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Downregulation of the Petunia hybrida o-Expansin Gene PhEXP1
Reduces the Amount of Crystalline Cellulose in Cell Walls
and Leads to Phenotypic Changes in Petal Limbs
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The expansins comprise a family of proteins that appear to be involved in the disruption of the noncovalent bonds between
cellulose microfibrils and cross-linking glycans, thereby promoting wall creep. To understand better the expansion process
in Petunia hybrida (petunia) flowers, we isolated a cDNA corresponding to the PhEXP1 «-expansin gene of P. hybrida.
Evaluation of the tissue specificity and temporal expression pattern demonstrated that PhEXP1 is preferentially expressed
in petal limbs during development. To determine the function of PhEXP1, we used a transgenic antisense approach, which
was found to cause a decrease in petal limb size, a reduction in the epidermal cell area, and alterations in cell wall
morphology and composition. The diminished cell wall thickness accompanied by a reduction in crystalline cellulose
indicates that the activity of PhEXP1 is associated with cellulose metabolism. Our results suggest that expansins play a role
in the assembly of the cell wall by affecting either cellulose synthesis or deposition.

INTRODUCTION

The final morphology of plant organs is achieved through a tight
regulation of cell division and cell expansion (Meyerowitz, 1997).
The direction and magnitude of primary cell wall extension
appear to be primary determinants of the expansion pattern and,
thus, of the final shape and size that cells assume (Kotilainen
et al., 1999, Martin et al., 2001; Smith, 2003).

The involvement of phytohormones such as auxin, gib-
berellins, cytokinins, ethylene, and brassinolides in polar cell
elongation processes has been clearly demonstrated (Shibaoka
and Nagai, 1994; Szekeres et al., 1996; Creelman and Mullet,
1997; Kende and Zeevaart, 1997; Kieber, 1997). Recently,
genetic proof has been obtained that shows that directed cell
expansion is dependant on cellulose synthesis and deposition
(Fagard et al., 2000; Schindelman et al., 2001; Pagant et al.,
2002). Proteins in the cell wall are believed to play important roles
in regulation of cell wall extensibility, which is a key parameter in
determining cell expansion. Among the cell wall proteins studied
to date, expansins are unique in their ability to induce immediate
cell wall extension in vitro and cell expansion in vivo (Brummell
etal., 1999; Cosgrove, 1999; Cho and Cosgrove, 2000; Pien et al.,
2001; Choi et al., 2003). Expansins are classified as primary wall
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loosening agents, referring to their capacity to induce stress
relaxation of the cell wall in a pH dependent manner, possibly by
disrupting hydrogen bonds that link cellulose and hemicellulose
wall components. This results in the slippage between these
polymers leading to secondary water absorption by the cell and,
therefore, in expansion of the cell wall (Cosgrove, 1997b). The
purification and sequencing of the Cucumis sativus (cucumber)
expansin protein enabled the isolation of the first expansin gene
(Shcherban et al., 1995). Subsequently, homologous genes were
identified in gymnosperms and in both monocots and dicots
among the angiosperms. Examples include Lycopersicon
esculentum (tomato) leaves (Keller and Cosgrove, 1995), Avena
sativa (oat) coleoptiles (Cosgrove and Li, 1993), Zea mays (maize)
roots (Wu et al., 1996), Nicotiana tabacum (tobacco) cell cultures
(Link and Cosgrove, 1998), and various fruits (Civello et al., 1999;
Rose et al., 2000). Expansin genes appear to be highly conserved
throughout plant evolution (Cosgrove, 2000a), whereas closely
related expansin-like sequences also have been found in
Dictyostelium discoideum, suggesting that these cell wall
proteins have a very deep evolutionary origin (Li et al., 2002).
Two families of expansin genes have been recognized:
namely, the a-expansins, which were discovered first, and the
B-expansins. These two expansin families have only ~20%
amino acid identity but share several conserved motifs.
Members of both families have similar wall-loosening activities
(Cosgrove, 1997b, 2000a). Expansins occur as multigene
families in Arabidopsis thaliana, Oryza sativa (rice), C. sativus,
L. esculentum, Z. mays, and other species in which they have
been examined in detail (Cosgrove, 1999; Wu et al., 2001b). The
A. thaliana and O. sativa a-expansin family is larger than the
B-expansin family (Cosgrove, 2000b; Choi et al., 2003). The large
number of expansin genes—38 in A. thaliana (Li et al., 2002), at



296 The Plant Cell

least 30 in Z. mays (Wu et al., 2001a), and 80 in O. sativa (Li et al.,
2003)—suggests multiple developmental or tissue-specific roles
for these proteins. Although a substantial body of work has been
performed in the identification and characterization of the
expansin genes, only limited data are available that define their
precise biological roles during plant development.

Several reports have examined the presence and activity of
expansin proteins or the expression of expansin genes in
growing tissues (such as C. sativus hypocotyls, deepwater O.
sativa internodes, Gossypium hirsutum [cotton] fibers, xylem
cells in Zinnia elegans [zinnia] and Populus trichocarpa [poplar],
and adventitious roots in Pinus taeda [pine]), shoot meristems,
and developing fruits as mediators of plant cell growth
(Shcherban et al., 1995; Cho and Kende, 1997; Fleming et al.,
1997; Orford and Timmis, 1998; Reinhardt et al., 1998; Sterky
et al., 1998; Hutchison et al., 1999; Im et al., 2000). Expansins
also are expressed in nongrowing tissues, such as ripening
fruits (Rose et al., 1997; Brummell et al., 1999; Civello et al.,
1999), and have been associated with developmental events,
such as ripening, abscission (Cosgrove, 1997a), and endo-
sperm weakening (Chen and Bradford, 2000). The role of
expansin in the growth and modification of the cell wall also has
been evaluated by manipulating the expression of expansin
genes in transgenic plants. In particular, altered expression of
LeEXP1 points to its involvement in fruit softening (Brummell et
al., 1999) and modification of AtEXP3 expression highlighted its
role in the control of leaf growth and pedicel abscission (Cho
and Cosgrove, 2000). Transient local microinduction of CsSEXP1
in N. tabacum meristem induced morphogenesis, leading to the
formation of phenotypically normal leaves, whereas CsEXP1
induction at early stages of leaf development altered local
lamina growth and produced leaves with altered morphology
(Pien et al., 2001). Transgenic O. sativa plants in which the
expansin gene OsEXP4 was downregulated by an antisense/
sense approach were shorter on average than control plants,
whereas transgenic plants with inducible OsEXP4 expression
showed a close correlation between OsEXP4 protein levels and
seedling growth (Choi et al., 2003).

