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How can we translate o0
strawberry flavour into
chemical compounds for
breeding?
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Breeding for fruit
quality

La Mayora

Quality traits:

- Flavour & aroma
- Nutritional value
- Colour

- Shelf-life ...
Crops

- Tomato

- Pepper

- Potato

- Strawberry
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Many quality traits are determined by metabolites
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What breeders do: exploit genetic variation

Materials:
= Cultivated genotypes >> commercial cultivars, landraces
= Related wild species

F. chiloensis F. vesca



What breeders want: molecular breeding
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Marker/gene - + +

The marker (gene) predicts the trait
= Selection in seedlings

= Gain in breeding efficiency

= Reduction in time and costs



Breeding for quality: general strategy

Relative Abundance
» (%] [+2]

Time (min)

Modify the composition
» Marker-assisted breeding
» Genetic engineering

Explore genetic diversity

= Association panels & populations
= Link genes and markers to traits
Unravel metabolic pathways

= X-omics/Biochemistry

= Gene isolation



Fruit quality - consumer desirability

Consumers buy with their eyes:
Shape
Color
Appearance
Firmness

Consumers buy the same product again
when the flavour is good:

Taste

Aroma

Texture

Nutritional value

Chemicals (metabolites)
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Nutritional value
Vitamins and antioxidants.

Taste, aroma
Sweet, sour, bitter, etc.




Metabolites and fru qu l»t
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Sugars: Vitamin C
glucose, fructose, sucrose . S W Folic acid
sugar polymers Ellagic acid and derivatives.

Organic acids:

) h
citrate and malate thOdeant

apacity

. Volatiles:
Aroma ~ 20 key compounds

Texture

Bitter

Non-volatilt ondary compoirds:

Alkaloids
— Phenylpropanoids (lignins)
Volatile glycoconjugates ---------
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— | | - Primary Strawberry Flavour o
Compounds

Sweetness / Fruity

Citrus / Floral

= Sugars

= Furanones
= |[actones

= Esters

= QOrganic acids
= Terpenoids

Green / Spicy

= Alcohols Musty

= Aldehydes
= Fatty acid volatiles

= Sulfur Compounds

Only 20 out of 300 VOCs* :
are important to flavour ;

., o
'''''
-----------------------------------------------------------------------------
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La Mayora

Sweetness / Fruity

= Sugars

=" Furanones
= Lactones

= Esters

Green / Spicy

= Alcohols
= Aldehydes

= Fatty acid volatiles

42 GERS, &
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Compounds

Citrus / Floral

= Organic acids
= Terpenoids

Quality

Yield

Musty

= Sulfur Compounds
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Compounds

La Mayora

Sweetness / Fruity

= Sugars

=" Furanones
= Lactones

= Esters

Green / Spicy

= Alcohols
= Aldehydes

= Fatty acid volatiles

42 GERS, &
RAy

s

Citrus / Floral

= QOrganic acids
= Terpenoids

Musty

= Sulfur Compounds
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Compounds

La Mayora

Sweetness / Fruity

= Sugars

=" Furanones
= Lactones

= Esters

Green / Spicy

= Alcohols
= Aldehydes

= Fatty acid volatiles

42 GERS, &
RAy

s

Citrus / Floral

= QOrganic acids
= Terpenoids

Musty

= Sulfur Compounds
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La Mayora

Instituto de Hortofruticultura Subtropical y Mediterranea

Decline in quality

Intense breeding
Loss of diversity

Va
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-Scenario-
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Cultivars
(Before 1949)

Domestication

35% allelic loss

Cultivars
(Since 1990)

Adapted from Gil-Ariza et al., (2009)

N

Cultivars
(After 2000)

T

18% allelic
loss
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La Mayora

Instituto de Hortofruticultura Subtropical y Mediterranea

Decline in quality

- Intense breeding
- Loss of diversity

Consumer complains

Bad Economic Impact
Less intake of fruits

16

15

Strawberry Fruit Quality

Satisfied

UNIVERSIDAD
DE MALAGA

Fulfillment of
requirements

Unfulfillment of
requirements

14

P
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11

Dissatisfied

Indifferent ~ 7

Must-be
quality
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La Mayora

Instituto de Hortofruticultura Subtropical y Mediterranea

Decline in quality

Strawberry Fruit Quality

Consumer complains Comercial competition

- Intense past breeding
- Loss of diversity

- Bad economic impact - Less severe legislation
- Less intake of fruits - Lower production prices
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High resilience
cultivars

