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Thesofteningof fleshyfruits,suchas tomato(Solarium
lycopersicum),
duringripeningis generallyreportedto resultprincipally
fromdisassemblyof the primarycell wall and middlelamella.However,unsuccessfulattemptsto prolongfruitfirmnessby
suppressingthe expressionof a rangeof wall-modifying
proteinsin transgenictomatofruitsdo not supportsucha simple
model.'DelayedFruitDeterioration'
to
tomatocultivarthatprovidesa uniqueopportunity
(DFD)is a previouslyunreported
assessthecontribution
of wallmetabolism
to fruitfirmness,sinceDFDfruitsexhibitminimalsofteningbutundergootherwise
normalripening,unlikeall knownnonsofteningtomatomutantsreportedto date.Walldisassembly,reducedintercellular
weresimilarin DFDfruitandthoseof the normally
adhesion,andthe expressionof genesassociatedwithwall degradation
elevated
waterloss and substantially
softening'AilsaCraig'.However,ripeningDFDfruitshowedminimaltranspirational
cellularturgor.Thisallowedan evaluationof the relativecontribution
andtimingof wall disassemblyandwaterloss to fruit
and biomechanical
softening,whichsuggestedthatbothprocesseshavea criticalinfluence.Biochemical
analysesidentified
severalunusualfeaturesof DFDcuticlesand the dataindicatethat,as withwall metabolism,
changesin cuticlecomposition
andarchitecture
arean integralandregulatedpartof the ripeningprogram.A modelis proposedin whichthecuticleaffects
the softeningof intacttomatofruitbothdirectly,by providinga physicalsupport,and indirectly,
by regulatingwaterstatus.
The ripening of fleshy fruits involves many physiological processes, including the production of aromatic compounds and nutrients,changes in color,and
softening of the flesh to an edible texture,which have
evolved to attractanimals and promote seed dispersal
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derlie many of these ripening-related phenomena
have been sufficientlycharacterizedto allow the modification of fruit nutritional status or organoleptic
characteristicsthrough targeted genetic engineering
(Romeret al., 2000;Lewinsohn et al., 2001;Muiret al,
2001; Dharmapuri et al., 2002; Fraser and Bramley,
2004; Davuluri et al., 2005). However, much less is
known about the critical molecular determinantsof
fruit firmness and softening. In part, this reflects the
difficulties in evaluating the many physical and sensory attributesthat determine texture (Harkeret al.,
1997;Waldronet al., 2003),a characteristicthat,unlike
color or aroma, cannot be defined by a quantitative
measurementof specific metabolitesor by monitoring
a particularbiosyntheticpathway.
Researchspanning more than 40 years has targeted
the causal mechanisms of fruit softening, much of it
using tomato (Solariumlycopersicum)ripening as a
model system.A declinein fruitfirmnesstypicallycoincides with dissolution of the middle lamella,resulting
in a reduction in intercellularadhesion, depolymerization, and solubilizationof hemicellulosicand pectic
cell wall polysaccharides and, in some cases, wall
swelling (Brummelland Harpster,2001).These events
are accompanied by the increased expression of
numerous cell wall degrading enzymes, including
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polysaccharide hydrolases, transglycosylases, lyases,
and other wall loosening proteins, such as expansin
(Harkeret al., 1997;Rose et al., 2003;Brummell,2006).
Accordingly,while factorssuch as cellular turgor and
morphology (Lin and Pitt, 1986;Shackel et al., 1991)
have been suggested to contribute to aspects of texture, mechanistic models almost invariably attribute
fruit softening to disassembly of polysaccharidenetworks in the primary wall and middle lamella (Rose
et al., 2003;Brummell,2006).For example, polygalacturonase (PG)-catalyzeddepolymerizationof pectin in
the wall and middle lamella was long believed to be
the principal process underlying fruit softening, although this was refutedthroughreversegenetics studies in tomato (for review, see Brummelland Harpster,
2001).Similarly,suppressing the expression of several
other ripening-related wall-modifying proteins in
transgenictomato fruitshas generallyresulted in minimal effectson fruitsofteningor texture(Brummelland
Harpster,2001;Rose et al., 2003).
Explanationsfor the lack of progress in identifying
the key individual determinants of fruit softening
include the possibility that importanttexturalchanges
associatedwith wall disassemblyare a consequenceof
numerous enzymes acting in concerton multiple wall
structuralcomponents, or that the critical enzymatic
activity or activities have not yet been identified.
However, an alternative explanation is that polysaccharidedegradationis not the sole determinantof fruit
softening and that other ripening-relatedphysiological processes also play criticalroles.
We have addressed this latter hypothesis by evaluating a previously uncharacterizedtomato cultivar,
referred to here as 'Delayed Fruit Deterioration'
(DFD), whose fruits undergo normal ripening, but
remainfirm and show no loss of integrity for remarkably extended periods after reaching the fully ripe
stage. We report that ripening-relateddisassembly of
the cell wall and middle lamella have similar characteristicsin fruitsfrom DFD and the normallysoftening
'Ailsa Craig' (AC), even though DFD fruits typically
remainfirmfor at least 6 months afterachievinga fully
ripe stage. However, in contrast to AC fruits, those
from DFD exhibit minimal water loss and consequent
tissue collapse, and it is suggested that this is likely
due to specific compositional or ultrastructuralcharacteristicsof the fruitcuticle.Evidenceis also presented
that fruitcuticles fromDFD and AC tomatoesundergo
distinctly different changes in their biomechanical
propertiesduring ripening.Moreover,ripe DFD fruits
are highly resistantto infectionby opportunisticpathogens, unless the integrity of the cuticle is compromised.
Our results suggest that while changes in the polysaccharidecomponentsof the cell wall areundoubtedly
important for fruit texture, equivalent alterations in
cuticle architectureare also an integral element of the
ripening program. The data also highlight the mechanistic distinctionbetween a reductionin firmness,or
resistanceto compression,of intactfruit,and ripeningPlant Physiol. Vol. 144, 2007

relatedtexturalchanges in the pericarptissue. Bothof
these phenomena could be referred to as softening,
although in most reported analyses, transgeniclines
with altered expression of wall-modifying proteins
have been evaluated, for obvious commercialreasons,
by measuring resistance of the intact fruits to compression. This study indicates that the cuticle has a
previously underappreciatedinfluence on intact tomato fruit firmnessand ripeningphysiology,and suggests another biotechnologicaltarget to prolong fruit
quality,in addition to altering polysaccharidemetabolism.
RESULTS
of DFDFruit
PhysiologicalCharacterization
and
Softening
Development
DFD is a regionalized cultivar that is grown in
specific areas of southern Europe and around the
Mediterranean,where it is known to exhibit dramatically delayed softening. As far as we are aware, DFD
has not been describedin the literatureand its genetic
backgroundis unknown. Therefore,in the absence of
isogenic lines containing the introgressed DFD phenotype, the AC tomato cultivarwas used for comparative purposes because it exhibitsrelativelyrapid fruit
softening and has similarfruit size, shape, and overall
fruit morphology to DFD (Fig. 1). DFD and AC fruit
development and ripening (from approximately1050 d after anthesis, as shown in Fig. 1, A and B) were

Figure 1. Comparison of AC and DFD fruit phenotypes. Developmental series of AC fruits(A) and DFD fruits(B). C, DFD (left group) and AC
(rightgroup) fruitsafter 4 months of storage at room temperature.Scale
bar = 2 cm. D, DFD tomatoes bisected after 3 (left), 6 (middle), and 7
=
(right)months of storage at room temperature. Scale bar 1 cm.
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comparable, with both genotypes taking a similar time
to reach a fully expanded mature green (MG) stage,
although the time taken from the breaker (Br) stage, at
the onset of ripening, to the red ripe (RR) stage was
approximately 7 d longer for DFD than AC fruits. The
peak in ethylene production showed a similar temporal delay, but the DFD fruits exhibited a characteristic
climacteric respiratory burst and increase in ethylene
synthesis at the Br stage (Fig. 2, A and B) that was more
pronounced than that of AC fruit. This was not surprising, given the substantial variation that has been
observed among tomato cultivars (Guillen et al., 2006)
and was quite distinct from the suppressed climacteric
in the ripening-impaired mutants ripening inhibitor
(rin) and nonripening (nor; Giovannoni, 2004). Other
hallmarks of normal ripening, including the accumulation of carotenoid pigments that contribute to the
fruit color change (data not shown), were similar in
DFD and AC, as were levels of soluble solids in the
fruit, reflecting carbohydrate status (Fig. 2, C and D,
respectively).
After reaching a fully ripe stage, DFD fruits remained
visually unchanged for several months, as seen in
photographs taken at RR plus 4 months (Fig. 1C) and
a time-lapse video spanning 4 months after the RR stage
(Supplemental Video SI). This was in direct contrast to
AC fruits, which exhibited overripening (tissue degradation and collapse after reaching the fully ripe stage),
as is typically seen in most fleshy fruits. Even 7 months
after full ripening, the DFD fruits showed little change
in external appearance, with no signs of internal desiccation, tissue breakdown, or other morphological
changes (Fig. ID). Storage of the fruits in the light

eventually resulted in pigment photobleaching (Fig.
ID), but this did not occur in dark-stored fruits.
Compression analysis of intact AC fruits showed a
typical loss of fruit firmness from MG to RR, and
complete tissue collapse by 2 months after RR (Fig.
3A). In contrast, MG DFD fruits were statistically
firmer than those of AC at the same stage, exhibited
minimal softening during ripening, and at the RR
stage were statistically firmer than AC Br fruits. Even 8
months after reaching the RR stage, the firmness of
DFD fruits was similar to that of AC RR fruits. However, when the firmness of excised pericarp segments
with the endocarp facing upwards was measured, no
differences were seen between fruits of each cultivar at
any ripening stage (Fig. 3B), although the DFD fruits
were somewhat firmer at the MG stage. In contrast, the
force needed to penetrate the cuticle of intact MG
fruits was greater for AC than DFD (Fig. 3C), and
while the AC cuticles showed progressive weakening
during ripening, those of DFD showed a minimal
change, such that the penetration mass for DFD fruits
at the RR stage was approximately twice that of AC.
Cell Wall Analysis, Wall Disassembly, and Dissolution
of the Middle Lamella

