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� Background and Aims Plant lateral organs such as leaves arise from a group of initial cells within the flanks of the
shoot apical meristem (SAM). Alterations in the initiation of lateral organs are often associated with changes in the
dimension and arrangement of the SAM as well as with abnormal hormonal homeostasis. A mutation named stem
fasciated (stf) that affects various aspects of plant development, including SAM shape and auxin level, was
characterized in sunflower (Helianthus annuus).
� Methods F1, F2 and F3 generations were obtained through reciprocal crosses between stf and normal plants. For the
genetic analysis, a x2 test was used. Phenotypic observations were made in field-grown and potted plants. A
histological analysis of SAM, hypocotyl, epicotyl, stem and root apical meristem was also conducted. To evaluate
the level of endogenous indole-3-acetic acid (IAA), a capillary gas chromatography–mass spectrometry–selected ion
monitoring analysis was performed.
� Key Results stf is controlled by a single nuclear recessive gene. stf plants are characterized by a dramatically
increased number of leaves and vascular bundles in the stem, as well as by a shortened plastochron and an altered
phyllotaxis pattern. By histological analysis, it was demonstrated that the stf phenotype is related to an enlarged
vegetative SAM. Microscopy analysis of the mutant’s apex also revealed an abnormal enlargement of nuclei in both
central and peripheral zones and a disorganized distribution of cells in the L2 layer of the central zone. The stf mutant
showed a high endogenous free IAA level, whereas auxin perception appeared normal.
� Conclusions The observed phenotype and the high level of auxin detected in stf plants suggest that the STF gene is
necessary for the proper initiation of primordia and for the establishment of a phyllotactic pattern through control of
both SAM arrangement and hormonal homeostasis.
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INTRODUCTION

In higher plants, the zygote divides to produce the embryo,
a bipolar structure with one, two or several embryonic
leaves (cotyledons), the shoot apical meristem (SAM) and
the root apical meristem (RAM). Throughout post-
embryonic development new organs are reiteratively
differentiated (Sinnott, 1960; Steeves and Sussex, 1989;
Carles and Fletcher, 2003). To allow for normal post-
embryonic growth, the size of apical meristems has to be
accurately regulated. The SAM contributes to the devel-
opment of the plant via four functions: initiating tissues,
initiating organs, communicating with other parts of the
plant, and perpetuating itself as a formative region (Steeves
and Sussex, 1989; Baurle and Laux, 2003; Castellano and
Sablowski, 2005; Bhalla and Singh, 2006). The SAM of
dicotyledonous plants can be divided into three zones: (1) a
peripheral zone (PZ) of rapidly dividing cells, which
produces new lateral organs with regular spacing (phyl-
lotaxis) and regular timing (plastochron); (2) a central zone
(CZ) of slowly dividing cells, which has the key role of
meristematic cell recovery; and (3) the rib meristem zone,

which lies underneath the central zone and gives rise to the
pith and vascular structure of the stem (Steeves and Sussex,
1989). Superimposed on these zones is the arrangement of
clonally distinct cell layers (Kaplan and Cooke, 1997). In
most dicotyledonous plants, the SAM is composed of three
layers: L1, or epidermal layer; L2, or sub-epidermal layer;
and L3, or corpus. The outermost layers, tunica (L1 and
L2), comprise cells that undergo anticlinal division. The L3
is a multilayer group of cells that lie beneath the tunica and
divide in all planes, allowing the plant to grow upwards
and outwards. Several studies revealed that these zones and
layers form separate symplasmic domains (Rinne and Van
der Shoot, 1998). For the SAM to function properly, the
establishment and maintenance of these zones and layers
are essential. When the area of the central pool of stem
cells is not closely controlled, two opposite phenotypes can
be observed. The increase in SAM size is frequently
correlated with loss of typical arrangement of organ
primordia, and ribbon-like flattening of normally cylin-
drical organs (fasciation) frequently arises (White, 1948;
Sharma and Fletcher, 2002; Traas and Vernoux, 2002). On
the contrary, if the indeterminate fate of the stem cells is
not properly maintained, precocious cell differentiation
determines the extinction of meristem activity and,

* For correspondence. E-mail cpuglies@agr.unipi.it or claudio.pugliesi@
gmail.com

Annals of Botany 98: 715–730, 2006

doi:10.1093/aob/mcl153, available online at www.aob.oxfordjournals.org

� The Author 2006. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oxfordjournals.org



consequently, the development of new lateral primordia is
prevented (Laux et al., 1996; Long et al., 1996).

