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In flowering plants, fruit morphogenesis is a distinct process following fertilization resulting in the formation of a specialized
organ associated with seeds. Despite large variations in types and shapes among species, fleshy fruits share common
characteristics to promote seed dispersal by animals such as organ growth and metabolite accumulation to attract animal
feeding. The molecular biology of fruit ripening has received considerable attention, but little is known about the determinism
of early fruit morphogenesis and why some fruits are fleshy while others lack flesh. We have identified in grapevine (Vitis
vinifera) a mutation we have named fleshless berry (fIb) that reduces by 20 times the weight of the pericarp at ripening without
any effect on fertility or seed size and number. The fIb mutation strongly impaired division and differentiation of the most
vacuolated cells in the inner mesocarp. The timing of ripening was not altered by the mutation although the accumulation of
malic acid in the green stage was noticeably reduced while sucrose content (instead of hexoses) increased during ripening. The
mutation segregates as a single dominant locus. These results indicate that the FIb™ mutant is suitable material to advance our

understanding of the genetic and developmental processes involved in the differentiation of an ovary into a fruit.

Angiosperms produce a great diversity of fruits,
from dry single-seeded achenes as in sunflowers
(Helianthus annuus) or siliques as in Arabidopsis (Arabi-
dopsis thaliana) to fleshy fruits such as tomato (Solanum
esculentum; Knapp, 2002). A perfect fruit, in evolution-
ary terms, involves tight coordination of seed and
pericarp development, the fruit shifting from a repul-
sive to an attractive status when seeds are able to resist
ingestion and unfavorable environmental conditions
(Holland et al., 2003). Most fleshy fruits develop from
ovary tissues (Eames and MacDaniels, 1947) and ex-
hibit convergent characteristics such as pericarp cell
proliferation and enlargement depending on the stor-
age of organic acids in the green stage and on the ac-
cumulation of sugars during ripening.
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In the past few years, considerable attention has
been focused on the molecular events that control fruit
ripening, with particular emphasis on the ethylene sig-
nal cascade in climacteric fruits like tomato (Seymour
et al., 2002; Giovannoni, 2004). In nonclimacteric fruit such
as the grapevine (Vitis vinifera) berry, numerous tran-
scripts have been related to ripening, but the determin-
ism of maturation is still not known (Terrier et al., 2005).
Important fruit characteristics such as size and some
aspects of biochemical composition, e.g. organic acids,
are mainly determined during early stages of develop-
ment (Scorza et al., 1991; Corelli-Grappadelli and Lakso,
2004). The importance of initial cell divisions has been
documented in tomato (Bertin et al., 2003). However, data
on the specialization of different cellular types inside
the ovary remain extremely scarce (Famiani et al., 2000).

During the last two decades, considerable progress
in the understanding of various biological processes
has resulted from the isolation and study of mutants
(Bouché and Bouchez, 2001; Emmanuel and Levy, 2002).
In Arabidopsis, the number of genes identified as control-
ling gynoecium and fruit development has increased
significantly (Dinneny and Yanofsky, 2005) and may help
our understanding of the evolution of fruit formation
in other species. Unfortunately, mutations affecting
fruit formation are rare and mutagenesis is difficult to
perform in many fruit-bearing species, particularly in
woody species, due to their long juvenile period.

Plant Physiology, February 2006, Vol. 140, pp. 537-547, www.plantphysiol.org © 2005 American Society of Plant Biologists 537



Fernandez et al.

We are interested in the domesticated European
grapevine, which is currently one of the major fruit
crops in the world based on economic value and
cultivated area (7.6 million ha; Food and Agricultural
Organization of the United Nations, 2004; http://apps.
fao.org/). The Vitis genus, which includes many other
species (e.g. Vitis labrusca, Vitis amurensis, or Vitis caribaea)
share the same developmental characteristics, are pres-
ent on all continents, and belong to the Vitaceae, a large
family including many other genera such as Mus-
cadinia, Cissus, Parthenocissus, and Ampelopsis, with
most species producing small fleshy fruits classified as
berries. Grapevine is characterized by unique devel-
opmental features in both the processes of flowering
(Gerrath, 1993; Boss et al., 2003) and fruit development
(Terrier et al., 2005). Vitaceae is considered as a basal
family of the core eudicots (Judd et al., 1999), and an
understanding of the genetic and molecular control of
grapevine fruit development could shed light on the
evolution of the regulation of fruit development in
angiosperms.