In a previous study, we defined a developmental map of
Petunia hybrida (petunia) petals by analyzing the expression of
in situ cell cycle markers and by reconstructing the pattern
of cell expansion through measurement of cell size (Reale et al.,
2002). During flower development, floral organs typically as-
sume their final shape long after the major mitotic activity has
ceased, indicating that cell expansion plays an important role
in determining organ shape (Pyke et al.,, 1991; Tsuge et al.,
1996). To integrate expansin expression in this map, we have
cloned the P. hybrida a-expansin gene PhEXP1 and analyzed
its tissue specificity and temporal expression pattern. Our
results show that PhEXP1 is preferentially expressed in petal
limbs during development. Moreover, to analyze the in vivo
function of PhEXP1, P. hybrida was transformed with an
antisense construct of PhREXP1 cDNA under the control of the
constitutive 35S promoter. This allowed for the demonstration
that downregulation of PhEXP1 influences the amount of crys-
talline cellulose of plant cell walls and affects cell expan-
sion, area, and shape, leading to phenotypic changes of petal
limbs.

RESULTS

Isolation of a P. hybrida «-Expansin cDNA

Based on the sequences corresponding to conserved regions
of a-expansin proteins, two degenerate oligonucleotides were
designed and used for PCR of an ovary-specific cDNA library of
P. hybrida. A single fragment of ~500 bp was amplified and
cloned. DNA sequence analysis indicated that this fragment
coded for a peptide sharing high amino acid identity with known
a-expansins. To isolate a full-length cDNA, the 500-bp fragment
was used as a probe to screen the ovary-specific library. Of the
4 X 105 clones screened, six were selected on the basis of their
hybridization signals, and after a second round of purification,
only the clone that gave rise to the strongest hybridization signal
was selected for further analysis. The resulting cDNA was 1250
bp in length and contained a 780-bp open reading frame ex-
pected to encode a protein of 260 amino acids with a molecular
mass of 25 kD. Alignment with expansin sequences revealed that
the predicted amino acid sequence exhibits all of the anticipated
characteristics of a-expansins. Therefore, this P. hybrida cDNA
was termed PhEXP1. A cDNA probe was generated by am-
plification of the 3’ untranslated region of PhEXP1 and used for
DNA gel blot analysis. At high stringency, a single hybridization
signal was observed, indicating that PhEXP1 is present in the P.
hybrida genome as a single copy gene and that the probe is gene
specific (Figure 1A).

PhEXP1 Is Preferentially Expressed in Petal Limbs

The developmental expression pattern of PhEXP1 was studied in
different organs using semiquantitative, real-time reverse tran-
scriptase (RT) PCR. High transcript levels of PhEXP1 were
detected in petals, elongating stems, and ovaries, and inter-
mediate levels were observed in sepals, roots, and stigmas and
styles. In leaves, PhEXP1 mRNA levels were very low, and in
anthers, the transcript levels were barely detectable (Figure 1B).
A developmental map of P. hybrida petals previously has been
defined that describes the patterns of cell division and expansion
throughout 14 different developmental stages (Reale et al.,
2002). During the first three stages of petal development, growth
is sustained by cell divisions that are uniformly distributed in the
apical and basal portion of the petal. Starting from stage 4 (4 mm
of petal length), the expansion of petal cells begins in the basal
portion and then gradually extends to the apical portion (Reale
et al., 2002).

To position PhEXP1 in this map, we first analyzed PhEXP1
expression at the same developmental stages, starting from
stage 4. PhEXP1 transcripts were detectable throughout the
entire period of petal development. Expression levels increased
during development until stage 7 (15 to 19.5 mm of petal length),
decreased until stage 9, reaching a second peak at stage 10, and
subsequently decreased again to a minimum level at stage 13
(Figure 2A). Notably, the accumulation of PhEXP1 reaches a peak
at stages 7 and 10. These stages mark the onset of cell ex-
pansion in mesophyll of petal limbs (stage 7) and the expansion
of the epidermal cells involved in flower unfolding (stage 10).
PhEXP1 expression also was analyzed separately in the tube and
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Figure 1. PhEXP1 Is a Single Copy Gene in the P. hybrida Genome and
Is Expressed at Various Levels in Different P. hybrida Organs.

(A) DNA gel blot analysis of genomic DNA. Ten micrograms of DNA was
digested with EcoRI (E), Hindlll (H), and EcoRI and Hindlll (E+H),
separated on a 0.8% agarose gel, and subjected to DNA gel blot
analysis. A purified PCR product from the 3’ untranslated region of
PhEXP1 was labeled with fluorescein-11-dUTP by random priming and
used as a probe.

(B) Analysis of the expression pattern in different organs of PhEXP1 by
semiquantitative real-time RT-PCR. Total RNA was extracted from wild-
type plants grown under standard greenhouse conditions. Analyses were
performed with specific primers homologous to the 3’ untranslated
region of PhEXP1. Error bars represent standard deviation.

limb petal subportions from stages 7 to 13 of petal development
(Figure 2B). At these stages, the tube and limb are morpholog-
ically distinct and, therefore, they can be dissected manually.
Throughout development, PhEXP1 expression levels always
were significantly higher (t test, P < 0.01) in the limb than in the
tube, and PhEXP1 transcript levels were ~3.5 times higher in the
limb with respect to the tube (Figure 2C).

PhEXP1 Antisense Plants Show Phenotypic Changes
in Petal Limbs

Real-time RT-PCR studies suggested that PhEXP1 is preferen-
tially expressed in petal limbs. Based on this observation, it was
hypothesized that PhEXP1 may play a role in regulating cell
expansion in petal limbs. To test this hypothesis, we cloned
PhEXP1 cDNA downstream of a 35S promoter of Cauliflower
mosaic virus (CaMV) in the antisense orientation.

