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Transcriptome:

is the complete set of RNA molecules produced by a cell, tissue or organism. It includes
mRNA, rRNA, tRNA and other non-coding RNAs, although inmany cases themRNA profile is
the most sought after because it corresponds to the expression of protein-encoding genes.
The transcriptome depends on gene expression and therefore changes qualitatively and
quantitatively according to cell type, developmental stage and in response to external
conditions or physiological states. The dynamic nature of the transcriptome is highly
informative.

ü direct analysis: procedures involving nucleotide sequencing and fragment sizing (EST
sequencing, SAGE, MPSS, SSH and cDNA-AFLP)

ü indirect analysis: cDNA microarray and oligo-chip (Affymetrix, Combimatrix, NimbleGen,
Agilent…)

ü the word transcriptome was used for the first time in the 1990s (Velculescu et al., 1997;
Piétu et al., 1999)



Plant phenotyping:

is the quantitative appraisal of traits from a given plant genotype in a give environment and experiment,
which range from scalar (e.g. plant height), multi-value (chemical and transcriptional) to image-based
(pictures) and includes both direct measured attributes and those derived from analysis (e.g. leaf area
from shoot images; Bolger et al., 2017).

Heterogeneous data: are a problem for the analysis but also for a long-term access
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Arabidopsis thaliana

ü sequence of the entire plant genome: 2000 (Nature 48: 796-815)

ü develop of microarray platform: 2003 (Yamada et al., 2003)

ü first transcriptome report by next generation sequencing (NGS): 2007 (Weber et al., 2007)



Agarwal et al., 2014

Applications of transcriptomics:

ü identification of development and stressed-
associated genes and pathways

ü development of molecular markers

ü insight about downstream genes (plants with
altered expression of genes of interest)

ü expression atlas: it spans the complete range of
tissues and developmental stages; it presents the
snapshot of the mRNA profile of the entire life-
cycle of plants

ü transcriptome analysis is an essential component
of functional genomics



Progress in methods for gene expression analysis:

Agarwal et al., 2014



Serial analysis of gene expression (SAGE)

Lowe et al., 2017



DNA microarray

Lowe et al., 2017



RNA sequencing

Lowe et al., 2017
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DNA Microarray: an orderly arrangement of DNA sequences on a small solid support, usually a
membrane or glass slide, used to quickly survey the simultaneous expression of many genes. A sample
containing DNA or RNA is placed in contact with the gene chip. Complementary base pairing between
the sample and the gene sequences on the chip produces light that is measured.

ü glass DNA microarray: micro-spotting of pre-fabricated cDNA fragments on a glass slide

ü high-density oligonucleotide microarray (“chip”): in situ oligonucleotide synthesis

Different technologies: Affymetrix, Combimatrix, NimbleGen, Agilent, OpArray

Microarray: transcriptional profiling, copy-number variation, SNP genotyping and DNA-protein
interaction



RNAseq: deep sequencing of RNA (RNASeq) reverse-transcribed to complementary DNA for measuring
RNA expression and detecting changes in RNA structure (Goldman and Domschke, 2014).

RNAseq: measuring gene expression

differential expression

novel transcripts

splicing junction analysis

de novo assembly

SNP analysis

allele specific expression

RNA editing

small/microRNAs

Lowe et al., 2017



Microarray vs RNAseq

2014: 54,000 samples analyzed through microarray were deposited into the

Gene Expression Omnibus (GEO) database, compared to data from just

around 9,000 samples analyzed using RNA-seq (Su et al., 2014).

RNAseq advantages:

ü very low background signal

ü higher dynamic range of expression level

ü more accurate in term of fold change values

ü can reveal previously uncharacterized transcripts,

ü gene fusions and genetic polymorphisms

but….

Microrrays allow analyzing large numbers of samples rapidily and methods

for data analysis are fully mature straightforward (Su et al., 2014).



Lowe et al., 2017



Microarray vs RNAseq

Which technology?

ü number of gene evaluated

ü accuracy

ü sensitivity

ü data interpretation

ü cost



Microarray vs RNAseq

…a more comprehensive picture of a transcriptome applying multiple profiling methods…..