At the molecular level, significant advances have
recently been made on the identification of genes in-
volved in grapevine flowering (Boss et al., 2001, 2002;
Carmona et al., 2002; Calonje et al., 2004) with, in one
case, the use of Pinot Meunier and a forward genetic
approach to link a phenotype to a mutation in the
V. vinifera GA-insensitive (VoGAI) gene (Boss and
Thomas, 2002). In grapevine, the study of a white
berry mutant with a MYB transcription factor loss of
function is, to our knowledge, the only example of
forward genetics applied to fruit development
(Kobayashi et al., 2004). This study deals with a third

Figure 1. Morphology of the ovary and
berry of the FIb™ mutant. Unless spec-
ified, mutant organs are located on the
right of pictures. A, Mature ovaries at
anthesis, anthers being removed. B and
C, Transversal (B) and longitudinal (C)
sections of berries before ripening. D,
External berry view. E, Mutant fresh
berry section. F, Seeds. G, Four devel-
oping seeds bursting out of the ovary. H,
Clusters at the mature ripening stage. |,
Effect of 100 ug mL™" of GA,, GA,, and
GA, on berry growth with control wild
type (left), control mutant (middle), and
treated mutant (right). Bars = 2 mm
except for H, where bar = 1 cm.
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grapevine mutant, called fleshless berry (flb), deeply
altered in berry morphogenesis and potentially infor-
mative to investigate many aspects of fruit growth and
development. The effects of the flb mutation on mor-
phological, anatomical, and biochemical development
of grapevine berry tissues are described and discussed
in a bioevolutionary perspective.

RESULTS
Morphology of the Mutant Flb™

During eight years of observations, the mutant did
not display any variation in its vegetative develop-
ment as compared to the wild type. Throughout the
observation period, both genotypes showed synchro-
nous flowering and identical flower set in all tested
culture conditions. The earliest mutant phenotype was
the presence of a transversal wrinkle at the ovary style
base at anthesis when caps detached from flowers (Fig.
1A). After anthesis, longitudinal and transversal sec-
tions in mutant berries revealed that seeds developed
while ovary wall growth was dramatically impaired
(Fig. 1, B and C). As a consequence, the pericarp
volume of mutant berries was almost equivalent to
seed volume while pericarp represented the major
part of the wild-type berries (Figs. 1C and 2). Never-
theless, despite these early and major alterations in
pericarp development, mutant berries displayed typ-
ical aspects of the ripening process, such as color
change (from green to pale yellow) and softening, and
also produced seeds with lignified teguments (Fig. 1,
D-F). In mutant berries containing three or four
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The fleshless berry Grapevine Mutation
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developing seeds, we often observed a dramatic phe-
notype with seeds bursting out of the pericarp, sub-
jecting ovary tissue to desiccation (Fig. 1G). Inflorescence
architecture and the number of flowers were identical
in mutant and wild-type plants (Fig. 1H).

Berry Growth

No growth regulator (gibberellic acid [GA], 6-benzyl-
aminopurine [BAP], indole-3-acetic acid [IAA], and
2-isopentenyl adenine) treatments induced any
change in the ovary growth of the mutant, regardless
of concentration, combination, or the stage of growth
regulator application. Growth stimulation of bunch
rachis and pedicels was however observed in treat-
ments including GA at 100 or 500 ug mL ™" (Fig. 1I)
without any quantitative difference between both con-
centrations. Other plant regulators, alone or in combi-
nation with GA, did not induce significant effects.
Growth stimulation of the pedicel by GA varied ac-
cording to the period of treatment. Application start-
ing at flowering, 7 d after anthesis (DAA), or 14 DAA
resulted in an increase of 550%, 310%, or 190% of
pedicel diameters, respectively. In addition to the effect
on pedicel and rachis growth, treatment at flowering
altered the flowering process reducing fruit set by 95%
compared to the control.

Wild-type berries displayed a typical synchronized
double-sigmoid pattern (Fig. 2) with two distinct phases
of rapid growth separated by a lag phase (Coombe,
1992). For wild type, the typical 10-d lag phase II was
well marked, indicating synchronous development of
individual berries within the population. The mutant
berry exhibited altered growth kinetics with a less
marked lag phase Il compared to the wild type (Fig. 2).
During ripening (phase III), the growth was consider-
ably attenuated in the mutant compared to the wild
type. However, phase I (green stage) and phase III
(ripening) showed similar timing and duration in both
wild type and mutant. At the end of maturation, the
berry weight remained constant in the mutant while
the volume of the wild-type berry decreased by 20%,
presumably as a consequence of excess evapotranspi-
ration in respect to a reduction of phloem unloading
capacity and berry desiccation. At the end of fruit devel-
opment, the mutant showed a 90% reduction in final
berry volume compared to the wild type.
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Seed Development

In both genotypes, seeds displayed a typical growth
pattern for grapevine with a maximum weight at the
end of the green growth period of the berry. During
berry ripening, seed weight was slightly reduced (Fig.
2) as a result of the maturation process. Distributions
of seed number per berry were almost similar in the
wild type and the mutant, with two main classes
represented by berries with one or two seeds (85% of
the total) as in other grapevine cultivars (Staudt et al.,
1986). In both genotypes, total seed weight per berry
was proportional to seed number, but individual seed
weight was inversely proportional to seed number per
berry (data not shown). Mutant seeds were found to be
up to 34% lighter than wild type whatever the number
of seeds per berry. In addition, mutant seeds showed a
globular shape strongly differing from the typical
pyriform shape displayed by the wild type (Fig. 1F).
The relative seed contribution to total berry weight
was less than 10% in the wild type (Fig. 2). On the
contrary, in the mutant, seeds contributed to half of the
total berry weight regardless of the number of seeds
per berry (data not shown). Despite the changes in
mutant seed shape and weight, germination of mutant
seeds were normal and gave fully functional zygotic
embryos with 70% of seeds giving a viable plant. The
germination rate of the mutant was very close to that
observed for wild-type seeds (74%; data from 18 wild-
type progeny populations).
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Figure 3. DNA content during berry development of both mutant and
wild type (bars = sp).
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DNA Content

