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A cDNA (Cel1) encoding an endo-1,4-b-glucanase (EGase) was
isolated from ripe fruit of strawberry (Fragaria 3 ananassa). The
deduced protein of 496 amino acids contains a presumptive signal
sequence, a common feature of cell wall-localized EGases, and one
potential N-glycosylation site. Southern- blot analysis of genomic
DNA from F. 3 ananassa, an octoploid species, and that from the
diploid species Fragaria vesca indicated that the Cel1 gene is a
member of a divergent multigene family. In fruit, Cel1 mRNA was
first detected at the white stage of development, and at the onset of
ripening, coincident with anthocyanin accumulation, Cel1 mRNA
abundance increased dramatically and remained high throughout
ripening and subsequent fruit deterioration. In all other tissues
examined, Cel1 expression was invariably absent. Antibodies raised
to Cel1 protein detected a protein of 62 kD only in ripening fruit.
Upon deachenation of young white fruit to remove the source of
endogenous auxins, ripening, as visualized by anthocyanin accumu-
lation, and Cel1 mRNA accumulation were both accelerated. Con-
versely, auxin treatment of white fruit repressed accumulation of
both Cel1 mRNA and ripening. These results indicate that straw-
berry Cel1 is a ripening-specific and auxin-repressed EGase, which
is regulated during ripening by a decline in auxin levels originating
from the achenes.

Fruit ripening is a complex developmental program in
which senescing tissues undergo programmed changes in
firmness, texture, coloration, flavor, and susceptibility to
microbial infection. Changes in firmness and texture are
largely attributed to alterations in the composition and
structure of cell wall polysaccharides. Because these mod-
ifications influence the postharvest properties (i.e. storage
time and expense, handling damage, and desirability to the
consumer) of important food crops and, consequently, are
of great commercial importance, research in recent years
has focused on identifying enzyme activities that are rate
limiting in the promotion of fruit deterioration. In the
climacteric species, which are characterized by the autocat-
alytic production of the ripening hormone ethylene and a
ripening-related transient burst in CO2 evolution, the anti-
sense suppression of ACC synthase (Oeller et al., 1991) and
ACC oxidase (Picton et al., 1993) in tomato has provided
fruit in which ripening and softening are retarded and can
be controlled by the application of ethylene. Similar ap-
proaches have been taken in efforts to diminish the activ-
ities of cell wall-associated hydrolases (Sheehy et al., 1988;

Smith et al., 1988), which may play a central role in fruit
cell wall breakdown during ripening (Brady, 1987).

In nonclimacteric species such as strawberry (Fragaria 3
ananassa), much less is known about the ripening process.
Because these plants lack a respiratory climacteric and
because ethylene appears to play a minimal, if any, role in
fruit ripening, there is growing interest in identifying the
factor(s) that mediates ripening. Strawberry fruit (actually
an enlarged receptacle rather than a true fruit) exhibit a low
level of ethylene production, which is rather constant dur-
ing ripening (Knee et al., 1977), and there is no observable
stimulation of ripening upon application of exogenous eth-
ylene (Iwata et al., 1969). Although there is no evidence for
a ripening-related role for ethylene, strawberry fruit ripen-
ing has been shown to be negatively regulated by auxins
that originate in the receptacle-borne achenes (Given et al.,
1988b; Manning, 1994). As auxin levels decline, fruit exhibit
a characteristic ripening profile, one of the major hallmarks
of which is rapid deterioration once fruit achieve the red-
ripe stage. In general, strawberry fruit ripening is typified
by the induction of enzyme markers for anthocyanin pig-
ment biosynthesis (e.g. Phe ammonia-lyase), a concomitant
decrease in chlorophyll and increase in anthocyanin pig-
ments, and a progressive decrease in tissue firmness
(Woodward, 1972; Given et al., 1988a).

Efforts to reveal the molecular basis of changes in firm-
ness, which are a major contributing factor to fruit quality,
have focused on cell wall-associated enzymes, which are
believed to mediate and/or contribute to cell wall break-
down. The most studied of these activities, endopolygalac-
turonase, is absent or below the limit of detection in rip-
ening strawberry fruit (Neal, 1965; Barnes and Patchett,
1976; Huber, 1984). Although strawberry fruit is a rich
source of pectin, this observation is consistent with cell
wall studies that have shown that total extractable polyu-
ronides remain constant as a proportion of cell wall mate-
rial during ripening and do not show detectable depoly-
merization (Huber, 1984). In contrast to these findings,
however, the hemicellulosic fraction of cell walls prepared
from ripening fruit demonstrates a progressive shift from
high- to low-Mr polymers (Huber, 1984). Whereas there is
no discernible change in the neutral sugar composition of
hemicelluloses isolated from the small-sized green to red-
ripe stages, the average net Mr change is quite dramatic,
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suggestive of an active, developmentally regulated en-
dohydrolyase. It is interesting that this observed hemicel-
lulose depolymerization correlates well with a soluble
CMCase activity measured in extracts prepared from rip-
ening strawberry fruit (Barnes and Patchett, 1976). In rip-
ening fruit of avocado (Hatfield and Nevins, 1986) and
pepper (Harpster et al., 1997), CMCase activity is attributed
to an EGase (EC 3.2.1.4).

