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Terroir, the unique interaction between genotype, environment, and culture, is highly reﬁned in domesticated grape (Vitis
vinifera). Toward cultivating terroir, the science of ampelography tried to distinguish thousands of grape cultivars without the
aid of genetics. This led to sophisticated phenotypic analyses of natural variation in grape leaves, which within a palmate-lobed
framework exhibit diverse patterns of blade outgrowth, hirsuteness, and venation patterning. Here, we provide a morphometric
analysis of more than 1,200 grape accessions. Elliptical Fourier descriptors provide a global analysis of leaf outlines and lobe
positioning, while a Procrustes analysis quantitatively describes venation patterning. Correlation with previous ampelography
suggests an important genetic component, which we conﬁrm with estimates of heritability. We further use RNA-Seq of mutant
varieties and perform a genome-wide association study to explore the genetic basis of leaf shape. Meta-analysis reveals a relationship
between leaf morphology and hirsuteness, traits known to correlate with climate in the fossil record and extant species. Together, our
data demonstrate a genetic basis for the intricate diversity present in grape leaves. We discuss the possibility of using grape leaves as
a breeding target to preserve terroir in the face of anticipated climate change, a major problem facing viticulture.

Grape (Vitis spp.) leaves possess ﬁve major veins in a
palmate arrangement, the blade supported by a prominent petiole that positions the leaf for optimal light
capture. Besides this consistency, all other characters of
Vitis spp. leaves vary widely, exhibiting striking diversity (Galet, 1952). Leaves can be simple, dissected to
the extent that they are compound, or possess any
degree of lobing, in various shapes and forms, between
these two extremes. The lengths and angles between
the superior (distal) and inferior (proximal) lateral veins
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create an array of leaf morphs, including orbicular
(circular), reniform (kidney shaped), and cordate (heart
shaped). Leaves vary in their hirsuteness, color, surface
contour, size, and dentation. Not only do leaves vary in
morphology by genotype, but some cultivars exhibit
profound heteroblasty, with complex shape trends within
a shoot.
Perhaps the most unique aspect of grape leaves is
not their profound morphological diversity but rather
that this variation has been quantiﬁed to an unprecedented degree compared with other crops. Ampelography (Amp«lo§, “vine” and grafo§, “writing”) is the
science of phenotypically distinguishing grapevines.
The authoritative ampelographic reference is the Précis
d’Ampélographie Pratique (Galet, 1952), translated into
English as A Practical Ampelography: Grapevine Identiﬁcation (Galet, 1979), which prominently features leaves
(among other traits) for most domesticated and many
wild vines. The impetus of many ampelographers was
to unravel complex synonymous name relationships
given to vines as they were transported between European countries with multiple languages. The singular
focus to identify distinct genotypes was fueled by
economics and the concept of terroir, that particular
genotypes were better suited to different locations
because of geology and climate. Another example of
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the importance of ampelography was demonstrated
during the Phylloxera crisis in late 19th century France
(Mullins et al., 1992). Breeding experiments and grafting
required precise knowledge of American and European
vine identity. Of course, molecular genetics had yet to
be discovered, and leaves were a prominent, distinguishing
phenotypic feature of vines.
Here, we present a comprehensive ampelographic
assessment of, and demonstrate a genetic basis for, leaf
morphology in more than 1,200 varieties of grape.
Elliptical Fourier descriptors (EFDs) of leaf outlines
and Procrustes analysis of lobe tips, sinuses, and major
vein branch points provide a global analysis of leaf
shape. These quantitative traits correlate with the phenotypes measured by Galet (1952), suggesting a genetic component to leaf morphology measured across
continents and decades. A meta-analysis of our data
with previously measured traits demonstrates correlation between leaf shape and hirsuteness, linking
morphology to an adaptive trait of the epidermis. The
genetic basis of leaf morphology is reﬂected in high estimated heritability values for our traits and correlation
with population structure, geography, and production
use. RNA-Seq analysis of a complex leafed spontaneous
mutant reveals down-regulation of meristem identity
and leaf patterning genes as well as a commensurate upregulation of oxidative stress pathways, indicating precocious senescence. Additionally, as a ﬁrst step toward
mapping the genetic basis of leaf morphology, we perform a genome-wide association study (GWAS). Together, our data demonstrate a strong genetic basis for
leaf shape and quantitatively measure the extent of
natural variation in grape. We discuss the grape leaf as
a potential breeding target to combat the predicted
effects of climate change on viticulture.

Data Sets S1 and S2). The diversity of leaf morphs present
can be represented by the simple morphometric measures
of circularity and aspect ratio (AR; Fig. 1). Circularity
[4p 3 (area O (perimeter)2)], a ratio of the area to perimeter of an outline, is sensitive to lobing and serration in
the context of grape leaves. Varieties such as Champanel
(DVIT2632) and Agawam (DVIT2630) have high circularity values and little lobing and entire (lacking serration)
margins. Although classiﬁed as grape, these particular
cultivars have a known parentage with contributions
from both grape and wild Vitis spp. (Agawam possesses
Vitis labrusca in its parentage and Champanel possesses
Vitis champinii and V. labrusca), perhaps contributing to
their extreme leaf shapes. Contrastingly, Ciotat (DVIT2107,
DVIT0372) possesses leaves with extreme dissection to
the point of being compound and has extremely low
circularity values, reﬂecting the increased perimeter
relative to blade area (Fig. 1). AR refers to the ratio of the
major axis to the minor axis of a ﬁtted ellipse. Leaves
with AR values close to 1 are circular in shape, whether
they possess lobing (Chasselas Dore, DVIT0373) or not
(Agawam, DVIT2630). Because the best-ﬁt ellipse is used,
any deviation from a circular leaf morph increases AR