The resulting construct (PhEXP1 antisense) was introduced
into P. hybrida (var Mitchell) using Agrobacterium tumefaciens—
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mediated gene transfer (Horsch et al., 1985). Seeds resulting
from self-pollination of the transformants (To) were scored for
kanamycin resistance. Four T4 progenies giving a 3:1 (resistant:
susceptible) segregation of the kanamycin marker were identi-
fied, and 10 plants for each progeny were phenotypically
analyzed under standard greenhouse conditions. In the four T4
families analyzed, plants with the same morphological alter-
ations affecting petal size were observed. In particular, in families
18 and 25, alterations affected 2 out of 10 plants, whereas in
families 5 and 16, alterations affected 3 out of 10 plants.
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Figure 2. Analysis of the Temporal Expression Pattern of PhEXP1 by
Semiquantitative Real-Time RT-PCR.

Total RNA was extracted from wild-type plants grown under standard
greenhouse conditions. Analyses were performed with specific primers
homologous to the 3’ untranslated region of PhEXP1.

(A) Temporal expression of PhEXP1 during petal development. RNA was
extracted from petals sampled at stages 4 to 13 of P. hybrida flower
development as described by Reale et al. (2002).

(B) P. hybrida var Mitchell flowers at stages 7 to 13 of development.
(C) Temporal expression of PhEXP1 during limb and tube development.
RNA was extracted from petals sampled at stages 7 to 13 of P. hybrida
flower development.

Error bars represent standard deviation.
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Segregation analysis in T, and subsequent generations indicated
that the mutant phenotype was found only in individuals that had
become homozygous for the transgene. Plant size, habit, growth
rate, phyllotaxis, length of internodes, and the number, shape,
and size of leaves of homozygous plants were indistinguishable
from those of the wild type (Figure 3A). No morphological
alterations were observed in any other floral organ. The pistil
exhibited normal style, stigma, and ovary without any visible
morphological alterations; likewise, the anthers and stamen
filaments were normal, pollen was viable, and mega-

gametogenesis proceeded normally in the ovary, and homozy-
gous plants were fertile and formed viable seeds (data not
shown). At anthesis, sepals appeared normal in the homozy-
gous plants, whereas the size of the petal was highly reduced
in comparison to the wild type (Figure 3A).
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Figure 3. Phenotypical Alteration of the Homozygous Transgenic Plant
and PhEXP1 Expression in Segregating T4 Families.

(A) Homozygous transgenic plant compared with the wild type.

(B) Analysis of the PhEXP1 expression in wild-type, azygous, heterozy-
gous, and homozygous T4 plants by semiquantitative real-time RT-PCR.
Total RNA was extracted from petal pools collected at 140, 180, and
250 h AFBA. Error bars represent standard deviation.

To verify whether the alteration observed in petal size
correlated with the downregulation of PhEXP1, plants of the four
selected families azygous, heterozygous, and homozygous for
the transgene were analyzed by semiquantitative real-time RT-
PCR and compared with the wild type (Figure 3B). Similar results
were obtained in the four families analyzed. PhEXP1 transcript
levels were lowered on average by 75% in homozygous plants
(t test, P < 0.01) and by 40% in heterozygous plants (t test, P <
0.01) in comparison to the wild type (Figure 3B). No significant
difference was observed between azygous and wild-type plants
(t test, P < 0.01). Taken together, these results showed that the
reduction of PhEXP1 expression depended on the dose of
the transgene, suggesting that the flower phenotype appeared
when a threshold level of transcript reduction was overcome.
Therefore, homozygous transgenic plants were considered to be
PhEXP1 antisense silenced plants.

Because there were no variations in the flower phenotype
among homozygous antisense plants, we chose homozygous
plants belonging to one plant line (line 25) for further analysis.

Expansin Downregulation Is Specific of PhEXP1

Because expansin genes are highly conserved, the question
arose of whether other expansin genes also were downregulated
in phenotypically altered antisense plants. Therefore, we ana-
lyzed the expression of PhEXP1 and two other a-expansin-
encoding genes, namely PhEXP2 and PhEXP3, in antisense and
wild-type plants. PhEXP2 and PhEXP3 are members of the P.
hybrida expansin gene family that have been isolated and
characterized. PhEXP2 is expressed in petals and sepals,
whereas PhEXP3 expression was detected in petals and ovaries
(S. Zenoni and M. Pezzotti, unpublished data). The transcript
levels of these genes were analyzed by semiquantitative, real-
time RT-PCR. Expression analysis was performed in petals for
PhEXP1, PhEXP2, and PhEXP3, in ovaries for PhEXP1 and
PhEXP3, and in sepals for PhEXP1 and PhEXP2 in line 25 and
wild-type plants (Figure 4). Pools of petals, ovaries, and sepals
were collected and analyzed at three different stages of
development: 140, 180, and 250 h after flower bud appearance
(AFBA). In the antisense line, PhEXP1 expression levels were
significantly lowered by 75% in petals and ovaries (t test, P <
0.01) (Figures 4A and 4B) and by 65% in sepals (t test, P < 0.01)
(Figure 4C) in comparison to the wild type. The expression levels
of the other expansin genes, PhEXP2 and PhEXP3 in petals
(Figure 4A) and PhEXP2 in sepals (Figure 4C), were unaffected by
the presence of the transgene. In antisense ovaries, PhEXP3
expression levels significantly increased (t test, P < 0.01) com-
pared with wild-type ovaries (Figure 4B). Thus, it is reasonable to
conclude that the mutant phenotype is specifically attributable
to partial gene silencing of the endogenous PhEXP1 gene (Van
Houdt et al., 2000; Kim et al., 2001; Kapoor et al., 2002).

PhEXP1 Downregulation Is Responsible for Reduction
of Petal Limb Size

To determine if the rate of petal growth also was affected in the
antisense line, corolla length of wild-type and line 25 flowers was
measured during flower development on a temporal basis (hours
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Figure 4. Specific Transcript Level Reduction of PhEXP1.

Total RNA was extracted from petals, ovaries, and sepals. Each sample represents pools of material collected at 140, 180, and 250 h AFBA.
Semiquantitative real-time RT-PCR analyses were performed with specific primers homologous to the 3’ untranslated region of PhEXP1, PhEXP2, and

PhEXP3.

(A) Semiquantitative real-time RT-PCR analysis of PhEXP1, PhEXP2, and PhEXP3 transcript levels in wild-type (dark gray) and line 25 (light gray) petals.
(B) Semiquantitative real-time RT-PCR analysis of PhEXP1 and PhEXP3 transcript levels in wild-type (dark gray) and line 25 (light gray) ovaries.
(C) Semiquantitative real-time RT-PCR analysis of PhREXP1 and PhEXP2 transcript levels in wild-type (dark gray) and line 25 (light gray) sepals.