Changesin the amounts of totalwall material,based
on dry weight (Fig. 4A), uronic acids (Fig. 4B), cellulose (Fig.4C), and cell wall neutralsugar composition
(Fig. 4D), showed typical ripening-relatedtrends in
both AC and DFDfruits.Similarly,size exclusionchromatographic(SEC)separationof water-solublepectins
fromMGandRRfruitsofbothcultivarsshowedevidence

Figure 2. Ripening-related traits in AC and
DFD fruits. Ethylene (A) and carbon dioxide
(B) production by ripening AC and DFD fruits
detached at the MG stage. C, Evaluation of
external ripening-related color change of AC
and DFD fruits (for C and D, mean ± se, n =
20). D, Total soluble solids in the pericarp of
AC (black bars) and DFD (white bars) fruits at
the MG, Br,Pi, and RRstages, measured using
a refractometer.
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ferenceswere apparent,they were within the range of
typical intercultivarvariationthat we have previously
observed(datanot shown). Importantly,the expression
of these genes was not dramaticallyrepressed, as is
the case for ripening-impairedmutants such as rin
and nor, where expression is generally undetectable
(Maclachlanand Brady,1994;Rose et al., 1997, 2003;
Brummelland Harpster,2001;Erikssonet al., 2004).
An examinationof the fruit pericarptissues by light
microscopy (Supplemental Fig. SI, A and B) and
transmissionelectron microscopy (TEM;Supplemental Fig. SI, C and D) showed that both AC (Supplemental Fig. SI, A and C) and DFD (SupplementalFig.
SI, B and D) ripe fruitsexhibitedcharacteristiccell-cell
separation,indicatingdegradationof the primarywall
and middle lamella and resulting in the formationof
enlarged cell junction zones and cells that are interconnected only through plasmodesmata(Supplemental Fig. SI, C and D).

Figure 3. Texturalanalysis of tomato fruits. Compression test of intact
tomato fruit (A) and excised pericarp segments (B). C, Penetration
analysis of combined pericarpand cuticle. Fruitsand pericarp segments
from AC and DFD were tested at MG, Br, Pi, and RRstages and at RR
plus 2 or 8 months (RR+ 2 or RR + 8, respectively). Asterisks indicate
statistically significance differences (mean ± se, n = 20, P< 0.001).

of characteristicripening-relatedpectin depolymerization (Fig.4, B and E).A fractionationof chelator-soluble
pectins suggested similar patternsof pectin modification in DFD and AC ripe fruits (data not shown). To
further contrast ripening-relatedwall metabolism in
the DFD and AC fruits, the expression of a range of
genes encoding proteins involved in cell wall modification and disassembly,including PG, two expansins,
and a xyloglucan endotransglucosylase/hydrolase,
was examined by northern-blotanalysis (Fig. 4F). All
the genes showed similar qualitativepatternsof transcript accumulationand while some quantitativedifPlant Physiol. Vol. 144, 2007

PericarpCell Swelling and FruitWaterStatus
Even though fruit cell wall breakdown and cell
separationshowed similar trends in DFD and AC, the
pericarp of DFD, but not AC, exhibited substantial
swelling during ripening (Fig. 5A). Microscopicanalysis of threezones of the pericarp,(1-3, corresponding
to outer, middle, and inner, respectively; Fig. 5B)
showed that cell size throughout the pericarp was
similarin AC and DFD fruitsat the MG stage (Fig.5, B
and C), but that by the RR stage, cells in the DFD
pericarphad undergone a substantialincrease in cell
size. For example, cells in the DFD inner pericarp
(zone 3; Fig. 5C) showed, on average, at least 4-fold
greater increases in mean cell cross-sectional area
during ripening. In contrast,while cell size in RRAC
fruits was on average somewhat greater than in MG
fruits, this was only statisticallysignificant in zone 3
and the extent of the increase was far less than that
seen with DFD (Fig. 5, B and C).
An increase in cell size is indicative of a positive
hydrostatic(turgor)pressurethatwould be requiredto
drive cell expansion.Todeterminewhetherthis was the
case, cellular turgor in the outer pericarpcells of AC
and DFD fruits at different ripening stages was measured using a pressure microprobe (Fig. 6A, inset).
Cellularturgorin AC fruits declined priorto the onset
of ripening at the MG stage and decreased linearly
throughout ripening, reaching minimal values at the
overripe(OR)stage (Fig.6A).Theturgorvaluesarecomparableto those previously reportedfor other tomato
cultivars(Shackelet al., 1991).Theinitialcellularturgor
pressure and rate of linear decrease were similar in
DFD fruits at the MG stage and the onset of ripening.
However, in DFD, the rate of decreaseslowed early in
ripening and showed little further decrease after a
midripe stage. An analysis of covarianceindicated a
significant(P = 0.016)differencein turgorof OR fruit
between AC (0.09MPa)and DFD (0.03MPa)fruit,after
adjustmentto the same mean color level. A decline in
1015
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Figure 4. Cell wall analysis and wall
metabolism-related gene expression. Relative amounts of cell wall pellet (A), uronic
acid (UA; wall dry weight basis) content (B),
cellulose content (C), and neutral sugar
composition (D; mole percent of total wall
noncellulosic neutral sugars) of isolated
pericarp from AC and DFD fruits at the
MG (white bars) and RR (gray bars) stages.
For D, individual sugars comprised Rha,
Ara, Xyl, Man, Gal, and Glc. E, SEC of
water-soluble pectins from AC and DFD
fruits at the MG and RR stages. Molecular
mass calibration markers (kilodaltons) are
shown at the top. F, RNA gel-blot analysis
of PG (LePGD, expansins {LeExpi, LeExp3),
and xyloglucan
endotransglucosylase/
hydrolase {SIXTH5)expression in DFD and
AC pericarp. Lanes 1 to 5 correspond to the
ripening stages MG, Br, Pi, RR, and OR,
respectively. Ethidium bromide-stained
rRNAin the same gel is shown as a loading
control.

cellularturgormay be associatedwith water loss from
the fruits,which in turnmay be an importantfactorthat
contributesto the extremelydelayed softening of DFD
fruits. Transpirationalwater loss from AC and DFD
fruitwas assessed by measuringweight reductionover
a 3 monthperiod in fruits startingat the RRstage (Fig.
6B).AC fruits showed a high rate of water loss, while
the loss was minimal in DFD fruits.After3 months the
AC fruitstypicallyexhibitedextensive desiccationand
splitting, while the DFD fruits showed no apparent
change,similarto the fruits shown in Figure 1C.
MicroscopicAnalysisof Cuticles
The cuticle provides the principal barrierto water
loss in plant tissues (Jeffree,2006) and since AC and
1016

DFD fruits exhibited substantial differences in water
status, the anatomical features of their cuticles were
examined by light microscopy. AC and DFD fruits
have similar cuticle anatomies (Fig. 7, A-D), with
substantialepidermal cell encasement, where several
outer epidermal cell layers show cuticularizationof
the anticlinal and periclinal cell walls, as has been
described in several tomato cultivars (Bargel and
Neinhuis, 2004; Matas et al., 2004). Fruits of both
cultivarsalso showed similarpatternsof cellulosiccell
wall ramification within the cuticular layer, as revealed by staining with toluidine blue (Fig. 7, C and
D). The mean cuticle thickness of AC fruits was
slightly greater (P < 0.001) at both the MG (12 ±
1.7 /im) and RR (11 ±1.9 /um)stages than that of DFD
cuticles (7.8 ± 1.6 /Amand 8.9 ± 1.9 /im, respectively).
Plant Physiol. Vol. 144, 2007
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TEManalysis of the AC and DFD cuticles indicated
no differencesin ultrastructurein either the cuticular
layer or periclinaland anticlinalcell walls of the outer
epidermal cells (Fig. 7, E and F) and SEM imaging
revealed no patterns of external wax accumulation,
such as wax crystals, in either cultivar. However,
during SEM analysis, focusing of the electron beam
on the fruit surfaceconsistentlyinduced rapid peeling
of a thin, outer membranouslayer in the DFD samples
(highlighted with an arrow in Fig. 7H), but not in AC
fruits (Fie. 7G).
Analysisof CuticleBiomechanicalProperties
Enzymaticallyisolated cuticles from AC and DFD
fruitsat the MG and RRstages were evaluatedwith an

Figure5. Pericarpand cell size measurements. A, Pericarpwidth of AC
and DFD fruits at the MG, Br, Pi, and RR stages. Asterisks indicate
statistically significance differences (mean ± se, n = 20). B, Bisected RR
tomato illustrating the three pericarp zones in which cell size was
measured. The adjacent light microscopy photographs show cells in
zone 1 and the cuticular layer (CL)from DFD and AC fruits at the MG
and RRstages. C, Cell cross-sectional area in the three pericarp zones.

