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Phenotypic plasticity

Phenotypic plasticity—the ability of a single genotype to
produce multiple phenotypes in response to the
environment— and responses often quantified and

depicted as reaction norms

PLANTS

Plants are remarkable because of their ability to thrive despite their limited capacity to alter their

surroundings.
Plants are exquisite in their ability to sense, respond to, and survive a variety of abiotic stresses.
This is largely the result of acclimation to the environment through changes in physiology,

metabolism, growth, and indeterminate development.



Phenotypic Plasticity

Genotype X Environment Interaction
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Figure 1. Phenotypic plasticity and genotype x environment interaction (G x E). Four examples of reaction norms illustrating (A) the phenotypic plasticity of genotypes
between environments, and (B-D) a genetic difference between genotypes for plasticity indicating G x E. Genotype 1 is the red line and genotype 2 the blue line in each
graph. In (A), the trait values change across environments but the reaction norms run parallel because the response to the environmental conditions is similar for both
genotypes. In (B,C), there is a scale-effect interaction indicating G x E, because each genotype has a different response to each of the environments, but without the reaction
norms to cross, whereas in (D), there is a stronger genetic effect on the phenotype in response to the different environments, also indicating G x E, causing reaction norms

to cross. From El-Soda et al.2014
P= G+E+GXE



Examples of phenotypic plasticity in plants
shade avoidance root architecture changes
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Many examples are clearly adaptive (e.g., shade avoidance) and may result in local
adaptation. However, plastic responses can also be passive consequences of the resources
available for growth and development. As such, neutral or maladaptive plasticity occurs and
even adaptive plasticity involves costs and limits that may constrain evolution
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Phenotypic Plasticity in Vitis vinifera

Vitis vinifera spp : a single genotype is able to produce berries with
different quality, thus different wine qualities, depending on the micro-
environment where it is cultivated.

Berry plasticity is very high
Environmental factors (e.g., temperature, light,
and soil moisture) and viticulture practices
(e.g., pruning, irrigation, and cluster thinning)
are known to cause variability:

within berries,

among berries within a cluster,

among clusters on a vine,

and among vines within a vineyard
(Gray 2002, Keller 2010).




Environmental cues affecting typical parameters
associated with berry ripening in coloured grapes
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Use of phenotypic plasticity in grapevine

PROS

Adaptation existing cultivars to a specific growing region
Production a wide range of different wines from the same cultivar

Coping with environmental changes

CONS

Uneven maturity

Interseasonal fluctuation
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The French-ltalian Public Consortium for the
Sequencing of the Grapevine Nuclear Genome
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The grapevine genome sequence suggests ancestral
hexaploidization in major angiosperm phyla

The French-Ralian Public Consortium for Grapevine Genome Characterization®
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A dynamic gene expression atlas of cv. Corvina

Sample/organ

Bud
Inflorescence
Tendril
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Global patterns of tissue gene expression
Number of genes expressed in each of the 54 tissues
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Number of specifically expressed genes

Global patterns of tissue gene expression
Tissue specific genes

550 . - among genes stamen, petal and pollen specific:
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Shared expression profiles were more common among different organs than at different developmental stages in
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Grapevine Plasticy in the Genomic era

The mechanisms determining plastic changes are still largely unknown especially for plants
cultivated in open fields, where the simultaneous challenge of different environmental
signals leads to complex responses.

Questions need to be answered in the genomic era

* How should plasticity be described and quantified?
* Do genes for plasticity really exist?

* How do the genes affecting the plastic response operate?
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Grapevine Plasticy in the Genomic era
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Micro-Environmental and Agricultural Features

Altitude
100-450 m. a.s.l.

