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WHAT IS PROTEOMICS?
Proteomics was defined as the large-scale characterization of the entire protein 
complement of a cell line, tissue, or organism (Wilkins et al 1995, Genet Eng Rev 13:19)

• Proteomic is a system-wide approach: study of biological processes.
• Proteomics is unbiased: holistic approaches

• Proteomics is discovery oriented: is aimed at characterizing novel relations among proteins.

(MacBeath, 2002 Nat Genet, doi:doi:10.1038/ng1037)



WHY PROTEOMICS?
Proteomics provides information about the internal phenotypes:

“ Internal phenotypes are the levels in 
which the environmental factors and crop 

management are integrated into 
appropriate cellular reactions that result in 

the actual phenotype ”. 
(Großkinsky et al, 2015, J Exp Bot 

doi:10.1093/jxb/erv345)

Cellular reactions Include biochemical and  
physiological responses.

Proteomics provides information about:
• The protein variants affecting phenotypes.

• Relations among metabolic pathways and regulatory networks.
• Pleiotropy.



THE ROLES OF PROTEOMICS IN SYSTEM BIOLOGY

Proteomics provides distinct and complementary information to the other “omics”

• Study of the metabolic interlinks among biochemical pathways
• Integration of the data obtained by other approaches: transcriptomics often does not correlate

with changes at protein level (Gigy et al 1999, Mol Cell Biol 19:1720); many proteins are not enzymes
and their functionality is not reflected at metabolite level

• Post-translational modifications (PTM): turnover, maturation by proteolysis, amino acid
modifications (>200 amino acid variants by Mann and Jensen 2003, Nat Biotechnol 21:255), subcellular localization,
isoforms, interactions with other proteins…

• Quality and Safety of Food: organoleptic properties, allergens, protein toxins.



THE PROPERTIES OF PROTEOME: 1. HIGH COMPLEXITY

• Every single gene encodes for many proteins derived from post-translational modifications. 

• Every living organism is characterized by many different proteomes (organelle, cell and tissue 
specific) that are extremely dynamics. 

A cell can contain up to  20.000-50.000 unique proteins

Modified from Potters 2010, Nature Education 3(9):33



THE PROPERTIES OF PROTEOME: 2. HIGH HETEROGENEITY

• Charge: is variable and is linked to the 
isoelectric point (pI=0-14).
• Molecular Weight: from 50 to 2000 amino acids 
(5.000-200.000 Da)
• Solubility: depends on charge, molecular weight 
and on the hydrophobicity of the primary 
sequence. 

The proteomic studies need of extraction procedures which allow 
to collect and preserve a very heterogeneous set of polypeptides. 

The proteins are macromolecules characterized by many and different chemo-physical 
properties:



THE PROPERTIES OF PROTEOME: 3. HIGH DYNAMIC RANGE

The proteome comprises molecules with very different abundances:
from few 10s copy/cell (like transcription factors or transporters) to a lot of 10.000s copy/cell (like 
structural proteins).

The proteomic researcher works with protein in NATURAL ABUNDANCE

The estimated Dynamic Range is about 107 order of magnitude



GENERAL WORKFLOW IN PLANT PROTEOMICS

EXPERIMENTAL DESIGN:
• Functional proteomics: comparative analysis of proteomes in control vs perturbed sample

• Descriptive proteomics: proteome profiles to obtained electrophoretic reference maps

SAMPLE MANIPULATION: 
purification of the protein fraction from sample. This is a very crucial step in plant proteomics

SAMPLE FRACTIONATION:

GEL-BASED PROTEOMIC
2DE: 

IEF, electrophoresis, detection, image 
statistical analysis to highlight proteins 

of interest

MASS SPECTROMETRY: 
protein identification and characterization

GEL-FREE PROTEOMIC
2D-HPLC: 

SCX/RP-chromatography of the peptides; 
coupled with isotope-labeling to get 

quantitative analysis  



Platforms for protein biomarker discovery. The scope, throughput, sensitivity, and dynamic range of gel-based, 
gel-free mass spectrometry, and aptamer platforms are outlined.