Although largely correlative, there is considerable evi-
dence for the importance of EGases in a wide variety of
physiological processes involving changes in cell wall ar-
chitecture, which range from cell wall expansion to disas-
sembly (for review, see Brummell et al., 1994). For example,
in abscission-zone formation the infusion of antiserum
raised against an abscission-zone-related EGase into ex-
plants, which had been induced to abscise by ethylene, was
observed to inhibit cell separation (Sexton et al., 1980).
Furthermore, the induction of EGase gene expression in
fruit of tomato (Lashbrook et al., 1994), avocado (Christof-
fersen et al., 1984), and pepper (Ferrarese et al., 1995;
Harpster et al., 1997) correlates well with the onset and
development of ripening. Recently, a partial cDNA show-
ing homology to EGases was isolated from strawberry fruit
and shown to be expressed in a ripening-related manner
(Manning, 1998). As a first step toward determining
whether the in vivo suppression of EGase gene expression
is a viable strategy for enhancing firmness in harvested
strawberry fruit, we describe the cloning of a full-length
strawberry EGase cDNA (Cel1), an analysis of the
hormonal and developmental regulation of Cel1 gene ex-
pression, and the identification and quantitation of Cel1
protein.

MATERIALS AND METHODS

Plant Material

Strawberry (Fragaria 3 ananassa Duch. cv Chandler)
plants were grown in 3-gallon plastic bags and irrigated
with fertilized water daily. Greenhouse temperatures
ranged from 22°C during the day to 12°C at night. To
promote synchronous flowering, potted runners were sub-
jected to 1 week of preconditioning at 10°C during the day
and 5°C at night. This regime was immediately followed by
3 weeks of vernalization at 22°C.

Unless indicated otherwise, all analyses were conducted
using tissue that was harvested directly into liquid nitro-
gen and stored at 280°C. Fruit were staged by size and
color. Color readings were conducted with a colorimeter
(model CR-300, Minolta, Ramsey, NJ) and are described by
the a* value on the Commission Internationale de
l’Eclairnge L*a*b* scale, which is a measure of green (neg-
ative) to red (positive) reflectance of the visible spectrum.
Although there was some variability between fruit, the
average times taken for fruit to attain a specific stage of
development in the ripening process and their color read-
ings (means of at least four readings 6 sd) were as follows:
small green (14 dpa, a* 5 214.4 6 0.4), large green (20 dpa,
a* 5 212.8 6 0.5), small white (28 dpa, a* 5 211.3 6 1.5),
large white (35 dpa, a* 5 29.4 6 1.1), turning (40 dpa, a* 5

1.7 6 8.1), red ripe (45 dpa, a* 5 24.8 6 1.2), and overripe
(.55 dpa, a* 5 21.5 6 2.9).

cDNA Cloning

The isolation of EGase cDNAs was conducted by screen-
ing a Uni-Zap XR cDNA library (Stratagene) constructed
from red fruit poly(A1) mRNA. Hybridization conditions
were empirically determined by probing replicate northern
blots of red fruit total RNA over a range of temperatures
with end-labeled ([g-32P]ATP, .5000 Ci mmol21) degener-
ate oligonucleotides corresponding to the conserved amino
acid domain CWERPEDM (see Fig. 1B; for sequences, see
Harpster et al., 1997). Hybridization at 55°C in 7% (w/v)
SDS, 0.25 m sodium phosphate (pH 7.4), 1 mm EDTA, and
1% (w/v) BSA (type V) provided the recognition of a single
mRNA species of the appropriate size for EGase (approx-
imately 1.8 kb). Using these same conditions library lifts
were then hybridized and washed in 23 SSC (13 SSC is
0.15 m NaCl and 15 mm sodium citrate, pH 7.0) and 0.1%
(w/v) SDS at 55°C. After the purification of phage from
hybridizing plaques and the in vivo excision of cloned
inserts into phagemids, double-stranded DNA minipreps
were partially characterized by dideoxy sequencing
(Sanger et al., 1977) and restriction endonuclease mapping.
The two longest cDNA clones were completely sequenced
on both strands.

Phylogenetic Analysis

Mature EGase protein sequences (i.e. after removal of
signal sequences) were aligned using Clustal V (Higgins et
al., 1992), followed by analysis using PAUP (Swofford,
1993) with a bacterial cellulase (accession no. X60545) as the
outgroup. A heuristic search was employed using the ran-
dom stepwise addition of taxa with 100 replicates and
global (tree bisection and reconnection) branch swapping.

Southern-Blot Analysis

Strawberry genomic DNA was isolated using a small-
scale extraction procedure that uses urea as a denaturant
(Greene et al., 1994). Contaminating pectins were removed
by selective precipitation with 2-butoxyethanol (Sigma).
DNA digestion, gel and electrophoresis conditions, and
probe hybridization conditions have been described else-
where (Harpster et al., 1997). High-stringency blot washes
were done at 65°C in 0.13 SSC and 0.1% (w/v) SDS.