&

f Change in agricultural productivity
between 2003 and the 2080s
. .- 5]
425 +10 45 0 -5 -15 -25% No data

Heat stress ®
* Change in phenology 5
Increase in oxidative stress (ROS production)
Reduction in antioxidant enzyme activities
Reduced grain growth and yield
Decreased photosynthesis
Reduced stomatal conductance and CO; fixation
Damaged photosynthetic pigments
Inhibition of seed germination
Poor cell enlargement
Loss turgor
Reduction in biomass
Reduction in carbohydrate metabolism
Reduction in production of secondary metabolites
Dehydration
Changes in sensing and signaling
Changes in expression of heat-stress related genes
Changes in positive/negative regulator gene expression

® & 5 & & 9 5 " " " " e e

Cold stress
» Decrease membrane stability -
* Metabolism retarded

Increase in oxidative stress (ROS production) , B

Reduction in antioxidant enzyme activities

Higher electrolyte leakage

lon leakage or altered homeostasis

Protein disintegration

Chlorophyll degradation

Protoplast volume shrinkage

Leaves chlorosis and wilting

Reduced grain growth and yield

Inhibition of seed germination

Physiological and cellular perturbations

Cellular dehydration and formation of intracellular ice crystals

Reduced root branching and root surface area

Reduced water and nutrient uptake

Changes in sensing and signaling

Changes in expression of cold-stress related genes

Climate Change
Production demand

16
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La Mayora

Decline in quality Consumer complains Comercial competition High resilience
cultivars

- Intense breeding - Bad Economic Impact - Less severe legislation - Climate Change
- Loss of diversity - Less intake of fruits - Lower production prices - Production demand

Evaluate the impact of genotype-by-environment (GxE) interactions on
Strawberry quality profile

17
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La Mayora

Sample Collection Multi-Omic Analysis Bioinformatic Integration

4 Cultivars

@

. m—- - —
Frida s Gariguette I I Sonata

Cler
yI I I
A‘ A‘ /\ /\ 2 Picking Dates

A B A B A B A B

Varieties from different EU breeding programs
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Sample Collection Multi-Omic Analysis

Gariguettel I Sonata M—

/\ /N\
A B A B
| J
Norway Poland Germany France Italy
| J |
Open Field Polytunnel

70°N 4

65°N 4

55°N 4

50°N 4

45°N A

40°N 4

35°N 4

> JE

HAcﬁ“

Bioinformatic Integration

-

Location

Norway

Poland

10°W

20°E 30°E
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La Mayora
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Multi-Omic Analysis

Metabolomic Analysis

* Primary Metabolites

* Volatile Organic Compounds

GC-TOF-MS

20
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Sample Collection Multi-Omic Analysis Bioinformatic Integration

CH,OH
METABOLOMICS o Sugars and
OH sugar derivatives
Primary metabolites (aprox. 60-70)
OH OH
OH

Volatiles (> 100) Ami i
minoacids ) -

H,N—C—H
Organic e
GC-TOF-MS acids




RS 5

3 27y
e 7 S
@: % UNIVERSIDAD
1;;:*7/‘ el v’:‘:\%( DE f\."IALAGA

. . oo o

Instituto de Hortofruticultura Subtropical y Mediterranea =SS

W Up W

La Mayora

Multi-Omic Analysis

METABOLOMICS

(”) Aldehydes

2 CoeD
Primary metabolites (aprox. 60-70) /ICIZ\ @ o -y
Volatiles (> 100) R OR' R H
R—
Ny Gt
HSPME/GC-MS 2 e

CH>

Furanones
Lactones
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Multi-Omic Analysis

Metabolomic Analysis Transcriptomic Analysis

RNA-Seq
GC-TOF-MS
* Differentially Expressed Genes
Primary Metabolites * Transcripts were annotated using

last Fragaria x ananassa vs

Volatile Organic Compounds :
Camarosa annotation
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Sample Collection

Multi-Omic Analysis

Chemometric approach

UNIVERSIDAD
DE MALAGA

Bioinformatic Integration

GStudid

Metabolomic Data

.