Gramolini et al. Circulation. 2016;134:286-289

GENERAL WORKFLOW IN PLANT PROTEOMICS



PLANT PROTEOMICS RELIES ON GENOMICS AND TRANSCRIPTOMICS DATA 

Protein identification depends on the availability of gene sequences: 
the recent progresses in mass spectrometry and bioinformatics approaches allow to move from 

model plant species to non-model plant species 

Champagne and Boutry 2013, Proteomics 13:663



GEL-BASED PROTEOMICS 

Mass spectrometry for protein 
characterization

a. PROTEIN SAMPLE EXTRACTION

b. 2D-ELECTROPHORESIS 

c. LC-ESI-MS/MS 



The optimization of extraction procedures depends on tissue/organ features

Grape cell wall proteome 
acetone washing to remove phenolic 
compounds. 
Negri et al 2007, J Plant Physiol 165:1379

Peach mesocarp
lyophilized samples and direct 
solubilization in buffered phenol to 
avoid excess of water that provokes 
sugar-protein aggregation
Prinsi et al 2011, Phytochemistry 72:1251 

PROTEIN EXTRACTION



GEL-BASED PROTEOMICS: 2D-PAGE

1st Dimension: IsoElectroFocusing
Proteins migrate under an electric field on the basis of 
their isoelectric point

Statistical analysis 
Image analysis and different statistical approaches 

can be applied to individuate the proteins of interest

2nd dimension: SDS-PAGE
The gel obtained by the IEF is treated with SDS. The 
proteins, under an electric field, migrate on the basis of 
their molecular weight, following a logarithmic 
relationship between mass and migration.



PROTEIN IDENTIFICATION BY LC-ESI-MS/MS
1. ENZYMATIC DIGESTION
• Incubation of the protein sample in the presence of specific proteases

2. HPLC REVERSE-PHASE CHROMATOGRAPHY



TANDEM MASS SPECTROMETRY
Quadrupole Time-Of-Flight mass spectrometer

1. Measure of m/z petide (precursor)
2. Selection and Fragmentation of precursor ion (CID)
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PROTEIN IDENTIFICATION: BY IDENTITY

Protein identification is done by 
dedicated software which compare and 
match the experimental spectra with 
virtual spectra derived from the 
DNA/Protein sequences available in 
Database repository

Cytosolic aconitase
(Nicotiana tabacum) 

(gi11066033;gbAAG28426.1)



Identification of the peptide sequence in large protein/EST database from distant species 
(i.e. Viridiplantae kingdom)

1. Sequencing: peptide can identified in homologous proteins across plant species -> high redundancy -
> Selection of the peptide pool (unique peptides)

2. Alignment of unordered unique peptides to individuate the most similar sequence in other species

PROTEIN IDENTIFICATION: BY HOMOLOGY

Peptide alignment:
The importance of bioinformatics 

tools (Blast, MS blast, FASTS)

It is the best approach for non model species
It is NOT quantitative (the spot quantification is done on 2D-E maps)



APPLICATIONS OF PLANT PROTEOMICS: … SOME EXAMPLES



PROTEOMICS FOR THE STUDYING MUTANTS GENOTYPES WITH ALTERATIONS IN 
ANTHOCYAN IN ACCUMULATION IN FLOWERS AND FRUITS

Proteomics can be a useful approach in order to obtain a large-scale characterization of biochemical 
traits in mutant genotypes of crop species, revealing unexpected pleiotropic effects.

GEL-BASED COMPARATIVE PROTEOMICS OF MUTANT VS WILD-TYPE

1. FLOWER: red vs white flower in petunia (Petunia x hibrida)

2. FRUIT: fruit ripening in somaclonal variant of sweet cherry (Prunus avium L.)



FLOWERING AND FRUIT RIPENING

Development of flowers) of Iris hollandica cv. Blue Magic. Bud development and flower opening from day –3 to day 2.

(Van Doorn et al, 2003 
Plant Mol Biol, 

doi:10.1023/B:PLAN.00000
23670.61059.1d)

A specific example of strawberry fruit ripening and senescence.

PIGMENTS
- Biosynthesis

- Accumulation

SENESCENCE
- Climacteric / non-climacteric fruits
- Ethylene sensitive / non-sensitive flowers





ANTHOCYANINS IN FLOWERS AND FRUITS

• Anthocyanins are water-soluble pigments that are
responsible for the orange, red, purple, and blue
colors of flowers and fruits.

• Anthocyanins are derived from a branch of the
flavonoid pathway.

• Anthocyanins are modified at one or several
positions by methylation, acylation, or glycosylation.

• Anthocyanins are accumulated in the vacuole of
epidermal cells.