RESULTS
Morphometric Analysis of Leaf Shape

Although comprehensive, the ampelography of Galet
(1952) is over half a century old, relying on trait measurements failing to encompass the entirety of shape
and vein patterning in leaves. Additionally, the analysis
was performed on grapevine collections for which
dense genotyping is currently lacking. We sought to not
only ﬁnd a genetic basis for the intricate leaf morphs
present in grape using the recently genotyped U.S.
Department of Agriculture (USDA) germplasm collection
(Winters, CA; Myles et al., 2011) but to use modern
morphometric techniques, such as EFDs (Iwata et al.,
1998; Iwata and Ukai, 2002; Chitwood et al., 2012b,
2012c, 2012d) and generalized Procrustes analysis
(GPA) of leaf venation landmarks (Rohlf and Slice, 1990;
Viscosi and Cardini, 2011), to globally quantify shape
variation.
We measured multiple traits of four leaves from each
of two vines representing more than 1,200 grapevine accessions (more than 9,500 measured leaves; Supplemental
260

Figure 1. AR and circularity among grape accessions. Averaged AR
(major/minor axis of a fitted ellipse) and circularity (the ratio of area to
perimeter squared times 4p) values of 1,213 accessions in the USDA
germplasm collection are shown. In this population, high AR values
indicate leaves with low length-to-width ratios, and leaves with low
circularity have increased lobing and serration. Leaves from accessions
exhibiting extreme AR and circularity values are shown. In this and
subsequent figures, the common name (boldface), place of origin
(italics), and accession number (roman) of leaves is provided below the
photographs. [See online article for color version of this figure.]
Plant Physiol. Vol. 164, 2014
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value, and most often in grape such deviation reﬂects
increases in leaf width relative to length (e.g. Donzillinho,
DVIT2634; Olmo [035-11], DVIT 1809; Pinot Musque,
DVIT1117; Fig. 1).
The shape of grape leaves is inﬂuenced by much
more than just lobing, serration, and AR. Grape leaves
invariably possess a midvein (L1), two superior (distal)
lateral veins (L2), two inferior (proximal) lateral veins
(L3), two petiolar veins that branch distally from the
inferior lateral veins (L4), and a prominent petiolar
sinus (for diagram, see Fig. 4B). The angular distances
between the major veins and the distinctness of the petiolar veins and sinus are some of the most distinguishing
leaf characters used by Galet (1952) to differentiate grape
varieties. To capture this shape information, which is not
represented in circularity and AR, we performed an EFD
analysis on leaf outlines (Fig. 2). Resulting shape principal components (PCs; preﬁxed by “sym” to denote
that they explain “symmetrical” shape variance) from
the analysis describe intuitive leaf shape qualities traditionally difﬁcult to quantify. Low symPC1 values describe distinct lobing and spaced petiolar veins (Feteasca
Neagra, DVIT 3255), whereas high symPC1 values describe a ﬂattened leaf tip and a more enclosed petiolar
sinus (Hosargoon, DVIT2503). Like low symPC1 values,

low symPC2 values describe an archetypal leaf morph
with prominent lobes (Gaschochi, DVIT2537), whereas
high symPC2 values describe leaves with little lobing
between the inferior and superior lateral veins and a
prominent tip (Barlinka, DVIT0349). symPC3 to symPC5
describe shape variance relating to lobe distinctness and
the prominence and shape of the petiolar sinus. Together, the ﬁve PCs analyzed in this work explain more
than 80% of all shape variance measured (Fig. 2).
Procrustes Analysis of Venation Patterning

A relationship between vein patterning and leaf shape
is obvious in grape. To a large extent, the positioning of
lobes is determined by the placement of the superior (L2)
and inferior (L3) lateral veins, and the shape of the
petiolar sinus is determined by the branching angles of
the petiolar (L4) veins (Figs. 2–4). Such a relationship
has been noted in other species (Dengler and Kang,
2001) and is not surprising considering the important
role of auxin canalization in both vein (Scarpella et al.,
2006) and leaf (Reinhardt et al., 2003; Koenig et al., 2009)
patterning.
We took advantage of the regular morphology of
grape leaves to perform a GPA based on venation

Figure 2. EFDs of symmetrical shape variation.
Eigenleaves resulting from a PCA on EFDs derived from 9,485 leaves of 1,220 accessions are
shown. Shown are the first five PCs and the percentage variation in symmetrical shape that they
explain. For each PC, the eigenleaves at 22 (blue)
and +2 (orange) SD along the PC axis are shown.
An overlay of the eigenleaves at 62 SD indicates
the shape variance explained by each PC. Representative leaves of accessions with extreme PC
values are shown. PCs resulting from the analysis
of EFDs are indicated as symPC, referring to the
symmetrical shape variance they explain. The five
symPCs considered in this article explain 84.4% of
all symmetrical shape variance analyzed.
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landmarks. In the ﬁrst analysis, 10 landmarks were
used, including the tips of the midvein (L1), superior
(L2) and inferior (L3) lateral veins, superior (Sis) and
inferior (Sii) sinus valleys, and the petiolar junction
(Fig. 3A). PCs for these landmarks are called “outer”
(denoted “oPC”) because they fall on the margin of the
leaf. This analysis is sensitive to lobing. oPC1 explains
33.6% of all variance, encompassing leaves that completely lack lobing (Red Ohanez, DVIT0499) and leaves
so lobed that they are technically complex (Chasselas
Ciotat, DVIT0372). oPC2 describes variance relating to
lobes angled toward the tip of the leaf (Summer Royal,
DVIT2899) versus those angled toward the base (Chasselas
Rose, DVIT0376). oPC3 describes stretching along the
horizontal axis of the leaf, as seen comparing the accession 5-20 (DVIT1980) with Muscat Noir (DVIT0469).