Transcriptomic Data

Univariate Analysis > Anova > P value
/4 PCA
Multivariate Analisis
\‘| sPLS-DA > VIP scores
DEG (DESeq2) LogFC

Omic Integration

Manual Pathway Analysis

24



Do genotype-by-environment interactions significantly alter the composition
and quality profile of strawberry fruit?



Transcriptomic analysis

Do genotype-by-environment interactions significantly alter the composition
and quality profile of strawberry fruit?
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Primary Metabolites

Locations

France

- Italy

PC2 ( 18.67%)

Principal Component Analysis (PCA)

PC1 ( 37.52%)
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Primary Metabolites

Amino acids

Organic acids

Sugars

Amine

| | Picking.Date
_ Cultivar

Location

Beta.Alanine

~ Alanine
= Asparagine

Aspartic.acid

Cysteine
Glutamine
Glutamic.acid
Glycine
Isoleucine
Lysine
ethionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
| Homoserine
[0 valine

' -ﬂ Cltnc acid
i_
Fumanc acid
- I Glyceric.acid
E Malic.acid
= - =] Pyruvic.acid
. Quinic.acid
“ [ [ . ) Shikimic.acid
o uccinic.aci
= ﬁ‘ Threonic.acid
= . Fructose
— R Glucose
| [ Sucrose

:

E

I
1} a
;IH.E

- Galactinol
myo.Inositol
Isomaltose

. Kestose
Maltose

Maltotriose

Raffinose

Rhamnose
-- '~ Trehalose

_i:i

",

Xylose
Putrescine

Open F|eld

Polytunnel

Phosphoric.acid
Pyroglutamic.acid

) i Glucose.6.phosphate
| Fructose.6.phosphate
] . Fucose

Locations

- France
- Italy

Cultivars

[ Clery
B Frida

B Gariguette

- Sonata

Picking.Date

M A
B

High
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Primary Metabolites

Amino acids

Organic acids

Sugars

Amine

|

i - -
=
=y
=
| — —-
il
-'*:J R——
QPpen Field

[
m i

1 =

- I W Picking.Date
~IN A cultivar
Location

Beta.Alanine
Alanine
Asparagine
Aspartic.acid
GABA

Cysteine
Glutamine
[ g:utamic.acid
= ycine
I Isoleucine
Lysine
ethionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
= Homoserine

[ Vvaline

Citric.acid

Fumaric.acid
[ ] I Glyceric.acid
Malic.acid
Phosphoric.acid
Pyroglutamic.acid
] = Pyruvic.acid
[ Quinic.acid
Shikimic.acid

= .
- ' Succinic.acid
|| Threonic.acid

. Fructose
Glucose
= Sucrose
1 Glucose.6.phosphate
-j- Fructose.6.phosphate
Fucose
- Galactinol
___myo.Inositol
~ Isomaltose
~ Kestose
- Maltose
= Maltotriose
I Raffinose
Rhamnose
Trehalose
Xylose

Putrescine

|

Polytunnel

60°N Q Norway

9 Poland
Q Germany
9 Italy

44°N Q France

France

- Italy

Cultivars

[ Clery
B Frida
B Gariguette

Sonata

Picking.Date
B A
B

High

Low

b
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Primary Metabolites

Amino acids

Organic acids

Sugars

Amine

fola I

2
L
o
)
X
K

Picking.Date
I Cultivar
B L ocation

Beta.Alanine
Alanine
Asparagine
Aspartic.acid
GABA

Cysteine
Glutamine
Glutamic.acid
Glycine

~ Isoleucine
Lysine

ethionine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Tyrosine
Homoserine
Valine

I I
=i

Dpen Field

| ==
| -

A

(=== §

Citric.acid
DHA

Fumaric.acid
I Glyceric.acid
Malic.acid
Phosphoric.acid
Pyroglutamic.acid
Pyruvic.acid
Quinic.acid
Shikimic.acid
Succinic.acid
B Threonic.acid

Fructose
Glucose
Sucrose

Glucose.6.phosphate
- Fructose.6.phosphate

Fucose

Galactinol

myo.Inositol

Isomaltose

unnel

"