• The main biological functions of anthocyanins are is
to attract pollinators and animals for seed dispersal
and antioxidant activity in epidermis.

Grotewold, Annu Rev Plant Biol 2006, 57:761–80; Kovinich et al, Planta 2014, 240: 931-941. 

Pietta   J. Nat. Prod. 2000, 63, 1035-1042 . 



PIGMENTATION IN PETUNIA HYBRIDA FLOWERS

Petunia was chosen as a model species to study several 
aspects of flower pigmentation:
• Large collections of spontaneous mutants.
• Large flowers and continuous flowering in greenhouse.
• Wide-world cultivation and high economic relevance.

Fig. 1. Phenotypes of pigmentation mutants in Petunia hybrida flowers. (Mol et al, 1998, Trends Plant Sci, 3, 212-217)

Scheme of the biosynthetic pathway for different flavonoid pigments among which anthocyanins.
The main enzymes catalysing there actions in the pathway are reported in blue. (Pesseri et al, 2016,
Front Plant Sci, 7:153)

A transcription factor complex (WMB) is involved in the control of:
• Biosynthesis

• Transport into the vacuole
• Vacuolar acidification



SENESCENCE IN PETUNIA HYBRIDA FLOWERS
Petal senescence (wilting, withering, abscission) is developmental-regulated and comprises ordered events:
• Protein degradation in mitochondria and cytoplasm, and fatty acid breakdown in peroxisomes

• Degradation of macromolecules due to autophagic processes in the vacuole

• Transport of the mobile compounds out of the petal

• Tonoplast rupture, degradation of nucleic acids in the nuclei  Programmed Cell Death (PCD)

In petunia:
• Corolla senescence is induced after pollination.

• Corolla senescence occurs in unpollinated flowers within 3 days after anthesis.
• Corolla senescence is highly ethylene sensitive and regulated by ethylene

Fig. 3. Natural senescence of unpollinated wild-type (WT)
Petunia hybrida ‘Carpet White’ flowers and changes in
ethylene production of corollas and gynoecia. (A) Natural
senescence of unpollinated WT P. hybrida ‘Carpet White’
flowers. (Liu et al. 2011, J Exp Bot, 62:825–840)



PROTEOMIC COMPARISON OF RED vs WHITE FLOWER IN PETUNIA

EXPERIMENTAL DESIGN
• R27: bright red coloured flowers accumulating cyanidin derivatives
• W225:  isogenic line with stable recessive null allele an1, white flowers 
• Plants grown in pots in growth chamber (16/8 h; 24/20 °C; 65% UR)
• Corolla limbs were collected from flowers at 1 day after anthesis (DAA).



2-DE COMPARATIVE PROFILE
• The analysis visualized an average of 1600 spots.
• 62 spots showed statistical significant differences in the accumulation levels.
• 56 spots were identified by homology search.
• 21 proteins were more abundant in red flowers, 35 proteins were more abundant in white flowers

PROTEOMICS COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



FUNCTIONAL CLASSIFICATION OF DIFFERENTIALLY ACCUMULATED PROTEINS

• Nine functional classes
• The enzyme involved in anthocyanin pathway were more abundant in R27.
• White flowers were characterized by higher levels of enzymes related to primary cell functions.

The analysis reveals that the mutation in the AN1 gene in W225 has ample pleiotropic 
effects on flower metabolism

PROTEOMICS COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



DIFFERENCES IN FLAVONOID METABOLISM

• Changes in the composition of flavonoids in 
corolla 

• Overall decrease in the flavonoid content in 
corolla

Early biosynthetic genes

Anthocyanin decoration 
and transport

Protein abundance in W225 (white flower) relative to R27 (red flower)

>
>

<

<

Proteomics reveals that AN1 mutation in W225 provokes secondary effects on flavonoid 
metabolism, probably driven by biochemical factors.

PROTEOMICS COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



DIFFERENCES IN PRIMARY METABOLISM
Protein abundance in W225 (white flower) relative to R27 (red flower)

The corolla in W225 line was characterized by higher levels of enzymes of primary metabolism
 Organelle dismantlement in R27 ?? Remobilization of macromolecules ??

PROTEOMICS COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



DIFFERENCES IN THE PROGRESSION OF FLOWER SENESCENCE

Visual evaluation of flower longevity in (R27) and an1 
(W225) lines.