These values are similar to those reported for various
tomato cultivars,including AC (Bargeland Neinhuis,
2004, 2005).However, one notable differencewas that
the cuticles of AC RRfruit had a characteristicyelloworange color, due to the presence of the flavonoid
precursornaringeninchalcone (Bakeret al., 1982),but
no such colorationwas seen in the DFD cuticles (Fig.7,
B and D).
Plant Physiol. Vol. 144, 2007

Figure 6. Pericarp cellular turgor pressure evaluation and fruit water
loss. A, Turgorpressure of outer pericarp cells from AC and DFD fruits
at different ripening stages, as determined by external color (a* index
value). The color ranges of MG, Br, RR, and OR fruit are shown. A
smoothing spline regression curve and the mean and se (n3 5) is shown
for each cultivar. A photograph of the microprobe (white arrow)
penetrating the cuticular layer (CL)and an outer pericarp cell is shown
in the inset. B, Percentage water loss from detached AC and DFD fruits
over a 3 month period after reaching the RRstage (mean ± se, n = 10).
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isolated cuticles differed between the two cultivars
and changed during the maturationof each cultivar.
At the MG stage, the £t of DFD cuticles was significantly largerthan that of AC, while at the RRstage, the
Et of AC was larger than that of DFD. Moreover,
during the MG to RR transition,the Etof AC cuticles
increased, whereas that of DFD cuticles decreased.
Preliminarytests to determine viscoelastic behavior
(e.g. creep tests and cyclical loading-unloadingtests)
indicated that DFD cuticles at the RR stage deform
plastically more rapidly and require smaller forces
than do those of AC at the same developmentalstage
(data not shown).
Cuticle Composition

To determine if the cuticle chemical composition
was different in AC and DFD fruits, the levels of
component cuticular waxes and cutin monomers at
the MG and RR stages were assayed. The total wax
amount increased during ripening in both cultivars
(TableI), but was higher in DFD than AC fruitsat both
the MG and RRstages (33%and 36%,respectively).In
RRfruits,the most significantproportionaldifferences

Figure 7. Microscopy analyses of AC and DFD fruit cuticles. Light
microscopy images without (A and B) or with (C and D) toluidine blue
O staining and TEM(Eand F)and SEM(G and H) images of AC (A, C, E,
and G) and DFD (B, D, F, and H) RRstage cuticles and outer pericarp.
CL, Cuticular layer; CW, cell wall; cytosol, Cyt. The arrow in H
indicates a thin membranous layer on the DFD fruit cuticle surface.
Scale bars for A to D = 5 /xm; E and F = 0.5 fim; G = 10 /aid; and H =
50 /Am.

Instronanalyzerto determinetheirextensibility(strain
to failure),work of fracture(energyrequiredto induce
failure),and viscoelasticity(creepratesunder constant
applied forces) under uniaxial loading. These tests
revealed significant differencesbetween the mechanical behaviors of the cuticles from the two cultivars,
and changes in cuticle mechanical properties attending the ripening of each cultivar (Fig. 8). At the MG
stage, the yield stress (i.e. the force requiredto induce
material failure) was 33% higher in DFD than AC
cuticles. Although the mean yield stress value increased during ripening in AC, there was no statistically significantchange in DFD cuticles (Fig. 8A). In
contrast,the AC cuticles had greateryield strainsthan
those of DFD at the MG stage, indicating greater extensibility,and while the yield strain of AC cuticles
decreased during ripening, those of DFD became
markedlylarger,indicating an increase in their extensibility,with a mean value approximately30%greater
thanAC at the RRstage (Fig.8B).Thus,the tensile elastic modulus Et(i.e. the abilityto resist tensile forces)of
1018

Figure 8. Instron analysis of isolated tomato fruit cuticles. The yield
stress (A) and yield strain (B) of cuticles from AC and DFD fruit at the
MG and RRstages, evaluated with an Instrontesting machine (asterisks
indicate statistically significance differences within a ripening stage;
mean ± se, n = 20).
Plant Physiol. Vol. 144, 2007
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Table I. Wax classes in AC and DFD fruit cuticles
Class amount (/ig dm"2 ± sd) and class percent (% ± sd) for tomato pericarp at the MG and RRstages. Data in bold are referredto in the text.
MG
RR
WaxClass
AC
DFD
AC
DFD
Acids
% acids
Aldehydes
% aldehydes
n-alkan-1-ols
% n-alkan-1-ols
n-alkadi(tri)en-1-olsa
% n-alkadi(tri)en-1-ols
n-alkanes
% n-alkanes
n-alkadienesb
% n-alkadienes
/soalkanes
% /soalkanes
ante/so-alkanes
% /so-alkanes
Amyrins
% amyrins
Unknowns
% unknowns
Total

40.7
6.7
8.7
1.4
37.7
6.3
4.4
0.7
336.8
55.7
2.2
0.4
34.7
5.7
3.4
0.6
104.9
17.4
30.6
5.1
604.2

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

7.4
1.3
2.3
0.4
17.5
3.0
3.6
0.6
38.7
4.8
0.6
0.1
8.9
1.3
1.4
0.2
10.5
2.1
8.5
1.5
21.1

64.1
7.8
11.4
1.5
76.9
9.3
5.6
0.7
452.9
55.1
2.1
0.3
60.4
7.5
3.3
0.4
102.2
12.5
41.5
5.0
820.5

± 13.1
± 0.2
±5.6
± 0.9
± 18.8
± 0.8
±1.2
± 0.1
± 87.4
± 1.4
± 0.3
± 0.1
± 10.0
± 1.5
± 0.6
± 0.1
± 12.3
± 0.8
±14.3
± 0.9
± 143

36.5
4.0
32.5
3.5
35.1
3.8
31.8
3.5
534.2
58.6
17.9
2.0
31.9
3.5
3.4
0.4
159.6
17.6
27.5
3.0
910.5

± 10.7
± 0.9
± 9.5
± 0.8
± 5.5
± 0.3
±11.8
± 1.1
± 55.0
±1.6
± 6.0
± 0.8
± 2.4
± 0.4
± 0.5
± 0.1
±11.6
± 2.3
± 2.2
± 0.0
± 77.4

aDouble bond position not determined. Position reported at A6'9ci7A3'6'9cis
(Bauer et al., 2004a, 2004b).
determined. Position reported at A6/9cis(Bauer et al., 2004a, 2004b).

were apparent in the alkadienes, which showed a
more than 4-fold increase in the mean percentage
levels in DFD than AC, and n-alkanes, with lower
levels in DFD (bold in TableI). Interestingly,the total
and proportionalamount of alkadienes increasedbetween the MG and RR stages more than any other
constituent class (Table I): In DFD fruits, the total
amount of alkadienes increased nearly 50-fold from
MG to RR, corresponding to a 28-fold proportional
increase,while the equivalentincreasein AC fruitwas
only 8-fold, which represents a 5-fold proportional
increase. Individual wax constituents showed relatively little variation,other than substantiallygreater
levels of tritriacontadienein the DFD RRcuticles (bold
in TableII).
Unlike the waxes, the total amounts of cutin monomers per unit fruit surface area were similar in MG
and RRstages of AC fruits,but increasedsubstantially
(84%)during ripening in the DFD fruits (bold in Table
III). Accordingly,while the amounts of cutin monomers were similar in AC and DFD MG fruits, the
amount of cutin in DFD RR cuticles was approximately double that of AC at the same stage. The
relative proportions of the monomeric constituents
generallyshowed no significantchange during ripening and no qualitative differences between AC and
DFD at either ripening stage were detected. A notable
exceptionwas an increasein the proportionof 9,10,18triOH octadecanoic acid in AC cuticles and a concomitant decrease in 9,10,18-triOHoctadecenoic acid
(bold in Table III). This change was not detected in
Plant Physiol. Vol. 144, 2007

43.0
3.6
37.5
3.1
53.8
4.5
26.5
2.2
615.5
51.1
103.9
8.5
41.1
3.4
2.2
0.2
242.3
19.8
46.5
3.8
1,212.1