. Kestose
Maltose
Maltotriose

I Raffinose
Rhamnose
Trehalose
Xylose

Putrescine

60°N Q Norway

Q Poland
Q‘ Germany
9 Italy g

44°N Q France “‘j
¢

£

Locations

I Norway
B Poland

Germany

France

- Italy

Cultivars

[ Clery
B Frida
B Gariguette

Sonata

Picking.Date
B A
B

High

Low

“
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Primary Metabolites

Principal Component Analysis (PCA)

(o]
Loadings PC1 60°N 9 Norway

Glycine | |
Pyroglutamic.acid |
Malic.acid | | Poland
Glutamine |
Cysteine L

Threonine [ Q Germany

Phosphoric.acid L

Org.ar"C a.Cld A;Fr%%?:?:;g |II 9 a
Amino acids - | taly

Glyce'r__ic.acid II
ucose
Alanine l 44° N Q France
Asparagine L
Phenylalanine |
GABA | g
Threonic.acid S
Quinic.acid
Pyruvic.acid
- Valine |
Lysine |
Methionine [
Glutamic.acid |
Isomaltose |
Serine |
Citric.acid |
DHA |

Proline |
myo.Inositol L D
Homoserine
Fumaric.acid
Trehalose

Beta.Alanine
Tyrosine
Maltotriose
Raffinose
Xylose
Galactinol
Maltose
Kestose
Putrescine
Sucrose
Shikimic.acid
Fructose

Glucose

Rhamnose
Glucose.6.phosphate
Fructose.6.phosphate

-0.20 -0.15 -0.10 -0.05 0.00 0.05
PC1
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Primary Metabolites

Sugars

Amino acids

Principal Component Analysis (PCA)

Loadings PC2

Kestose | |

Trehalose |

Putrescine [
Glucose.6.phosphate |
Glucose [
Raffinose |
Beta.Alanine |
Sucrose |
myo.Inositol |
Fructose |

Proline

Methionine
Fructose.6.phosphate
Homoserine

Serine
DHA

— Fucose

— GABA
Phenylalanine
Galactinol
Succinic.acid
Maltose
Pyroglutamic.acid
Tryptophan
Fumaric.acid
Lysine

Glutamine
Glycine

Alanine
Asparagine
Citric.acid

Tyrosine
Phosphoric.acid
Glutamic.acid
Malic.acid
Valine
Pyruvic.acid
Cysteine
Isomaltose
Glyceric.acid
Threonine
Isoleucine
Shikimic.acid
Aspartic.acid
Quinic.acid
Rhamnose
Threonic.acid |
Maltotriose |
Xylose |

I

02 -01 00 01 0.2
PC2
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Primary Metabolites

VIP scores for Location Discrimination

S u ga IS & d eriv. Pyruvic.acid- o
. _ Threonic.acid- o
galactinol, maltotriose, fructose-6-P, Malic.acid- "

raffinose, sucrose, and myoinositol
Galactinol- o

Location Organic acids Valotrose] o

Quinic.acid- &

pyruvic acid, threonic acid, malic acid, quinic _
Putrescine- ®

acid, glyceric acid, fumaric acid, and glutamic

acid GABA -
Fructose.6.phosphate| @
GABA Glyceric.acid| @
Fumaric.acid @ Location
\ Raffinose @ © France
/ =P  Sucrose @ : :@:Nay
- metabolites related to energy metabolism B e 8] Poland
- metabolites related to response to abiotic stress 10 15 20 25 30
VIP
- p rote Ct ive ro | e *Only metabolites with VIP > 0.8 are shown

o J
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Primary Metabolites

VIP scores for Location Discrimination

S u g ars Pyruvic.acid- °
Threonic.acid- ®
alactinol, maltotriose, fructose-6-P, . :
gaa L =P Malic.acid- ®
raffinose, sucrose, and myoinositol
Galactinol- o

Location Organic acids Vatotriose]  ©

Quinic.acid- &

pyruvic acid, threonic acid, malic acid, quinic _
Putrescine- ®

acid, glyceric acid, fumaric acid, and glutamic

acid GABAI o
G AB A Fructose.6.phosphate| ®
Glyceric.acid| @
Fumaric.acid+ @ Location
Raffinose @ © France
Protective =P Sucrose{ @ : :I;lx/vay
SOUTHERN LATITUDES GABA 1‘ role e ® Lo
Glutamic.acid1©
10 15 20 25 3.0
VIP
POLAND Malic acid - high levels of global radiation Flavour