Following fertilization, cell divisions occurred in the
wild-type pericarp resulting in a rapid increase of the
DNA content per berry compared to the flb mutant
(Fig. 3). In both genotypes, pericarp DNA content
became constant from 30 DAA and stabilized at 2 ug
per wild-type berry and 0.9 ug per mutant berry. The
respective developmental profiles of DNA content and
berry weight confirmed that berries continued to en-

large whereas cells stopped dividing in both the
mutant and the wild type. However, cell enlargement
was strongly reduced in the mutant. The relative
proportion of pericarp compared to DNA was signif-
icantly different in the mutant (0.05 g of fresh pericarp
per microgram of DNA) and wild type (0.95 g of fresh
pericarp per microgram of DNA). At the maximum of
pericarp development, the average cell size was esti-
mated to be 19 times smaller in the mutant than in the
wild type.

Figure 4. Ovary and berry anatomy of
the FIb~ mutant and FIb™ wild type
(DAA). A and B, Wild-type (A) and
mutant (B) flowers at 11 days before
anthesis. C and D, Wild-type (C) and
mutant (D) mature ovaries at flowering.
E and F, Outer (E) and inner (F) meso-
carp in the wild type at 3 DAA. G and
H, Outer (G) and inner (H) mesocarp in

the mutant at 3 DAA. | and J, Wild-type
septum (1) and ovary wall (J) transverse
sections at 7 DAA. K and L, Mutant
septum (K) and ovary wall transverse
sections (L) at 7 DAA. M and N, Wild-
type (M) and mutant (N) transverse
sections of the pericarp at 14 DAA
with a seed visible on the mutant sec-
tion. O and P, Wild-type (O) and mu-

tant (P) pericarp view at 28 DAA with
mesocarp and pseudo pericarp visible
in mutant. Q and R, Wild-type (Q) and
mutant (R) organization of skin and
pericarp in ripe berries at 90 DAA with
pseudo flesh visible in the mutant. Oy,
Ovule; O, outer epidermis; OM, outer
mesocarp; VB, vascular bundle; IE, in-

ner epidermis; IM, inner mesocarp;
P-Flesh, pseudo flesh (bars represent
100 pm).
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Anatomical Investigation of Ovary Development

Grapevine ovary and berry development have been
comprehensively described by Fougere-Rifot et al.
(1995) and Hardie et al. (1996), and this section focuses
on specific aspects of the Flb™ phenotype.

Before anthesis, the formation of the three external
whorls of flower organs was identical in the mutant and
the wild type (data not shown). During ovary ontogen-
esis, first differences were visible at the later stage of
ovary development, 10 to 15 d before anthesis. While
little variations in cell number were found in the wild-
type ovary wall (Fig. 4A), alterations in mesocarp and
inner epidermis cell number were observed in the upper
part of the mutant ovary, leading to irregular wall thick-
ening (Fig. 4B). In longitudinal sections, the mutant ovary
assumed a more conical shape than the wild type, some-
times showing a wrinkle at the style base.

At flowering, both genotypes had the same ovary
tissue organization, with 12 to 16 cells across the ovary
wall with a circle of 25 to 40 vascular bundles in the
middle (Fig. 4, C and D). No abnormality was notice-
able in cell shape and aspect, either in parenchyma or
vascular tissue in both genotypes. At this stage the
ovary wall was from 120 to 150 um thick.

At 3 DAA, the wild type showed intense cell divi-
sions in the inner and outer epidermis and in the
mesocarp, with the main division plane being anticli-
nal in the outer epidermis, periclinal in the inner
epidermis, and nonoriented in the mesocarp (Fig. 4, E
and F). At this stage, the wild-type ovary wall was 250
to 300 wm thick with 25 to 30 isodiametric cells. In the
mutant, cell divisions were also visible in the epider-

The fleshless berry Grapevine Mutation

mis with predominantly anticlinal divisions in the
outer epiderm and periclinal divisions in the inner
epiderm (Fig. 4, G and H). In the mesocarp, divisions
were much rarer than in wild type and only visible in
some cell layers beneath the epidermis (hypoderm). At
this stage, the mutant pericarp was 150 to 200 um thick
with less than 20 cells.

