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Abstract
Evaluation of the common grapevine Vitis vinifera
across multiple harvests and ﬁeld locations provides
important insights into crop transcriptional plasticity
under diverse agricultural regimes.
Phenotypic plasticity is a cross-kingdom phenomenon
whereby a single genotype is capable of producing a
range of phenotypes as a function of its environment,
conferring a fitness advantage to the individual when
challenged by changing environments [1]. Although this
phenomenon is evident in a broad range of species and is
of increasing importance to agriculture given the current
climatic instability [2], our understanding of the genetic
and molecular mechanisms underlying phenotypic plasticity and its counterpoint, environmental canalization
[3], remains rather limited. This is despite the fact that
the balance between plasticity and robustness, in terms
of the ability to respond rapidly to environmental
pressure without the need for natural selection and the
buffering of phenotypes against environmental variation,
is generally regarded to be crucial for optimal fitness
[4,5]. In their article in this special issue on plant
genomics, Dal Santo et al. describe an approach to
understand phenotypic plasticity at the transcript level in
clones of grape grown in 11 different locations and on
differing rootstocks across three independent stages of
berry development [6]. Specifically, they harvested homogeneously and uniformly ripened fruit from harvests of
Vitis vinifera cultivar Corvina at 11 open field sites in the
Verona area of Italy over three consecutive years and
subjected these to microarray analyses (Figure 1). For this
purpose, the NimbleGen 090918_Vitus_exp_HX12 microarray, affording coverage of over 98% of the genes
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encoded in the grape genome [7,8], was used to evaluate
transcript levels in grapes of three different developmental stages, as assessed by traditional ripening metrics;
metabolic biomarkers were also used. As such, this
experiment likely represents one of the broadest in field
transcriptomics experiments published to date and one
from which many important fundamental and applied
conclusions can be drawn.

The broader signiﬁcance of phenotypic plasticity
Current cultivation practice in vineyards, whereby
clonally propagated scions (shoots used for grafting) are
grafted onto disease-resistant rootstocks of a different
cultivar, renders the grapevine an interesting crop in
which to study phenotypic plasticity, given that phenotypic variance driven by genetic factors is very much
minimized (although not entirely removed due to genetic
differences in rootstock). Indeed, many other crop plants
are vegetatively propagated, including many fruit tree
species, as well as vegetable crops propagated by stolons,
runners, bulbs, tubers or corms. Understanding phenotypic plasticity is also of interest in species with more
varied genetics since it will undoubtedly provide critical
information to guide next-generation crop improvement
strategies.
Previous studies examining transcriptional responses
to environmental changes have been performed in model
organisms such as Drosophila, nematode and mouse, as
well as more exotic species such as marine coral, sparrow
and salmon. The most recent and most extensive of these
studies was carried out by Zhou et al. in Drosophila,
revealing that the majority of the transcriptome shows
robust expression across a diverse range of environmental
challenges, with only approximately 15% of transcripts
being plastic [5]. The plastic transcripts were split into
those with high or low genetic variability. They did,
however, include a large number of modules of genes,
including transcription factors and non-coding RNAs,
presumed to play a role in chromatin structure, as well as
a range of glucosyltransferases and cytochrome P450s
involved in xenobiotic metabolism. Furthermore, analysis
of the dataset was compared with the prevailing models
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Figure 1. Experimental strategy for deﬁning plastic and stable gene expression modules across multiple variables, including ﬁeld
location (and root stock), harvest year and developmental stage of the berry. Following classiﬁcation of genes as stable or plastic, both sets of
genes were further sub-classiﬁed on the basis of MapMan ontologies in order to assess if there was a clear link between (lack of ) plasticity and gene
function.

of the genetic basis of phenotypic plasticity. Under the
allelic sensitivity model, allele type affects the mean value
of a phenotype, whereas under the gene regulation
model, plasticity is a trait in itself, which is under the
control of regulatory loci [9]. Tellingly, the data of Zhou
et al. support the gene regulatory model, as do many
other recent studies [9].