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

5.8
0.4
7.6
0.4
4.7
0.5
3.1
0.1
63.3
4.0
35.7
2.1
9.1
0.8
0.4
0.0
79.7
4.7
16.6
0.9
158.0

bDouble bond position not

DFD cuticles, which also contained higher levels of
p-coumaricacid (TableIII).
In a separate experiment, the levels of flavonoids
and the flavonoid precursornaringeninchalconewere
measuredin totalpericarptissue minus the cuticleand
outer epidermal cell layers, and in enzymatically
isolated cuticles of MG and RR fruit from both cultivars. Naringeninchalconewas barelydetectablein AC
total pericarpextractsat the RRstage and not at all in
DFD pericarp, and while levels were approximately
300-fold higher in isolated RR AC cuticles, it was not
detected in DFD cuticles. The flavonoids kaempferol
and quercetinwere detected in MG cuticles fromboth
cultivars and the amount of kaempferol was 2- to
3-fold greaterin DFD than AC.
Infectionof Fruitsby Culturedand Opportunistic
FungalPathogens
During storage and overripening it was often observed that the AC fruits became infected by opportunistic fungal pathogens, while intact DFD fruits
never succumbed to infection, even following prolonged storage in high humidity conditions (Fig. 9A).
To test the resistance of the DFD fruits to fungal
infection in a more controlled environment,spores of
the fungus Botrytiscinereawere applied at various
titers to RR fruits from AC (Fig. 9, B and E), a commercialtomatocultivar(Fig.9, C and F),and DFD (Fig.
9, D and G), either with a syringe through a small
puncturein the fruitcuticle (Fig.9, B-D), or ectopically
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Table II. Wax composition of AC and DFD fruit cuticles
Individual wax constituent percentage (% ± sd) for tomato pericarp at the MG and RRstages. Data in bold are referredto in the text.
RR

MG
Wax Constituent
DFD

AC

Acids
Hexadecanoic acid (C16)
Heptadecanoic acid (C17)
Octadecanoic acid (C18)
Eicosanoic acid (C20)
Docosanoic acid (C22)
Tetracosanoic acid (C24)
Hexacosanic acid (C26)
Octacosanic acid (C28)
Triacontanoic acid (C30)
Aldehydes
Tetracosanal (C24)
Hexacosanal (C26)
Octacosanal (C28)
Triacontanal (C30)
Dotriacontanal (C32)
n-alkan-1-ols
Octadecan-1-ol (C18)
Eicosan-1-ol (C20)
Heneicosan-1-ol (C21)
Docosan-1-ol (C22)
Tricosan-1-ol (C23)
Tetracosan-1-ol (C24)
Pentacosan-1-ol (C25)
Hexacosan-1-ol (C26)
Octacosan-1-ol (C28)
Nonacosan-1-ol (C29)
Dotriacontan-1-ol (C32)
n-alkadi(tri)en-1-ols
Docosadi(tri)en-1-ol (C22)
Tetracosadi(tri)en-1-ol(C24)
Hexacosadi(tri)en-1-ol (C26)
n-alkanes
Tricosane (C23)
Tetracosane (C24)
Pentacosane (C25)
Hexacosane (C26)
Heptacosane (C27)
Octacosane (C28)
Nonacosane (C29)
Triacontane (C30)
Hentriacontane (C31)
Dotriacontane (C32)
Tritriacontane(C33)
Tetratriacontane(C34)
Pentatriacontane (C35)
n-alkadienes
Tritriacontadiene(C33:2)
/soalkanes
2-Methyl octacosane (/so-C29)
2-Methyl nonacosane (/so-C30)
2-Methyl triacontane (/so-C31)
2-Methyl hentriacontane (/so-C32)
ante/soalkanes
3-Methyl hentriacontane (anteiso-C32)
Amyrins
a
/3
A
Unknowns
1020

DFD

AC

3.6
0.1
0.5
0.1
0.3
0.2
0.2
1.3
0.5

±
±
±
±
±
±
±
±
±

1.1
0.0
0.2
0.1
0.1
0.1
0.3
0.2
0.1

4.5
0.2
0.7
0.4
0.3
0.2
0.1
0.8
0.5

±
±
±
±
±
±
±
±
±

0.2
0.2
0.1
0.1
0.2
0.2
0.0
0.2
0.1

0.6
0.1
0.2
0.1
0.2
1.3
0.6
0.3
0.5

±
±
±
±
±
±
±
±
±

0.3
0.0
0.1
0.0
0.2
0.5
0.2
0.1
0.1

1.3
0.0
0.3
0.2
0.0
0.6
0.2
0.5
0.4

±
±
±
±
±
±
±
±
±

0.3
0.0
0.2
0.1
0.0
0.4
0.1
0.1
0.1

0.2
0.0
0.0
0.2
1.0

±
±
±
±
±

0.2
0.0
0.0
0.2
0.1

0.2
0.0
0.0
0.4
0.8

±
±
±
±
±

0.2
0.0
0.0
0.6
0.1

1.5
0.5
0.1
0.6
0.8

±
±
±
±
±

0.7
0.1
0.0
0.3
0.2

0.6
0.1
0.1
1.0
1.3

±
±
±
±
±

0.6
0.1
0.0
0.6
0.3

0.2
0.1
0.0
0.2
0.1
0.1
0.1
0.1
0.2
0.9
4.2

±
±
±
±
±
±
±
±
±
±
±

0.2
0.0
0.0
0.1
0.1
0.1
0.1
0.0
0.0
0.2
2.9

0.1
0.1
0.1
0.4
0.1
0.1
0.1
0.1
0.5
1.6
6.1

±
±
±
±
±
±
±
±
±
±
±

0.1
0.1
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.1
0.7

0.1
0.2
0.1
0.2
0.1
0.1
0.1
0.2
0.4
1.3
1.2

±
±
±
±
±
±
±
±
±
±
±

0.0
0.0
0.1
0.0
0.1
0.1
0.0
0.0
0.1
0.4
0.5

0.1
0.1
0.1
0.2
0.2
0.1
0.0
0.1
0.5
1.3
1.6

±
±
±
±
±
±
±
±
±
±
±

0.2
0.0
0.0
0.1
0.1
0.0
0.0
0.1
0.2
0.3
0.3

0.5 ± 0.4
0.2 ± 0.2
0.1 ± 0.0
0.1
0.0
0.0
0.3
0.3
0.5
8.7
5.2
25.4
3.6
10.3
1.2
0.3

±
±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.0
0.0
0.2
0.0
0.1
0.8
0.5
3.7
0.7
0.8
0.1
0.2

0.4 ± 0.1
0.2
0.4
4.2
0.8

±
±
±
±

0.1
0.1
1.0
0.2

0.6 ± 0.2
5.4
8.2
3.7
5.1

± 0.7
± 0.9
±1.6
± 1.5

0.5 ± 0.1
0.2 ± 0.1
0.0 ± 0.0
0.4
0.0
0.0
0.2
0.5
1.1
16.3
4.9
20.8
2.0
7.6
1.1
0.0

±
±
±
±
±
±
±
±
±
±
±
±
±

0.4
0.0
0.0
0.1
0.1
0.2
1.0
0.4
3.0
0.4
2.2
0.1
0.0

0.3 ± 0.1
0.5
0.8
5.5
0.8

±
±
±
±

0.2
0.2
1.0
0.1

0.4 ± 0.1
4.8
6.1
1.7
5.0

± 0.3
± 0.7
±0.2
± 0.9

0.8 ± 0.4
1.9 ± 0.8
0.8 ± 0.0
0.2
0.1
0.1
0.3
0.3
0.6
7.5
9.4
29.3
4.5
4.9
1.0
0.4

±0.1
± 0.0
± 0.0
± 0.2
± 0.1
± 0.1
±1.3
± 2.5
± 1.2
± 0.3
± 1.1
± 0.1
± 0.1

2.0 ± 0.8
0.2
0.3
2.4
0.5

±
±
±
±

0.1
0.1
0.4
0.1

0.4 ± 0.1
4.5
5.5
7.6
3.8

±
±
±
±

0.9
1.0
2.5
0.9

0.6 ± 0.3
0.8 ± 0.1
0.8 ± 0.2
0.1
0.1
0.0
0.4
0.3
0.9
10.9
6.4
24.4
2.9
3.1
1.1
0.4

±
±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.0
0.0
0.2
0.1
0.3
3.2
2.1
2.6
1.0
1.5
0.2
0.1

8.5 ± 2.1
0.4
0.2
2.5
0.3

±
±
±
±

0.7
0.0
0.3
0.1

0.2 ± 0.0
5.9
4.7
9.2
3.0

±1.7
±1.5
± 2.4
± 0.0
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(Fig.9, E-G).FruitfromAC and the commercialtomato
cultivarwere consistentlyinfectedby both ectopic applicationand throughthe wound, whereas DFD fruits
wereonly infectedwhen the cuticlewas damaged,upon
which infection occurredat the same rate and to the
same extentas in the othercultivars.
DISCUSSION
DFD Provides a Unique Source of Genetic Material to
Dissect Fruit Softening