At 7 DAA, strong developmental differences were
visible between the two genotypes. In the wild type,
cell divisions were intense in the ovary septum and
wall, which was 350 to 400 wm thick with 35 to 40 cells
(Fig. 4, I and ]). Differentiation of pericarp cells in-
creased with inner mesocarp cells being less colored
than the outer mesocarp cells that contained higher
phenolic contents. In the mutant, only a few divisions
were visible in the epidermis and in the septum with the
same division planes as in the wild type (Fig. 4, K and
L). The ovary wall, which was only 150 to 200 um thick
with 20 cells, did not show the same type of differen-
tiation as wild type with the outer mesocarp showing
similar staining properties to the inner mesocarp.

At 14 DAA, in wild-type ovaries, intense cell divi-
sions were still observed all across the pericarp, and
tissue differentiation increased. Inner mesocarp cells
stained less than outer mesocarp cells (Fig. 4M), about
half of which were rich in polyphenols. Cells began to
enlarge isodiametrically in the inner mesocarp while
in the outer hypoderm some cells elongated tangen-
tially. In mutant mesocarp, no dramatic changes were
visible at the cellular level, most cells looked similar to
the group of cells without polyphenolic compounds
in the wild type. In mutant berries with three or four
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Figure 5. Representative example of NMR spectra of freeze-dried mature pericarp (80 DAA) extract from the FIb™ mutant and

FIb™ wild type.
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developing seeds, the ovary often cracked and the
pericarp collapsed due to drying (Fig. 4N).

At 28 DAA, in wild-type pericarp, cell division rate
slowed down as tissue differentiation increased, with
strong differences between inner and outer mesocarp
(Fig. 40). In the mutant pericarp however, the differ-
entiation level remained low with little difference be-
tween inner and outer mesocarp. By comparison to the
ovary wall, the septum was relatively developed with
cells larger than in the inner mesocarp. Some endo-
derm cells divided to produce cell masses inside the
ovary locules (Fig. 4P). The septum and inner epider-
mis cells divided and expanded, progressively filling
up the ovary together with the developing seeds. As in
the wild type, cells of the outer hypoderm appeared
compressed by mechanical pressure due to seed growth,
but outer epidermis cells remained isodiametric and
undifferentiated.

At90 DAA, the ripe berry of the wild type showed an
organization typical for grapevine with a skin com-
posed of cells from epiderm and hypoderm tangentially
elongated (Fig. 4Q). A large fleshy pericarp was formed
with cells from the outer and inner mesocarp, as well as
from inner epiderm and in the deeper zone, cells from
the septum. In the flesh, the largest cells reached 300 to
400 pum in size. In the mutant, cells of the skin and
hypoderm appeared less elongated than in the wild
type, the skin being less differentiated compared to
deeper zones of the pericarp. In the mutant mesocarp,
cells enlarged significantly less than in the wild type,
with cells in the inner mesocarp and septum reaching a
maximum size of 150 um. The mutant pericarp was up
to 1,000 wm thick in the region derived from the ovary
wall and 2 to 3 mm wide in the central zone derived
from the ovary septum with both tissues forming a
pseudo flesh that represented a significant volume of
the pericarp (Fig. 4R).

Biochemical Analysis

To evaluate putative biochemical changes related to
the mutation throughout berry development, major
solutes and osmotica were analyzed in a nontargeted
approach based on quantitative profiling using one-
dimensional "H-NMR profiles with individual quanti-
fication of the major metabolites. Nineteen metabolites
were identified and quantified including three sugars,
five organic acids, nine amino acids, and two phenolic
compounds. The phenolic compounds were assumed
to be caftaric derivatives with confirmation required.
The results were expressed as concentration or as content
per berry. The visual inspection of NMR spectra revealed
concentration differences between mutant and wild type
for all stages of development as shown for the mature
stage in Figure 5. At 80 DAA, the mutant pericarp clearly
had lower Glc and Fru and higher concentrations of Suc
and phenolic compound 1. Principal component (PC)
analysis was used on the concentrations of all metabo-
lites of all pericarp samples to give an overall view of the
differences between genotypes and between stages. The
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first two PC analysis scores explained 59% of the total
variability (Fig. 6A). The first PC (PC1), explaining 35%
of the total variability, clearly separated the mutant from
the wild type. Examination of PC1 loadings (Fig. 6B)
suggested that the differences between the wild-type
and the mutant samples involved Suc, lactate, Asp, Asn,
Ala, GIn, Glu, y-aminobutyrate, Ile, Pro, and phenolic
compound 1 on the positive side, and malate on the
negative side. Univariate analyses for each stage of
development (data not shown) confirmed these tenden-
cies. The second PC (PC2), explaining 24% of the total
variability, separated early from late stages of develop-
ment. Examination of PC2 loadings (Fig. 6B) suggested
that this difference between stages involved Sug, citrate,
fumarate, Asp, Ile, and phenolic compound 1 on the
positive side, and lactate, GIn, Val, and phenolic com-
pound 2 on the negative side.