To analyze the branching pattern of leaf veins, we
performed an “inner” analysis (denoted “iPC”). The
midvein, superior, and inferior veins all have prominent branch points near the petiolar junction. Using
the branch points as landmarks, patterns such as the
proximity of the inferior vein branch points to each
other and the distance of the midvein branch point
from the petiolar junction can be discerned (iPC1; Fig.
3B). iPC2 explains variance relating to the separation
of superior vein branch points and the proximity of the
midvein branch point to the petiole (as seen in Niunai
[DVIT2094], resulting in a “squished” appearance). The
placement of the petiolar junction relative to the inferior
branch points is explained by iPC3, describing the “low”
petiolar junction of Ciotat (DVIT2107) compared with the
“high” junction of Agawam (DVIT2630).

Figure 3. GPA of venation patterning. A, PCs
resulting from a Procrustes analysis of “outer
landmarks” (these PCs are indicated as oPCs).
There are 10 landmarks in the outer analysis,
including the petiolar junction, tip of the midrib
(L1), the tips of the left and right superior (distal;
L2) and inferior (proximal; L3) lobes, and the left
and right superior (Sis) and inferior (Sii) sinuses.
For each PC, eigenleaves at 22 (blue) and +2
(orange) SD along the PC axis, the overlay of these
leaves, and the percentage variation explained by
the PC are given. Representative leaves from accessions with extreme values for each PC are
shown. The three PCs analyzed in the outer
analysis explain 63.5% of the variance in this
data set. B, Similar to A, except showing PCs
resulting from analysis of the “inner landmarks.”
There are six landmarks in the inner analysis,
including the petiolar junction, branch point of
the midrib (L1), the left and right major branch
points of the superior (L2) lateral veins, and the
left and right branch points between the inferior
(L3) and petiolar (L4) veins. The three PCs analyzed in the inner analysis explain 75.8% of the
variance in this data set. For visual descriptions of
the midrib (L1), superior lateral veins (L2), inferior
lateral veins (L3), petiolar veins (L4), and superior
and inferior sinuses (Sis and Sii), see Figure 4B.
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Correspondence of Traits with Those Measured by
Galet and Heritability

Because leaf shape closely follows venation patterning, it is not surprising that many of our traits are signiﬁcantly correlated (Fig. 4A; Supplemental Data Sets S3
and S4). Trait correlation reveals two intuitive groups of
traits. The ﬁrst (Fig. 4A, solid line box) is a constellation
of traits explaining lobing and serration, including circularity (Fig. 1), symPC1 (Fig. 2), and oPC1 (Fig. 3A).

The second (Fig. 4A, dotted line box) includes two
subgroups, both of which relate to the angular
placement of lobes. The ﬁrst subgroup consists of
traits explaining compactness and the roundness of a
leaf, including AR (Fig. 1), symPC4 (Fig. 2), and iPC1
(Fig. 3B). The second subgroup includes traits relating to the placement of the petiolar junction relative
to the branch points of the inferior lateral veins, including symPC3 (Fig. 2), oPC2 (Fig. 3A), and iPC3
(Fig. 3B).

Figure 4. Correlation of traits with each other and with measurements from Galet (1952). A, Hierarchical clustering and heat
map of the correlation of traits, as measured in 1,220 accessions, with each other. The top quadrant indicates correlation
P values, and the bottom quadrant indicates Spearman’s r. The solid line box indicates high correlation between symPC1,
circularity, and oPC1, traits related to lobing and serration. The dashed line box indicates high correlation between symPC3,
iPC3, oPC2, AR, iPC1, and symPC4, measures that are sensitive to the angular placement of the superior and inferior lateral
veins to each other. B, Traits measured by Galet (1952, 1979). Measures of vein length (L1–L4), sinus distance (Sis and Sii), and
angles between veins (∠S and ∠S9) are indicated and defined. r is length-to-width ratio; A, B, and C are ratios of vein lengths; S
and S9 are angular distances between veins; and low/highSup and low/highInf are low and high estimates of superior and
inferior lobing. C, Hierarchical clustering and heat map of the correlation of traits measured in this article with that of Galet
(1952; indicated in light gray in the margins). Correlation is between 122 accessions matched between the USDA germplasm
collection and Galet (1952). The solid line box indicates high correlation between the measures of Galet (1952) for lobing and
measures of lobing and serration measured in this article. The dashed line box indicates high correlation between the measures
of Galet (1952) for angular positioning of superior and inferior veins with similar traits measured in the USDA germplasm
collection. P values are indicated in orange to purple (less to more significant) and gray (not significant [NS/NA]). Spearman’s r
is indicated in blue (negative), yellow (positive), and white (neutral).
Plant Physiol. Vol. 164, 2014
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Table I. Heritability estimates of traits
Estimates of the heritability of traits accounting for population
structure and cryptic relatedness are as described by Yang et al. (2011).
Provided are the trait, sample number, and heritability estimate.
Trait

oPC2
symPC1
symPC4
oPC1
iPC3
iPC1
Circularity
iPC2
symPC5
symPC3
oPC3
AR
symPC2

n

h2

928
936
936
926
928
928
927
928
936
936
928
928
934

0.4594
0.4321
0.4285
0.4222
0.4184
0.4064
0.3949
0.3936
0.3415
0.3144
0.2303
0.2277
0.2162

Venation and leaf shape traits correlate because they
describe leaf attributes inﬂuenced by similar underlying
phenomena (e.g. auxin). Similarly, completely different
measures of leaf morphology would be expected to
correlate with our measurements as well. We sought to

determine whether the leaf traits of Galet (1952) correlate with our measurements.
The measurements of Galet (1952) include vein
lengths (L1–L4) and their ratios (A, B, C), sinus depth
(low/highSup, low/highInf), and angular differences
between veins (S and S9; Fig. 4B). To ensure that we
were comparing correct genotypes, we collected the
measurements of Galet (1952) for 122 cultivars with
unambiguous name/synonym matches to the USDA
germplasm (Supplemental Data Set S5). The clustering
of our trait measurements together with those of Galet
(1952) demonstrates the robustness of the two main trait
categories mentioned previously (Fig. 4C; Supplemental
Data Sets S6 and S7). The measurements of Galet (1952)
for sinus depth (low/highSup, low/highInf) cluster
most closely with our measures of lobing and serration
(Fig. 4C, solid line box), whereas the measurements of
Galet (1952) for angular distance (S and S9) most closely
associate with our constellation of traits relating to lobe
and vein positioning (Fig. 4C, dotted line box).
The signiﬁcant correlation between our traits and
those of Galet (1952) is highly suggestive of an important
genetic component underlying leaf morphology in Vitis
spp. The measurements of Galet (1952) were not only