One of the advantagesof tomato as an experimental
model to study fleshy fruit softening is the availability
of pleiotropic nonripening mutants, such as rin, nor,

alcobaga,and colorless nonripening, which are impaired

in many ripening-relatedprocesses and exhibit delayed or impairedsoftening (Kopeliovitchet al., 1980;
Thompson et al., 1999; Orfila et al., 2002; Eriksson
et al.,2004;Giovannoni,2004).Thesemutantshave provided insight into several specific aspects of ripeningrelated wall metabolism (Rose et al., 2003; Eriksson
et al., 2004),but their pleiotropicnature limits characterizationof more complex physiologicalprocesses.To
date, to our knowledge, no tomato mutantshave been
characterizedthat exhibit minimal fruit softening, but
otherwise normal ripening: such a tomato would
provide an invaluablesystem to identify the structural
and regulatorydeterminantsof fruitfirmness.Wenote
that transgenictomato lines with suppressed expression of the small GTPaseLeRablla were reported to
have prolonged firmness,by approximately20 d, and
normal color development (Lu et al., 2001);however,
no cell wall analyses were described and so direct
comparisonscannot be made with the results here.
DFD fruits exhibit a substantialclimactericburst of
ethyleneand carbondioxide productionat the onset of
ripeningand undergo normalripening,as determined
by assessing color, soluble sugars (Fig. 2), metabolite
content,and aroma(datanot shown), in contrastto all
previouslyreportedpleiotropictomatomutants.However, DFD fruits show remarkablysmall changes in
their firmness when compared with the well studied
experimentalAC and indeed, as far as we are aware,
with all previously reported tomato cultivars. While
some tomato mutants show delayed softening for up
to several weeks (Mutschler,1984; Schuelter et al.,
2002), DFD fruits typically remain firm for at least 6
months after reaching the RR stage, exhibiting negligible tissue collapse (Figs. 1, C and D and 3A).
The common assumption that fruit softening (applying the most commonly used definition, of resistance of intact fruits to compression) is primarily,
or even exclusively, the result of wall disassembly
(Brownleaderet al., 1999; Brummell and Harpster,
2001;Seymouret al., 2002;Rose et al., 2003;Brummell,
2006) is challenged by the data presented here. DFD
fruits remainedfirm at the RR stage and were significantly firmerthan AC fruits at the Br and RR stages,
althoughpatternsof wall polysaccharidemodification
Plant Physiol. Vol. 144, 2007

and related gene expression, and the subsequent reduction in intercellularadhesion, were comparablein
DFD and AC (Fig.3). It is noted thatwhile the levels of
LePGl and LeExpl transcript accumulation were
somewhat lower in DFD than AC, this was within
the range of variation that we have previously observed among different tomato cultivars (data not
shown). Moreover,other studies have reported substantial variation among normally softening tomato
cultivarsof cell wall polysaccharidedepolymerization,
the abundanceof cell wall degradingproteinsand the
correspondingenzyme activities (Wallnerand Bloom,
1977;Careyet al., 1995;Blumeret al., 2000;Baniket al.,
2001). These results indicate that the prolonged firmness of DFD fruit is not solely a consequence of
impaired metabolism of the wall and middle lamella,
although we cannot exclude the possibility that minor
differencesin wall metabolism,that were not detected
in our analyses, contributeto some extent to the differences between DFD and AC softening rates. Nevwall metabolism
ertheless,it is clearthatripening-related
in DFDis substantial,unlike previouslydescribednonsofteningpleiotropictomatomutants (Maclachlanand
Brady, 1994; Rose et al., 1997, 2003; Brummell and
Harpster,2001;Erikssonet al., 2004).
DFD Fruits Show Abnormal WaterRelations
and Cellular Turgor

It has been suggested that fruitfirmness,in common
with the biomechanicalproperties of most plant tissues, is influencedby cellularturgorpressure(Shackel
et al., 1991;Jackmanet al., 1992;Jackmanand Stanley,
1995;Mignani et al., 1995;Harkeret al., 1997;Barrett
et al., 1998).This idea has yet to be proven experimentally, but is supported by our data and other studies
that have shown that ectopic application of wax to
avocado (Perseaamericana)fruits can prolong their
firmness(Jeonget al., 2003).Importantly,maintenance
of DFD fruit firmness coincided with an absence of
water loss and tissue collapse that is typical of most
ripening fruits. Atypical water status in DFD fruits
was also suggested by the observation that during
ripening, the pericarp underwent a substantial increase in thickness (Fig. 5A), which reflected cell
expansion throughout the pericarp (Fig. 5, B and C).
Cell expansion requireswall loosening and a positive
cellular turgor pressure (Cosgrove, 1993) and since
wall degradation, which presumably resulted in a
majorloss in wall tensile strength,was evident in both
DFD and AC RRfruits, we hypothesized that cellular
turgor might be substantially different between the
two cultivars.This proved to be the case (Fig.6A) and
while turgordeclined during ripening in AC fruits,as
has been previously reported in other normally softening tomato cultivars (Shackel et al., 1991), it remained high in DFD, after an initial decrease in early
ripening. The transpirationrate from ripening tomato
fruits would undoubtedly have a profound effect on
tissue water status, and hence turgor pressure, but
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Table III. Cutin composition of AC and DFD fruit cuticles
Cutin monomer acid percentages (% ± sd) for tomato pericarp at the MG and RRstages. Data in bold are referredto in the text.
RR
MG
CutinMonomer
DFD
DFD
AC
AC
Hexadecanoic
16-OH hexadecanoic
10,16-DiOH hexadecanoic3
Hexadecane-1/16-dioic
18-OH octadecanoic
9,18-DiOH octadecanoic
9,10,18-TriOH octadecanoic
9,10,18-TriOH octadecenoicb
p-coumaric
m-coumaric
Unknowns
Total (jugcm"2 ± sd)

0.1
3.8
73.0
1.3
3.0
1.5
0.4
1.4
0.9
1.4
13.1
1,050.4

±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.3
6.3
0.3
1.7
0.3
0.1
0.3
0.3
0.6
5.0
100.5

0.1
3.8
72.0
1.4
2.8
1.6
0.7
1.5
1.0
1.5
13.5
1,025.8

±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.7
3.6
0.7
1.7
0.5
0.3
0.6
0.1
0.3
3.4
196.3

0.1
3.2
74.4
1.4
4.7
1.4
0.7
0.6
0.6
1.4
11.5
1,102.7

± 0.0
± 0.5
± 2.4
± 0.4
± 0.8
± 0.2
± 0.1
± 0.3
± 0.3
± 0.7
±1.5
± 233.5

0.1
2.5
74.7
1.4
3.1
1.7
0.6
1.2
1.1
1.5
11.9
1,887.3

± 0.0
± 0.2
± 2.3
± 0.6
± 0.9
± 0.2
± 0.1
± 0.4
± 0.1
±0.3
±2.7
± 103.6

alsomer composition: 10,16, 76%; 9,16, 10%; 8,16, 13%; 7,16, 1%. Isomer composition varied little between AC and DFD (data not
bDouble bond position not determined. Position reported at A12 carbon (Baker et al., 1982).
shown).

another importantconsiderationis the relative partitioning of osmoticallyactive solutes between the symplast and apoplast. The concentrationof such solutes,
comprising mostly hexoses and inorganic ions (Ruan
et al., 1996), increases 2-fold in the tomato fruit apoplast during ripening (Almeida and Huber, 1999),
which would cause an increasein the apoplasticwater
potentialand presumablylower cellularturgor.Such a
process might explain the observationthat the turgor
pressure in tomato fruit pericarpcells is substantially
less than would be expected, based on the osmotic
potentialof the entiretissue (Shackelet al., 1991).Thus,
while the unusually elevated cellular turgor in ripe
DFD fruits is likely to be profoundly affected by the
absence of transpiration,an atypical partitioning of
osmotically active solutes between the apoplast and
symplast may also be a contributingfactor.
DFD Cuticles Show Unusual Biomechanical and
Biochemical Characteristics
The notable difference in DFD fruit water status and
puncture analysis of the fruit skin (Fig. 3C) suggested
an association with the cuticle, which acts as the
primary barrier to transpirational water loss from
aerial tissues (Riederer and Schreiber, 2001; Burghardt
and Riederer, 2006) and provides a biomechanically
important structure, since tensile stresses are presumably highest in the outer layer of plant tissues (Niklas,
1992). It has been reported that most gas exchange in
detached tomato fruits occurs through the stem scar
(Cameron and Yang, 1982; Klee, 1993) rather than the
fruit cuticle. However, it was apparent that the DFD
phenotype did not reflect reduced water loss through
this route since sealing the stem scars of DFD or AC
fruits with a layer of vaseline did not alter the relative
rates of water loss (data not shown). Detached fruits
also exhibited the same rate of reduction in firmness
whether or not the calyx was left attached. Similarly,
microscopic analysis revealed no anatomical differ1022