RNA Isolation and Expression Analysis

Total RNA was isolated from different tissues of straw-
berry plants using a hot borate/phenol method (Wan and
Wilkins, 1994) with several modifications. Strawberry tis-
sue (1–2 g) was first ground to a fine powder in liquid
nitrogen and then transferred to a 15-mL polypropylene
tube containing 5 mL of borate extraction buffer (0.2 m
borax, 30 mm EGTA, 1% [w/v] sodium deoxycholate, 1%
[w/v] SDS, and 10 mm DTT) adjusted to 85°C. The sample
was vortexed for 10 s, after which an equal volume of
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phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was
added and the sample vortexed for an additional 30 s. The
sample was then transferred to a 15-mL Corex tube and
centrifuged at 10,000g for 10 min at 4°C. After removal of
the aqueous layer and reextraction with an equal volume of
chloroform:isoamyl alcohol (24:1, v/v), the sample was
centrifuged at 1,500g for 5 min and the aqueous layer
transferred to a Corex tube containing an equal volume of
4 m lithium acetate. The sample was incubated at 4°C
overnight, centrifuged at 10,000g for 20 min, and the su-
pernatant discarded. To remove pigments, the pellet was
resuspended in 0.5 mL of cold 2 m lithium acetate, trans-
ferred to a microcentrifuge tube, and then repeatedly pel-
leted (16,000g for 5 min at 4°C) and resuspended in 2 m
lithium acetate until the supernatant was clear of pigmen-
tation (twice for fruit RNA and three to four times for leaf
RNA). After the last precipitation, the pellet was resus-
pended in 0.3 mL of water with vigorous vortexing, ad-
justed to 0.2 m potassium acetate (pH 5.5), and vortexed for
20 to 30 s with an equal volume of phenol:chloroform:
isoamyl alcohol (25:24:1, v/v/v). Finally, the sample was
centrifuged (5 min at 4°C), the aqueous layer was trans-
ferred to a microcentrifuge tube containing 2.5 volumes of
ethanol, and the RNA was precipitated and resuspended in
RNase-free water. Based on A260 readings, yields of total
RNA were 600 to 1200 mg g21 fresh weight from leaf tissue
and 40 to 100 mg g21 fresh weight from fruit tissue.
Northern-blot analysis was conducted as described else-
where (Harpster et al., 1997), and high-stringency washes
of blots were performed as described for Southern blots. To
ensure that equal amounts of RNA per lane were loaded
for each northern blot, parallel blots were stained with
ethidium bromide and individual lanes evaluated for com-
parable levels of fluorescence upon exposure to a short-
wave UV light source (data not shown).

Hormone Treatment

Deachenation was conducted by removing the achenes
from longitudinal halves of green/small-white fruit (on the
vine) with needle-nose forceps. For hormone treatment,
NAA was applied to longitudinal halves of similarly
staged but otherwise intact fruit (possessing achenes) at a
concentration of 0.2 mm in a lanolin paste containing 1%
(v/v) DMSO. Seven days after deachenation or auxin treat-

pepper PCEL1 (Harpster et al., 1997). Amino acid identity is indi-
cated by asterisks and conservative changes by dots. Amino acids
constituting putative signal sequences are shown in lowercase. A
potential N-glycosylation sequence in strawberry Cel1 is overlined.
C, Phylogenetic comparison of plant EGase mature proteins. The
sequences used, with accession numbers in parentheses, are: Arabi-
dopsis Cel1 (X74290), Cel2 (AC003033), Cel3 (U37702), and Cel4
(AC001229); avocado Cel1 (M17634); bean BAC1 (N57400); elder
JET1 (X74290); orange Cela1 (AF000135) and Celb1 (AF000136);
pea EGL1 (L41046); peach Cel1 (X96853); pepper PCEL1 (X87323),
Cel2 (X97190), and Cel3 (X97189); pine Cel1 (U76725) and Cel2
(U76756); poplar Cel1 (D32166); and tomato Cel1 (U13054),
Cel2 (U13055), Cel3 (U78526), TPP18/Cel4 (U20590), and Cel7
(Y11268).

Figure 1. A, Schematic map of strawberry Cel1 cDNA clone (drawn
to scale) showing relevant restriction endonuclease sites. The NcoI
site at the ATG initiation codon was introduced by in vitro mutagen-
esis (M. Harpster and P. Dunsmuir, unpublished data). B, Alignment
of the deduced amino acid sequence of strawberry Cel1 with the
ripening-related EGases tomato Cel2 (Lashbrook et al., 1994) and
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ment, tissue encompassing the zone separating treated
from untreated halves (i.e. deachenated/achenated and
1NAA/2NAA) was discarded (slice of approximately 5
mm in thickness) and the remaining halves were wiped
clean of the lanolin, frozen separately, and stored at 280°C.
Color readings of the individual fruit halves on the L*a*b*
scale were recorded as described above.

