheats are extensive and very

rich, also for common wheat improvement

There is a need to reverse the trend, promote, organize and 
coordinate research and exchanges at an international level



Svevo genome sequencing consortium
Germplasm Banks: USDA-ARS, IPK, 

CNR-Bari, EIAR Ethiopia
(Maccaferri et al. 2019, NatGenet, 51, 885-895)

Tetraploid wheat 
Global Collection (TGC)

DW-Expert Working Group + 
durum wheat breeders world-wide

(Mazzucotelli et al. 2020, FPlS vol11 art 569905)

Global Durum Panel 
(GDP)

1,000 cultivars and 
landraces

1,800 turgidum
accessions

• Both collections 
Genotyped with the 
Illumina 90K iSelect

SNP array.

The Global Durum Genomic Resource (TGC + GDP) 



TGC phylogeny and population structure obtained with three 
independent analysis methods

Modern
durum

Complex
population
structure

PC3

PC1

PC2

PC2

WEW

DEW

DWL

DWC



What the genomic tools and the Svevo
genome sequence allow us to do?

• The Svevo genome sequence 
allowed to map directly on the 
genome the SNP polymorphism 
level

• the reduction of genetic diversity 
(Reduction of Diversity, ROD) 
through domestication and 
selection.



The Global durum wheat genomic resources 
https://wheat.pw.usda.gov/GG3/global_durum_genomic_resources

• GDP has been multiplied by ICARDA (Filippo Bassi) and is available at c / o ICARDA 
genebank http://indms.icarda.org/

• TGC and TCC have been multiplied by UNIBO and CREA (M. Maccaferri, E. Mazzucotelli)

• Collections 
available on 
the basis of 
the FAO 
Treaty

• with the 
commitment 
to publish / 
return results



Functional allele 
HMA3-B1a
Low cadmium

Non-functional
allele  HMA3-B1b
High cadmium

Allelic
variation at
HMA3-B1 = 
Cdu1

The case of Cdu1 locus for cadmium accumulation 
in durum wheat grains



The case of natural variation for Root Growth 
Angle in the durum wheat germplasm

Cultivars cumulating 
contrasting shallow or  

narrow haplotype 
alleles at 3 QTLs were 

already present in 
cultivated germplasm.

Divergent GDP elite 
cultivars were selected 

for field validation of 
RGA phenotype and 
field trials for yield 

evaluation under well-
watered and drought 

conditions.