Figure 5. Meta-analysis of traits with
data from GRIN. A, Hierarchical clustering and heat map of the correlation
of traits with those present in GRIN.
Seventy-five GRIN traits (representing
36 distinct phenotypes measured in
multiple years at the USDA germplasm
collection) are hierarchically clustered
with traits measured in this article.
Most traits measured in this article
(black rectangles) cluster together (gray
box). P values are indicated in orange
to purple (less to more significant) and
gray (not significant, [NS/NA]). r is lengthto-width ratio, indicated in blue (negative), yellow (positive), and white (neutral).
B, Closeup of the gray box in A. Traits
relating to the angular placement of the
superior and inferior veins correlate
most closely with trichome density
(LEAF_HAIR and SHOOT_HAIR) and
shape of the petiolar sinus (PETSINMALF).
C and D, Significant correlations of AR
(C) and iPC3 (D) with GRIN leaf and
shoot trichome densities shown as box
plots superimposed upon jittered values.
FDR-controlled P values for correlations
are provided.
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Figure 6. Population structure of grape and V. sylvestris accessions. PCA results reflect the population structure in wild and domesticated grape. Genotypic PCs are referred to as genoPCs to distinguish them from other trait PCs used in this article. Graphs of genoPC1
and genoPC3 (explaining 6.35% and 2.31% of genotypic variation, respectively) with grape accessions colored by point of origin
(A; western, black; central, orange; eastern, magenta) and by production type (B; wine, blue; table, yellow) are shown. In both graphs,
western and eastern V. sylvestris accessions are indicated by black and magenta, respectively. genoPC1 and genoPC3 are shown
because of their prominent correlations with traits. Note that genoPC1 explains the eastern versus western population structure, whereas
genoPC3 explains the central-specific patterns of variance. The V. sylvestris accession DVIT2426 that was sampled is indicated.

made on different vines but over half a century ago on a
different continent, and correlation demonstrates genetic
inﬂuences predominating over substantial environmental
differences.
To formally demonstrate the heritability of leaf shape
in grapevines, we estimated heritability values for our
traits using a genomic partitioning method that accounts for variance attributable to population structure
and cryptic relatedness (Table I; Yang et al., 2011).
Nearly half of our traits are estimated to have relatively
high heritability (h2 $ 0.4), whereas the remainder possesses heritability of intermediate values (0.2 , h2 , 0.4).
High heritability in leaf dimensions (Tian et al., 2011)
and leaf shape (Langlade et al., 2005; Chitwood et al.,
2013) has been demonstrated in maize (Zea mays),
Antirrhinum spp., and tomato (Solanum lycopersicum).
Here, we demonstrate in Vitis spp. that vascular patterning, in addition to leaf shape, is a highly heritable
attribute of leaf morphology as well.
The Phenotypic Context of Leaf Shape: a Special
Relationship with Berries and Hirsuteness

Leaves are not just the major photosynthetic organs
in plants. As the default archetype from which other
organs are derived (Goethe, 1817; Friedman and Diggle,
2011), the developmental genetic programs that regulate leaf shape can globally impact the morphology of
lateral organs throughout a plant. Because of the central
importance of leaves, natural variation in leaf shape can
constrain phenotypes in disparate organs. For example,
we previously have shown in tomato a relationship
between leaf shape and sugar levels in the fruit. This
relationship arises through either shared developmental

pathways between leaves and the berry or indirect
effects on photosynthetic efﬁciencies imparted by different leaf morphs (Chitwood et al., 2013). Likewise, how
does the shape of leaves ﬁt into the larger phenotypic
context of grapevines?
We assembled 36 distinct phenotypes, measured
in multiple years (amounting to 75 traits), from the
USDA Germplasm Resources Information Network
(GRIN; Supplemental Data Set S8). At minimum, 117
vines were measured for each trait. Correlation of GRIN
traits with our traits and each other (Supplemental Data
Sets S9 and S10) and subsequent hierarchical clustering
(Fig. 5A) reveals that leaf morphology phenotypes are
highly self-correlative (Fig. 5A, gray box). A few of our
leaf shape traits cluster out of this constellation, including symPC2, oPC3, and iPC2 (Supplemental Fig. S1,
yellow box). These traits are related to the angular
placement of the distal (L2) and proximal (L3) lateral
veins (Figs. 2 and 3) but more importantly explain
variation in which the close proximity of these veins all
but eliminates the inferior sinus cavity (Sii; Fig. 4B).
Importantly, these traits closely associate with another
morphological feature, the lack of blade outgrowth beyond the petiolar veins along the sinus rim (so-called
“naked veins”; Supplemental Fig. S1). These aspects of
leaf shape are associated with Brix in berries and other
important fruit attributes, including ﬂavor, véraison,
and seedlessness (Supplemental Fig. S1). Considering
that much of the sugar in mature berries is ultimately
derived from leaf photosynthate (Davies and Robinson,
1996), these results are consistent with the hypothesis
that leaf shape can impact photosynthesis and, therefore, berry sugar accumulation, as proposed originally
in tomato (Chitwood et al., 2013).
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Figure 7. Correlations between traits and genotypic PCs. A, Box plots of significant correlations between genoPC1 and
genoPC3 with GRIN measures of trichome density and leaf circularity. Bonferroni-corrected P values are provided. B to G, iPC3
(B–D) and AR (E–G) are two traits that correlate not only with genoPCs (genoPC1 and genoPC3, respectively) but also with
production type and geographical attributes of accessions (iPC3 with production type and AR with geography). For genoPC1/
iPC3 and genoPC3/AR, correlations between the genoPC and trait are provided, as well as differences by production type and
266
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The most prominent relationship between leaf morphology with other traits is hirsuteness (Fig. 5B). Both
traits relating to the angular placement of lateral veins
(Fig. 4, A and C, dotted line square) and lobing and
serration (Fig. 4, A and C, solid line square) associate
closely with the density of trichomes on leaves and
shoots (Fig. 5, B–D). Also included among this group of
traits is the shape of the petiolar sinus (Fig. 5B, PETSNIMALF), which associates with other measures of
angular vein positioning.
The correlation of leaf trichome density with leaf
shape links macromorphological and micromorphological features of the leaf, a relationship rarely described
(McLellan, 2005). That intricate aspects of laminar outgrowth, vein patterning, and epidermal features track
each other among domesticated grape cultivars is suggestive that these traits are regulated by common developmental pathways. That this suite of leaf traits could
be altered together during evolution has interesting
implications for the adaptive signiﬁcance of leaf
morphology. Leaf shape mirrors precipitation and
temperature in the fossil record (Bailey and Sinnott,
1915; Wolfe, 1971; Greenwood, 1992; Wilf et al., 1998;
Chitwood et al., 2012a), environmental factors closely
associated with the function of trichomes in boundary
layer maintenance, thermoregulation, and leaf surface
reﬂectance, all factors critical for the photoprotection
of grape leaves (Liakopoulos et al., 2006).