Protein Extraction and CMCase Activity Measurements

Soluble-protein extracts used for both CMCase activity
measurements and analysis by SDS-PAGE were prepared
from strawberry tissues by first grinding frozen samples to
a fine powder in liquid nitrogen. The powders were then
ground with a mortar and pestle to a thick slurry by the
addition of cold 100% acetone, which was gravity filtered
using Whatman no. 1 filter paper, and extensively washed
with acetone (50 mL g21 fresh weight of tissue) until the
filtrates were clear of pigment. After air drying the reten-
tates to a powder, samples were frozen in liquid nitrogen
and stored at 280°C until further use, or processed imme-
diately. To extract soluble proteins, acetone powders were
first ground in liquid nitrogen and then ground further in
extraction buffer (0.1 m sodium phosphate [pH 6.0], 9.2 mm
borax, 13 mm boric acid, 5 mm EDTA, 5 mm DTT, 0.15 m
NaCl, and 0.5% Triton-X) containing a cocktail of protein-
ase inhibitors (see Harpster et al., 1997). The resultant
slurry was centrifuged at 10,000g (4°C) for 15 min to re-
move insoluble material and the supernatant assayed di-
rectly for relative CMCase activity by viscometry (Harpster
et al., 1997). For preparation of samples for electrophoresis,
the protein concentration of supernatants was determined
using the dye-binding method of Bradford (1976), after
which the desired amount of protein was adjusted to 80%
(v/v) acetone and incubated on ice for a minimum of 30
min. Samples were then centrifuged (16,000g for 10 min at
4°C) and the protein pellets dried and resuspended in a
sample loading buffer (20 mm Tris-Cl [pH 6.8], 3% [w/v]
SDS, 10% [v/v] glycerol, and 0.01% [w/v] bromophenol
blue) by boiling for 10 min. To prevent band smearing
during electrophoresis, residual insoluble material was re-
moved from samples by centrifugation at 16,000g for 10
min before loading. Molecular-mass markers were pur-
chased from BRL.

Antibody Preparation and Western-Blot Analysis

Polyclonal antiserum was raised against strawberry
EGase by popliteal lymph node injections of New Zealand
White rabbits with a protein A/Cel1 fusion protein. The
fusion consisted of a 1.53-kb NarI-HincII fragment of the
Cel1 cDNA containing the entire ORF (except for a 189-bp
deletion at the 59 end deleting 63 amino acids at the amino
terminus of the Cel1 protein) and 224 bp of the 39 untrans-
lated sequence, which was translationally fused to a pro-
tein A fusion-protein vector (Harpster et al., 1997). The
resultant construct produces a fusion protein that is local-
ized in inclusion bodies and inefficiently binds IgG-
Sepharose (Pharmacia). Therefore, partial purification of
the fusion protein for antibody production was performed

by preparative SDS-PAGE, as described previously (Harp-
ster et al., 1997).

Western-blot analysis of ripe-fruit protein extracts was
carried out as described by Taylor et al. (1987) and pro-
vided a complex of several cross-reacting polypeptide spe-
cies, despite the observation that parallel blots treated with
preimmune serum demonstrated an absence of back-
ground hybridization (data not shown). Previous work
using antiserum raised against a ripening-related pepper
EGase suggests that the majority of these cross-reacting
polypeptides are cell wall-associated proteins with shared
antigenic epitopes (Harpster et al., 1997). To enrich for
antibodies specific to strawberry Cel1, contaminating anti-
bodies were selectively removed by passing antiserum
over an affinity column containing covalently coupled pro-
tein isolated from small, green fruit tissue, which shows an
absence of Cel1 expression. This was accomplished by first
desalting a soluble-protein extract from small, green fruit
on a column (PD-10, Pharmacia) and then covalently cou-
pling the protein to a HiTrap column according to the
manufacturer’s instructions (Pharmacia). Finally, anti-
serum was loaded onto the column, which was then sealed
and incubated overnight at 10°C. Unbound antiserum was
collected from the column according to the manufacturer’s
instructions. When used in subsequent western-blot anal-
ysis of fruit protein extracts, the antiserum showed the
selective enrichment of antibodies recognizing a single
62-kD polypeptide species.

RESULTS

Isolation of EGase cDNAs from Strawberry and
Characterization of Encoded Protein

Using degenerate oligonucleotides corresponding to a
conserved amino acid domain shared by plant EGases (see
“Materials and Methods”), 55 putative EGase cDNAs were
identified in the screening of a phage cDNA library con-
structed from red fruit poly(A1) mRNA. Because this li-
brary was not amplified and 80,000 plaques were screened,
we estimate that strawberry EGase expression accounts for
0.07% of poly(A1) mRNA isolated from red fruit. Plasmid
cross-hybridization experiments using all cDNA clones
and dideoxy sequencing analysis at the 59 and 39 ends of a
subset of these clones demonstrated that they were all
derived from the expression of a single gene, designated
strawberry Cel1. Analysis at the 59 end of the longest cDNA
(see Fig. 1A for a schematic map) showed that it contained
a single ORF encoding 496 amino acids and 14 nucleotides
of sequence upstream of the presumptive ATG initiation
codon. Analysis of the 39 ends of all of the cDNAs identi-
fied an untranslated region of approximately 260 nucleo-
tides and a minimum of three alternative, closely spaced
polyadenylation sites.