The choice of technology depends on the aim



Public databases

Four main categories

ü primary archives: data obtained from different high-throughput technologies (ArrayExpress and GEO)

ü added-value databases: allow to extract biological information from the expression data using an user-
based interface (co-expression databases and individual gene expression databases)

ü topical databases: databases pertaining a specific topic or species

ü integrative databases: plant transcriptome resources connected to genetic and functional annotation,
pathways and networks, phenotypes, genome annotation and literature-based text mining

Data analysis

ü data analysis is always overlooked during the planning of the experiments but has the potential to
provide the highest returns on effort investments

ü the quality of data influences the quality of the outcome but it also true that the best quality of data in
unlikely surrender insights without appropriate data analysis



Data analysis

To assess the statistical significance of the results, multiple biological replicates for each cell type or
treatment are needed.

ma>> mb (transcript up-regulated) or ma<< mb (down-regulated)

The pertinent question: “how confidently can this transcript be called differentially expressed?”

ü Student’s t-test (normal distribution)

ü Wilcoxon rank sum test or the SAM (Significance Analysis of Microarrays; Tusher et al., 2001)

Hung and Weng, 2017



Data analysis

ü multiple testing correction: statistical methods for correcting statistical confidence estimates based on
the number of tests performed

ü these test control the false discovery rate (FDR): the percentage of prediction that are false positive

ü multivariate analyses: principal component analysis (PCA) and Orthogonal Projections to Latent
Structures Discriminant Analysis (OPLS-DA)



Data analysis

ü RNA-sequencing data take the form of counts, so model based on the Gaussian distribution are
unsuitable

ü normalization is challenging because different sequencing experiments may generate quite different
total number of reads

ü quality control (e.g. analysis of sequence quality, GC content, the presence of adaptors,
overrepresented k-mers and duplicated reads in order to detect sequencing errors, PCR artefacts or
contaminations)

ü read alignment (mapping quality parameters: percentage of mapped reads and uniformity of read
coverage on exons and the mapped strand)

ü metrics for gene and transcript expression: RPKM (reads per kilobase of exon model per million reads);
is a within-sample normalization method removing the effects of feature-length and library size

ü identification of differentially expressed transcripts: Poisson distribution and negative binomial
distribution (discrete probability distributions)



Gene coexpression networks

ü the correlation in expression pattern between pairs of genes is measured, and those exhibiting strong
correlations are “joined” in a graphical representation to create a network, which can be visualized
with graph network viewers

ü cross-level correlation is an area that will become more important as genome wide association studies
(GWAS) could be used to link genotype to environmental factors or perturbations through changes in
the transcriptome, epigenome, or other ‘omes of a plant

ü 4 components are necessary for co-expression analysis: collection of gene expression profile from
different samples and/or different perturbation, a method for computing expression pattern similarity,
a way for assessing the degree of significance of expression pattern similarity and a tool to visualize
and analyze statistically significant coexpression patterns

ü metrics: Pearson’s correlation coefficient (PCC) and Spearman’s (Rank) correlation coefficient



Gene coexpression networks

Provat et al., 2012



Data visualization

ü MapMan: for displaying omics data onto diagrams of metabolic pathways or other processes.

Thimm et al., 2004



GeneOntology (GO)

ü GO project provides the most comprehensive resource currently available for computable knowledge
regarding the functions of genes and gene products

ü Gene Ontology: provides the logical structure of the biological functions (‘terms’) and their
relationships to one another, manifested as a directed acyclic graph

ü the corpus of GO annotations, evidence-based statements relating a specific gene product to a specific
ontology term

ü GO: classifies functions along three aspects a) molecular function (molecular activities of gene
products) b) cellular component (where gene products are active) c) biological process (pathways and
larger processes made up of the activities of multiple gene products)



GeneOntology (GO)

GO enrichment analysis: analysis performed using a gene set; this analysis allow to identify GO terms
over-represented or under-represented using the annotation for that gene set (p-value)

http://www.geneontology.org/



Responses to biotic stresses

ü downy mildew is a destructive grapevine disease caused by Plasmopara viticola (Berk. and Curt.) Berl.
and de Toni, which can only be controlled by intensive fungicide treatments

ü Plasmopara viticola is an obligate pathogen that obtains nutrients from infected plant cells through
specialized structures known as haustoria