When the data were expressed as content per berry,
wild-type berries displayed the shift from acid to sugar
accumulation typically encountered in the grape berry
and other fleshy fruits during the transition from the
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Figure 6. PC analysis on '"H-NMR data (absolute quantification of 19
compounds from the flb mutant and the wild type for extracts at six
stages of berry development). A, Scores obtained on PC1 and PC2 for
the wild type (black symbols) and the mutant (white symbols). Arrows
represent changes during berry development. Individual values are
given for each biological triplicate. Each number corresponds to DAA.
B, PC1 and PC2 loadings for each analyzed compound.
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green stage to ripening (Figs. 7 and 8). The first signif-
icant osmolyte appearing in berries was tartaric acid,
synthesized during the first weeks of growth, and the
amount per berry remained constant throughout fruit
development thereafter (Fig. 7). Malic acid accumula-
tion was delayed 1 week as compared to tartaric acid
and exceeded 3-fold the tartaric acid amount at the end
of the green stage. The sum of both acids represented
450 mEq/L (data not shown), a typical value in green
grapevine berries (Riiffner, 1982). The second growth
period was initiated with the onset of hexose storage. It
was accompanied by an intense malate breakdown and
an acidity decrease with pH values at 2.7 and 3.3, respec-
tively, at the beginning and end of the maturation
period.

In the mutant, tartaric acid concentration reached a
similar value (80 mm) and malic acid accumulation
also occurred with a 1-week delay. However, malic
acid did not accumulate in excess to tartaric acid
during the green stage as observed in the wild type.
The lower content of malic acid in mutant berries was
not counterbalanced by another organic acid (data not
shown); as a consequence fruit pH value was signif-
icantly higher (3.7 compared to 2.7 at 20 DAA; and 4.4
compared to 3.3 at maturity). In both genotypes, citric
acid accumulation almost paralleled that of tartaric
acid and did not contribute to the osmotic pressure.

The kinetics of sugar accumulation were not af-
fected by the mutation: Noticeably, the strong acceler-
ation in sugar storage at the onset of ripening was also
observed in the mutant. However the sugar concen-
tration at 80 DAA in the mutant reached a low value
(0.33 M, 17 umol/berry) as compared to 0.54 M
(628 pumol/berry) in the wild type (Fig. 8). Moreover,
the relative contribution of Suc was unexpectedly
higher in the mutant (up to 27%) as compared to the
wild type (less than 1.5% during maturation).

Genetics of the flb Mutation

The fIb mutation was inherited as a single, dominant
locus in progenies produced either through selfing or
crossing (Table I). The observed phenotypic segregation
fitted that expected under a Mendelian model involv-
ing a single, dominant allele with the original mutant
being heterozygous for the flb mutation (x* tests with
1 degree of freedom not significant at the 5% level).

The fleshless berry Grapevine Mutation

DISCUSSION

Within the domesticated grapevine, we have identi-
fied a loss-of-function mutation called fIb that has a
central role in fruit morphogenesis and development.
In this study, we have described the phenotype of the
corresponding grapevine mutant that has altered ovary
development and produces very small fleshless fruits.

It is known from work in other species, such as
tomato, that ethylene, auxins, cytokinins, gibberellins,
and abscisic acid levels change after fertilization in
relation to fruit development (Gillaspy et al., 1993).
The role of plant growth regulators in controlling fruit
growth has also been documented for grapevine
(Matsui et al., 1986). Increasing berry size by hormonal
treatment is a common agronomic practice in table
grape production, particularly in seedless cultivars
(Winkler et al., 1974). It is also known that the number
of fertilized ovules and developing seeds can influence
the final volume of grapevine fruit. Seeds are sup-
posed to modulate pericarp cell division and enlarge-
ment via growth regulator synthesis (Geelen et al.,
1987). In tomato, Balbi and Lomax (2003) have reported
that a single-gene diageotropica mutation involved in
auxin metabolism could reduce fruit weight from be-
tween 29% to 81%. Consequently, among the multiple
possible causes of pericarp growth inhibition in the fIb
mutant, plant growth regulators have to be consid-
ered. However, spraying flowers and young berries
with various combinations and levels of growth reg-
ulators, classically used to stimulate berry growth,
failed to reverse the mutant phenotype, although they
triggered a significant response in the inflorescence
rachis and flower pedicel. In addition, the mutant
phenotype did not show any obvious relationship
with the number of seeds per berry. The mutant berries
produced the normal number of perfect seeds fully
tegumented and containing viable zygotic embryos.
Although greatly reduced in volume, the amount of
pseudo flesh per mutant berry was well correlated
with the number of perfect seeds per berry. These
observations indicate that the defect in the mutant is
not simply a deficiency in plant growth regulator levels.
While a lack in hormone signal reception or trans-
duction in the mutant might be a cause, the positive
response of the rachis and pedicel to applied growth
regulators suggests that this is unlikely. Finally, the fIb
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Figure 8. Changes in sugar content
during berry development (bars = sp). 400 - Wild-t
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mutation had little effect on fertility and seed size or
number. Similar features were observed in Arabidopsis
ful-1 mutants (Gu et al, 1998) and in tomato lines
bearing the fw2.2 allele (Liu et al., 2003) and indicate
that the effects of the mutation on fruit phenotype is
specifically due to an alteration in the maternal tissue of
developing fruit and not mediated through fertility or
seed set-related processes.