Translation of the ORF provided a predicted polypeptide
of 496 amino acids with a Mr of 54,600, possessing a puta-
tive signal sequence of 32 amino acids and a single poten-
tial site for N-glycosylation (Fig. 1B). Alignment of the
strawberry Cel1-deduced amino acid sequence with to-
mato Cel2 and pepper Cel1, two other fruit-ripening-
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related EGases, showed the presence of several highly
conserved amino acid domains (Fig. 1B). To compare the
amino acid sequence of strawberry Cel1 with all plant
EGase sequences determined to date, signal-sequence
cleavage sites were predicted using the rules of von Heijne
(1986), and the subsequent mature protein sequences were
used to construct a phylogenetic tree (Fig. 1C). Based on
their phylogenetic relatedness, there are three major
branches of plant EGases, with one branch containing
EGases possessing a membrane-spanning domain such as
Arabidopsis Cel3 and Cel4, and tomato Cel3 (Brummell et
al., 1997b), another branch containing Arabidopsis Cel2
alone, and the third branch containing all of the remaining
sequences. Strawberry Cel1 is within this last major branch
and, with pepper Cel3, tomato Cel2, and Arabidopsis Cel1
(all show 80%–82% amino acid identity with strawberry
Cel1), forms a subgroup.

Genomic Southern-Blot Analysis of Cel1

F. 3 ananassa Duch. cv Chandler is a highly cultivated
octoploid variety, which is an interspecific hybrid of two
diploid species, Fragaria chiloensis and Fragaria virginiana
(Hancock et al., 1996). Consequently, because of the
polyploid nature of the F. 3 ananassa genome, genomic
Southern-blot analysis of Cel1 yields a complex banding
pattern that does not provide an accurate assessment of the
gene copy number (Fig. 2). To estimate the number of

genes closely related to Cel1, genomic DNA was analyzed
from Fragaria vesca, a diploid line. Based on the hybridiza-
tion profile seen after washing the blot at high stringency,
and the observation that all of the bands revealed in the
digestion of F. vesca appeared to be a subset of the bands
provided by the digestion of F. 3 ananassa, we estimate that
strawberry Cel1 is probably encoded by a single gene per
diploid genome. Although the hybridization patterns pro-
vided by digests with BclI, EcoRI, HindIII, and NcoI showed
two strongly hybridizing bands, their sizes are more con-
sistent with a single gene and can be accounted for by
invoking the presence of these sites within introns. The
presence of faint bands in both blots after washing at high
stringency indicates the presence of related sequences that
collectively constitute a multigene family for EGase in
strawberry.

Expression of Cel1 in Strawberry Tissues

Northern-blot analysis of total RNA isolated from devel-
oping fruit revealed Cel1 expression as a 1.8-kb transcript,
which was first detectable in small-sized white fruit (Fig.
3A). Thereafter, Cel1 transcript levels increased as fruit
enlarged, and attained maximum size at the red-ripe stage,
with a gradual increase in Cel1 mRNA in white fruit being
followed by a larger increase coincident with the develop-
ment of red color. In red-ripe fruit steady-state Cel1 mRNA
levels were at their highest, and we observed no significant
change in expression levels during ripening, even in fruit
that had evident signs of deterioration (i.e. tissue rotting
and liquefaction; see Fig. 3A, lane over ripe 3). Although
the pattern of Cel1 mRNA accumulation generally showed
an abrupt increase in steady-state levels between large-
sized white and red-ripe fruit, we occasionally observed
higher levels in large-sized white fruit and a more gradual
increase in transcript accumulation (data not shown). This
suggests that the increase in Cel1 mRNA abundance and
the development of red coloration are not completely cou-
pled. Autoradiograph exposure of the blot shown here in
excess of 2 weeks revealed an apparent absence of Cel1
mRNA expression in developing green fruit (data not
shown).

The analysis of Cel1 transcript levels in other tissues of
mature, flowering strawberry plants showed that Cel1
mRNA expression is restricted to developing fruit. We
detected no expression in leaves regardless of size and age,
nor in floral stem tissue, vegetative stem tissue, roots, the
primary tissues of dissected flowers, or callus (Fig. 3B). The
high-level mRNA expression observed in red fruit of cv
Chandler did not appear to show any cultivar specificity,
insofar as expression levels were comparably high in ripe
fruit of cv Camarosa (Fig. 3B, lane 1).

Auxin Effects on Cel1 Expression

As with other nonclimacteric fruit, ethylene production
levels in ripening strawberry were exceptionally low and
have been reported to decrease on a per unit fresh weight
basis when harvested fruit turn from white to red (Knee et
al., 1977). To investigate the role of auxin in Cel1 expres-

Figure 2. Southern blot of genomic DNA isolated from leaves of F. 3
ananassa (octoploid) and F. vesca (diploid). Each lane contained 15
mg of DNA digested with the indicated restriction endonuclease,
none of which cut within the hybridization probe. The random-
primer-labeled ([a-32P]dCTP, 800 Ci mmol21) probe is a 1.0-kb
BstXI-SpeI fragment from the ORF of the Cel1 cDNA (see Fig. 1A).
Autoradiograph exposure time was 1 week.
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sion, three auxins were tested for their capacity to inhibit
ripening: IAA and the two auxin analogs 2,4-D and NAA.
Based on a demonstrable reduction in visible anthocyanin
accumulation relative to control fruit, NAA was almost
completely effective in retarding ripening when applied to
small-sized white fruit on the vine, 2,4-D was moderately
effective, and IAA performed poorly (data not shown).
Presumably, the higher percentage of fruit showing a sub-
stantial decrease in anthocyanin accumulation after NAA
treatment is a consequence of enhanced hormone uptake
and/or stability relative to 2,4-D and IAA.