lobing and serration, and angular vein position traits
(Supplemental Table S1; Figs. 5B and 7, A, B, and E).
That these traits signiﬁcantly correlate with genoPCs describing a West-to-East continuum of population structure
(genoPC1; Figs. 6 and 7D) or a Near East versus Westand-East pattern of genetic diversity (genoPC3; Figs. 6
and 7G) demonstrates that this constellation of traits
closely follows the domestication history and production
uses of grape.
As native V. sylvestris populations inﬂuence the genetic structure of grape, an intriguing hypothesis is that
wild populations altered the phenotype of domesticated
grape through introgression. Consistent with this idea,
for those traits that correlate with categorical classiﬁcations (Supplemental Table S2; Supplemental Data
Set S13) of production use (iPC3; Fig. 7C) or geography
(AR; Fig. 7F), the phenotype of western/wine grapes
closely matches the phenotype of V. sylvestris accessions
sampled from a population in Tunisia (DVIT2426). It
should be noted that this population exhibits other
ambiguous grape traits, such as green berries, perhaps
indicating hybridization or a feral relationship with a
local grape. Phenotypic and genotypic sampling of
more V. sylvestris populations is required to conﬁrm a
phenotypic association of grape populations with local
V. sylvestris. If demonstrated, it would suggest that the
local domestication of grape cultivars was in part fueled
through the introgression of potentially adaptive traits
from native V. sylvestris populations.

Population Structure and Leaf Morphology

As described previously, the genetic structure of grape
populations is divided along a West-East axis, emanating
into Europe and into Asia from the center of domestication in the Near East (Aradhya et al., 2003; Myles et al.,
2011). Confounded with the geographic population
structure in grape is also production use, in which wine
grapes predominate in the West and table grapes in the
East (Fig. 6). The genetic structure of the domesticated
grape is in part determined by native wild Vitis sylvestris
populations, with which local grape cultivars have outcrossed (Myles et al., 2011). To explore which traits most
closely follow the domestication history, population
structure, and local outcrossing in grape, we correlated
traits with previously described PCs describing genetic
structure (“genoPCs”; Supplemental Data Set S11).
After multiple test adjustment, only a small subset of
leaf shape and GRIN traits correlate with genoPCs,
mostly genoPC1 and genoPC3 (Supplemental Table S1;
Supplemental Data Set S12). These traits exclusively
belong to the aforementioned complex of hirsuteness,

Gene Expression Changes and Candidate Loci Regulating
Leaf Shape

Extensive knowledge of gene regulatory networks
responsible for patterning leaves exists in model organisms (Barkoulas et al., 2007; Husbands et al., 2009).
However, examples of natural variation modulating
leaf shape and the quantitative genetic basis of complex leaf morphologies remain scarce (Langlade et al.,
2005; Tian et al., 2011; Chitwood et al., 2013). To understand the developmental pathways regulating
complex leaf shapes, we performed RNA-Seq analysis
on apices of Chasselas Dore (DVIT0689) and Chasselas
Ciotat (DVIT0372) growing shoot tips (Supplemental
Data Set S14). These two varieties are clonally related
(Myles et al., 2011), and it has been speculated that
Chasselas Ciotat may have arisen from Chasselas Dore
as a spontaneous mutant event. Despite their clonal
relationship, these varieties exhibit disparate morphologies (Fig. 1), to the extent that Chasselas Ciotat
technically bears complex leaves.

Figure 7. (Continued.)
geography as a box plot, and a colored map indicates average trait values for accessions by country of origin. Note that for iPC3,
the Tunisian accession sampled (DVIT2426; indicated by asterisks in the box plots and maps) has trait values resembling those
for wine grapes, which predominately occupy western Europe near Tunisia. iPC3 values decrease West to East, reflecting the
correlation with genoPC1. Similarly, the AR of the Tunisian accession’s leaves resembles that of western cultivars, and the
lowest ARs are found in leaves from central accessions, reflecting the central-specific pattern of genotypic variance explained
by genoPC3 with which AR correlates.
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Figure 8. GWAS mapping of leaf traits. A, Significant associations between genetic markers measured by Myles et al. (2011) and leaf traits as
determined using EMMAX (Kang et al., 2008) are shown. Negative
log-transformed P values, indicated in blue and green for alternating
chromosomes, are shown across the length of the genome with a
Bonferroni-corrected P value threshold (0.05) indicated as a dotted red
line. oPC1 and circularity significantly associate with the same polymorphism on chromosome 1. iPC3 associates with a nearby marker on
chromosome 1, and iPC2 associates with a marker on chromosome 6.
B, Expanded view of the yellow highlighted regions in A, showing significantly associated markers with iPC3, oPC1, and circularity on chromosome
1 (blue lines). Orange lines indicate homologs regulating leaf development
within 2 Mb in either direction (names in gray below graph). Positions of
differentially expressed genes between Chasselas Ciotat and Chasselas
Dore and their log2 fold change values (y axis) are indicated by points (size
proportional to significance). C, Similar to B, showing the expanded view of
the pink highlighted region in A for the SNP associated with iPC2.