Error bars represent standard deviation.

AFBA). No differences were detected until 187 h AFBA, after
which the petal of the antisense line showed a decreased growth
rate that resulted, at anthesis, in a significant reduction (t test,
P < 0.01) of 14 mmin length compared with the wild type (Figures
5A and 5B). To determine the petal subportion to which this
difference was attributable, tube and limb length of the wild type
and line 25 were measured at anthesis (Figure 5D). The length of
the petal limb, but not that of the tube, was significantly reduced
(t test, P < 0.01) in the antisense line in comparison to the wild
type.

To analyze how the reduction in expression of PhEXP1
occurred in tube and limb during petal development, PhEXP1
transcript accumulation was studied by real-time RT-PCR
(Figure 5C). Tube and limb RNAs of the antisense line 25 were
analyzed separately and compared with the wild type throughout
development. PhEXP1 transcript levels were significantly re-
duced in both tube (t test, P < 0.05) and limb (t test, P < 0.01) of
the antisense line in comparison to the wild type (Figure 5C). In
general, the reduction in PhEXP1 expression was more pro-

nounced in the limb than in the tube throughout petal de-
velopment. Taken together, these results indicate a clear
correlation between the decreased size of petal limb observed
in the antisense line 25 plants and the reduction in PhEXP1
expression in the same flower portion.

Petal Size Reduction Is Correlated with a Decrease
in Epidermal Cell Size

To verify whether the reduced size of the petal limbs in the
antisense plants correlates with differences in the size of epi-
dermal cells, petals of antisense line 25 and wild-type flowers
were microscopically compared at anthesis (Figures 6A and 6C).
Tube and limb tissues were divided into five subsamples, starting
from the basal part of the organ. Length, width, and surface area
of cells on both the adaxial and the abaxial epidermises were
measured for each tube and limb subsample (Figures 6B and
6D). No significant differences (t test, P < 0.01) were observed in
the cell surface area of the tube subsamples in either epidermis
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Figure 5. Morphological Alteration during Petal Development in Line 25 Is Correlated with a Reduction in PAEXP1 Transcript Levels.

(A) Wild-type (+) and line 25 () flowers at 140, 170, 190, and 250 h AFBA.

(B) Petal length comparison at 120 to 340 h AFBA of wild-type and line 25 plants.
(C) Analysis of PhEXP1 transcript levels by semiquantitative real-time RT-PCR of wild-type and line 25 petal tube and limb at 140, 170, 190, and 250 h

AFBA.
(D) Tube and limb length at anthesis of the wild type and line 25.
Error bars represent standard deviation.

between antisense and wild-type plants (Figure 6B). In the five
limb subsamples, cell surface areas of the adaxial and abaxial
epidermises of antisense plants were significantly smaller (t test,
P < 0.01) than the corresponding cell areas of wild-type plants
(Figure 6D). Total limb surface also was calculated, revealing that
wild-type limbs were 3.7 times larger than those of line 25.

To determine whether limb size differences also were attribut-
able to alteration of cell number, we calculated the total cell
number constituting the abaxial limb epidermis of antisense line
25 and wild-type plants. The total cell number averaged
1,041,847 in wild-type plants and 1,009,192 in antisense line
25. Thus, there were no significant alterations in cell number
(t test, P < 0.01).

Epidermal Cells of Antisense Petals Show
Characteristic Morphology

The external morphology of cells in the abaxial epidermis limb
of wild-type and antisense plants at anthesis was analyzed by
scanning electron microscopy. Cells of the abaxial epidermis of

wild-type petals usually have a pentagonal base, and the outer
walls are strongly convex with a conical tip in the center (Figure
7A). The corresponding cells of the antisense line 25 were smaller
with a less-pronounced conical tip (Figure 7B).

To further study the differences between the antisense line 25
and wild-type plants, tangential sections of limb abaxial epi-
dermis were analyzed by light microscopy. Differences in cell
areas were evident, and antisense line 25 cells were smaller than
wild-type cells (Figures 7C and 7D). Wild-type cells usually had
a nearly isodiametric shape that was uniformly lobed (Figure 7C),
whereas antisense cells were more irregularly shaped, and lobes
were almost completely absent (Figure 7D). Transmission
electron microscopy observation of ultrathin tangential sections
of limb abaxial epidermis confirmed and highlighted cell wall
morphology differences between the wild type (Figure 7E) and
the antisense line (Figure 7F). Tangential and radial cell walls
appeared thinner in the antisense line compared with the wild
type (Figures 8A and 8B). Wild-type radial and tangential cell
walls were 2.8 and 1.8 times thicker than the corresponding cell
walls of the antisense line, respectively (Figure 8C).
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Figure 6. Morphological Alteration of Line 25 Petals Is Correlated with Reduction of the Epidermal Cell Surface in the Limb Portion of Line 25.

(A) and (C) Comparison between wild-type and line 25 petal tubes (A) or petal limbs (C) at anthesis.
(B) and (D) Cell surface of the adaxial and abaxial epidermises of wild-type and line 25 petal tubes (B) and petal limbs (D). Both tube and limb
epidermises were divided into five subportions (a, b, c, d, and e), starting from the basal part of the organ. Error bars represent standard error; n = 80.

Downregulation of PhEXP1 Reduces the Amount
of Crystalline Cellulose in Epidermal Cell Walls

Limb abaxial epidermal cells also were analyzed by Fourier
transform infrared (FTIR) spectroscopy. This technique has been
successfully used to rapidly analyze the composition of plant cell
walls (Chen et al., 1998; Fagard et al., 2000; Carpita et al., 2001a,
2001b). To reveal the major spectral differences between the
wild type and the antisense line, a principal component analysis
(PCA) was applied to all spectra (Chen et al., 1998; Kemsley,
1998).