The final size of an organ is dependant on cell
number and/or size (Ho, 1992, Cowan et al., 2001;
Rapoport et al., 2004). Despite the fact that cell expan-
sion may account for the greatest increase in volume,
cell division is also an essential factor of fruit organo-
genesis because it determines the final number of cells
within the fruit (Cong et al., 2002). It has been shown
that the variation in the cell number of the fruit is a
major determinant of fruit size variability between
cultivars in Solanum (Bonher and Bangerth, 1988) and
Prunus (Yamaguchi et al,, 2004). In tomato, fw2.2, a
major quantitative trait locus, was found to account for
as much as 30% of fruit size through an effect on cell
division (Frary et al., 2000). In the FIb™ mutant, flower
organization conformed to the wild type of the domes-
ticated grapevine (Fougere-Rifot et al., 1995, Hardie
et al., 1996). At later stages of flower development,
irregular multiplications slightly modified the ovary
shape, without impairing the formation of fertile
ovules, fecundation, or development of perfect seeds
and skin tissues up to 3 months after fruit set. This very
early phenotype may indicate that cells specific for later
flesh development may be lacking in mature ovaries,
with the consequences on cell division becoming obvi-
ous following pollination. In the mutant and its wild-
type counterpart, cell division kinetics are consistent
with previous studies in grapevine showing that ovary
wall cells divide only during the green growth stage.
The total DNA amount in the wild type was found to be

Table 1. Segregation of the FIb phenotype

. Wild Tested )
Population Plants Type Mutant Ratio X
MU-S1 54 20.6% 79.4% 1:3 0.61°
MUWT-F1 79 49.4% 50.6% 1:1 1.00°

“Not significant.
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slightly higher than the value reported by Ojeda et al.
(1999), but this change probably resulted from varia-
tions in cultivars or environmental growth conditions.
In grapevine, late endoreduplications that are observed
in tomato flesh during the maturation period (Bertin
et al., 2003) can be excluded, since DNA content was
found to be very stable from 30 DAA.

At maturity, the mutant pericarp volume was re-
duced by 20 times, resulting in a 10-times reduction in
fruit weight. The effect of the flb mutation reduced the
DNA content by 50% and the pericarp volume by 95%,
suggesting that the more vacuolated cells are specifi-
cally impaired. Microscopic observations confirmed
that such inhibition of cell division and growth pre-
dominantly concerns the mesocarp, with the septum
and epidermis being less disturbed by the flb mutation.
Consequently, septum tissues or derived cells can rep-
resent an important proportion of a fruit, especially in
the mutant berry. Developmental pattern difference
between septum and ovary wall cells after fertilization
has been similarly reported by Gu et al. (1998) in the
Arabidopsis ful-1 mutant and also by Miiller et al. (2001)
studying the overexpressed Antirrhinum DEFH28 FUL
ortholog gene in Arabidopsis. Cong et al. (2002) inves-
tigated a similar effect of the fw2.2 allele in different
tomato near-isogenic lines. These observations across
several species suggest that the septum follows a sepa-
rate developmental pathway to the mesocarp and there
is a conserved mechanism of development for the central
ovary tissues in angiosperms.

In grapevine, fruits enlarge in two phases, green
stage and maturation, the first one being associated
with organic acid synthesis and the second one cou-
pled with sugar accumulation (Possner and Kliewer,
1985; Davies and Robinson, 1996). Although severely
reduced in size and organization, the pseudo flesh of
the fIb mutant showed the transition from acid to sugar
storage typically observed during grapevine fruit rip-
ening, with the same timing in the mutant and the
wild type. However, the mutant showed variations in
the concentration of some osmotica. The most striking
difference was the failure of the mutant berries to
accumulate 3-fold more malate than tartrate during
the green stage. The distribution inside the berry of
tartrate and oxalate synthesis from ascorbate has been
recently documented (Debolt et al., 2004). Organic

Plant Physiol. Vol. 140, 2006



acids are nonuniformly distributed in the wild-type
berry, with tartaric acid being highest toward the
outside of the developing berry and malic acid being
highest in the core of the flesh (Iland and Coombe,
1988). Changes in organic acid patterns during berry
development are possibly related to cell specialization
and developmental changes in the relative proportion
of the cell layers forming the pseudo flesh. In addition,
the mutant exhibited a unique variation in the meso-
carp tissue differentiation pattern compared to wild
type. In the mutant the inner and outer mesocarp
maintained cells with high phenolic compounds
throughout the green growth stage, which could be
related to the higher concentration of a putative caftaric
acid derivative observed in the pericarp. Conversely, in
the wild type, a few days following anthesis, cells of the
inner mesocarp lost their phenols and developed into
highly vacuolated cells leading to enormous differences
between the inner and outer mesocarp. To explain the
variations in organic acid balance observed in the
mutant, it could be hypothesized that the cell layers
of the inner mesocarp are specialized for malate storage
during berry development.