Type of Sail
Sandy-Clay

6-18 years

’/’ﬁ@ Vineyard Age
oy

Dal Santo et al. 2013

Vineyard Planting Layout

Type of Rootstock
K5BB/41B/S04/420A

Vineyard Training System
Replacement Cane Guyot
Parral System

Rows Facing Direction
North-South
East-West
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Grapevine Plasticy in the Genomic era

The experiment

Location Harvest Microarray
(x11)

Development (x3), harvest (x3)
veraison

|

2006
|@ & 2007
————11/2008

~—

Mid-ripening

Vitis vinifera CV Corvina — 48 Clone

» Red berry variety

» Major component of “Amarone” wine

» Most important clone cultivated in the
Verona area

Dal Santo et al. 2013

Plastic

: phenotype

Stable
phenotype
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Phenotypic Plasticity | : the Vintages and Vineyards

The impact of season climate on the berry transcriptome

4 Vineyards sampled at 3 berry developmental stages: Veraison

3 Vintages studied: 2006 ;:Séi:ﬁ;nmg
2007
2008 4X3x3x3=108 hybridizations

Dal Santo et al. 2013 Three rootstocks types, two altitudes, two vineyard trading systems and row facing in different conditions 2



Phenotypic Plasticity I: Vintages and Vineyards
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Vintage 2007 is significantly different from 2006/2008 in all vineyards

Dal Santo et al. 2013
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Differential Gene Expression
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Differentially-modulated genes among the four vineyards studied in each year

Dal Santo et al. 2013
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Phenotipic Plasticity |l: Berry Development

11 Vineyards sampled at 3 berry developmental stages: Veraison
1 Vintage studied: 2008 Pre-Ripening
Ripening

11x3x3=99 hybridizations

Jaranpes

Valpolicella

Dal Santo et al. 213
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Transcriptome Plasticity during Berry Development

Samples from 2008 harvested in 11 Vineyards in 3 developmental stages

Transposon and Retrotransposon

Translation

H Carbohydrate Metabolic Process Transcription

RNA Splicing

H Cell Wall Metabolism Rib
ibosome

E Cellular Amino Acids and Derivative Purine and Pyrimidine Metabolism

Metabolic Process
E Cellular Homeostasis

Histone, Epigenetics and RNA Silencing
DNA/RNA Binding Protein

DNA Replication

DNA Repair

DEAD/H-box RNA helicase Activity

ECellular Process

B Developmental Process v o s 10 15 20 25 wm 3

T DNA/RNA Metabolic Process

B Generation of Energy

W Lipid Metabolic Process

B No Hit

B Pentatricopeptide (PPR) repeat-
containing protein

EResponse to Hormone Stimulus

Response to Stress

B Secondary Metabolic Process

1478 genes showed a significant

totion Factor Actty | differencel in transcription among

= Transport Responiﬁ/:o Stress the 11 vmeyards, 18% of the
modulated ones during ripening

Signal Transduction

EUnknown Protein

Dal Santo et al. 2013
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Plasticity In Clusters of Vineyards

PCA Analysis (R2X=0.674, Q2=0.478)
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Vineyards with a shared “transcriptome signature” during
berry development cluster together

Dal Santo et al. 2013

27



Plasticity and Farming/Environmental Conditions

Kruskal-Wallis Test (FDR=0.25%) - Bi-clustering (Pearson Correlation)

Dal Santo et al. 2013

Plastic genes preferentially
transcribed in vineyards
using specific farming
practices
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Plasticity and Farming/Environmental Conditions

Kruskal-Wallis Test (FDR=0.25%) - Bi-clustering (Pearson Correlation)

Vineyard Geographical Area

Plastic genes preferentially
transcribed in vineyards having
specific environmental
conditions
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Non plastic transcripts

145 Genes | | 264 Genes 140 Genes ' " 213 Genes

Mono & Di Terpenoids
Biosynthesis

Pectate Lyase &
Starch & Sucrose Metabolism Pectinesterase

Germacrene Synthase Phenilpropanoids

LHC ar]d Photosynthesis Stilbene Synthase Biosynthesis
Glutathione-S-Transferase Flower Development

Flavonoid Biosynthesis PR - Proteins
Auxin Metabolism
Cellulose Synthase

Steroids Biosynthesis
a-Linoleic Acid
Biosynthesis
Response to Stress

Carotenoid Biosynthesis
Zeatin Biosynthesis

These transcripts could be developed into universal markers suitable for the monitoring of
grape ripening in the field, regardless of cultivar and environment.