The term fasciation has been applied in botany to a wide
variety of phenomena even though usually the common
trait is a ribbon-like flattening of normally cylindrical
plant parts (White, 1948; Gorter, 1965; Binggeli, 1990). All
organs of a plant can be fasciated but stem or inflorescence
fasciation are the most frequent. The fasciated phenotype
has been described in several species as a consequence of
pathogen attacks, spontaneous mutations, mutagen treat-
ments, wounding or hormone applications (Gorter, 1965;
Gottschalk and Wolff, 1983; Binggeli, 1990; Nadjimov
et al., 1999).

Fasciated plants in spontaneous species are often des-
cribed simply as botanic curiosities but when the phenotype
it is not a monstrosity, fasciated mutants can be evaluated
in plant breeding programmes in crops or in ornamental
species. For example, the significant increase in locule
number in tomato cultivars is due to fasciation, while in
Celosia cristata the band-like shape of its inflorescence
makes it floriculturally attractive (Gorter, 1965). Fasciated
plants have also been used to reveal how meristem
structure and function are established and maintained in
normal plants (Williams and Fletcher, 2005). For example,
an extracellular signalling pathway in SAM maintenance
depending on the activities of CLAVATA genes has been
identified in Arabidopsis thaliana through molecular
characterization of fasciated mutants (Clark, 2001). Plants
with mutations in any of three loci, CLV1, CLV2 or CLV3,
show a progressive increase in meristem size beginning in
the embryo and continuing throughout life, indicating a
loss of cell division restriction (Clark et al., 1993, 1997).
Available evidence indicates that CLV3 encodes a small
secreted peptide expressed in outer cell layers (Fletcher
et al., 1999) and likely binds to the leucine-rich repeat
receptor kinase CLV1 and its putative dimerization partner
CLV2, which are expressed in inner cell layers (Clark et al.,
1997; Stone et al., 1998; Lenhard and Laux, 2003).
Another key element of CLV signalling pathway is the
WUSCHEL (WUS) gene product. WUS encodes a novel
subtype of the homeodomain transcription factor family
that is expressed near the boundary of the CZ and RZ in
shoot and floral meristems (Mayer et al., 1998). Both the
SAM and floral meristems of wus mutant plants terminate
prematurely after the formation of a few organs, indicating
that WUS is necessary to promote stem cell activity
throughout development (Laux et al., 1996). The WUS
expression domain is maintained by FASCIATA1 (FAS1)
and FASCIATA2 (FAS2), which encode components of
chromatin assembly factor-1 (Kaya et al., 2001). Regular
production of leaf primordia that is reflected in stable
phyllotaxis and plastochron is another primary function of
the SAM. The phyllotaxis is altered in clv and fas A.
thaliana mutants as well as in other mutants that show
increased SAM size: mgoun1 (mgo1), mgoun2 (mgo2),
enhanced response to abscisic acid (era1), pluripetala
(plp), abnormal phyllotaxy1 (abph1), corona (cna), jabba-
1D, plastochron 1, and shoot organization (sho) (Itoh et al.,
1998, 2000; Laufs et al., 1998; Running et al., 1998;
Bonetta et al., 2000; Giulini et al., 2004; Green et al., 2005;

Williams et al., 2005). Although these genes are supposed
to play distinct roles in leaf initiation, it is generally
considered that the initiation pattern of leaves is closely
associated with the size and shape of the SAM (Fleming,
2005; Reinhardt, 2005). Leaves are not generated in a
random fashion, but rather in a consistent pattern over
space and time, producing the regular architecture of the
plant. Plant hormones have been associated with this
process. In particular, auxin appears to be a central player
in leaf and flower formation and as a component of
phyllotactic patterning (Gälweiler et al., 1998; Reinhardt
et al., 2000, 2003; Vernoux et al., 2000; Heisler et al.,
2005; Reinhardt, 2005; Jönsson et al., 2006; Smith et al.,
2006).