The 2,977 genes signiﬁcantly (false discovery rate
[FDR] , 0.05) down-regulated in the shoot apex
of Chasselas Ciotat compared with Chasselas Dore
(Supplemental Data Set S14) are enriched for Gene
Ontology (GO) terms related to transcription, DNA
binding, and nuclear localization (Supplemental Data
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Set S15). Underlying these GO terms are key developmental regulators of meristem identity and leaf patterning (Supplemental Data Set S16). Included are ﬂoral
meristem (AGAMOUS-LIKE homologs), auxin (AUXINRESPONSE FACTOR homologs), cytokinin (HISTIDINE
KINASE and RESPONSE REGULATOR homologs),
RNA interference (ARGONAUTEs and DICER-LIKEs),
and epigenetic (CHROMATIN REMODELING homologs)
regulators as well as homeobox genes (ARABIDOPSIS
THALIANA HOMEOBOX, BEL1-LIKE HOMEODOMAIN, and KNOTTED-LIKE HOMEOBOX homologs)
and NAC domain transcripts. Interestingly, beyond
these overt regulators of shoot apical meristem development, light regulation genes (including PHYTOCHROME,
PHYTOCHROME-INTERACTING FACTOR, PHYTOCHROME-INTERACTING FACTOR-LIKE, and SUPPRESSOR OF PHYA homologs) are down-regulated in
Chasselas Ciotat.
Contrastingly, the genes signiﬁcantly up-regulated
(2,370 genes; FDR , 0.05) in Ciotat versus Chasselas
Dore (Supplemental Data Set S14) are enriched for
GO terms concerning energy metabolism, mitochondria, electron transport, translation, cell wall modiﬁcations, and microtubules (Supplemental Data Set S17).
A preponderance of ribosomal protein transcripts,
cytochromes, hydrolases, cation/H+ exchangers, and
tubulin and microtubule-regulating factors comprise
these genes (Supplemental Data Set S18). Given the
connection between oxidative stress and leaf senescence (Gepstein et al., 2003; Woo et al., 2004), our
results suggest that, associated with the complex
leafed phenotype of Chasselas Ciotat, meristem
identity and leaf-patterning pathways are downregulated as leaf differentiation and senescence are
promoted.
Gene expression analysis informs about gene regulatory networks contributing toward extreme phenotypes
in a few varieties, but what are the polymorphisms
governing leaf morphology throughout domesticated
grape? We performed a GWAS for our traits using
genotypic information (representing more than 5,000
single-nucleotide polymorphisms [SNPs]) previously
collected on the vines used in this study (Myles et al.,
2011). After multiple test adjustment, only a handful of
SNPs remain signiﬁcantly associated with circularity,
oPC1, iPC3, and iPC2 (Fig. 8; Supplemental Data Set
S19). Circularity, oPC1, and iPC3, a constellation of
traits describing lobing and the descended petiolar
junction of highly lobed varieties (Figs. 1 and 3), are
associated with a single region on chromosome 1 spanning approximately 2.8 Mb (Fig. 8A). iPC2 (Fig. 3B) is
associated with a marker on chromosome 6 (Fig. 8A).
Around both of these loci are numerous known regulators
of leaf development, and genes differentially expressed
between Chasselas Ciotat and Chasselas Dore can also
be superimposed on these regions (Fig. 8, B and C).
Considering the high heritability of our traits (Table I),
further development of genotyping resources in Vitis
spp. (i.e. genome resequencing), phenotypic analysis of
segregating populations, and sufﬁciently powered GWAS
Plant Physiol. Vol. 164, 2014
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studies may resolve loci regulating leaf shape in the future
(Myles et al., 2011).
DISCUSSION

Our results attest to a strong genetic basis underlying
the intricate phenotypes measured in this work and
previously by ampelographers (Galet, 1952; Fig. 4).
A large percentage of leaf shape and venation patterning
exhibits high heritability (Figs. 1–3; Table I). Interestingly, complex shape phenotypes correlate with epidermal features, such as hirsuteness, and reproductive
traits, revealing that disparate, potentially adaptive and
economically relevant phenotypes cosegregate (Fig. 5).
Leaf morphology also correlates with population structure, geography, and production use (Figs. 6 and 7), and
gene expression analysis reveals that modulation of
conserved pathways regulating shoot apical meristem
development affect leaf shape in domesticated grape.
What are the functional implications of the diverse leaf
morphologies present in grape, and given the genetic
basis of leaf shape, can it be practically used, through
breeding or transgenics?
The cordate-shaped leaves of lianas, such as grape,
have been hypothesized to play structural roles by
balancing the blade atop the petiole (like a cantilever)
to allow light foraging through leaf positioning (Givnish
and Vermeij, 1976). In grapes, leaves are diurnally positioned to avoid excessive photon ﬂux density (Gamon
and Pearcy, 1989). Lobing, dissection, and serration in
grape leaves are important for light to penetrate the
canopy, mitigating not only the establishment of fungal
infections (Spotts, 1977; Lalancette et al., 1988; Boso
et al., 2010; Austin et al., 2011; Austin and Wilcox, 2012)
but inﬂuencing cluster development and berry composition (Crippen and Morrison, 1986; Hunter et al., 1991;
Morrison and Noble, 1990). Trichome density varies
immensely in grape leaves, not only protecting against
pathogens but providing photoprotection of the photosynthetic apparatus (Liakopoulos et al., 2006), thermoregulation, and boundary layer maintenance. Similarly,
the patterning of veins and their distance to laminar
mesophyll inﬂuences hydraulic efﬁciency and photosynthetic performance (Brodribb et al., 2007; Sack and
Scoffoni, 2013).
The functional signiﬁcance of leaves is timely, as
environmental factors that climate change will alter
have been demonstrated to affect vines via leaves. Increases in CO2 concentration increase photosynthetic
rates, yield, and water use efﬁciency through changes
in leaf morphology, increased thickness, cell size, and
decreased stomatal density (Moutinho-Pereira et al.,
2009; Rogiers et al., 2011). Elevated CO2 disproportionately affects vegetative traits over reproductive traits,
and the increased leaf area and partial stomatal closure
it causes has important consequences with respect to
thermoregulation as well as water and canopy management (Bindi et al., 1996a, 1996b). Despite seemingly
favorable physiological changes in response to increases
in CO2 concentration, grape yield and quality are expected