GDPv1 GDPv2 Name

Norm 
QRGA_2A 
HapEffect

Norm 
QRGA_6A 
HapEffect

Norm 
QRGA_7A 
HapEffect RGA

GDPv1-089 GDPv2-089 BRAVADUR -1.606 -7.255 -2.855 37.96
GDPv1-137 GDPv2-138 IDSN46-7104 -1.606 -7.255 -2.855 53.61
GDPv1-308 GDPv2-310 Zeina1 -1.606 -7.255 -2.855 53.13
GDPv1-339 GDPv2-341 Normanno -1.606 -7.255 -2.855 50.38
GDPv1-417 GDPv2-419 Balloran -1.606 -7.255 -2.855 53.08
GDPv1-429 GDPv2-431 Sebatel2 -1.606 -7.255 -2.855 42.38
GDPv1-443 GDPv2-445 Icambel_ICARDA1 -1.606 -7.255 -2.855 46.81
GDPv1-001 GDPv2-001 Bani_Suef4 -1.606 -7.255 1.816 48.21
GDPv1-030 GDPv2-030 Don_Valent√≠n -1.606 -7.255 1.816 45.69
GDPv1-118 GDPv2-119 YAVAROS_79 -1.606 -7.255 1.816 64.39
GDPv1-177 GDPv2-178 Miki3 -1.606 -7.255 1.816 53.68
GDPv1-200 GDPv2-201 Geromtel_3 -1.606 -7.255 1.816 61.79
GDPv1-248 GDPv2-250 Jordan -1.606 -7.255 1.816 44.92
GDPv1-325 GDPv2-327 Odisseo -1.606 -7.255 1.816 62.88
GDPv1-104 GDPv2-105 SVEVO -1.606 -7.255 3.785 50.93
GDPv1-101 GDPv2-102 PLATANI -1.606 -4.01 -2.855 46.87
GDPv1-117 GDPv2-118 MEXICALI_75 -1.606 -4.01 -2.855 51.97
GDPv1-120 GDPv2-121 JUPARE_C2001 -1.606 -4.01 -2.855 57.68
GDPv1-127 GDPv2-128 IDSN46-7037 -1.606 -4.01 1.816 55.06
GDPv1-184 GDPv2-185 LAGONIL2_ICARDA -1.606 -4.01 1.816 82.08
GDPv1-190 GDPv2-191 OUASERL1 -1.606 -4.01 1.816 43.38
GDPv1-069 GDPv2-069 MERIDIANO -1.606 5.248 3.785 64.08
GDPv1-031 GDPv2-031 Calero -1.606 7.899 1.816 90.67
GDPv1-446 GDPv2-448 Margherita -1.606 7.899 1.816 76.65
GDPv1-129 GDPv2-130 IDSN46-7052 -1.606 10.038 -2.855 79.98
GDPv1-162 GDPv2-163 Ouassara1 -1.606 10.038 -2.855 84.15
GDPv1-163 GDPv2-164 Icacube -1.606 10.038 -2.855 77.00
GDPv1-438 GDPv2-440 IcaKader2 -1.606 10.038 -2.855 112.99
GDPv1-440 GDPv2-442 Icamoram 7 -1.606 10.038 -2.855 57.47
GDPv1-152 GDPv2-153 Trouve' = Nachit -1.606 10.038 1.816 77.02
GDPv1-427 GDPv2-429 Ammar10 -1.606 10.038 1.816 82.06
GDPv1-109 GDPv2-110 KOFA -0.99 7.899 -2.855 107.20
GDPv1-269 GDPv2-271 IRIDE 7.115 -7.255 -2.855 70.20
GDPv1-342 GDPv2-344 Saragolla 7.115 -7.255 -2.855 62.03
GDPv1-113 GDPv2-114 ATILC_2000 7.115 -4.01 3.785 67.31
GDPv1-010 GDPv2-010 ESDCB-2015/2016-27 7.115 10.038 -2.855 85.98
GDPv1-072 GDPv2-072 PLATA_16 7.115 10.038 -2.855 72.36
GDPv1-119 GDPv2-120 ALTAR_84 7.115 10.038 -2.855 75.54
GDPv1-212 GDPv2-214 DBA-Aurora_(ex:UAD0951096) 7.115 10.038 -2.855 85.02
GDPv1-083 GDPv2-083 MARJANA 7.115 10.038 1.816 88.99
GDPv1-207 GDPv2-208 Caparoi 7.115 10.038 1.816 77.11



Identification of major QTLs for Root Growth Angle in durum 
wheat

QRGA.ubo on chr. 6A, 7A  and 2A were 
confirmed using different GWAS tools 

(GAPIT3) and in GDP and TGC.

Haplotype analysis was then 
conducted in GDP.

The narrow and shallow alleles at the 
three QTLs are detectable in various 

combinations in the GDP





CRISPR-CAS9

Genome editing enables targeted gene modification

CAS9
(DNA cleaving

enzyme)

gRNA (RNA guiding
CAS9 at the target 
DNA position)

• Gene substitution or 
insertion deletion at targeted 
positions (eg. Improved cis-
genesis)

• Mutation at a targeted single gene 
or even nucleotide in the gene 

i.e. targeted mutagenesis



Several names for the same thing

• Gene or Genome editing

• CRISPR-CAS9 (ie. the main technology components – CRISPR or gRNA and 
the DNA nuclease CAS)

• Targeted mutagenesis (SDN-1 o 2, not SDN-3)

• NBT o NGT = New Breeding Techniques o New Genetic/Genomic
Techniques

• In Italy: TEA = Tecniche di Evoluzione Assistita, proposed by Società 
Italiana di Genetica Agraria (SIGA)



Main modification types by Genome Editing

SDN = Site-Directed
Nuclease
technologies, 1-3

DSB = Double Strand Break



Specie Tipo di modifica Metodo Azienda Status
Brassica 
juncea

Ridotto contenuto di 
tiocianati

CRISPR-CAS Pairwise Completa approvazione, 
test pieno campo, USA

Camelina Alto contenuto di olio e 
tolleranza ad erbicidi 

CRISPR-CAS Yield10 
Bioscience Inc.