To test whether Cel1 mRNA expression is affected by the
removal of endogenous auxin, achenes were manually re-
moved from the longitudinal halves of individual, small-
sized white fruit (on the vine), which were then harvested
7 d later. As shown in the northern blot in Figure 4A, fruit
treated in this manner showed a dramatic increase in Cel1
transcript levels in the deachenated halves. Furthermore,
this was accompanied by an enrichment in anthocyanin
levels in the deachenated halves, as measured by colori-
metry (Fig. 4A, upper panel). In conducting this experi-
ment, we discarded any fruit that showed signs of an
induced wound response, which was observed to develop
within hours after deachenation and was evident as exten-
sive browning within the outer epidermal layers of the fruit
tissue.

To examine further the effect of auxin on Cel1 expression,
transcript levels were measured by northern-blot analysis
in NAA-treated and control small-sized white fruit. Figure
4B shows the results obtained at 7 d after application, in
which total RNA was isolated from the separately treated

longitudinal halves of control (with or without lanolin) and
hormone-treated (with or without lanolin and NAA) fruit.
At this time, Cel1 mRNA levels were low to undetectable in
fruit sectors treated with NAA and high in tissue lacking
exogenous hormone treatment. This reduction in the Cel1
steady-state transcript levels was correlated with an ab-
sence of anthocyanin pigment accumulation, whereas un-
treated halves showed a reddening of tissue (Fig. 4B, upper
panel).

Because it is well established that achenes are a rich
source of auxins, the concentration of which declines dur-
ing strawberry fruit ripening (Dreher and Pooviah, 1982;
Given et al., 1988b), these results provide corollary evi-
dence that Cel1 expression is inhibited by auxins. Clearly,
the removal of endogenous auxin through deachenation
facilitates the premature initiation of the ripening program,
which is accompanied by the accumulation of Cel1 mRNA.
More work is required, however, to determine whether
auxin control of Cel1 expression is at the transcriptional or
the posttranscriptional level.

Figure 3. Northern-blot analysis of RNA isolated from developing
fruit (A) and different tissues (B) of flowering strawberry plants. In A,
results are shown for two fruit from each stage of fruit development,
except for overripe fruit, for which results are shown for three suc-
cessive stages of fruit deterioration. Each blot contained 10 mg of
total RNA per lane and was probed with a random-primer-labeled,
1.7-kb NcoI-HincII fragment comprising the ORF and the 39 untrans-
lated sequence of the Cel1 cDNA (see Fig. 1A). Autoradiograph
exposure time was 24 h.

Figure 4. Flesh (receptacle) color readings and northern-blot analysis
of Cel1 expression in longitudinal halves of whole fruit after
deachenation (A) or treatment with auxin (B). Whole fruit on the vine
were either deachenated on one half and the other half left untreated,
or one half of otherwise intact fruit was left untreated and the other
half coated with lanolin alone or lanolin containing 0.2 mM NAA.
After 7 d, two fruit per treatment were harvested, dissected longitu-
dinally, and untreated and treated halves analyzed separately. Color
readings (a* on the Commission Internationale de l’Eclairnge L*a*b*
scale) are given on a green (negative) to red (positive) scale, and each
value is the mean of two readings 6 SD. For northern-blot analysis,
each lane contained 10 mg of total RNA, and the probe used was the
same as described in the legend of Figure 3. Autoradiograph expo-
sure time was 22 h.
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Cel1 Protein and EGase Activity in Mature
Strawberry Plants

Using polyclonal antiserum raised against a protein
A/Cel1 fusion protein, western-blot analysis of soluble-
protein extracts prepared from a variety of strawberry
tissues shows a major cross-reacting protein species of 62
kD, which is restricted to those tissues demonstrating ex-
pression of Cel1 mRNA (Fig. 5). Whereas all fruit samples,
except for small-sized green fruit, showed similar accumu-
lation of this protein, there was a clear absence in all of the
other tissues we examined. The detection of a second cross-
reacting polypeptide species of approximately 60 kD in
fruit stems, leaf stems, and leaves may indicate the pres-
ence of a diverged isoform that shares common antigenic
epitopes with the Cel1 protein. Although these data sug-
gest that the 62-kD polypeptide is encoded by the Cel1
locus, the molecular mass is significantly larger than what
was predicted for the mature, processed protein (approxi-
mately 51 kD). This can be reconciled, however, by aber-
rant migration on SDS gels or extensive posttranslational
modification, which for avocado EGase has been shown to
be attributed in part to glycosylation (Bennett and Christ-
offersen, 1986; Kanellis and Kalaitzis, 1992). In an extreme
case, tomato Cel3 encodes a predicted 68.5-kD polypeptide,
which is detected as 88- and 93-kD polypeptide species
upon SDS-PAGE (Brummell et al., 1997b).

Although Cel1 protein accumulation is limited to ripen-
ing fruit beyond the green stage of development, CMCase
activity measurements in protein extracts demonstrate the
likelihood that EGases are present in all of the major tissues
of strawberry plants (Fig. 6). In leaves we detected the
highest levels of CMCase activity, but Cel1 protein, if
present, was below the limit of detection by western-blot
analysis. Relatively high levels of enzyme activity were
also recorded for green fruit, leaf stems, flower stems,
flowers, and roots, none of which has detectable Cel1 pro-

tein. These data support the existence of a highly divergent
and potentially large gene family for strawberry EGase,
with Cel1 as the ripening-related member.