In sunflower (Helianthus annuus), the artificial induction
of stem fasciation by auxin treatments has been described
as far back as 1940 (Irvine, 1940) and, more recently,
two recessive mutations that induce analogous phenotypes
were isolated (Shattuck, 1985; Jambhulkar, 2002). Shattuck
(1985) evaluated the inheritance of a spontaneous mutant
named head and leaf syndrome (hl), while Jambhulkar
(2002) has more recently described the morphology and
the genetic control of a fasciated mutant induced by gamma
rays. Both mutants showed well-documented effects of
band-shaped fasciation such as high leaf number, abnormal
phyllotaxis and stem enlargement. Fasciation of sunflower
inflorescence has also been described by Stoenescu (1974)
for the recessive f mutant. Only a preliminary analysis of
these mutants’ phenotype was reported, without any
histological or physiological characterization.

Recently a spontaneous mutant named stem fasciated
(stf) was isolated within an inbred line of sunflower, which
presents stem and inflorescence fasciation. Here, it is
shown that the recessive mutation affects various aspect of
plant development, including SAM shape, stem diameter,
phyllotaxis and inflorescence development. To learn about
the origin of the fasciation in the stf mutant, a detailed
morphological characterization of the mutant phenotype
throughout development has been performed. Furthermore,
to assess the involvement of auxin in the expression of the
stf phenotype, endogenous auxin levels and the sensitivity
of the mutant to this hormone have been analysed.

MATERIALS AND METHODS

Genetic analysis

The fasciated sunflower mutant arose spontaneously in the
inbred line of Helianthus annuus L. ACM 2224 (Depart-
ment of Crop Plant Biology of the University of Pisa, Italy)
in summer 2000. This plant was harvested and its progeny
grown in a greenhouse during the winter. No segregation
was observed within the progeny. Its phenotype sugges-
ted the name stem fasciated (stf). Genetic analysis of the
mutation was performed in the experimental field of
S. Piero (University of Pisa) with conventional manage-
ment’s practices. Special attention was given to chemical
fertilization because the expression of fasciated phenotype
was usually influenced by the plant vigour. For the
genetic analysis, flowers of stf and normal plants were
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hand-emasculated. F1, F2 and F3 generations were obtained
through reciprocal crosses. Plant growth conditions were as
described in Pugliesi et al. (1995). Briefly, parental
populations, and F1, F2 and F3 progenies were grown in
the field in replicate rows (50-cm inter-row spacing with
25–30 cm between plants, about 8 or 9 plants m�2). At
anthesis, plants were classified in all population as either
normal or mutant. A c2 test was used to determine the
goodness-of-fit of observed ratios to a theoretical mono-
genic 3 : 1 ratio.

Morphological analysis

Phenotypic observations were made on both mutant
(stf/stf) and wild-type (STF/STF) plants (ten) taken at
random from four replicates grown in field conditions. The
number of stem vascular bundles was evaluated on cross-
sections of stems of 30-d-old plants (median region of the
4th internode). Other morphological parameters were
recorded at the onset of anthesis with the exception of
achene yield, which was evaluated at plant maturity.
Total leaf area was measured using a DT area meter MK2
(Delta-T Devices, Cambridge, UK). Anthesis of the first
tubular flowers was recorded to determine the blooming
date. Pollen vitality was evaluated according to Pakòzdi
et al. (2002) by performing an overnight stain of pollen
grains with acetocarmine (1% w/v).

When required, seeds of stf and wild type were
germinated in Petri dishes on distilled water. Germination
took place in a growth chamber in the dark at 23 6 1 �C.
After 3 d, the germinated seeds were transplanted into an
alveolar box and then transferred to a growth chamber at
23 6 1 �C and a 16-h photoperiod. Two weeks later, the
seedlings were transplanted into larger pots (3 L) contain-
ing a mixture of soil and sand plus an initial dose of
complete fertilizer (Osmocote 14–14–14; Sierra, UK).
Irradiation was 200mmolm�2 s�1 provided by mercury
vapour lamps (Osram HQI-TS 250W/NDN; Wembley,
UK). The number of expanded leaves was recorded every
5–7 d during 10 weeks of growth. To evaluate the
outgrowth of side shoots after decapitation, five potted
plants (3 weeks old) from four replicates were deprived of
their vegetative SAMs just above the cotyledons.