ü signals and effectors involved in resistance in this important crop species were not well understood

ü early transcriptional changes associated with Plasmopara viticola infection in susceptible Vitis vinifera
and resistant Vitis riparia plants were analyzed

Combimatrix chip
24,571 transcripts, Vitis vinifera Gene Index
release 5.0 (19062 probes) + genomic
sequences produced by the International
Grape Genome Project that were not already
representedby the tentative consensus
Probe: 35-40nt (3 probe for each transcript)



Responses to biotic stresses



Responses to biotic stresses



Responses to biotic stresses

ü data strongly support the view that resistance in Vitis riparia is a post-infection phenomenon,
characterized by a rapid wave of signal transduction (12 hpi) followed by a shift in primary and
secondary metabolism (24 hpi) to implement a defense mode

ü early transcriptional changes in Vitis vinifera indicate a weak and abortive defense response and do not
provide information about the possible downregulation of resistance mechanisms by pathogen
effectors, which might occur later on

ü basal levels of defense gene expression in the two species do not seem to be responsible for the
different infection outcomes

ü the upregulation of genes involved in jasmonic acid biosynthesis and the increase in jasmonate levels
indicate that this hormone may play a role in Vitis riparia resistance against Plasmopara viticola



Response to environmental stress: nutrient availability

Essential elements for plant growth: for higher plants, the essentiality of 14 elements is now well
established, although the requirement for the micronutrients Cl and Ni is as yet restricted to a limited
number of plant species

three criteria to be an essential elements:

a) given plant must be unable to complete its lifecycle in the absence of the element

b) the function of the element must not be replaceable by another element

c) the element must be directly involved in plant metabolism – for example, as a component of an
essential plant constituent such as an enzyme – or it must be required for a distinct metabolic step such
as an enzyme reaction



Classification in 4 group

Normally, these minerals are taken up by plant roots from the soil solution in
ionic formwith themetal Ca2+, Mg2+ and K+ present as free cations, P and S as
H2PO4-/HPO42- and sulfate (SO42-) and N as anionic nitrate (NO3-) or cation
ammonium(NH4+).



Microarray and plant nutrition

In the last ten years high-throughput gene expression
analyses (in particular microarray) have been applied
in order to have a picture of molecular changes in
response to a nutritional condition.



Fe

Tomato Array 2.0
(25,789 transcripts, DFCI Tomato Gene Index, Release 12.0)

Probe: 35-40 nt (3 probes for each transcript)



Fe and plants

ü Fe is an essential nutrient for plants, which catalyzes crucial cellular functions such as chlorophyll
synthesis, chloroplast development, and antioxidative cell protection

ü despite being abundant in soils, Fe mainly exists as the insoluble, not available to plants, ferric Fe(III)
form; solubility of Fe is, however, extremely low, especially in aerated alkaline soils. In aerated systems
in the physiological pH range, the concentrations of ionic Fe(III) and Fe(II) are below 10-15 M due to
formation of Fe hydroxides, oxyhydroxides and oxides

ü plants have developed two separate strategies to acquire Fe(III) from soils





Fe-deficient vs Fe-sufficient

75 up- () and 22 (¯) down-regulated transcripts in roots (LIMMA, adjusted p-value ≤ 0.05; |FC| ≥ 2)

Our transcriptional results suggested that….

ü tomato roots respond to Fe deficiency by modulating the expression of a number of transcripts similar to
the model plant Arabidopsis thaliana

ü tomato roots modulate transcripts involved in homeostasis of Fe and heavy metal cations (e.g. IRT,
NRAMP, MTP, ferritin) and others cation (e.g. AMT)

ü tomato, as Arabidopsis, requires the up-regulation of transcripts related to glycolysis (e.g. PFK) and
methionine cycle (e.g. MTK), the latter pathway being putatively linked to NA biosynthesis in response to
Fe deficiency

ü tomato roots seem to be more characterized by root morphological adaptation, mainly linked to hair root
production, as suggested by the strong up-regulation of extensin transcripts

ü flavonoid biosynthesis and root morphological changes are revealed as specific tomato responses to Fe
shortage