Dal Santo et al. 2013
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Non-PlasticTranscripts - Constitutive

Transcripts neither plastic (no variation among the 11 vineyards) nor developmentally modulated (no
variation among the three developmental stages)

VM PM BM GIV MN CcC cs PSP BA AM FA

12 311 2 3 2 12 3 2 1 2 3 2 3(1 2 3|1 2 3[1 2 3[1 2 3|St.Dev.
VIT_01s0127g00440 ADP-RIBOSYLATIONFACTORA1B 0.050
VIT_12s0059900590 Allergenic protein Pt2L4 0.054
VIT_06s0061g00550 Xyloglucan endotransglucosylase/Hydrolase 32 0.055
VIT_06s0061g00410 ABC transporter F member 2 0.063
VIT_06s0004g04660 No hit 0.070
VIT_13s0064g01210  Zinc finger A20 and AN1 domain-containing protein 2 0.072
VIT_03s0038904270 Ankyrin Repeat Protein 0.073
VIT_08s0056901600 No hit 0.073
VIT_05s0020900670 S-adenosylmethionine synthetase 1 (SAM1) 0.073
VIT_01s0010902030 Gamma-thionin precursor 0.074
VIT_0550049900520 No hit [ ] B R ]iﬁi 0.076
VIT_04s0008g02930 OLIGOURIDYLATE BINDING PROTEIN 1B UBP1B 0.081
VIT_05s0020903470 Hydroxyproline-rich glycoprotein 0.081
VIT_04s0023g02050 Inorganic pyrophosphatase 0.083
VIT_18s0001g01180 Vacuolar sorting-associated protein (Vps27) 0.084
VIT_18s0001g09460 GASA5 0.091
VIT_18s0072g00380 Abscisic stress ripening protein 2 (ASR2) 0.091
VIT_04s0008g00720 Vacuolar processing enzyme gamma 0.094
VIT_07s0005g01250 Unknown protein 0.095
VIT_09s0002g02500 Ubiquitin-specific protease 6 (UBP6) 0.095
VIT_10s0003g05020 GTP-binding protein obg 0.095
VIT_19s0014902480 Haloacid dehalogenase hydrolase 0.096
VIT_08s0105900230 BLH1 (embryo sac development arrest 29) 0.098
VIT_16s0013g00520 RAB GTPase RAB1C 0.099
VIT_08s0007g06770 Unknown protein

VIT_09s0002g06250

No hit

Low Expression High Expression

These non-plastic constitutive genes are candidate reference genes for quantitative
gene expression analysis.

Dal Santo et al. 2013
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Dal Santo et al. Genome Biology 2013, 14:R54

http://genomebiology.com/2013/14/6/R54 Genome Biology

RESEARCH PAPER Open Access| £ S

The plasticity of the grapevine berry
transcriptome

Silvia Dal Santo', Giovanni Battista Tornielli', Sara Zenoni', Marianna Fasoli', Lorenzo Farina?, Andrea Anesi’,
Flavia Guzzo', Massimo Delledonne' and Mario Pezzotti'

 Phenotypic plasticity can be investigate at transcriptomic/genomic level.
* Plastic genes do operate for adapting the plants to environmental changes.