to suffer when other climate change variables are considered. Increased UV-B radiation decreases leaf expansion, total biomass, and photosynthetic capacity and
modulates leaf ﬂavonoid and phenolic concentrations
(Tevini and Teramura, 1989; Krupa and Jäger, 1996;
Jansen et al., 1998; Schultz et al., 1998; Schultz, 2000;
Kolb et al., 2001). Regions may become inhospitable to
certain vines, in a manner mainly determined by latitude
and temperature (Jackson and Cherry, 1988), decoupling
combinations of temperature, soil types, topography,
and cultivation that terroir attempts to preserve. Anticipated increases in temperature are predicted to shift
the boundaries of European viticulture northward as
much as 10 to 30 km per decade (Kenny and Harrison,
1993) and to reduce premium wine grape production in
the United States by up to 81% (White et al., 2006). Recent studies conﬁrm predictions of substantial climate
change effects on viticulture (Hannah et al., 2013), although the degree of mitigation resulting from breeding,
cultivation, and marketing innovations is debated (van
Leeuwen et al., 2013).
Changes in leaf morphology with respect to changing
climate are not unprecedented, as is apparent in the
fossil record. Larger, entire leaves predominated in
historically wetter, warmer climates, whereas smaller,
more dissected leaves were common in cooler, drier climates (Bailey and Sinnott, 1915; Wolfe, 1971; Greenwood,
1992; Wilf et al., 1998; Chitwood et al., 2012a; Sack et al.,
2012). Similarly, venation patterning functionally varies
with climate and paleohistory as well (Sack and Scoffoni,
2013). Just as leaf morphology has changed over geologic
time, breeding could be used to change grape leaf
morphology in the coming decades to help mitigate
the negative inﬂuences of climate change on viticulture,
given (1) the tremendous natural variation in grape
leaves and (2) its strong genetic basis. Once descriptive,
the art and science of ampelography, combined with
quantitative genetics and physiological studies, can
potentially enhance and preserve viticultural traditions.

MATERIALS AND METHODS
Plant Materials and Photography
Photographs of leaves were collected from grapevines (Vitis spp.) maintained
by the USDA National Clonal Germplasm Repository in Winters, California.
More than 9,500 leaves were collected from more than 1,200 different domesticated grape (Vitis vinifera) varieties from May 28 through June 1, 2011. Most
varieties were represented by two clonal vines, from which four leaves were
sampled from each (such that eight leaves were sampled from most varieties). If
possible, consecutive leaves of similar developmental stage were sampled from
the midpoints of two shoots on each vine. All leaves were fully expanded but
not so old that they had begun to senesce. Each day, vines were randomly
sampled from the overall population. Samples were collected before noon,
placed into Ziploc bags, and placed into a cooler. Leaves remained in the cooler
in a 4°C cold room for a maximum of 48 h before being photographed.
Leaves were arranged under nonreﬂective glass over a light box (FB-WLT1417; Fisher Scientiﬁc) so that veins (for Procrustes analysis) were clearly
visible. Olympus SP-500 UZ cameras were mounted on copy stands (Adorama;
36-inch Deluxe Copy Stand) and controlled remotely by computer using
Cam2Com software (Sabsik). A total of 4,950 raw photographs, with the ﬁle
name indicating the vineyard position that can be used to identify the genotype
(Supplemental Data Set S2), are available for download at www.chitwoodlab.org.
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Morphometric Analyses

RNA-Seq Mapping and Differential Expression Analysis

Using custom ImageJ (Abramoff et al., 2004) macros, individual leaves were
extracted as binary images and named appropriately. For those leaves in which
sinus regions were occluded by lobing, a small line was manually drawn to
more accurately sample the overall outline of leaves. Leaf outlines were then
batch processed in ImageJ to measure circularity, solidity, AR, and roundness.
Global analysis of leaf shape was conducted using EFDs followed by
principal component analysis (PCA) using the program SHAPE (Iwata and
Ukai, 2002). Object contours were extracted as chain code. Chain code was
subsequently used to calculate normalized EFDs. Normalization was based
upon manual orientation with respect to the proximal-distal axis of the leaf.
PCA was performed on the EFDs resulting from the ﬁrst 20 harmonics of
Fourier coefﬁcients. Coefﬁcients of EFDs were calculated at 22 and +2 SD for
each PC, and the respective contour shapes were reconstructed from an inverse Fourier transformation.
Original raw images were used for GPA to identify vein branch points,
sinus valleys, and lobe tips. As described in the text, landmarks were placed
on lobe tips, sinuses, and the petiolar junction for the outer analysis and on
major vein branch points and the petiolar junction for the inner analysis. The x
and y coordinates were collected using custom macros in ImageJ (Abramoff
et al., 2004), and the GPA was performed and the resulting PCA scores were
retrieved in R (R Core Team, 2013) using the “shapes” package (Dryden, 2013)
with the procGPA() and shapepca() functions.