PCA demonstrated that wild-type spectra can be separated
from antisense line 25 spectra using a combination of two
principal component (PC) scores (Figure 9A). PC1 score ex-
plained 68.32% of the variance. The loading for PC1 (Figure 9B)
showed characteristics of purified cellulose in the fingerprint re-
gion (peaks at 1038, 1064, 1100, and 1162 cm~") and of protein
(peaks at 1650 and 1550 cm~1). Peaks at 1650 and 1550 cm~1
correlated negatively with the cellulose fingerprint peaks. The PC
scores of the spectra of the line 25 petal abaxial epidermis

samples were negative relative to the mean (Figure 9A). These
results indicate that the petal epidermis cell walls of the antisense
line are relatively richer in protein and poorer in cellulose than the
cells of the wild type. Thus, the reduction in thickness of the
antisense line cell walls may be attributed to a deficiency in
crystalline cellulose.

To confirm the observed changes chemically, cell walls were
isolated from wild-type and line 25 petal limbs for crystalline
cellulose quantification, which was determined as cell wall
material resistant to acid hydrolysis. Measurements of four
independent replicates showed that there was a significant
difference (t test, P < 0.01) between wild-type limbs, which had
a mean value of 95 = 6 pg cellulose (mg cell wall)~1, and line 25
limbs, which had a mean value of 63 + 2 ug cellulose (mg cell
wall)~'! (Table 1). In conclusion, chemical analysis of the cell
wall of line 25 limbs confirmed the reduction in crystalline
cellulose observed by FTIR microspectroscopy, suggesting
that PhEXP1 directly or indirectly plays a role in cellulose
metabolism.
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Figure 7. Changes in Cell Shape in Line 25.

(A) and (B) Scanning electron micrographs of abaxial epidermal limb
cells at anthesis. Bars = 50 pm.

(C) and (D) Tangential semithin sections of abaxial epidermis of petal
limb at anthesis. Arrows indicate the characteristic cell wall lobes. Bars =
25 pm.

(E) and (F) Transmission electron micrographs of tangential ultrathin
sections of the abaxial epidermis of petal limb at anthesis. cw, cell wall; n,
nucleus. Bars = 5 pm.

DISCUSSION

PhEXP1 Is Preferentially Expressed in Petal Limbs and
Exhibits a Temporal Expression Pattern That Correlates
with the Expansion Phases of Petal Development

Analysis of the tissue specificity of PhEXP1 indicated that it
is expressed at various levels in different P. hybrida organs,
although a very high level of expression was observed in petals.
During petal development, PhEXP1 transcript levels were
modulated in two distinct induction phases that were coincident
with the expansion of mesophyll cells of the petal limb (stage 7)

and with expansion of the epidermal cells of the limb (stage 10)
involved in flower unfolding (Reale et al., 2002). These results
suggest a correlation between PhEXP1 transcript levels and
petal cell enlargement during development. The levels of ex-
pression of PhEXP1 detected in petal tubes were significantly
lower than those in the limb. Mesophyll and epidermal tube cells
contribute to the determination of petal shape and size by
anisotropic growth, whereas those of the limb grow isotropically
(Reale et al., 2002). These growth patterns account for the ob-
servation that epidermal cells are highly elongated in the tube
and are nearly isodiametric in the limb. Because PhEXP1 is more
expressed in the limb than in the tube of developing petals, we
hypothesize a possible involvement for it in isotropic growth.

Specific Silencing of PhEXP1 Leads to a Reduction
in the Size of Petal Limbs

A transgenic approach was used to study the role of PhEXP1 in
plant development and growth. A portion of PhAEXP1 cDNA was
cloned in a reverse orientation under control of the 35S CaMV
promoter to decrease the endogenous transcript content.
Antisense expression of PhEXP1 resulted in a novel phenotype,
characterized by a severe reduction of the petal size, which
correlated with a significant, specific reduction of PhEXP1 tran-
script levels. No visible alterations affected other plant organs, in
spite of the fact that some of them also showed a significant
reduction in PhEXP1 transcript levels. Expression analysis
demonstrated a specific diminution of PhEXP1 transcript levels
in petals, ovaries, and sepals, whereas the levels of PhEXP2 and
PhEXP3 transcripts were not significantly lowered by an anti-
sense approach in these organs. This suggests that PhEXP1
plays a key role in the growth and development of the petal,
whereas in other organs, its function may be less important. A
decrease in the expression of PhEXP1 in ovaries and sepals may
have subtle effects that might be compensated for by other
members of the expansin family. In addition, comparative
analysis of PhEXP1 expression in the limb and tube during
development of the wild type and line 25 revealed that PhEXP1
transcript levels were reduced in both petal subportions, although
drastic reduction was observed only in the limb. Because the tube
was not morphologically affected by the antisense approach in
line 25 and PhEXP1 transcript levels in the tube are lower than
they are inlimbs in wild-type plants, it can be hypothesized that, at
least in the tube, PhEXP1 does not play a fundamental role in cell
expansion. Alternatively, it could be functionally replaced by
other expansin genes. Therefore, we propose that PhEXP1 can
play diverse roles in different plant organs and distinct organ
subportions (tube and limb) that are characterized by distinct
patterns of cell growth (anisotropic and isotropic).

It has been suggested that growth properties in organs with an
extended lamina, such as petals, are determined primarily by
gene activity in the epidermal layer, which sets the size of the
outer skin and is coordinated with the growth of the internal cells
through signaling (Vincent et al., 2003). According to this view,
PhEXP1 could have the role of modulator of the epidermal cell
expansion levels, which determine the final shape of petals.

Our data indicate that the antisense expression of PhEXP1
affects cell expansion but not cell division. Measurements of total
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Figure 8. Changes in Cell Wall Thickness in Line 25.

(A) and (B) Transmission electron micrographs of transversal sections of
abaxial epidermal limb cells at anthesis of the wild type (A) and line 25
(B). c, cytoplasm; cw, cell wall; n, nucleus; v, vacuoles. Bars = 2 pm.
(C) Thickness of radial cell walls and tangential cell walls in the wild type
and line 25. Error bars represent standard errors; n = 20 different cells
from 20 different micrographs. Each value is the average of three
measurements in one cell.
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cell number and surface areas in the abaxial epidermis of petal
limb in the wild type and in line 25 revealed that although the total
cell number remained unaltered, the cell surface was signifi-
cantly reduced. Therefore, as previously observed (Cho and
Cosgrove, 2000), altered expression of an expansin gene does
not interfere with the cell cycle, and the reduction in epidermal
cell area accounted for the size differences in the petal limb
between antisense and wild-type plants.