 Non-plastic genes are also very crucial for adaptation.
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Phenotypic plasticity

Genotype X Environment Interaction
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Figure 1. Phenotypic plasticity and genotype x environment interaction (G x E). Four examples of reaction norms illustrating (A) the phenotypic plasticity of genotypes
between environments, and (B-D) a genetic difference between genotypes for plasticity indicating G x E. Genotype 1 is the red line and genotype 2 the blue line in each
graph. In (A), the trait values change across environments but the reaction norms run parallel because the response to the environmental conditions is similar for both
genotypes. In (B,C), there is a scale-effect interaction indicating G x E, because each genotype has a different response to each of the environments, but without the reaction
norms to cross, whereas in (D), there is a stronger genetic effect on the phenotype in response to the different environments, also indicating G x E, causing reaction norms

to cross. From El-Soda et al.2014
P= G+E+GXE
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G X E Interaction in Grape: The Vineyards
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Berry Size

The Sampling Procedure

Ripening (RP
20° Brix (208) pening (RP)

Lag Phase
(LPh)

Pea Size
(PS)

Sugar pp

Days After Flowering B>

Agro-meteo-climatic and eco-
physiological characterization




The Experimental Plan

Bolgheri Montalcino Romagna
Littoral Tuscany Central Tuscany Foothill Area

Sangiovese * 2011 and 2012

* 3 Biological Replicates
Cabernet
Sauvighon

TONS

Pea Size




Dataset Exploration

Pearson’s Correlation Analysis
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» In a multi-year experimental design the Area variable per se has a slight impact on the grapevine transcriptome
plasticity.

» The Cultivar Sangiovese samples (MR and FR) clustered less uniformly



Dataset Exploration

ANOVA 2-way (p<0.01)

Year
and in Year x Area Interaction
Area
- Cabernet Sauvignon
Interaction

- Sangiovese

1000 - »,,,,,,n
2000 3009 : /

5000 6000

Cabernet Sauvignon berries have a higher number of expressed
sRNA-generating loci than Sangiovese berries, collected in the
same conditions.

'.g frontiers

The Influence of Genotype and
Environment on small RNAs profile in
Grapevine Berry

Daniela Lopes Paim Pinto!, Lucio Brancadoro?, Silvia Dal Santo?, Gabriella De Lorenzis?, Mario
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Screening

Profiles definition

We slimmed down the list:

Unexpressed genes (threshold) — 5507 genes
Genes with low variability among the experimental
conditions (low ratio between over total variance) -
4209 genes

Genes with outliers expressions — 238 genes
Genes with pattern not linked to any experimental
conditions (i.e, stage; cultivar; year; area) — 1473
genes

18122 variables (genes) remaining



A new Statistical Pipeline

Screening Whole Transcriptome
18122 genes

: _— K-means clustering
FIES el 300 clusters accounting for about

70% total variance

Variable Importance Measure (VIM)
how much each experimental condition
affects the expression



Gene clusters characterization

Clusters
s
|

[ Z
0- ——
2
Y i s
' sage

Median VIM of each Variable

PSR Cultivar Year

‘Standardized gene expression
e b e w2 b e » o
\
\ \

Multiple Variable Dependent Clusters

l S Single Variable Dependent Clusters
ENDO
g‘ -
0 —t —_—



Stage Dependent Gene Clusters
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Standardized gene expression
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VIT_02s0025g01450 - Unknown protein
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CONCLUSIONS

™ We have used Data Mining Techniques to obtain a grapevine transcript mapping highlighting the
relations between genes expression and environmental variables.

™ We have defined 300 clusters with high intra-cluster homogeneity and characterized them with
respect to the analyzed variables, thanks to the combined application of a machine learning

algorithm, a Principal Component Analysis and a flexible graphical tool useful to identify hidden
relationships.

® Our multi-year experimental design allowed to show that Area variable per se has a slight
impact on the grapevine transcriptome plasticity.

® The GxE influence on phenotype in open field grown plants should rather be explored by
considering the interactions among Genotype, Area and Year.

@ Our statistical pipeline could be applied to other GxE studies in different crops.
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Plasticity in Gene Families during Berry Development
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Concluding remarks:

We have used Data Mining Thecniques in order to obtain a grapevine
genes mapping able to put in evidence the relations between genes
expressions and environmental variables.

We have defined 300 cluster with high intra-cluster homogeneity and we
have been able to designate them according to their behavior with respect
to the analysed variables, thanks to the joint application of a machine
learning algorithm, a Principal Component Analysis and a flexible graphical
tool useful to identify hidden relationships.
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