Sucrose - moderately high temperatures
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Primary Metabolites

VIP scores for Cultivar Discrimination

Maltotriose - ©

Amino aCidS Beta.Alanine-

beta-alanine, methionine, serine, valine, > DHA-
alanine, tyrosine, glycine, and phenylalanine Methionine - o

@]

Cultivars

Fumaric.acid- e

Sugars

maltotriose, fucosa

Serine - ®
Valine- ®
Alanine- ®
Tyrosine ®
Cultivar

@ Clery
Fucosei @ Frida
Gariguette
Sonata

Glycine ®

4 . I
Amino acid metabolism , .
Phenylalanine; @ .

Vitamin C metabolism S P
__- Nutritional profile (health benefits) P 100 125 150 1.75

VIP

*Only metabolites with VIP > 1 are shown
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Primary Metabolites

Cultivars

— SONATA

B B cuery

Amino acids

beta-alanine, methionine, serine, valine,
alanine, tyrosine, glycine, and phenylalanine

Sugars

maltotriose, fucosa

Nutritional
profile

Amino acids "

Vitamin C
(health
benefits)

DHA ‘.‘

36

Phenylalanine 1

VIP scores for Cultivar Discrimination

Maltotriose -
Beta.Alanine-
—> DHA-

Methionine
Fumaric.acid

Serine?
Valine
Alanine
Tyrosine
Glycine

Fucose-

Trehalose -

@)

0
o)
o)
6)
o
o
)
0
6}
Cultivar
®
@ Clery
@ Frida
© Gariguette
® Sonata

1.00

125 150 1.75
VIP

*Only metabolites with VIP > 1 are shown



Volatile Compounds

Straight-chain esters

Apocarotenoids
Furans

Terpenoid compounds

Methylketones

Fatty acid volatiles

Lactones

H HE E B E N HE N "-”’ M BN BN Wl Picking.Date
= I Cultivar
— Location

Methyl acetate

& Isopentyl butanoate
=5 Methyl.butyrate
. .-r Ethyl.butyrate

, ! Butyl.acetate

Methyl.valerate
x.1.methylethyl butanoate

m . isopentyl acetate
E Propyl.butyrate
Pentyl.acetate
= Prenyl.acetate

Methyl.hexanoate
I Methy! 2 hexenoate

Butyl.butyrate
Ethyl.hexanoate
cis.3. Hexenyl.acetate
Hexyl.acetate
E.2 hexenyl acetate
Methy! benzoate

~ Methyl.octanoate

|

1 Benzyl acetate
Butyl.hexanoate
Hexyl.butyrate
Octyl acetate

1 Methyl 3 hydroxyoctonoate
X.6.6.dimetyhl acetate. 1S,
Octyl butyrate
Decyl acetate
Cinnamyl.acetate
Ethyl.dodecanoate

x.6.methyl.5.Hepten.2.one
Cis.geranylacetone

I x.2.Pentylfuran

Furaneol

Mesifurane

Limonene

Linalool

Terpineol

Nerol

Nerolidol
B Myrtenol

x.2. Heptanone
x.2.Pentanone
x.2.Nonanone
Acetophenone
Acetone

x.1.Penten.3.ol
E.2.Pentenal
x.1.Penten.3.one
Z.3 Hexenal
Hexanal
E.2 Hexenal
E.2 Hexen.1.0l
x.1.Hexanol
X.2.Heptanol
Heptanal
E.2. Heptenal
E.Z.2 4 Heptadienal
Octanal

B E.2.Octenal
x.1.0Octanol

x.2.Nonanol
Nonanal
E.2.Nonenal

- || Decanal
. Trans.2 decenal
x.1.Decanol
gamma.  Dodecalactone

= s ]
== = Benzaldeh
. i |

yde
B x 3.4 dimethylbenzaldehyde
Decane

Locations

France

- Italy

Cultivars

[ Clery
B Frida

B Gariguette

Sonata

Picking.Date

A
B

Low

.