PhEXP1 Antisense Expression Affects Cell Wall
Morphology and Composition

A reduction in the epidermis cell area was coupled with
modifications of cell morphology. Moreover, FTIR and chemical
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Figure 9. Line 25 Petal Limb Cell Walls Are Cellulose Deficient.

(A) FTIR analysis of petal limb cell walls. PCA was performed using 15
FTIR spectra from the wild type and line 25. PC1 explained 68.3% of the
variance between spectra from wild-type plants and spectra from line 25
plants.

(B) The PC1 loading showed positive peaks characteristic of cellulose in
the fingerprinting region (1158, 1099, 1060, and 1030 cm—"), indicating
that line 25 cell walls were deficient in cellulose relative to the wild type.
Two other major peaks (1654 and 1550 cm~—") appeared negatively in
this PC loading. These peaks corresponded to amide groups of pro-
teins, suggesting an enrichment of proteins in line 25 walls relative to the
wild type.
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Table 1. Crystalline Cellulose Analysis?

Cell Wall  Glucose Quantity
Average  Glucose  Starting (ng)/Cell Wall
oD Quantity  Material Starting Material
Sample (490 nm)  (ng) (mg) (mg)
Wild type A 1.257 162 1.8 90
Wild type B 1.434 185 1.8 103
Wild type C  1.223 158 1.7 93
Wild type D 1.301 168 1.8 93
Line 25 A 0.880 112 1.8 62
Line 25 B 1.041 133 2.0 66
Line 25 C 0.941 120 1.9 63
Line 25 D 0.912 116 1.9 61

2 Cellulose quantity was determined as described by Schindelman et al.
(2001).

analyses showed a reduced deposition of crystalline cellulose in
the epidermal cells of the antisense line.

A. thaliana cell wall biosynthesis genes have been isolated and
characterized in depth (reviewed in Martin et al., 2001; Reiter,
2002), including the functional analysis of cellulose synthase
genes by forward genetics. Mutants at the PROCUSTE1 (PRCT)
locus showed decreased cell elongation that correlated with
cellulose deficiency (Fagard et al., 2000). Cells of the prc 7 mutant
have broken fragments of walls that are believed to form because
the walls are thinner than those of wild-type cells. Moreover,
a mutant allele of the cellulose synthase gene AtCesA7 (Zhong
et al., 2003) resulted in reduced cellulose content, decreased
primary wall thickness, and reduced leaf epidermal cell size.
Thus, mutations in the catalytic subunits of cellulose synthase,
which plays a key role in the synthesis of cellulose microfibrils
in the primary cell wall, inhibit growth by limiting the supply of
cellulose for wall extension. The cell wall alterations in PhEXP1
antisense plants are very similar to the above-mentioned A.
thaliana cellulose synthase mutant phenotypes, which relate
expansin downregulation with reduction of cellulose biosynthe-
sis affecting cell wall assembly and morphology. Additional
proteins also have been studied for their involvement in wall
assembly and cell expansion. A. thaliana KORRIGAN (KOR) and
KOBITO1 (KOB1) encode a plasma membrane-bound endo-1,4-
B-D-glucanase and a novel protein possessing a putative
N-terminal membrane anchor, respectively (Nicol et al., 1998;
Pagant et al., 2002). Mutations in KOR altered the cellulose-
xyloglucan network and reduced the number of the cellulose
microfibrils affecting the cell wall composition and assembly,
resulting in a dwarf phenotype caused by reduced cell ex-
pansion. kob1 mutants were cellulose-deficient, with micro-
fibrils randomized and occluded by a layer of pectic material
causing a reduction of cell elongation. Therefore, to obtain cell
expansion, it is fundamental to have a cell wall that is correctly
assembled through coordinated activity of cellulose synthase
genes as well as the activity of gene products that prepare wall
regions for deposition of microfibrils, thus playing a role in the
coordination between cellulose synthesis and cell expansion.

The main role of expansins as cell wall loosening agents has
been largely demonstrated (Cosgrove, 2000b). Our results

confirm the role of the expansins in cell wall extensibility, but
also indicate that downregulation of expansin altered cell wall
morphology by reducing the cellulose content. It is likely that
the downregulation of the expansin gene interferes with the cor-
rect wall region preparation for microfibril deposition, eventually
leading to disorganized cellulose deposition and consequent
degradation. Furthermore, in line 25, cell lobes were absent and
cell wall thickness was significantly reduced in comparison to
the wild type. It has been reported that the emergence of lobes
is consistently preceded by the reorganization of the cortical
microtubules into a series of bands that are associated with the
formation of local cellulosic wall thickenings. Lobes subse-
quently emerge in the thinner regions of the wall, which are more
extensible, as the cell expands under the force of the turgor
pressure (Smith, 2003). The PhEXP1 antisense line 25 phenotype
suggests that the absence of lobes in the epidermal cells could
be explained by reduced formation of local cellulosic wall
thickenings and/or reduction of relaxation of the cell wall.

Expansin mechanism of action is still poorly understood, but
a working model has been proposed (Cosgrove, 1999). In this
model, the protein binds tightly with a binding domain to the cell
wall, apparently to noncrystalline surface regions of cellulose,
and restricts mobility. The putative catalytic domain is likely to
function by disrupting the noncovalent bonding between wall
polysaccharides, either at the surface of the cellulose microfibrils
or more distantly in the matrix between microfibrils. It has been
reported that expansin LeEXP1 is involved in fruit cell wall
metabolism by potential relaxation of the cell wall directly and
apossible control of the access of enzymes that contribute to cell
wall polymer modification or depolymerization (Brummell et al.,
1999). According to this view, expansins allow the action of
enzymes that achieve the precise disassembly of particular cell
wall components, and according to our data, they also permit the
action of a battery of wall synthesizing and modifying enzymes
that collectively regulate cell wall assembly and, therefore, cell
size and shape.

Because the walls of plant cells are complex composites
of cellulose, cross-linking glycans, proteins, and pectic sub-
stances, the quantitative and qualitative modification of one of
the complex components can have some effect on the others,
as observed in cellulose biosynthesis mutants (Fagard et al.,
2000; Pagant et al., 2002).