Protein abundance in W225 (white flower) relative to R27 (red flower)
PROTEOMICS

BIOCHEMICAL EVALUATION AT 1 DAAIN PLANTA ANALYSIS

<

The AN1 mutation in W225 line is associated with a prolonged longevity in flowers

PROTEOMIC COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



IN VITRO EVALUATION OF SENSITIVITY TO ETHYLENE IN R27 AND W225

THE SUGAR PARADOX IN FLOWER SENESCENCE
“… In some species, the petal sugar levels remain rather high, and thus do not seem to become limiting, 

but sugar feeding extended the life of these petals … 
… sugar signal is translated into an anti-ethylene signal in sensitive species…”

(Van doorn and Woltering, 2008, J Exp Bot 59: 453-480)

• Sucrose supply restores flower longevity of cut flowers in R27  ethylene-sensitive
• Sucrose supply does NOT restore flower longevity of cut flowers in w225  ethylene-insensitive

The proteomic/biochemical analysis suggest that AN1 could be involved in ethylene perception

PROTEOMIC COMPARISON OF RED vs WHITE FLOWER IN PETUNIA



SUMMARY
The study on petunia mutant provides new information about
• Biochemical factors affect the accumulation of enzymes involved in the

anthocyanin biosynthesis that are independent from the AN1 genetic control
• Proteins/enzymes involved in flower senescence in Petunia hybrida
• Novel roles for the AN1 transcription factor.

THE PROTEOMIC INVESTIGATION COMBINED WITH BIOCHEMICAL AND 
PHYSIOLOGICAL APPROACHES WAS A VERY USEFUL TOOL FOR THE STUDY OF 

GENETIC PLEIOTROPY.

PROTEOMICS COMPARISON OF RED vs WHITE FLOWER IN PETUNIA





FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 

Prunus avium L
cv Hedelfinger
(wild-type, H)

Prunus avium L
Cv Hedelfinger

(somaclone, HS)

Plant tissue in-vitro culture:
Regeneration from leaf explants

SOMACLONAL VARIATION
for crop improvement

Commercial crop Improvement of agronomic traits:
• Reduction in vegetative vigour
• Reduction in tree size and canopy density
• High efficiency for light interception
• No differences in photosynthesis
• No differences in flowering time and 

flower morphology

THE SOMACLONE HS FROM SWEET CHERRY ‘HEDELFINGER’ (Prunus avium L.) 



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
THE SOMACLONE HS FROM SWEET CHERRY ‘HEDELFINGER’ (Prunus avium L.):

FRUIT QUALITY

• No differences in fruit colour, shape, size and weight
• Differences in fruit titratable acidity.
• Differences in the dynamic of fruit growth.

PROTEOMIC ANALISYS OF FRUIT RIPENING TO GAIN INFORMATION ABOUT 
BIOCHEMICAL FENOTYPIC TRAITS



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 

EXPERIMENTAL DESIGN

Genotypic differences

Fruit ripening
• Comparison of Hedelfinger (H) and HS fruits
• Comparison of two stage of ripening: 

- (U, unripe): onset of ripening 
- (R, ripe): full ripeness

• Traits related to fruit ripening: chlorophyll degradation, accumulation of reducing 
sugars, change in TEAC, anthocyanin accumulation.

• Traits different in HS vs H: HS accumulated a higher concentration of anthocyanins

EVALUATION OF BIOCHEMICAL RIPENING-RELATED PARAMETERS



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
THE PROTEOMIC MAP

• 40 spots was selected on the basis of discriminant power on PCA and PLS-DA
• 39 spot were identified by homology search by LC-ESI-MS/MS



FUNCTIONAL CLASSIFICATION OF DIFFERENTIALLY ACCUMULATED PROTEINS

• Eight functional classes, each of them embracing protein influenced by ripening or genotype
• The analysis suggests a large metabolic reprogramming during fruit ripening.
• The analysis suggests biochemical differences in H and HS fruits.

FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
CARBON METABOLISM

OEE1 oxygen-evolving enhancer prot 1 chl; OEE2 oxygen-evolving enhancer prot 2 chl; RuBisCO RuBisCO large subunit; SUS3 sucrose
synthase 3; G6PE glc-6-phosphate 1-epimerase; TK transketolase, chl; MDH malate dehydrogenase [NADP], chl, SDH succinate
dehydrogenase [ubiq] flavoprotein sub 1, mit; AspAT aspartate aminotransferase, PPase soluble inorganic pyrophosphatase

Traits related to fruit ripening: 

• general decline of chloroplastic functionality, increase in SUS  lessening of gross photosynthesis 
and the increment in sink strength of fruits.