Response to supply with different natural Fe-chelates



Response to supply with different natural Fe-chelates

Differentially expressed transcripts suggest:

ü the root transcriptional response to Fe supply depends on the nature of the ligand (WEHS, citrate and
PS)

ü Fe-WEHS did not cause relevant changes in the root transcriptome with respect to the Fe-deficient
plants, indicating that roots did not sense the restored cellular Fe accumulation

ü the responses to supply with Fe-citrate and Fe-PS are fast and based on a back regulation of molecular
mechanisms modulated under Fe deficiency

ü citrate is also adsorbed by roots causing a negative regulation of the TCA cycle and influencing mainly
cell wall metabolism and the response to stress

ü Fe-PS specific responses seem to be mainly based on a negative regulation of lipid metabolism and
phospholipid-based signal that control ROS responses in the presence of heavy metals



N (NO3-)

ü N is the element required in largest amounts by plants; the major sources of N taken up by the roots of
higher plants are NO3- and NH4+

ü plants cope with this rapid changes of NO3- concentration in soil solution increasing its uptake rate
following the exposure of the roots to this anion; this type of response is known as “induction”

ü roots possess at least three, kinetically distinct, NO3- transport systems (cHATS, iHATS and LATS); iHATS
appears to play the key role in induction and NO3- uptake rates.

Two maize inbreed line with 
different nitrogen use 

efficiency (NUE)



N (NO3-)

59,756 transcripts predicted from the ZmB73 reference genome (Release
5b)
Probe: 60nt



Differentially expressed transcripts

Lo5: the greatest number of differentially expressed transcripts was observed at 2h;
6,203 transcripts differentially expressed in response to NO3- in at least one
sampling-time point

T250: displayed a progressive increase in differentially expressed transcripts
throughout time; 2,054 transcripts differentially expressed in response to NO3- in at
least one sampling-time point

Parametric Analyis of Gene Set Enrichment (PAGE): AgriGO



Differentially expressed transcripts

Lo5                                                   T250

Transcripts modulated in T250 line
in response to NO3

- are in line with
responses previously identified in
other plant species
(e.g. NO3- uptake and assimilation)



Transcripts involved in NO3- uptake and assimilation

Results were confirmed by Real-
time RT-PCR experiments

Transcripts related to NO3- uptake
and assimilation are more greatly
expressed and modulated in
response to treatment in T250
than Lo5.



CommonNO3--modulated transcripts

ü NO3- has an opposite effect on the modulation of some transcripts in two inbred lines (clusters
2,4,7,8,11 and 12)

ü clusters 1,3,10 and 5,6,9 grouped transcripts from both inbred lines, respectively, positively and
negatively affected by NO3- in at least one sampling-point



Transcripts with a different transcriptional behaviour between the two inbred lines:

ü transcripts encoding transcription factors
ü transcripts encoding protein kinases and phosphatases
ü transcript encoding CBL protein positively modulated at 1h in Lo5 and down-regulated at 5h in T250

that can interact with CIPK Ser/Thr kinases; CIPKs are involved in the signalling system associated with
NRT1.1 in Arabidopsis thaliana (Ho et al., 2009; Hu et al., 2009)

ü transcripts related to ethylene synthesis down-regulated in T250 and up-regulated in Lo5 could be
involved into the positive modulation of NRT2 transcripts only in T250

ü transcripts encoding heat-shock proteins and heat-shock factors are strongly up-regulated at 1h in Lo5
ü transcripts encoding aquaporin (ZmTIP4.1 and ZmNIP1.1) were positively affected by NO3- in T250

Transcripts with a similar transcriptional behaviour in both inbred lines:

confirm the involvement of metabolic pathways previously described in Arabidopsis (Wang et al., 2000;
Wang et al., 2003; Scheible et al., 2004), tomato (Wang et al., 2001) and maize (Liu et al., 2008) in
response to NO3- supply, such as trehalose metabolism, NO3- assimilation, phenylpropanoid metabolism,
cytokinin homeostasis and cell expansion.