DISCUSSION

We have isolated and characterized full-length cDNAs
encoding a ripening-related EGase (Cel1) from strawberry,
which correspond to a partial-length EGase cDNA recently
reported by Manning (1998). As observed for cell wall-
localized EGases from a wide variety of plant species, the
amino-terminal sequence of the predicted protein (32
amino acids) is predominantly hydrophobic and shows
homology with eukaryotic signal sequences (von Heijne,
1986). Although the sequence alignment of all EGases to
date reveals several conserved amino acid domains, it is
becoming clear that amino acid sequence homology and
phylogenetic similarity do not necessarily predict mRNA
expression pattern. This is illustrated by the observation
that the closest related EGases to strawberry Cel1 are to-
mato Cel2, Arabidopsis Cel1, and pepper Cel3, three genes
that exhibit quite different patterns of expression. Whereas
tomato Cel2 mRNA is most similar to strawberry Cel1 in
that it accumulates predominantly during fruit ripening
(Lashbrook et al., 1994), Arabidopsis Cel1 mRNA is ex-
pressed mainly in expanding vegetative tissues (Shani et
al., 1997) and pepper Cel3 mRNA is expressed in abscissing
leaf-abscission zones (Ferrarese et al., 1995). Two other
EGases with mRNA-accumulation patterns that are pre-
dominantly ripening related, avocado Cel1 (Christoffersen
et al., 1984) and pepper PCEL1 (Harpster et al., 1997),
encode proteins that are less related and that are found in
other branches or subbranches of the phylogenetic tree
(Fig. 1C).

Strawberry Cel1 mRNA appears early in fruit develop-
ment at the small-sized white stage and accumulates to
maximal levels in full-sized red fruit (Fig. 3A), an observa-

Figure 5. Western blot of soluble-protein extracts prepared from
different tissues of flowering strawberry plants probed with a 1:5000
dilution of antiserum raised to a Cel1 fusion protein. Each lane
contained 100 mg of acetone-precipitated protein electrophoresed
on a 10% SDS-PAGE gel.

Figure 6. Histogram of relative CMCase activities measured in
soluble-protein extracts prepared from various strawberry tissues.
Relative specific activities are an average of three independent mea-
surements (for a definition of activity units as provided here, see
Harpster et al., 1997). SD values were less than 10% of the values
shown.
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tion that is consistent with the data of Manning (1998). As
shown in previous studies (Given et al., 1988a; Abeles and
Takeda, 1990), the onset of fruit softening in strawberry
begins during the white stage and slightly precedes the
appearance of anthocyanin pigments. Thereafter, fruit pro-
gressively exhibit a loss of firmness, which nears a maxi-
mum at the red stage. Although correlative, these findings
raise the possibility that Cel1 activity may contribute to
fruit softening. This association between strawberry Cel1
expression and fruit softening is further supported by the
absence of Cel1 mRNA (Fig. 3B) and Cel1 protein (Fig. 5) in
other tissues. In other species in which a ripening-related
EGase has been described, either significant mRNA levels
were also found in abscission zones (e.g. tomato Cel2 [Lash-
brook et al., 1994] and avocado Cel1 [Tonutti et al., 1995]) or
low levels were also detected in stems and petioles (e.g.
pepper Cel1 [Harpster et al., 1997]). Because levels of straw-
berry Cel1 mRNA are either absent or below the limit of
detection in tissues other than fruit, strawberry Cel1 ap-
pears to show the most ripening-specific pattern of mRNA
accumulation for an EGase described to date.

Whereas strawberry Cel1 may be the predominant EGase
gene expressed in softening red fruit (it was the only
sequence identified among 55 independent cDNAs isolated
from a red fruit library), CMCase activity measurements of
protein extracts prepared from developing fruit and a va-
riety of other tissues (Fig. 6) indicate the expression of
other EGase genes. In green fruit Cel1 expression is unde-
tectable, yet total CMCase activity is approximately 80% of
levels measured in red fruit. Furthermore, high levels of
activity are also detected in the leaf and in the leaf stem,
with lower levels measured in flowers, flower stems, roots,
and fruit stems. Genomic Southern-blot analysis indicates
that in strawberry EGases are encoded by a divergent gene
family (Fig. 2), and it is likely that CMCase activities mea-
sured in different tissues reflect the expression of one or
more differentially expressed members of this family. In
tomato, in which EGases are encoded by a divergent gene
family, there are at least seven members, each with its own
characteristic pattern of tissue-specific expression and reg-
ulation (Lashbrook et al., 1994; Milligan and Gasser, 1995;
del Campillo and Bennett, 1996; Brummell et al., 1997a,
1997b; Catala et al., 1997).