Histological analysis

Shoot tips, segments of the stem with node and several
organs (hypocotyl, epicotyl, stem and root) of stf and wild-
type plants were collected from field-grown or potted
plants. Shoot tips were collected at different plant ages
during both vegetative and reproductive stages (see below
for details). Nodal explants, hypocotyls, epicotyls and roots
were collected in 10-d-old seedlings while the sampling of
stems was obtained from 30-d-old plants (median region of
the 4th internode). The materials were fixed for 24 h in
FAA (formalin/glacial acetic acid/ethanol/distilled water,
10 : 5 : 50 : 35 v/v) at room temperature before being
transferred into 70% ethanol (Fambrini et al., 2003).
Water was removed by graded ethanol series while the
dehydrated material was cleared in xylene with five steps

according to Ruzin (1999). Paraffin-embedded tissues were
sectioned using a rotary microtome (Reichert, Vienna,
Austria). Two methods were used to colour the serial
10-mm-thick sections obtained. Median, longitudinal
sections of SAM or transverse sections of undeveloped
leaves in SAM were stained in Delafield’s haematoxylin
(BDH Chemicals Ltd, Poole, UK). Sections of hypocotyls,
epicotyls, stems and roots were stained in 1% (w/v)
safranin followed by 0�2% (w/v) fast green (Fluka Chemie
GmbH, Germany).

Nucleus size

Serial longitudinal sections of vegetative shoots from
18-d-old seedlings were stained with the Feulgen proce-
dure. In particular, paraffin was removed from slides by
immersion in xylene and then, the sections were
hydrolysed for 45min in 5 N HCl at room temperature,
and stained in 0�5% Fuchsin-Schiff’s reagent for 1 h
(Cavallini et al., 1989). Measurements of nucleus diameter
were made on cells of the PZ and the CZ of the SAM using
an eyepiece micrometer Periplan 10· MESS (Leitz,
Germany) in a Leica DMRB microscope (Leica GmbH,
Germany). Data are mean (6 s.d.) of three independent
experiments with five replications (sections of vegetative
shoots).

Indole-3-acetic acid (IAA) analysis

Seedlings deprived of roots (14 d after germination),
apical stem segments from 40-d-old plants (median region
of the 5th internode) and shoot apices at the floral stage
5 (Marc and Palmer, 1981) of both stf and wild-type plants
were collected. Freeze-dried samples (500mg fresh
weight) were extracted in 65% isopropanol (v/v) with
0�02 M imidazole buffer at pH 7 to which [3H]IAA as
radiotracer and [13C6]IAA (JD Cohen, Department of
Horticultural Science, Saint Paul, MN, USA), as an internal
standard for quantitative mass-spectral analysis, were
added. After overnight isotope equilibration, the analysis
of free IAA was performed according to Chen et al. (1988).
IAA was purified using a Beckman System Gold HPLC
with UV detector (Varian UV 50) equipped with a C18

Partisphere column (Whatman, 110 · 5mm i.d.) and the
samples were eluted at 1mL min�1 20% acetonitrile/water,
1% acetic acid. Quantitative IAA analysis was done by a
capillary gas–chromatography–mass spectrometry–selected
ion monitoring (GC-MS-SIM) using a Hewlett Packard
5890-5970 System equipped with a 12m Chromopack
CPSiI 19 capillary column (i.d. 0�25mm; film thickness
0�25mM), carrier gas He (1mL min�1), injector at 280 �C,
oven temperature increased from 50 �C to 110 �C at 30 �C
min�1, then 6 �C min�1 to 280 �C, source temperature
270 �C, ionizing voltage 70 eV. Ions monitored were m/z
130 and 136 for the base peak (quinolinium ion) and 189 and
195 for the molecular ion of methyl-IAA and methyl-
[13C6]IAA, respectively. The ratios of 130 : 136 and
189 : 195 were used to calculate endogenous levels of IAA.
The data are presented as means (6 standard deviation)

Fambrini et al. — A Fasciated Mutant in Sunflower 717



of three independent experiments with three replicates
(seedlings, stem segments and shoot apices).