Results suggest that:

ü different timing in the response to the changes in the solution bathing the roots (e.g. contact with
NO3- and subsequent increase in its uptake rates) are mirrored by a different transcriptional behaviour
during the induction stage (0-4 h and 0-12 h in Lo5 and T250, respectively)

ü the two inbred lines differed extensively both in the number of modulated transcript during the NO3-

induction (10% vs 3.5% of the maize transcriptome)

ü our results suggested that the two maize inbred lines seem to have developed different strategies to
respond to NO3- changes in the environment



N (NO3-) andwater-extractable humic substances (WEHS)



N (NO3-) andwater-extractable humic substances (WEHS)

Venn diagram: 6 clusters of transcripts correlating to
physiological changes in plants

ü I (9+1): modulated only by NW at 4 and 8h
ü II (13+5): modulated only by NW at 4h
ü III (1906+113): modulated only by NW at 8h

ü IV (5): modulated by NW and N only at 4h
ü V (16+2+1): modulated by NW and N only at 8h
ü VI (1): modulated by NW and N at 4 and 8h



N (NO3-) andwater-extractable humic substances (WEHS)

ü NW affects transcripts involved into hormonal metabolism (Groups I and II)

ü NW affects transcripts involved into N-metabolism (Group III); ZmNR and ZmNiR are strongly up-
regulated in N+WEHS vs N explaining the observed physiological pattern; at 8h are strongly up-
regulated the transcripts involved into the following step of N assimilation (e.g. ZmGS1, ZmGS2,
ZmGOGAT, ZmCNX and ZmASN) promoting the de-induction of HATS

ü NW and N upregulate at 8h (Group V) the ZmNRT1.1 that could play a role in NO3- uptake, N
translocation and in the expression of NO3--responsive genes (Hu et al., 2015)

ü NW and N downregulate at 8h (Group V) the ZmNRT2.5 suggesting an adequate availability of N; this
pattern of the expression could be explained by the upregulation of the transcript encoding the LBD37
transcription factors which functions as repressor of some NO3- transporter including NRT2.5 (Kiba and
Krapp, 2016; Rubin et al., 2009; Konishi and Yanagisawa, 2013; Sawaki et al., 2013)



Biostimulants (protein hydrolysates e and free amino acids)

ü free amino acid mixtures or protein hydrolysates constituted by short peptides and free amino acids in
different proportions are marketed as crop biostimulant

ü these products are obtained by the hydrolysis of proteins from plant, animal, and microbial sources,
but also from industrial and agricultural residues

Yakhin et al., 2017



Biostimulants (protein hydrolysates e and free amino acids)

The protein hydrolysates used in this project are a mixture of amino acids and peptides of different
length, that derive from animal origin by-products (collagen) (SICIT 2000).

Maize seedlings grown in nutrient solution 
supplemented  with:

Biostimulant
containing 
10% free aminoacids

Aminoacid mixture
(same aa composition
of the biostimulant) 

Inorganic N (NH4H2PO4)

Equal total N
content

Bio

0.05 and 0.1 ml L-1 5.65 and 11.3 mg L-1 total N

Aa

N



Biostimulants (protein hydrolysates e and free amino acids)

Agilent chip
39,372 of transcripts predicted from the 
ZmB73 reference genome (Release  5b)
Probe: 60 nt



Functional categories

Differentially regulated transcripts

0 5 10 15 20 25
organic substance metabolic process

metabolic process
single-organism metabolic process

regulation of biological process
establishment of localization

cellular metabolic process
response to stress

biosynthetic process
response to chemical

cellular component organization
nitrogen compound metabolic process Aa vs N

Bio vs N
Bio vs Aa

Percentage of transcripts

Hormonal
metabolism Transcription

factorsCell wall

Transport

Stress
response



Aa vsNand Bio vsN

Aa Bio



Common responses of maize roots to free amino acids and protein hydrolysate

ü modulation of transcripts encoding transcription factors related to nutrient stress and involved in
root growth and metabolism (NAC, MYB, WRKY, bHLH, AP2-EREB)

ü modulation of genes involved in cell wall remodeling that can regulate root growth and lateral root
formation

ü modulation of transcripts involved into transport processes (transport of Fe chelates and other
divalent cations, peptides and amino acids, nitrate and ammonium)

ü transcripts involved into gibberellin metabolism and auxin signalling and transport are induced by
both biostimulants