High
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Volatile Compounds

Straight-chain esters

Apocarotenoids
Furans

Terpenoid compounds

Methylketones

Fatty acid volatiles

Lactones

B Picking.Date

Cultivar
B Location

Methyl acetate
Isopentyl butanoate
Methyl.butyrate

. [z=] Ethyl.butyrate
Butyl.acetate

Methyl. valerate
x.1.methylethyl butanoate
isopentyl acetate

Propyl.butyrate
Pentyl.acetate
Prenyl.acetate

Methyl hexanoate
I Methy!.2 hexenoate
Butyl.butyrate

X Ethyl.hexanoate
cis.3. Hexenyl.acetate
= Hexyl.acetate
E .2 hexenyl acetate
Methyl benzoate

Methyl.octanoate

S joctonoate
etate. 1S,

-

CITamyT-acetate
Ethyl.dodecanoate

x.6.methyl.5.Hepten.2.one
Cis.geranylacetone
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Road to the perfect strawberry fruit

= Gete-by-environment (GxE) interactions significantly influence strawberry fruit
development, metabolite composition, and transcriptional regulation, with northern regions
showing stronger environmental effects on volatile organic compounds (VOCs) compared to
southern regions.
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Road to the perfect strawberry fruit

= Gente-by-environment (GxE) interactions significantly influence strawberry fruit
development, metabolite composition, and transcriptional regulation, with northern regions
showing stronger environmental effects on volatile organic compounds (VOCs) compared to
southern regions.

= Environmental factors, particularly temperature and precipitation, shape the sensory and
nutritional attributes of strawberries, with key compounds showing stability across environments,
while VOCs such as terpenoids and esters display more variability.
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Road to the perfect strawberry fruit

= Gente-by-environment (GxE) interactions significantly influence strawberry fruit
development, metabolite composition, and transcriptional regulation, with northern regions
showing stronger environmental effects on volatile organic compounds (VOCs) compared to
southern regions.

= Environmental factors, particularly temperature and precipitation, shape the sensory and
nutritional attributes of strawberries, with key compounds showing stability across environments,

while VOCs such as terpenoids and esters display more variability.

= Specific cultivars demonstrated resilience in different climates: Clery showed metabolic
stability in northern regions; Frida highlighted in some compounds in Norway and ltaly; Sonata
was consistent across environments; and Gariguette maintained stability in terpenoids across all
the environments.
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Road to the perfect strawberry fruit

Gente-by-environment (GxE) interactions significantly influence strawberry fruit
development, metabolite composition, and transcriptional regulation, with northern regions
showing stronger environmental effects on volatile organic compounds (VOCs) compared to
southern regions.

Environmental factors, particularly temperature and precipitation, shape the sensory and
nutritional attributes of strawberries, with key compounds showing stability across environments,
while VOCs such as terpenoids and esters display more variability.

Specific cultivars demonstrated resilience in different climates: Clery showed metabolic
stability in northern regions; Frida highlighted in some compounds in Norway and ltaly; Sonata
was consistent across environments; and Gariguette maintained stability in terpenoids across all
the environments.

Transcriptomic analysis revealed distinct cultivar-specific gene expression patterns,
especially in biosynthesis pathways for lactones, furans, and terpenoids.
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Road to the perfect strawberry fruit

Gente-by-environment (GxE) interactions significantly influence strawberry fruit
development, metabolite composition, and transcriptional regulation, with northern regions
showing stronger environmental effects on volatile organic compounds (VOCs) compared to
southern regions.

Environmental factors, particularly temperature and precipitation, shape the sensory and
nutritional attributes of strawberries, with key compounds showing stability across environments,
while VOCs such as terpenoids and esters display more variability.

Specific cultivars demonstrated resilience in different climates: Clery showed metabolic
stability in northern regions; Frida highlighted in some compounds in Norway and ltaly; Sonata
was consistent across environments; and Gariguette maintained stability in terpenoids across all
the environments.

Transcriptomic analysis revealed distinct cultivar-specific gene expression patterns,
especially in biosynthesis pathways for lactones, furans, and terpenoids.

Weighted gene co-expression network analysis (WGCNA) identified key transcriptional
modules linked to VOC biosynthesis, suggesting targeted breeding strategies to enhance
sensory attributes in strawberries across environments.
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