In-vitro treatments

Embryos were surface-sterilized for 1min in 70% (v/v)
ethanol and for 20min in 2�8% (v/v) sodium hypochlorite
solution containing 0�01% Triton X-100 and then rinsed
in sterile distilled water. For germination, the embryos
were placed on solidified (8 g L�1 Bactoagar, Oxoid Ltd,
Basingstoke, UK) MS basal medium (Murashige and
Skoog, 1962) without growth regulators. After 1 week,
seedlings were transplanted to 20mL solidified MS
medium in 150mL Erlenmeyer flasks and incubated at
23 6 1 �C and a 16-h photoperiod in a growth chamber.
Irradiation was 30 mmol m�2 s�1 provided by cool-white
fluorescent lamps (Philips TLD 36W/33; Philips,
Eindhoven, The Netherlands). Hypocotyl and epicotyl
explants (0�5–1�0 cm long) were obtained from 3-week-old
seedlings and used to induce callus proliferation in Petri
dishes on solidified MS basal medium supplemented with
30 g L�1 of sucrose. Cotyledons were obtained from 5-d-
old seedlings and cultured as described for hypocotyl and
epicotyl explants. A minimum of 40 explants were cultured
for each treatment and the experiment was repeated three
times. For callus growth measurements, fresh weight of
treated explants (30 d) was expressed as a percentage of the
initial fresh weight of hypocotyl or epicotyl explants.

IAA treatments

Hormonal treatments were performed according to Lenzi
et al. (1995). Briefly, embryos of stf and wild type were
placed between two filter paper sheets on a Plexiglas rack
partially submerged in distilled water or distilled water
supplemented with IAA (0�1, 1 or 10 mM). The treatments
were conduced in a growth chamber at 23 6 1 �C under
continuous white light and a photosynthetic photon flux
density of 30mmol m�2 s�1 provided by cool fluorescent
lamps. Root length and number of secondary roots were
determined after 14 d of culture using 30 seedlings of each
genotype for each treatment. The experiment was repeated
three times.

Hypocotyl growth in the dark or under light conditions

Embryos of stf and wild type were placed as described
for the IAA treatments. The experiments were conducted in
a growth chamber at 23 6 1 �C in the dark or under
continuous white light with a photosynthetic photon flux
density of 30mmol m�2 s�1 provided by cool fluorescent
lamps. Hypocotyl length was determined after 14 d of
culture using 30 seedlings of both genotypes for each
treatment. The experiment was repeated three times.

Statistical analysis

Data were treated using analysis of variance procedures,
and means were compared by Tukey’s test (P = 0�05).
Homogeneity of variances was evaluated using Bartlett’s
test (P = 0�05). Differences between means of Table 1

and Figs 8, 10A and 11 were tested using Student’s t-test
(P = 0�05 or 0�01). Statistical analyses on percentage data
were performed after arcsine transformation.

RESULTS

Genetic analysis of the stf mutant

Reciprocal crosses between wild-type and the stf mutant
resulted in F1 plants only with normal traits and the F2

population segregated into mutant and normal types fitting
a monogenic 3 : 1 ratio (490 normal : 181 mutant, c2 =
1�395, P = 0�20–0�30). The monogenic segregation ratio
was confirmed by analysis of F3 progenies. In F3

populations, F2 plants classified as stf only produce mutant
progenies. Non-segregating progenies (25) and segregating
progenies (61) that fitted the expected 3 : 1 ratio were
obtained from F2 normal plants (2336 normal : 719 mutant,
c2 = 3�49, P = 0�05–0�10). These data indicate that stf is
controlled by a single nuclear recessive gene as reported
for the two previously described sunflower mutants with
the fasciated phenotype (Shattuck, 1985; Jambhulkar,
2002). It cannot be excluded that these mutations affect
the same locus and crosses among the three genotypes will
be performed to test for complementation.

Developmental phenotype of the stf mutant

Fasciation is characterized by altered phyllotaxis and
stem broadening. These aspects of the mutant phenotype
were analysed and the results are presented below.
Interestingly, both of these aspects of the stf phenotype
became progressively more apparent as the plants
developed.