Traits different in HS vs H: 
• HS unripe fruits were characterized by higher levels of RuBisCO, TK, SDH.
• HS ripe sweet cherries were also characterized by higher abundance of SUS3.

The proteomic analysis suggests that the higher exposure to light of leaves and/or fruits in HS 
trees supports an increment in fruit carbon metabolism.



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
METABOLISM OF PHENOLIC COMPOUNDS

βGLC AAA91166 avium β-glucosidase, partial; COMT caffeic acid 3-O methyltransferase; CAD cinnamyl alcohol 
dehydrogenase; CHI chalcone flavonone isomerase; DFR dihydroflavonol 4-reductase; ANS anthocyanidin synthase

Traits related to fruit ripening: 
• Increase in the levels of enzymes involved phenylpropanoid pathway.
Traits different in HS vs H: 
• Differences in the levels of enzymes involved in phenolic metabolism 

The proteomic analysis suggests that the somaclonal variation provoked some effects on phenolic 
metabolism in HS fruits.             



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
PROFILES OF COMPOSITION IN PHENOLIC COMPOUNDS

Traits related to fruit ripening: 
• hydroxycinnamic acids and catechins sharply decreased while flavonols and anthocyanins 

increase during fruit ripening  these compounds contribute in green and red fruits, respectively,  
to protect tissues from oxidative stress.

Traits different in HS vs H: 
• Procyanidin B was more abundant by about +40% in HS with respect to H. 
• HS fruits contain higher amounts of flavonols and anthocyanins.

The analysis suggests that the higher exposure to light of fruits in HS supports a higher 
accumulation of phenolic compounds and, in particular, anthocyanins at full ripening.



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
LIPID METABOLISM

LOX2 linoleate 13S-lipoxygenase 2-1, chl like; PLDa phospholipase D a1; HACL 2-hydroxyacyl-CoA lyase; 5ßStR 3-
oxo-d(4,5)-steroid 5-ß-reductase-like; EOa enone oxidoreductase; EOb enone oxidoreductase

Traits related to fruit ripening: 

• LOX2-1, Eoa, Eob, 5βStR markedly decreased to similar levels in ripe fruits of both genotypes 
production of volatile component of sweet cherry aroma (hexanal, furaneol).

• PLDα and HACL increased during ripeningmarkers of phospholipid catabolism in the 
senescing systems.

The proteomic analysis suggests that 
• fatty acid catabolism has valuable relevance during fruit development in sweet cherry. 

• the somaclonal variation has had a lower impact on this metabolism in fruits.



FRUIT RIPENING IN SOMACLONAL VARIANT OF SWEET CHERRY 
SUMMARY

The study on somaclonal variant in sweet cherry ‘Hedelfinger’ provides
information about:
• Protein markers discriminating genotype and fruit ripening stage.
• Modulation of pivotal enzymes of carbon metabolism in fruits influenced by

tree morphological traits, such as the canopy light interception.
• Protein markers involved in production of volatile aroma and in senescence

during fruit ripening.
• Biochemical changes in phenolic metabolism in fruits related to somaclonal

variation

THE PROTEOMIC INVESTIGATION PROVIDES NEW INFORMATION ABOUT 
FRUIT RIPENING AND FRUIT PHENOTYPE RELATED TO SOMACLONAL 

VARIATION IN SWEET CHERRY.



CONCLUSION

PROTEOMIC CAN BE VERY USEFUL FOR THE LARGE SCALE CHARACTERIZATION OF 
BIOCHEMICAL PHENOTYPES RELATED TO GENETIC VARIATION IN CROP SPECIES

PROTEOMIC CAN PROVIDE NOVEL INFORMATION ABOUT PUTATIVE MOLECULAR 
MARKERS OF PHYSIOLOGICAL / DEVELOPMENTAL PROCESSES RELATED TO CROP 

PRODUCTIVITY AND QUALITY 

PROTEOMIC CAN BE USED FOR VALIDATION OF PHYSIOLOGICAL / BIOCHEMICAL 
PARAMETERS EVALUATED BY NON-INVASIVE PHENOTYPING APPROACHES
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