FTIR spectroscopy is a remarkably efficient means of
screening for cell wall mutants, and PC loadings derived are
more or less specific to the carbohydrate fingerprinting region of
the spectrum. Unfortunately, specific changes at any frequency
to a specific sugar or polysaccharide cannot be assigned (Chen
et al., 1998). FTIR data on petal epidermal peels oriented our
effort toward quantitative analysis of crystalline cellulose, defi-
ciency of which was chemically demonstrated in the antisense
line. However, relative changes of wall pectin and hemicellulose
also could be responsible for the phenotype observed.

We propose that expansins may have at least two roles. First,
they may act in the disruption of the noncovalent bonds between
cellulose microfibrils and cross-linking glycans, thereby pro-
moting wall creep. Second, expansins may have a role in the
preparation of the cell wall for cellulose deposition by separating
wall matrix during expansion by a yet undefined mechanism.



Expansins appear to have a key function in the regulation of cell
expansion by coordinating cellulose synthesis, deposition, and
spatial organization in relation to other polymers and protein
constituents of the cell wall.

METHODS

Plant Materials and Growth Conditions

The P. hybrida var Mitchell and transgenic plants were grown under
normal greenhouse conditions. To analyze the segregation, T1 seeds
were germinated on selective MS medium (Sigma, St. Louis, MO)
supplemented with kanamycin (100 mg/L).

Cloning of PhEXP1

A cDNA for PhEXP1 was isolated by screening an ovary cDNA library of
P. hybrida constructed in Uni-ZAP XP (Stratagene, La Jolla, CA). Two
degenerate oligonucleotides were designed based on the amino acid
sequences conserved in plant expansins: a forward primer EXP1
(5’'-GGIGCI(A/C)G(C/T)GGITA(C/T)GGIAA-3’) and a reverse primer EXP2
(5’-TGCCAA/G)TT(C/T)TGICCCCAA/G)TT-3'). PCR was performed
using the cDNA library as a template (1 wL of 1 X 10° plaque forming
units/pL) in a volume of 50 uL containing 200 wM deoxynucleotide
triphosphate, 0.4 uM of each primer, 50 mM KCI, 10 mM Tris-HCI, pH 8.3,
1.5mM MgCl ,, and 0.01% (w/v) gelatin. After PCR, the amplified product
(~500 bp) was gel purified and subcloned into the Topo TA cloning vector
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. A
single clone was sequenced by the dideoxy method of Sanger (Sanger et
al., 1977). Approximately 3.5 X 10° plaque forming units from a P. hybrida
ovary library were screened under high stringency conditions using the
32P-radiolabeled 500-bp fragment as a probe according to standard
procedures (Sambrook et al., 1989). In vivo excision of the plaque-purified
cDNA clones in pBluescript KSIl+ was performed as described by the
manufacturer (Stratagene). The cDNA sequence was determined by the
Sanger method (Sanger et al., 1977).

DNA Isolation and Gel Blot Analysis

Genomic DNA was isolated from P. hybrida mature leaves as described
by Souer et al. (1995). Genomic DNA (10 .g) was digested with EcoRl,
Hindlll, and EcoRlI and Hindlll overnight, separated on a 0.8% agarose
gel, and blotted onto a Hybond-N* membrane (Amersham Biosciences,
Piscataway, NJ). Blots were hybridized to a probe labeled with Gene
Images random-prime labeling module (Amersham Biosciences). The
PhEXP1 specific probe was amplified by PCR with primers correspond-
ing to the 3’ untranslated region of PhEXP1 (5'- GTACTACTAGCTCA-
TAATTTC-3' and 5'-GCAAATTGTAACTAGTAGAAAC-3’). Hybridization
was visualized using the CDP-Star detection module, and Hyperfilm ECL
(Amersham Biosciences) was used for autoradiography.

RNA Isolation and Analysis

Total cellular RNA from various P. hybrida organs was extracted with
Trizol reagent (Invitrogen) and treated with DNase | (Invitrogen). cDNA
was obtained from 0.8 pg of total RNA using the SuperScript first-strand
synthesis system (Invitrogen) with the oligo(dT)+2.1g as the primer.

To analyze organ-specific expression patterns of the expansin gene,
total RNA was extracted from petals, sepals, anthers, ovaries, styles and
stigma, stems, leaves, and roots. Each sample represents pools of
material collected at three different developmental stages. For the
temporal expression patterns of PhEXP1 in petals, total RNA was
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extracted from flowers at stages 4 to 13 of P. hybrida flower development
as described by Reale et al. (2002). For the analysis of PhEXP1 transcript
expression levels in wild-type, azygous, heterozygous, and homozygous
plants, total RNA was extracted from petals of material collected at three
different developmental stages calculated in hours (140, 180, and 250)
AFBA. To verify the specificity of PhEXP1 antisense RNA, total RNA was
extracted from petals, ovaries, and sepals representing pools of material
collected at three different developmental stages (140, 180, and 250 h
AFBA). For the analysis of PhEXP1 transcript expression levels in
homozygous transgenic plants during petal development, total RNA
was extracted separately from both limb and tube portions of petals
collected at 140, 170, 190, and 250 h AFBA.

Semiquantitative Real-Time RT-PCR

Semiquantitative real-time RT-PCR was performed using the Gene Amp
5700 sequence detection system (Applera, Foster City, CA) with SYBR
Green PCR Master Mix reagent (Applera). Specific primers for PhEXP1,
PhEXP2, and PhEXP3 were designed in the 3’ untranslated region: EXP1
1A (5'-AGCTCCTACACTTCTCTTCCA-3') and EXP1 2A (5'-GGAAAA-
GTAAGGTTCTTATTATGAGGT-3'); EXP2 1A (5'-TGTTTTATGATTTCT-
TCCCTCTTAAA-3') and EXP2 2A (5'-GCATATTACTATTCCTATTCC-
GAATGT-3’); and EXP3 1A (5'-GATTTTGAGGGTATTGCTATTAGAT-
TGT-3’) and EXP3 2A (5'-CCACCTCTGCTTACTCAGGC-3').