Another biochemical difference was the high rela-
tive contribution of Suc to total sugar during berry
development. To our knowledge, in grapevine, the
relative proportion of Suc in the berry has never been
reported to be more than 7% (Ageorges et al., 2000). A
20% relative contribution of Suc was previously re-
ported in the Steuben grapevine hybrid as a conse-
quence of a reduction in vacuolar invertase activity;
however this inhibition did not preclude berry growth
and flesh differentiation (Takayanagi and Yokotsuka,
1997). Invertase is preferentially located in the inner
mesocarp (Famiani et al., 2000), and these tissues are
apparently lacking or reduced in the Flb~ mutant.
Recent transcriptomic and proteomic data indicated a
predominate role of the apoplastic versus symplastic
pathway during grapevine flesh development (Sarry
et al., 2004; Terrier et al., 2005). The observation that
ovule development is not impaired by the flb mutation
demonstrates that phloem conductance is not a limit-
ing factor during mutant berry development. In addi-
tion, histological analysis did not reveal any alteration
of vascular bundles in the flb ovary. More likely, cell
layers playing a key role in the apoplastic pathway of
sugar uploading in the pericarp are lacking, affecting
the biochemical development of the remaining tissues.
The above strongly suggests that specialized cells that
differentiate very early in the inner mesocarp, charac-
terized by the loss of phenolic compounds, are possi-
bly those overaccumulating malic acid, sugars, and
those showing the greatest enlargement (Hardie et al.,
1996). The mutant is apparently unable to differentiate
these highly vacuolated cells.

Interestingly, the mutant produces a type of berry
and seed unknown in the domesticated European
grapevine. Analysis of previous ampelography and
botanic studies (Viala and Vermorel, 1910; Galet, 1988)
revealed a correlation between berry size and seed
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morphology in Vitaceae. Most Vitis species with large
berries (grapevine, Vitis lincecumii, and Vitis coriacea)
develop pear-shaped seeds in contrast with other Vitis
species with small berries (Vitis berlandieri, Vitis riparia,
Vitis rupestris, and V. caribaea) that develop orbicular
seeds as seen in the mutant. This correlation is more
obvious if we consider other Vitaceae such as Ampe-
lopsis, Parthenocissus, or Muscadinia. In addition,
wild progenitors of the domesticated European grape-
vine commonly identified as grapevine subsp. sylvest-
ris, are also characterized by very small berries with
orbicular seeds (Levadoux, 1956; Marinval, 1997). The
phenotype changes caused by the flb mutation could
correspond to a reverse evolution of the domesticated
European grapevine type toward an ancestral type of
grapevine fruit.

Genetic analysis of progeny populations showed
that the original mutant is heterozygous for the fIb
mutation. The mutation segregated as a single domi-
nant allele indicating that a single locus is involved
and that the mutation affects either a single gene or a
number of genes at this locus. Further analysis and
mapping are currently being undertaken to better un-
derstand whether the fIb locus encompasses one or sev-
eral genes.

In conclusion, this study has shown that the forma-
tion of viable grapevine seeds does not require com-
plete fruit development after anthesis. Conversely,
development of an ovary into a berry without the
need of seeds has been widely documented in steno-
spermocarpic and parthenocarpic grapevine cultivars.
These two lines of evidence indicate that the synchro-
nous production of functional zygotic embryos for
sexual propagation with the development of the fruit
are physiologically independent processes that need to
be strictly coordinated to form a mature fleshy fruit
with seeds ready for dispersal. Another important
observation is related to the relationship between
maturation processes and fruit growth. The study of
the effects of the fIb mutation showed that the storage
of organic compounds (i.e. organic acid and sugar) is
not sufficient to induce fruit enlargement. To our
knowledge, no similar extreme mutation with such
specific effects on fleshy fruit growth has previously
been described. We expect that molecular genetic
analysis of the grapevine mutant will provide a unique
opportunity to investigate key gene(s) involved in fruit
morphogenesis in higher plants and lead to a better
understanding of differences between fleshy and flesh-
less fruit.

MATERIALS AND METHODS
Plant Material

The fIb mutation was identified in 1996 in a vineyard located at Prades-le-
Lez (France) on a grapevine (Vitis vinifera L. cv Ugni-Blanc) plant later
characterized as a genetic anticlinal chimera. The original plant was main-
tained in situ and the two genotypes (wild type and mutant) were propagated
in containers from woody canes taken from the original plant. Flowers and
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berries from the Flb~ mutant and the Flb* wild type were collected at different
developmental stages from 1999 to 2004 and used in various experiments. All
flowers and berries were carefully cut at the pedicel base and either used as
fresh material or frozen and powdered in liquid nitrogen.