ü higher potassium accumulation

Aa-specific responses

ü stress-related transcripts modulation (mostly peroxidases)
ü active uptake of amino acids (induction of amino acids permease transcripts)
ü positive modulation of transcripts involved in the synthesis of metal chelators

Bio-specific responses

ü modulation of transcripts encoding specific peptide transporters
ü modulation of transcripts involved into cytokinin and jasmonate metabolism
ü higher micro-nutrients accumulation

Transcriptomics coupled with phenotypic and ionomic analyses are useful tools to highlight
the mechanisms of action of biostimulants



Mg deficiency in grapevine

ü only field observations

ü no physiological and molecular characterization of grapevine responses to Mg deficiency

ü interveinal chlorosis and necrosis (old 
leaves)

ü early leaf fall

ü bunch stem necrosis 



Mg

ü Mg is the 4th element mainly adsorbed by plants

ü Mg2+ is the most abundant free divalent cation in the plant cytosol

ü Mg concentration in soil solution is commonly quite high (3-4 mM) and its uptake by plant roots is
negatively influenced by competition with other cations (K+, NH4+, Ca2+, Mn2+, H+ e Al3+)



Physiological and molecular characterization of rootstocks responses to Mg deficiency

1103P: tolerant

SO4: susceptible

hydroponically grown for 
2 weeks

1103P

SO4

T0

4 d                                  14 d

1103P

SO4

T0

4 d                                  14 d

-Mg

+Mg 
(0.25 mM)



Physiological andmolecular characterization of rootstocks responses toMg deficiency



Physiological and molecular characterization of rootstocks responses to Mg deficiency

Root metabolite analysis (UPLC-MS and GC-MS)

4 days

ü higher levels of carotenoids in 1103P roots

ü monosaccharides (e.g. !-L-arabinopyranosio, ! -L-
arabinofuranose, !-D-xylose, "-D-xylose) involved into
the synthesis of constituents of the cell wall
xyloglucans and pectins (Harris and Stone, 2008)

14 days

ü higher levels of metabolites involved into responses to 
biotic and abiotc stresses in the susceptible rootstocks



Microarray analysis

NimbleGen chip:

29,549 predicted grapevine transcripts (98.6% of the genes predicted 
from the V1 annotation of the 12x grapevine genome) 
Probe: 60 nt (4 probes for each transcripts)

4 days 

 1103P +Mg vs SO4 +Mg 1103P -Mg vs SO4 -Mg 

up-regulated 412 421 

down-regulated 359 370 

14 days 

 1103P +Mg vs SO4 +Mg 1103P -Mg vs SO4 -Mg 

up-regulated 183 247 

down-regulated 410 452 

 



1103P vs SO4 (-Mg)

4 days 14 days

Singular Enrichment Analysis (SEA); AgriGO



1103P vs SO4 (-Mg)

ü the tolerant rootstock exhibits a lower oxidative stress in the first phase of the response to Mg
deficiency (e.g. 4 days; down-regulation of transcripts encoding Respiratory burst oxidase protein D
and a peroxisomal biogenesis factor 11)

ü the tolerant rootstock produce lower levels of phenolic compounds (transcripts involved in this process
are down-regulated)

ü the tolerant rootstock respond to Mg deficiency changing cell wall structure through a decrease in a
cellulose content and its stiffness through an increase in pectin with a lower level of
methyesterification and a higher quantity of arabinose-containing polysaccharides putatively tightly
linked to the cell wall (up-regulation of cellulose synthase, endo-1,3;1,4-beta-D-glucanase,
pectinesterese and polygalacturonase)

ü the higher level of a HKT2 transcript in roots of 1103P relative to SO4 under 4-day Mg deficiency
suggests that this transporter could be involved into Mg uptake



In conclusion

ü microarray analyses give a genome-wide picture of transcript levels in relationship to different biotic
and abiotic stresses

ü microarray analysis allow us comparing the transcriptional profiles of different genotypes in response
to a treatment (e.g. root NO3- exposure) or stress (e.g.Mg deficiency)

ü we can correlate the physiological responses to a nutrient deficiency with changes in transcriptome

ü we can obtain a list of transcripts for further functional analyses

ü we can obtain a list of putative biomarkers for genotype selection
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