ences in the stem scars of the two genotypes and our
studies suggest that approximately equal amounts of
transpirational water loss occur through the stem scar
and cuticle (data not shown).
No gross differences in DFD and AC cuticle ultrastructure (Fig. 7) were seen and cuticle thickness was
not statistically different between the two cultivars.
This was not unexpected, since there is no correlation
between cuticle thickness and water permeability
in leaves (Riederer and Schreiber, 2001), or between
cuticle structural appearance and water loss from
blueberry (Vacciniumsp.) fruit (Vega et al., 1991). Light
microscopy suggested no difference in the ramification
of polysaccharides within the DFD and AC cuticle,
which was of interest since it has been suggested that
polysaccharide tracks might provide a path for water
diffusion (Burghardt and Riederer, 2006).
Our data suggest that the DFD cuticle is stiffer and
stronger than that of AC at the MG stage (Fig. 8). Since
breaking stresses are calculated by normalizing applied
mechanical forces with respect to the cross-sectional
areas on which they act, the differences in breaking
stresses between cultivars and developmental stages
must reflect differences in the cuticle (ultra) structure or
biochemical composition (Niklas, 1992). A difference in
the DFD cuticle architecture was also suggested by the
electron beam-induced peeling of an outer cuticular
layer during SEM analysis (Fig. 7H). Cuticles are composites of a solvent-soluble wax component that is
associated with a complex insoluble matrix of hydroxyand epoxy-fatty acid esters, termed cutin (Jeffree,2006).
The waxes can be divided into two spatially distinct
layers: the epicuticular waxes that coat the surface and
the intracuticular waxes that are embedded in the cutin
matrix. The pathways by which water diffuses through
the cuticle are still poorly defined (Schreiber, 2005;
Burghardt and Riederer, 2006; Schreiber, 2006) and the
cuticle components that determine water permeance
have not yet been identified. However, it has been suggested that long-chain saturated aliphatic hydrocarbons
Plant Physiol. Vol. 144, 2007
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synthesis pathway during ripening.Moreover,the absence of a statistically significant increase in DFD
cuticlethicknessduringripeningsuggests thatpacking
of the cutin matrixis much denser during ripening in
DFD.The tomatofruitcutin matrixalso becomes more
cross-linkedduring ripening (Benitezet al., 2004)and
so these two phenomenalikely resultin a strongerand
less permeablecuticle membrane.Another important
role of the cuticle is to provide a structuralbarrier
againstmicrobialpathogens(Mendgenet al., 1996)and
many fungi secretcutinasesto aid infection.Thealtered
cutinprofileof DFD,possibly associatedwith increased
cutin cross-linking,might be connectedto the observation that the fruits are highly resistant to microbial
pathogens, unless the cuticle is damaged (Fig.9).
CONCLUSION

Figure 9. Microbial infection of AC and DFD fruits. A, RR fruits from
AC (left side) and DFD (rightside) stored for 5 months in high humidity
and temperature conditions. Ripe fruits from a commercial cultivar
(B and E), AC (C and F), and DFD (D and G) following inoculation
with three concentrations of B. cinerea spores through surface penetrations (B-D) or applied ectopically (E-G).

of the intracuticularwaxes, which can exhibit close
molecular packing within the cutin matrix and form
highly water-impermeablecrystalline regions within
the cuticle (Casado and Heredia, 2001), provide the
principalbarrierto water loss (Riedererand Schreiber,
2001;Burghardtand Riederer,2006).
MGand RRDFDfruithave approximately30%more
wax than AC and a substantially increased level of
n-alkadienes at the RR stage, which are inferred to
be n-tritricontadiene(tt-C33-6,9-diene)
from previous
et
The
overall wax
al.,
2004a,
(Bauer
2004b).
analyses
components and cutin monomer ratios were similar,
although overall cutin levels almost doubled in DFD
fruits during ripening and were almost twice those of
AC at the RRstage.No directconclusionscanbe drawn
fromthese resultsbecausethe biochemicalcomposition
of tomato fruit cuticles varies among cultivars (Baker
et al., 1982;Baueret al., 2004a,2004b)and the DFD trait
is not availablein an isogenic backgroundfor comparison with a wild type. Nevertheless, levels of cutin
monomersare relativelyconstantamong tomato cultivars with a range of morphologicalphenotypes and at
differentripeningstages (Bakeret al., 1982;M. Jenks,T.
Isaacson,and J.Rose,unpublisheddata)and we arenot
aware of any previous reportthat has described such
high cutin levels, or the up-regulation of the cutin
Plant Physiol. Vol. 144, 2007

DFD is unlike previously reported tomato mutants
in that loss of fruit firmnessis largely uncoupled from
other aspects of ripening, thus providing a unique
opportunity to examine the factors that contributeto
fruit softening. Our results suggest that multiple coordinatedprocesses are involved, including disassembly of polysaccharide networks in the primary wall
and middle lamella and transpirationalwater/turgor
loss. The minimal water loss and maintenance of
cellular turgor in DFD fruit further allow an assessment of the relative contributionand timing of these
two processes. In this regard, the turgor and fruit
firmness data indicate that softening of intact fruits
results from an early decline in cellular turgorcoincident with early changes in wall architecture,presumably as a resultof wall relaxation.A second component
is then provided by substantial water transpiration,
which occurs in parallel with continued wall degradation and a reductionin intercellularadhesion.
The cuticle itself is also thought to have an important influence on the biomechanical properties of
ripeningfruit (Petracekand Bukovac,1995;Bargeland
Neinhuis, 2004;Mataset al., 2004;Bargeland Neinhuis,
2005;Edelmannet al., 2005) and studies with isolated
tomato fruit cuticles (Bargeland Neinhuis, 2005) suggest that their relative contributionto tissue strength
increasesmarkedly during ripening, an idea that was
previously suggested by analyses of intact tomato
fruits (Jackmanand Stanley, 1994). Taken together,
a growing body of evidence suggests that, as with cell
wall metabolism, dynamic changes in the structure
and composition of the fruit cuticle that lead to a
reduction in fruit firmness are likely to be an integral
and regulated part of ripening. The influence of the
cuticleon fruitfirmnesswould be both direct,actingas
a load bearing matrix under tension, and indirectby
regulatingfruit water status. We note that our conclusions arebased exclusively on studies with tomatoand
do not necessarily apply to all fruits.
While the goal of this study was not to identify the
components of the cuticle that are responsible for
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water permeance, DFD provides a valuable experimental system to address this question. Two features
of DFD cuticle composition are particularlynoteworthy and may provide some indication as the basis for
the drastically reduced water permeance. First, the
cutinmatrixappearsto be substantiallydenser and the
consequentchange in cuticle architectureand macromolecularpacking may influence water permeability.
Second, while the cuticles of most ripe tomatoes contain high levels of the flavonoid precursornaringenin
chalcone (Bauer et al., 2004b), this compound was
undetectable in DFD cuticles, which were therefore
colorless. It has been suggested that this molecule
can influence water permeabilitythrough the cuticle
(Luque et al., 1995), although this has yet to be confirmed.Interestingly,it was recentlyreportedthat the
cuticle of the nonripening nor mutant has a similar
colorlessphenotype(Bargeland Neinhuis,2004),which
we have confirmed,althoughcuticles of anotherpleiotropic nonripening mutant, rin, accumulated normal
levels of naringeninchalcone (data not shown).
DFD is of obvious interest for agriculturalbiotechnology, a field that has to date focused almost exclusively on cell wall metabolism in an attempt to alter
fruit softening and prolong shelf life. Our study reveals the clear distinction between complex textural
changes in the pericarp flesh (sometimes called softening), which would be directly affected by wall
metabolism, and the reduction in firmness of intact
fruits,which is influencedby multiple factors,including the cuticle.The lack of progressin extending intact
fruit firmnessand quality by primarilytargetingwall
metabolismmay partlyreflectan underappreciationof
this difference.Futureresearchwill be directedtoward
identifying the molecular elements that underlie the
drasticreductionin water loss and apparentlyprovide
resistance to postharvest pathogens. Preliminarygenetic analysis using a Solariumpimpinellifolium map-

ping populationhas revealed the existence of a single
genetic locus that makes a major contributionto the
DFD trait(datanot shown) and the functionalcharacterizationof a candidate gene that cosegregates with
that locus is currently in progress. In addition, as a
control,the DFD traitis being introgressedinto AC for
furtherdetailed phenotypic characterization.
MATERIALSAND METHODS
Plant Materials
AC and DFD)plantswere greenhouse
Tomatofruit(Solarium
lycopersicum;
grown at Cornell under 16 h light, 8 h dark conditions, using standard
practices.Fruitswere harvestedat the followingstages:MG,Br,turning,pink
(Pi),lightred,and RRbasedon externalcolor,as describedin Lashbrooket al.
(1994).Fruitswere designated as OR 1 week after reachingthe RR stage.
Flowersweretaggedon the day of anthesisto monitorthe developmentaltime
coursefor each tomatocultivar.Forthe cellularturgoranalysesplants were
similarlygrown and staged in the greenhousein Davis, California.Fruitsat
the RRstage were stored at room temperatureand ambienthumidity or at
high humidityin a sealed containerfor the microbialinfectionexperiments.
Forthe physiologicaland microbialinfectionstudies,fruitswere harvestedat
the appropriatestage immediatelyprior to analysis. For gene expression
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analysis,pericarptissue was isolatedat differentstages and frozenimmediately in liquid nitrogenand then storedat -80°C.