Completa approvazione, 
test di pieno campo, USA

Colza Resistenza a erbicida ODM Cibus In coltivazione, USA e 
Canada

Colza Alto contenuto di olio CRISPR-CAS Yield10 
Bioscience Inc.

Completa approvazione, 
test pieno campo. USA e 
Canada

Mais Mais con amido waxy (solo 
amilopectina) per uso 
industriale 

CRISPR-CAS CORTEVA-
DUPONT

In coltivazione, USA

Pomodoro Frutto nutraceutico ad alto 
GABA ad effetto ipotensivo

CRISPR-CAS SANATECH-
Seeds

In coltivazione, 
Giappone

Riso Tolleranza alla siccità CRISPR-CAS Enti pubblici Completa approvazione, 
test pieno campo, India

Soia Alto acido oleico TALEN Calyxt In coltivazione, USA

Genome edited crops in the field

Salvi S. 2022 Genome editing, se non ora quando? https://terraevita.edagricole.it/biotecnologie/genome-editing-se-non-ora-quando/



Genome editing and Bioeconomy – the legislation 
bootleneck

Detrimental effects of unfit regulation
- Field trials of NGT products developed by SMEs (and by scientists in Italy!) almost impossible
- Decreasing number of patent applications from SMEs.
- Comply with the EU GMO legislation is too cumbersome and too expensive for SMEs.
- Increased difference with Americas and Asia (competitions, environmental benefits, etc.)
- Existing plans to establish SMEs to develop improved varieties for world market abandoned.
- Overall - Maintaining the current regulatory situation would have effects that are contrary to what the EU 

would like to achieve by means of the Green Deal. 



European community main pronouncements about GMO and NGTs (New 
Genetic/Genomic Techniques)

§ The main EU regulatory framework for genetically modified organisms is the so-called ‘GMO Release 
Directive’, i.e. Directive 2001/18/EC. 1,  it regulates the deliberate release into the environment of 
GMOs and the placing on the market of GMOs as or in products. 

§ European Court of Justice, July 25th, 2018
Gene editing come OGM - Based on EC regulation of 2001 (Illogical decision as they cannot be distinguished 
by natural or chemically induced mutations)

§ EC study on new genomic techniques – April 29, 2021 NBTs provide many opportunities to farmers…

§ G20  Agriculture Ministers’ Meeting Florence 17-18 Sept, 2021. Research about NBT and Genome 
editing is encouraged…

§ Public consultation for legislation for plants produced by certain new genomic techniques April-
July 2022. Results available in September 2022

§ EFSA document, “Updated scientific opinion on plants developed through cisgenesis and 
intragenesis” 18 October 2022. …the use of NGTs reduces the risks associated with potential unintended 
modifications of the host genome. Thus, fewer requirements may be needed for the assessment of cisgenic and 
intragenic plants obtained through NGTs

§ EFSA document “Criteria for risk assessment of plants produced by targeted mutagenesis, 
cisgenesis and intragenesis” 20 October 2022 …. criteria as advice for consideration for the risk assessment 
of plants produced by targeted mutagenesis, cisgenesis and intragenesis. …. Stress on History of Safe Use to be 
adopted when considering mutations or alleles produced by NBT



Commitment of European Commission on updating NGT regislation

https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13119-Legislation-for-plants-produced-by-certain-new-genomic-techniques_en



Rest of the world

Buchholzer and Frommer New Phytologist (2022)



Conclusions

• Genomics tools provide opportunity to catalogue, store and utilize
genetic diversity and to targeted gene modification by NGT 

• Unfit regulation in EU has been recognized as major constraint in 
bioeconomy applications of NGT 

• The EC committed to address NGT and update the 2001-legislation in 
2023

• Better communication to improve trust in science
• Additional constraints are clearly in scientific knowledge and strategic

choices - which trait and gene to target? Consumers vs farmers? Which
cropping system?
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