Plasticity in the grapevine berry
Dal Santo et al. appraised the level of plasticity in transcript levels in connection with varying the environment,
either with regard to field location (and in some instances
rootstock used) or with regard to the cultivation year. As
stated earlier, the common grapevine is clonally propagated and thus studies in this species focus on gene
regulatory plasticity. Phenotypic plasticity in crop species
can be costly; in grapes, the same clone has been documented to show variability within individual berries,
among berries in a cluster, between clusters on a vine and
among vines in the vineyard. Thus, berry quality may be
affected in an unpredictable manner and developmental
factors such as uniformity of ripening may be
compromised.
In analyzing the berry transcriptome at the scale they
did, Dal Santo et al. were able to identify transcripts
expressed under normal and unusual weather conditions
in addition to defining the plastic complement of the
grape transcriptome. They achieved this by means of a
carefully planned and executed study in which the 11
vineyards chosen maximized differences in both environmental conditions and agricultural practices across the
Verona region. Each sample was taken in triplicate on the
same day and spanned three developmental stages
(Figure 1), thus allowing multiple statistical comparisons

to be made. Firstly, cluster analysis of grape berries across
multiple years, but from a subset of the vineyards,
revealed a number of interesting traits. Namely, analysis
of veraison, the onset of ripening, revealed sets of genes
related to: (1) DNA/RNA metabolic processes and transcription factors; (2) hormone metabolism and redox
balance; (3) cell wall expansion, hemicellulose modification and carbohydrate dissimilation; and (4) disease
resistance and heat shock factors. Mid- and late-ripening
stages were instead characterized by major differences in
transcripts associated with secondary metabolites.
The data from later harvest points were supported by
comparative metabolome analyses between the harvests,
which additionally indicated complementary variance in
stilbene compounds. This important finding highlights
that the massive reprogramming of the berry transcriptome in response to the environment includes metabolic
pathways underlying quality traits that are essential to
the commercial value of the crop. A second comparison
involving data of a single harvest from all 11 vineyards
revealed that the proportion of genes that were plastic in
the grape berry was of a similar magnitude to that
previously reported for Drosophila [5]. Interestingly,
there was considerable overlap between the functional
classifications of both grape and Drosophila lists, with
‘translation’, ‘nucleobase, nucleoside, nucleotide and
nucleic acid metabolic processes’, ‘regulation of gene
expression, epigenetic’, ‘transcription factor activity’ and
the glutathione S-transferase family being highly represented in the plastic genes of both species. Unsurprisingly, quite distinctive gene functions are also
reported for the grape gene set, including several homologs of genes involved in floral transition and organ
identify, such as EARLY FLOWERING, CONSTANS,
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FRIGIDA and SEPALLATA being reported as plastic.
Remarkably, the combined expression level signature of
these plastic transcripts was demonstrated to be a
powerful biomarker largely able to separate berries on
the basis of the vineyard in which they were grown irrespective of their developmental stage. Further studies
aimed at ascertaining whether specific transcript changes
were associated with groups of vineyards sharing either
common agricultural practices or environmental features.
Importantly, only the trellising system and the geographical area could be statistically linked to these
changes, and the contribution of the four different
rootstock genotypes to the plastic expression of berries is
only marginal. This is of particular importance when the
data are compared with the models of plasticity mentioned earlier, since it indicates that the plastic genes here
are exclusively driven by gene regulatory mechanisms,
and not allelic differences. In addition, the proportion of
plastic genes reported here being similar to those in the
more highly genetically diverse Drosophila population, in
combination with the nature of the identified genes
displaying plasticity, together provide strong evidence in
support of the gene regulatory model of plasticity.

Concluding remarks
As well as providing important input into the debate on
the causes of plasticity, these data are likely to be highly
important with regard to crop improvement. The data
indicate that veraison is a critical period at which the
seasonal climate exerts highest effect, whereas microenvironment and agronomic practices are of only
marginal importance, with oxidative stress being of
particular note at this developmental stage. During later
stages of development, the influence of climate wanes
and, accordingly, those of the micro-environment and
agronomic practices come into their own, with the
exception of transcripts associated with secondary metabolism and indeed the metabolites themselves. Many of
the plastic genes identified both at veraison and during
berry development are likely well worth looking at in the
context of the regulation of ripening and, as such, may
represent important targets for crop improvement. The
recent sequencing of tomato methylome [10] and the
suggested role of epigenetic factors in the ripening
process further underscore this statement. As Dal Santo
et al. themselves acknowledge, the causality within such
associations will certainly require further investigation.
Although to date traditional breeding has led to major
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advances in agriculture, including the green revolution, it
remains a relatively inefficient process with an enormous
opportunity for improvement. Given that many studies
highlight the difficulties in transposing lab results into
the field, the need for large-scale in-field testing (of the
scale performed by Dal Santo et al.) is great. Their study
represents an important benchmark for post-genomics
era crop genetics, not only in shedding new light on the
decade old questions of mechanisms underlying phenotypic plasticity and canalization, but also for identifying
new tools for trait identification and crop improvement.
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