RespirationRate and Ethylene ProductionMeasurements
Six AC and DFD fruitswere harvestedat the MG stage and kept at 20°C
CO2and ethyleneproductionof each fruitwas measuredby sealingindividual fruit of known weight for 2 h in 475 mL glass jars fitted with sampling
septa, on a daily basis for 9 or 21 d for AC or DFD, respectively.CO2
concentrationsin 1 mL samples of the headspaceof each jarwere measured
using a FisherGas Partitioner(model 1200)gas chromatograph(GC;Fisher
Scientific)equipped with a thermal conductivity detector. Ethylene concentrationswere measured using a Hewlett-Packard5710A GC (HewlettPackard)equippedwith a flameionizationdetector.Fruitcolorwas measured
using a MinoltaCR300colormeter(KonicaMinolta),expressingcolorchange
using the a*chromaticitycoordinate.

TexturalAnalysis
Firmnessmeasurementswere made, based on compressionof AC and
DFDintactfruits(minimumof five replicatefruits),at MG,Br,Pi, RR,and RR
plus 2 or 8 months.Eachfruitwas testedfourtimesat equidistantpointsalong
the equatorialplaneof the fruitwith a 50 mmwide P50DIAcompressionplate
controlledby a StableMicrosystemsTextureAnalyzer(TA-XT2i;
StableMicro
Systems),loading at 1 mm s"1and compressedto a verticaldisplacementof
1 mm. Firmnesswas defined as the responseforceto a 0.05 n applied force.
Fruits at the RR stage were detached, stored at room temperature,and
analyzedafter60, 90, and 120 d for DFD and after60 d for AC. To compare
flesh firmness with compression of whole fruits, pericarp discs (1.5 cm
diameter)were excised from the same fruitset with a corkborerand placed
cuticlefaceup and testedas above.Todeterminethe maximumforcerequired
to perforatethe cuticle,segmentsof tomatopericarpwere placedcuticleface
down on a base platewith a verticalgroove(3 mm wide) and the 1 mm probe
applied until the cuticle was penetrated(40 replicatesfor each fruit stage).
Statisticalanalysiswas performedusing SASsoftware(SASInstitute)and the
Tukey-Kramer
multiplecomparisontest.
The time-lapsevideo (SupplementalVideoSI) was generatedby takinga
digital photograph(0.25 s exposure) of two AC fruits and one DFD fruit
harvestedat the MGstageand left to ripenat roomtemperature,every 10min
for approximately4 months.Imageswere edited and compressedusing Avid
Xpressvideo editing software(AvidTechnology).

Cell Wall Analysis
Cellwalls were preparedfrom50 g of diced outerpericarpof AC and DFD
fruit (MGand RRstages) by boiling the pericarppieces in 95%ethanolfor
30 min to preventautolyticactivity,as describedin Huysameret al. (1997).
Subsequentsteps in preparingcrude cell wall samples (alcohol-insoluble
solids [AISs])were also as in Huysameret al. (1997),endingwith two washes
of the wall pellets with acetone and drying in a vacuum oven. Starchwas
removedby incubating200 mg of AISwith 40 units each of a-amylase(from
porcinepancreas,Sigma-Aldrich)and pullulanase(fromBacillusacidopullulyticus,Novozymes Biologicals)in 20 mL of Tris-HClpH 7.0, 0.1%NaN3,for
24 h. Neutral sugar compositionof the AIS was determinedby gas-liquid
chromatographyas in Campbellet al. (1990).Duplicate2 to 3 mg samplesof
AISwere hydrolyzedin trifluoroacetic
acid (TFA)and the TFA-solublefaction
convertedto alditolacetatesand analyzedby gas-liquidchromatography(as
in Rose et al., 1998).To measurethe cellulose contentof the AIS, the TFAinsoluble residues were dissolved in 67% H2SO4and assayed using the
anthronereagent(Dische, 1962)with cellulose powder as a standard.Total
uronic acids were determinedusing duplicatesamples of the AIS with the
Blumenkrantzand Asboe-Hansen(1973)assay,as modifiedby Ahmed and
Labavitch(1977).
Forthe SECanalysisthe AISwas treatedwith waterand 50 mMcyclohexane diaminetetraaceticacid (CDTA;Roseet al., 1998).The waterand CDTAsolublematerials(3-4 mg) were dissolvedin 50 mMammoniumformate,pH 5
(500 /iL), centrifugedto remove insolublematerialand the soluble material
analyzed by size-exclusionchromatographyusing a Superose-12HR10/30
column(GEHealthcare).Thecolumnwas eluted at 0.6 mL min"1with 50 mM
ammoniumformate,pH 5, using a Dionex BioLc(Dionex).The eluant was
monitoredwith a Knauerdifferentialrefractometer.
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RNA Isolation and Analysis

Biomechanical Analysis of Cuticles

TotalRNAwas isolatedfrompericarpfruittissuesas describedin Wanand
Wilkins(1994).A totalof 15//.gper samplewas subjectedto electrophoresison
1.2%agarose,10%formaldehydegels, and transferredto Hybond-N membranes(GEHealthcare)as describedin Roseet al. (1997).Blotswerehybridized
at 42°Cin 50%formamide,6X sodium chloride/sodium phosphate/EDTA,
0.5%(w/v) SDS,5x Denhardt'ssolution,and 100 mg mL"1shearedsalmon
labeled cDNA) corresperm DNA, with radiolabeledcDNA probes ([a-32P]
spondingto the ripening-relatedgenes LeExpland SIXTH5(see Saladieet al.,
2006), LeExp3(probe as described in Brummellet al., 1999), and LePGl
(correspondingto the full length of GenBankaccessionCAA32235).cDNAs
were generatedwith the Ready-To-Go
DNA labelingbeads ([a-32P]dCTP)
kit
and ProbeQuantG-50microcolumns(GEHealthcare).Followinghybridization,themembraneswerewashedthreetimesin 5X SSC,1%(w/v) SDSat42°C
for15min,followedby threewashesin 0.2X SSC,0.5%SDSat 65°Cfor20 min.

Rectangularstripsof cuticlewere removedfromMGand RRAC,and DFD
fruitsusing two parallelrazorbladesbondedto a metalblockto give uniform
segmentswith a width of 6.25mm and incubatedin a mixtureof cellulaseand
pectinase (0.2%m/v and 20%m/v, respectively;Sigma) in sodium citrate
buffer(50mM,pH 4.0),1 mMNaN3for7 to 10d at 37°C,followedby washesin
sodium citratebuffer and dried at room temperature.A minimumof eight
samplesfromeach ripeningstagewas testedin unaxialtensionusing a model
4502InstronTestingmachine(Instron)and a 2.0 mm s"1strainrate(see Matas
et al., 2004). Data were rejectedfrom samples that broke near or at their
clampedends;visual inspectionof specimensduringtestingand of the shape
of force-deformation
graphswas used to assessclampfailure.Fromthe tensile
test, the breakingstress and the breakingstrain were derived from stressstraincurves.Tensilestresseswere calculatedafterthe cross-sectionalareasof
mechanicallytested samples were assessed using light microscopeimages
and ImageJimage analysissoftware(http://rsb.info.nih.gov/ij)to determine
the thickness of each sample. The exposed length of each sample was
measuredbeforeextensionwith a hand-heldmicrocaliperto determinetensile
strains. All biomechanicalanalyses were performedin an air-conditioned
laboratoryand thus at constanttemperature(24°C)and humiditysince these
factorscan influencethe cuticlebiomechanicalproperties.