All of the real-time RT-PCR experiments were performed with two
independent sets of RNA samples. For the experiments reported in Figure
2A, data derived from three independent sets of RNA samples. For each
sample, three replicates were performed in a final volume of 50 pL
containing 1 pL of cDNA, 0.2 uM of each primer, and 25 pL of 2X SYBR
Green PCR Master Mix according to the manufacturer’s instructions. All
PCRs were performed using the Gene Amp 5700 sequence detection
system for 10 min at 94°C and then 40 cycles consisting of 30 s at 94°C,
20 s at 52°C, and 30 s at 72°C. All quantifications were normalized to
actin cDNA fragments amplified in the same conditions by primers ACT1
(5'-ATCCCAGTTGCTGACAATAC-3') and ACT2 (5'-GGCCCGCCA-
TACTGGTGTGAT-3'). Each PCR product was cloned and sequenced
to confirm the specificity of the real-time RT-PCR approach. Moreover,
each real-time assay was tested by a dissociation protocol to ensure that
each amplicon was a single product.

The data were organized according to the comparative method
described in User Bulletin 2 (Applera). Data were submitted to statistical
analysis (t test).

Construction of the Binary Vector and Plant Transformation

The binary vector pBIN19 containing fbp2 cDNA (Angenent et al., 1994)
was digested with BamHI and Xhol to excise the MADS box gene. A
fragment of 780 bp containing PhEXP1 cDNA was amplified by PCR using
two oligonucleotide primers: 5'-CCCTCGAGGGGAATTCCAGGTGTT-
TATAGTGG-3' and 5'-CGGGATCCCGTTAAATTCTAAAGCTTCTTT-
GCCC-3'. The underlined regions denote the Xhol and BamHI sites,
respectively. After digestion with both enzymes, the cDNA region was
ligated in pBIN19.

The chimeric construct was transformed via A. tumefaciens (LBA4404)
into P. hybrida var Mitchell using the leaf disk transformation method
(Horsch et al., 1985). Regeneration of transformants was performed as
described by van Tunen et al. (1989). After regeneration on selective
medium with kanamycin, transformed P. hybrida lines were checked
for the presence of the transgene by PCR performed using the follow-
ing primers: 35S (5'-GCCGACAGTGGTCCCAAAGATG-3’) and ANTI
(5'-GCCCGCAGCATTCTTAGAACAATA-3'). The T2 and T1 plants were
obtained by self-pollination of the TO PhEXP1 antisense primary trans-
formants.
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Epidermis Cell Area and Total Cell Number Measurement

The petals of wild-type and antisense line 25 plants were collected at
anthesis and divided into limbs and tubes. Both limb and tube were
subdivided, starting from the basal part of the organ, into five portions
termed a, b, ¢, d, and e. Petal epidermises were peeled, and both adaxial
and abaxial epidermises were analyzed by light microscopy. To measure
cell length, width, and area, Leica QWin image analysis software (Leica
Microsystems, Heerbrugg, Switzerland) was used.

To measure the total surface of petal limbs, 10 limbs from wild-type and
antisense plants were collected at anthesis and digitally photographed
with a Nikon Coolpix 950 (Nikon, Tokyo, Japan). Total limb surface was
calculated using Image-Pro Plus image analysis software (Media
Cybernetics, Carlsbad, CA). To measure the total cell number, two por-
tions of each petal limb were analyzed by light microscopy. The area and
number of abaxial epidermal cells were calculated using Image-Pro Plus
image analysis software. The average cell number per surface unit of wild-
type and antisense line 25 plants was multiplied by the total area. Data
regarding total cell number was elaborated by statistical analysis (t test).

Light Microscopy, Transmission Electron Microscopy,
and Scanning Electron Microscopy

Corollas were dissected from flowers at anthesis and divided into small
portions at different distances from the margin. Samples were fixed in
glutaraldehyde (5% [v/v]) overnight at room temperature and postfixed in
0s0O4 (1% [w/v]) for 4 h (both in 0.075 M cacodylate buffer, pH 7.2). After
dehydration with a graded ethanol series and propylene oxide, samples
were embedded in Epon resin (2-dodecenylsuccinic anhydride and
methylnadic anhydrid mixture) (Loreto et al., 2001). Semithin (1 to 2 pum
thick) and ultrathin (70 to 90 nm thick) sections were cut with an OmU2
ultramicrotome (Reichert, Heidelberg, Germany) equipped with a glass
blade or a diamond blade, respectively. The semithin sections were
stained with toluidine blue and mounted in Eukitt for light microscopy
observation. Photomicrographs were taken using a Leica DMR HC
photomicroscope (Leica Microsystems). The ultrathin sections were
mounted on uncoated copper grids (200 mesh) and were contrasted by
adding uranyl acetate and an aqueous solution of lead nitrate before
observation with a TEM 400 T transmission electron microscope (Philips,
Eindhoven, The Netherlands).

For scanning electron microscopy, petal portions dissected from
flower buds at anthesis were fixed for 3 h at room temperature in 5%
glutaraldehyde in 0.07 M sodium cacodylate buffer, postfixed for 1 h in
buffered 1% OsO,, and dehydrated in a graded ethanol series. After
critical point drying in liquid CO,, samples were mounted on aluminum
stubs, sputter coated with gold, and viewed with the Stereoscan 90B
(Cambridge Instruments, Cambridge, UK).

FTIR Spectroscopy

Abaxial epidermal peels of limb petals at anthesis (15 for each condition)
were peeled and dried at 37°C for 1 h. An area of epidermis (3 mm?) was
selected for spectral collection. Sixty-four interferograms were collected
on a MAGNA-IR Nicolet 760 (Nicolet Instrument Technologies, Madison,
WI) spectrometer using 4-cm~" resolution in the spectral range between
700 and 2500 cm~" for each sample. Because absorbance varies with
sample thickness, all data sets were corrected for baseline and
normalized for area. PCA was performed with Win-DAS software (E.K.
Kemsley, Institute of Food Research, Norwich, UK). This statistical
method allows for characterization of samples by their scores on a small
number of variables, PCs, which are ordered in terms of decreasing
variance. PC scores can be plotted against one another to reveal
clustering or structure in the data set. It also is possible to mathematically
derive a spectrum related to the PC score (termed a PC loading) to identify
the molecular factors responsible for the separation of groups of spectra.

Reference infrared absorption spectra of cellulose and other 3-glucans
were obtained from the literature (Tsuboi, 1957; Liang and Marchessault,
1959; Séné et al., 1994).

Cellulose Analysis

Petal limbs at anthesis weighing 0.5 to 1.5 g were frozen at —80°C, and
quantification of crystalline cellulose was performed as described in
Schindelman et al. (2001).

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession numbers AY487167, AY487168,
and AY487169.
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