Morphological and Physiological Aspects
of Berry Growth

Developmental patterns were obtained from plants cultivated either in the
field (1999) or in the greenhouse (2004) by weighing 60 berries from anthesis to
maturity. Seed data was collected from 20 berries from anthesis to maturity. At
maturity (90 DAA), berry, pericarp, and seed weights were evaluated from 300
berries for each genotype. Two hundred seeds were collected, dried, and
tested for germination rate. The effect of several plant growth regulators on
the expression of the flb mutation was evaluated by immersing the lower half
of inflorescences once (14 DAA) or twice (7 and 14 DAA) or 3 times (flowering,
7 and 14 DAA) in solutions containing 10, 20, 100, or 500 ug mL ! of GA;, BAP,
TAA alone, or combinations of GA; + BAP, GA; + IAA, GA; + GA, + GA,, or
GA; + GA, + 2-isopentenyl adenine with water as control. Each treatment
was applied to two clusters from two separate plants and repeated twice, once
in the field (2001) and once in the greenhouse (2002). The berry response was
evaluated at 20 and 40 DAA by recording flower set and growth of the stalk,
pedicels, and berries.

DNA Quantification

For each genotype, DNA was extracted from 20 berries as in Ojeda et al.
(1999) at 15, 30, 45, 60, 75, and 90 DAA and after seed removal. To reduce
possible artifacts due to berry position, samples were randomly taken from
previously tagged inflorescences with synchronous flowering. DNA was
quantified through technical triplicates with 33 ng mL™' 4,6-diamidino-
2-phenylindol in 0.01 m Tris-Hcl, 0.1 M NaCl, and 0.01 m EDTA by reference
to salmon sperm DNA standards.

Anatomical Analysis

Mutant and wild-type flowers and berries were collected from field or
greenhouse-grown vines at different intervals: —21, —11, =3, 0, +3, +7, +11,
+14, +18, +21, +25, +28, +32, +35, +39, +43, +47, +60, and +90 d from
anthesis. Samples were vacuum infiltrated for 1 h with cold 4% paraformal-
dehyde solution (1X phosphate-buffered saline, pH 7) and maintained in the
same fixative solution on ice for 7 to 10 h. After a 0.85% NaCl rinse for 30 min
(4°C), samples were dehydrated in a 15% to 70% ethanol series and
maintained in 70% ethanol at 4°C until use. Developmental stages were
compared by examining 7-um sections paraffin embedded and stained with
periodic acid-Schiff reaction/Naphthol-blue-black reaction with 2-min re-
gression with 7% acetic acid. This staining combination revealed polysac-
charides such as starch or hemicelluloses as pink, proteins and nucleoproteins
as blue-black, and polyphenol compounds as gray-brown.

Variation in Organic Compounds

Analyses were carried out on berries collected at 6, 10, and 20 DAA and on
berries with seeds removed for later stages (40, 50, and 80 DAA). Sample
extracts were prepared from pericarp (pulp and skin) as follows: 5 g of fresh
tissue (6-140 berries) was mixed with 25 mL of water, immediately boiled for
5 min to inhibit vacuolar invertase, crushed, and filtered (100 wm). Biological
triplicates were prepared for each stage. The pH of the extract was raised to 6
with NaOH to prevent potassium hydrogen tartrate precipitation. Extracts
were centrifuged for 15 min (8,000 rpm) at 20°C and the supernatant was
frozen in nitrogen and lyophilized. Quantitative metabolic profiling on main
sugars, organic acids, amino acids, and two phenolic compounds were
determined on dried extracts solubilized in 200 mm phosphate buffer in
D,O (with 2.5 mm EDTA for 6 and 20 DAA) by one-dimensional 'H-NMR
analyses with a 5-mm inverse probe according to Moing et al. (2004). Results
were expressed as concentration or content per berry of individual metabo-
lites. The data for all compounds and all samples were analyzed simulta-
neously using multivariate analysis to give an overall view of the data during
berry development. PC analysis, an unsupervised method, was chosen as a
useful visualization method to observe sample groupings within the "H-NMR
data. PC analysis was performed on mean-centered data using SAS software
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(SAS 496 Institute, version 8.1). Data were represented in an n-dimensional
space (1 is the number of original variables, i.e. concentrations of 19 individual
metabolites), and then reduced into a few PCs that described the maximum
variation within the data. The coefficients by which the original variables were
multiplied to obtain the PCs were called loadings. Loading plots were used to
detect the metabolites responsible for the separation between development
stages or genotypes in the data.

Genetic Analysis of the fIb Mutation

For genetic analysis, progeny populations involving the original mutant
were produced. Plants were first grown in the greenhouse for 1 year and then
planted in the field at the Institut National de la Recherche Agronomique
experimental station of Chapitre (Montpellier, France). A total of 133 progeny
plants were phenotyped; 54 individuals from selfing the mutant (MU; MU-S1
progeny) and 79 from F, reciprocal crosses between the wild type (WT) and
the mutant (MUWT-F1). Occurrence of ovary alterations corresponding to the
flb phenotype in progenies was recorded during two successive years (2003
and 2004), first at flowering and with further confirmation 10 d later.
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