Based on the analysis of EGase gene expression in dif-
ferent plant species, it appears that EGases involved in
organ abscission and fruit ripening exhibit a pattern of
hormonal regulation distinct from that of EGases involved
in cell expansion in vegetative tissues. Whereas auxin can
suppress ethylene-mediated increases in EGase expression
and cell wall breakdown and/or separation in fruit and
abscission zones, auxin exhibits a stimulatory effect on
EGase expression in cells undergoing growth and expan-
sion. This inverse effect is illustrated by the auxin-
mediated increases in steady-state levels of mRNAs en-
coded by the poplar Cel1 gene in suspension-cultured cells
(Nakamura et al., 1995), the pea EGL1 gene in epicotyls
(Wu et al., 1996), and the tomato Cel7 gene in hypocotyls
(Catala et al., 1997), and decreases in the expression of the
ethylene-regulated, abscission-related EGase genes of bean
(BAC1; Tucker et al., 1988) and tomato (Cel1 and Cel5; del

Campillo and Bennett, 1996). In ripening avocado fruit
discs, suppression of ethylene-induced EGase gene expres-
sion by auxin is observed at the posttranscriptional level
(Buse and Laties, 1993). Whereas the antagonistic control of
EGase expression by auxin and ethylene is observed in
many plant species, this relationship may not necessarily
hold true in all cases. In the nonclimacteric plant species,
for instance, attempts to demonstrate ethylene-mediated
effects on gene expression and physiological processes
have been largely inconclusive.

Although the high-level autocatalytic production of eth-
ylene and its promotion of ripening is a hallmark of cli-
macteric plants such as tomato and avocado, the control of
ripening in nonclimacteric species such as grape and straw-
berry is less well understood. In strawberry, fruit produce
extremely low and relatively constant levels of ethylene
during ripening (Knee et al., 1977; Abeles and Takeda,
1990), and treatment with ethylene antagonists such as
2,5-norbornadiene, aminoethoxyvinylglycine, or silver did
not affect ripening, as measured by anthocyanin accumu-
lation (Given et al., 1988a). Furthermore, exposing straw-
berry fruit to high concentrations of exogenous ethylene
had no obvious effect on ripening (Iwata et al., 1969).
Whereas these findings question the importance of ethyl-
ene to nonclimacteric fruit ripening, the well-documented
yet minor promotion by ethylene of EGase expression and
fruit reddening in nonclimacteric pepper (Ferrarese et al.,
1995; Harpster et al., 1997) suggests that ethylene may play
some role in the ripening of nonclimacteric fruit. In most
nonclimacteric ripening fruit, however, the potential role of
ethylene is generally obscured by technical difficulties in
monitoring the physiological consequences of exception-
ally low-level endogenous ethylene production, and by the
possibility that the low levels of endogenous ethylene pro-
duction are saturating, in which case the application of
exogenous ethylene would be without observable effect.
Whatever the precise role ethylene may have, the main
regulation of the ripening process in strawberry and grape
appears to occur through declining levels of auxin in the
fruit (Given et al., 1988b; Manning, 1994; Davies et al.,
1997).

In immature strawberry fruit, receptacle expansion is
controlled by auxins originating in and released by the
achenes (Nitsche, 1950). Achenes produce large amounts of
free and conjugated IAA, with peak levels achieved at 10 to
14 dpa, depending on the cultivar (Dreher and Pooviah,
1982; Archbold and Dennis, 1984). Removal of achenes
from white fruit mimics the in vivo decline of endogenous
auxin levels, albeit at an accelerated rate, in that there is a
rapid accumulation of anthocyanins and a concomitant loss
in chlorophyll content and tissue firmness, all of which are
typical of ripening in strawberry fruit (Given et al., 1988a,
1988b; Manning, 1994). Because the application of the syn-
thetic auxin NAA prevents these changes, it is concluded
that strawberry ripening is regulated in part by a decline in
the amount of auxin produced by the achenes (Given et al.,
1988b; Manning, 1994).

In the experiments presented here we have manipulated
endogenous auxin levels and found that, although the
application of NAA to halves of small-sized white fruit
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evoked a suppression of Cel1 mRNA expression levels and
anthocyanin accumulation relative to untreated control
halves, the removal of achenes from similarly aged fruit
caused an enhancement in expression and ripening. Thus,
there is a negative correlation between high auxin levels
and steady-state abundance of Cel1 mRNA. These obser-
vations suggest that Cel1 mRNA accumulation is repressed
by auxin and is induced by a decline in endogenous auxin
content, which, directly or indirectly, initiates the onset and
development of fruit ripening.

The control of Cel1 expression by auxin contributes to a
growing body of information that suggests that a decrease
in fruit auxin levels triggers strawberry ripening and the
concomitant derepression of a battery of ripening-related
genes. In a study by Manning (1994), the removal of
achenes from immature-green strawberry fruit and the
subsequent analysis of in vitro translation products by
two-dimensional PAGE showed the induction of several
mRNAs that increase in abundance in normally ripening
fruit. Additional studies with deachenated fruit have dem-
onstrated the auxin-mediated repression of Phe ammonia-
lyase and total anthocyanin accumulation in ripening fruit
(Given et al., 1988b) and the isolation of an auxin-repressed
cDNA of unknown function (Reddy and Pooviah, 1990).
Medina-Escobar et al. (1997) have characterized a straw-
berry pectate-lyase gene that shares identical spatial, tem-
poral, and hormonal patterns of regulation with those
shown here for Cel1. In future experiments transgenic Cel1-
suppressed plants will be monitored for phenotypic effects,
and a reduction in the activity of a single enzyme in a
complex developmental program such as ripening will
have to be evaluated with the understanding that the
activity of several genes may contribute to overall fruit
firmness.
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