RNA-Seq libraries were prepared using previously described methods
(Kumar et al., 2012). RNA-Seq reads were preprocessed to remove low-quality
reads (phred score , 20) and adapter contamination using the FastX toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) and custom perl scripts. Qualityﬁltered reads from individual libraries (three replicates of each variety) were
mapped to the domesticated grape reference transcript database (downloaded
from ftp://ftp.jgi-psf.org/pub/compgen/phytozome/v9.0/Vvinifera/annotation/) using Burrows-Wheeler Aligner (BWA; parameters: bwa aln -k 1 -l 25
-n 0.04 -e 15 -i 10 and bwa samse -n 0; Li and Durbin, 2009), and only uniquely
mapped reads were retained using custom perl script for downstream differential expression analysis. Uniquely mapped read counts for each gene
were ﬁltered using the Bioconductor package EdgeR version 3.2.3 such that
only genes that have more than two reads per million in at least three of the
samples were kept. Filtered read counts were normalized using the trimmed
mean of M-values method followed by differential gene expression analysis
between two varieties using classic pairwise comparison of EdgeR version
3.2.3 (Robinson and Oshlack, 2010).
RNA-Seq reads from this article can be found in Dryad under the DOI
10.5061/dryad.4d786.

Supplemental Data
The following materials are available in the online version of this article.

Correlational Analyses
Morphometric traits were correlated with (1) each other, (2) trait measurements made by Galet (1952), (3) phenotypes present in GRIN, (4) genotypic PCs,
or (5) geography and/or production use. For the analysis with the traits measured by Galet (1952), 122 accessions were analyzed for which deﬁnitive
matches by name could be made (Supplemental Data Set S5). GRIN traits were
retrieved from http://www.ars-grin.gov/cgi-bin/npgs/html/crop.pl?273.
Seventy-ﬁve traits, measured over multiple years, were considered (36 distinct
traits). At minimum, each trait had values for 117 accessions represented in the
USDA germplasm collection (Supplemental Data Set S8). Genotypic PCs, geographical information, and production use are derived from Myles et al. (2011)
for 606 different accessions (Supplemental Data Set S11).
Correlation matrices were calculated using the rcorr() function from the
Hmisc package (Harrell and Dupont, 2013) with appropriate multiple test
adjustments using the p.adjust() function in R (R Core Team, 2013). For categorical variables (such as geography or production use), Kruskal-Wallis tests
using the kruskal.test() function were used instead of correlation. Hierarchical
clustering was performed using the hclust() function. Results were visualized
using the ggplot2 package (Wickham, 2009).

Supplemental Figure S1. Detailed hierarchical clustering of leaf and GRIN
traits.
Supplemental Table S1. Traits signiﬁcantly correlated with genotypic PCs.
Supplemental Table S2. Traits signiﬁcantly correlated with geography
and production use.
Supplemental Data Set S1. Trait values for accessions.
Supplemental Data Set S2. USDA germplasm collection accession information.
Supplemental Data Set S3. Leaf trait correlation.
Supplemental Data Set S4. Leaf trait correlation P values.
Supplemental Data Set S5. Measurements by Galet (1952).
Supplemental Data Set S6. Leaf and Galet (1952) trait correlation.
Supplemental Data Set S7. Leaf and Galet (1952) trait correlation P values.
Supplemental Data Set S8. GRIN and leaf trait values.
Supplemental Data Set S9. Leaf and GRIN trait correlation.

Calculation of Heritability

Supplemental Data Set S10. Leaf and GRIN trait correlation P values.

Heritability was calculated by using the genotype data from Myles et al.
(2011) combined with the phenotype data collected in this study. Genotype
data were available for 961 phenotyped accessions and included 4,015 SNPs
after removing SNPs with more than 20% missing data and minor allele
frequencies , 0.01. The heritability of each trait was estimated using the
method of Yang et al. (2011). Brieﬂy, the total variance explained (PVE) was
estimated using a single genetic relationship matrix and the variance due to
population structure and cryptic relatedness (PVE.PS) was estimated using the
SNP counts per chromosome in the regression model. The heritability of each
trait was then calculated as h2 = PVE 2 PVE.PS.

Supplemental Data Set S11. Genotypic PCA values and geographic point
of origin and production type information.

Genome-Wide Association

Supplemental Data Set S15. GO terms signiﬁcantly enriched for genes
with increased expression in Chasselas Dore relative to Chasselas
Ciotat.

If the phenotype scores were not normally distributed (Shapiro test,
P , 0.05), then the scores were transformed using the “boxcox” function in the
MASS package in R (Venables and Ripley, 2002; R Core Team, 2013). The
parameter of the Box-Cox power transformation, lambda, was chosen by
choosing the value of lambda (from 210 to 10) that produced the maximum
log likelihood. Genotype data were available for 961 phenotyped accessions
and included 6,114 high-quality SNPs from the Vitis9KSNP array (Myles et al.,
2011). GWAS was performed using the mixed model (Yu et al., 2006) implemented in EMMAX (Kang et al., 2010) with the identity-by-state matrix from
PLINK (Purcell et al., 2007) as a random effect.
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Supplemental Data Set S12. Correlations between genotypic PCs with leaf
traits and GRIN trichome density phenotypes.
Supplemental Data Set S13. Kruskal-Wallis tests between leaf traits and
GRIN trichome density phenotypes with geographic and production
type designations.
Supplemental Data Set S14. Differential gene expression between Chasselas Dore and Chasselas Ciotat.

Supplemental Data Set S16. Intersection between differentially expressed
genes and enriched GO terms for genes up-regulated in Chasselas Dore.
Supplemental Data Set S17. GO terms signiﬁcantly enriched for genes
with increased expression in Chasselas Ciotat relative to Chasselas Dore.
Supplemental Data Set S18. Intersection between differentially expressed
genes and enriched GO terms for genes up-regulated in Chasselas Ciotat.
Supplemental Data Set S19. Genome-wide association mapping results.
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