Microscopy
Priorto microscopypericarpthicknessof AC and DFDfruits(15replicates)
was measuredwith calipers.To evaluate the pericarpcell size differences,
pericarpfromMGand RRstageswerehandsectionedand viewed with a light
microscope.Cell areasin the outer,middle,and innerpericarpzones (see Fig.
5) were calculatedand statisticalanalysesperformedusing Image-ProPlus
software(MediaCybernetics).
Forlight microscopyvisualizationof cuticles,cuticularmembraneswere
acid 1:1 (v/v) in 18
peeled from the fruitsand fixed in formaldehyde:acetic
volumes of 70%alcohol (formaldehyde-aceticacid) for 48 h, followed by
dehydrationin an alcohol series (50%-10%)and a water wash. Cuticle
sampleswere frozenat -35°C and 10 /wnsectionswere cut with a microtome
and stainedwith 0.05%of toluidineblue. ForTEManalysisof cuticlesand cell
separation,pericarpfrom AC and DFD RR fruits was excised from three
replicatefruits at the equator at the RR stage and fixed for 1 h at room
temperaturein primaryfixative,containing2.5%(v/v) glutaraldehydeand
2%(v/v) formaldehydein 0.05 mphosphatebuffer(PB),pH 6.8 (Karnovsky,
1965).Sections were washed with PB and postfixed for 1 h in 2% (v/v)
osmiumtetroxidein 0.05 mPB.Afterwashingwith PB,the tissue slices were
dehydratedthrough a gradient series of ethanol, infiltratedwith Spurr's
embeddingmedium(ElectronMicroscopyScience),and polymerizedfor48 h
at 60°C Ultrathin(80-100 nm) sections were preparedfrom Spurr's resinembeddedsamplesand mountedon carbon-coatedFormvar100-meshcopper
grids (ElectronMicroscopyScience).Sectionswere air dried,stainedat room
temperaturewith 2%(v/v) uranylacetatefor5 min,and thenwith lead citrate
for 3 min prior to viewing with a Philips EM 400 electronmicroscope(FEI
company).Thicksectionswere also viewed using light microscopy.
Forscanningelectronmicroscopyanalysis,pericarpfromAC and DFDRR
fruitswas freezedried in a VirTisFreezemobile(VirTisCompany)at -40°C,
mountedon aluminumstubs,and sputtercoatedwith gold/palladium using
a BalTecSCD050coater(BalzersUnion).Microscopicobservationswere made
with a HitachiS4500scanningelectronmicroscope(HitachiHigh Technologies). Images were acquired using PrincetonGamma Tech Imix software
(PrincetonGamma-Tech
Instruments).

TurgorAnalysis
Measurementsof the turgorpressureof outerpericarpcells fromdetached
intactAC and DFD fruits during ripeningwere performedas describedin
Shackelet al. (1991)by insertinga glass microcapillaryinto the pericarpcells
locatedapproximately200 /urnbelow the epidermalsurfaceof intact fruits
(Fig.6A, inset),monitoringthe probelocationthrougha verticallyilluminated
microscope.Fruitripeningstage was evaluatedby measuringexternalcolor
at the equatorpoint using a MinoltaCR300reflectancecolorimeterto deteruniformcolorspace.Values
minethe a*,or redgreen,componentof the L*a*b*
forthe MG,Br,RR,and ORstagescorrespondedto a*valuesof approximately
-7 to -3, 5 to 6, 14 to 16, and >20, respectively.

WaterLoss Measurements
Tenfruitsfrom AC and DFD were detachedat the RRstage and kept at
room temperaturefor 3 months. Waterloss per unit fruit surfacearea was
calculatedaftermeasuringthe weight decreaseover timeand measuringfruit
dimensions.
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Cutin Monomer Analysis
Cuticleswere enzymaticallyisolated(Schonherrand Riederer,1986)from
tomatofruit pericarpdiscs of known area incubatedat 30°Cin 20 mMcitric
acid, pH 3.7, containing0.001%(w/v) phenylmercuricnitrate to prevent
microbialgrowth.After 72 h cuticleswere washed in an acetoneseries and
refluxedfor 24 h in a Soxhletapparatuswith chloroform:methanol
(1:1)and
50 mg L"1butylatedhydroxytoluene.Afterwashingwith methanolto remove
chloroform,the cuticles were depolymerizedin 8 mL anhydrousmethanol
containing7.5%(v/v) methyl acetateand 4.5%(w/v) sodium methoxideat
60°C(Bonaventureet al., 2004).Methylheptadecanoateand w-pentadecalactone were added as internalstandards.After 16 h the reactionwas cooled,
adjusted to pH 4 to 5 with acetic acid, followed by two dichloromethane
extractions(10 mL) to remove methyl ester monomers(Bonaventureet al.,
2004).Theorganicphasewas washedthreetimeswith 0.9%NaCl(w/v), dried
with 2,2-dimethoxypropane,
and dried under nitrogengas. Monomerswere
derivatizedby reactionfor 15 min at 100°Cwith pyridine:N,O,-bis(trimethylwas re(BSTFA;1:1). The excess pyridine:BSTFA
silyl)-trifluoroacetamide
moved with nitrogengas, and the sample dissolved in heptane:toluene(1:1)
prior to analysiswith a Hewlett-Packard5890 series II GC equipped with a
flame ionizationdetectorand 12 m, 0.2 mm id HP-1 capillarycolumn with
helium as the carriergas. The GC was programmedwith an initial temperature of 80°C and increasedat 15°Cmin"1to 200°C,then increasedat 2°C
min"1to 280°C.Quantificationwas based on flame ionizationdetectorpeak
areasand internalstandardmethylheptadecanoate.Specificcorrectionfactors
were developedfrommultilevelcalibrationcurves(as forwax analysis,Jenks
et al., 1995) developed from external standardshexadecanoicacid, hexadecane-l,16-dioicacid, 16-hydroxyhexadecanoicacid, and octadecanoicacid
(Aldrich).All values shown in tablesrepresentthe averageof threereplicate
samples. Selected subsamples were analyzed in a GC-mass spectrometer
Corporation)to confirmthe identitiesof some
(FinniganMAT/Thermospray
derivatives.
All cutin monomerswere identifiedfromelectronimpactmass spectrometryof the methylestertrimethylsilylderivativeson thebasisof the published
spectra(Eglintonand Hunneman,1968;Holloway,1982),retentionindexes
(Holloway,1984),and retentiontimesof the authenticstandardshexadecanoic
acid, hexadecane-l,16-dioicacid, 16-hydroxyhexadecanoicacid, and octadecanoicacid.

Cuticular Wax Analysis
cuticularwax extracts
Basedon Jenkset al. (1995),the chloroform-soluble
from tomato pericarpsamples of known area were evaporatedto dryness
under a streamof nitrogengas and the dried residue preparedfor GC by
derivatizationusing BSTFA.Extractswere derivatizedfor 15 min at 100°C.
Afterevaporationof excess BSTFAunder nitrogen,the samples were redissolved in hexane for GC analysiswith a Hewlett-Packard5890 series II GC,
equippedwith a flameionizationdetectorand a 12 m, 0.2 mm HP-1capillary
column with helium as the carriergas. The GC was programmedwith an
initialtemperatureof 80°Cand increasedat 15°Cmin"1to 260°C,where the
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temperatureremainedunchanged for 10 min. The temperaturewas then
increasedat 5°C min"1to 320°C,then held for 15 min. Quantificationwas
based on flame ionization detector peak areas and the internal standard
hexadecane.Specificcorrectionfactorswere developed from externalstandardsand appliedto the peak areasof the free fattyacids, saturatedprimary
alcohols,and odd chain-lengthw-alkanes.Forall otherpeaks,a factorof 1.03
was assigned (the average correctionfor externalstandardsat comparable
Thetotalamountof cuticularwax was expressedperpericarp
concentrations).
areaas determinedby measuringscannedpericarpareasusing ImageJ 1.32j
(National Institutesof Health). All values representthe average of three
replicateplant samples. Selected subsamples were analyzed by GC-mass
and S-amyrincoelutedduringthe above
spectrometry.Becausetritriacontane
GCanalysis,an additionalGCanalysiswas performedforeach sampleusing
a temperatureprogram to separate these constituents.The GC was programmedwith an initialtemperatureof 80°Cand increasedat 15°Cmin"1to
220°C,held for 65 min, then increased15°Cmin"1to 320°C,then for held
10 min. A ratiowas calculatedfor tritriacontaneand 5-amyrinto determine
the amountof tritriacontaneand 5-amyrin.

GC-Mass SpectrometryAnalysis of Flavonoids
Lipophilliccomponentswere determinedfollowingminormodificationto
the method describedby Fiehn et al. (2000).For metaboliteanalysis mass
spectral peaks were compared to mass spectral libraries in the Golm
MetabolomeDatabase(Kopkaet al., 2005;Schaueret al., 2005).

Microbial Inoculation and Infection
FruitsfromAC and DFDat the RRstage were storedat roomtemperature
in a moistcontainerto assess opportunisticmicrobialinfection.RRfruitsfrom
DFD,AC, and a commerciallypurchasedcultivarwere inoculatedwith three
concentrationsof Botrytiscinerea(strainDel 11) spores (103,106,and 108)by
ectopicapplicationonto the fruitsurfaceor by injectingimmediatelyunderneath the cuticle surface.Fruitswere stored in moist sealed boxes at room
temperature.

Statistical Analyses
All statisticalanalyseswere performedusing the JMPsoftwarepackage
(SASInstitute).All comparisonsamong means (t test;a = 0.05)were used to
determine differencesbetween the cultivars (see figure legends for each
n value). Data are presentedas means and the se with a level of significance
of 5%(P = 0.05),unless otherwiseothernoted.

Supplemental Data
The followingmaterialsare availablein the online versionof this article.
SupplementalFigureSI. Microscopyanalysisof tomatofruitpericarpcell
separation.
SupplementalVideo SI. A time-lapsevideo spanning4 monthsshowing
two AC fruits (left and right) and one DFD fruit (middle) during
storageat ambienttemperatureand humidity.
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