The vigour of stf plants was comparablewith respect to the
wild type and no differences were observed for plant height
(Table 1). By contrast, the number of total leaves and the
total leaf area per plant in the mutant were significantly
higher than in the wild type (Table 1 and Fig. 1). The number

TABLE 1. The effects of the stem fasciated (stf) mutation on
some characters of sunflower (Helianthus annuus) plants grown

in the field

Characters Wild-type stf

No. of leaves 27.8 6 2.2 136.1 6 19.8**
Leaf area per plant (cm2) 5228.3 6 253.6 8978.8 6 485.5**
Stem height (cm) 75.2 6 6.1 73.2 6 6.2n.s.
No. of vascular bundles
of the stem† 36.0 6 1.9 63.3 6 2.1**
Onset of anthesis (days) 63.8 6 1.4 66.7 6 1.6*
No. of head bracts 29.7 6 6.3 142.0 6 26.0**
No. of ray flowers 56.0 6 1.1 138.3 6 7.2**
No. of achenes/plantz 605.2 6 77.9 155.0 6 53.1**
Pollen viability (%) 93.9 6 0.7 65.2 6 4.1**

Values are means (6 s.d.) from four progenies, with ten replicates each
(plants).

*P < 0�05; **P < 0�01; n.s., not significant (Student’s t-test).
† The number of stem vascular bundles was evaluated on cross-sections of

stems of 30-d-old plants (medial region of the 4th internode).
z The number of achenes was calculated in open-pollinated plants.
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of leaves in stf plants gradually increased from the bottom to
the top of the stem, especially in the last section of the stem
below the insertion of the inflorescence (Fig. 1A). The
mutant showed an increased number of leaves after only 2
weeks after germination (Fig. 1E). This phenotype, easily
visible in field-grown plants before floral initiation (Fig. 1B),
wasmaintained during all growing phases (Fig. 1B–D). Both
stf leaves and head bracts were always smaller than the ones
in wild-type plants (Fig. 2A–J). The shape of the first pair of
stf andwild-type leaves was the same. By contrast, the leaves
inserted at the basal and median stem nodes in wild-type
plants were bigger than those on the mutant and character-
ized by a well developed petiolar sinus (cordate form) that
was not prominent in stf leaves (compareG andHwith I and J
in Fig. 2).

In the last portion of the stem, just below the
inflorescence, the stem diameter of stf plants was
significantly larger than in wild-type plants (Fig. 3A, B),
while no differences were observed in the basal or median
region of the stem. The shape of stf stems was correlated to
developmental phases. In the vegetative phase, the stf stem
was cylindrical, but after the transition to reproductive
phase it gradually broadened at the tip to give a band-
shaped fasciation, which was particularly pronounced in
the zone just below the inflorescence (Fig. 3B). A central
cavity in the pith parenchyma of the stf stem was also
present after the transition to reproductive phase (Fig. 3C).

In the wild type, cotyledons and the first pair of leaves
are inserted in an opposite arrangement (decussate), which
gradually develops into a spiral phyllotaxis of alternate
leaves, from the second to the third pair. The diameter of
the sunflower SAM increases during development (Marc
and Palmer, 1981). This results in a gradual shift from
lower to higher phyllotactic numbers. In fact, the
phyllotactic pattern undergoes a gradual shift from 2 + 3
to 3 + 5 and to more complex phyllotaxis (e.g. 5 + 8). stf
plants showed severe phyllotaxis defects (compare E and F
in Fig. 3). Indeed, the first two leaves of stf plants are
normally opposite but subsequent leaves are whorled,
arranged with a random number of leaves inserted at each
node (Fig. 3D), an arrangement that is clearly distinct
from the spiral phyllotaxis of normal plants. Although in stf
plants the number of leaves at each node is variable, a
higher number of leaves are initiated at the top of stf stems
with respect to basal ones (Fig. 1A and 3B). Thus,
especially at the top of the stf stem, the phytomers were not
clearly distinguishable (Fig. 3B).

Sunflower inflorescences are heterogamous with
zygomorphic ray flowers located in the outermost whorl
of the head and actinomorphic disc flowers arrayed in arcs
radiating from the centre of the head (Berti et al., 2005).
The fasciated phenotype was also displayed in stf
inflorescences, while few minor defects were detected in
both ray and disc flowers. Indeed, the stf capitulum
developed multiple inflorescences inserted in a single
receptacle to generate a profile not as wholly hemispheric
as in the control (Fig. 4A–E). The surface of the stf
receptacle was wavy with depressed lines from the centre
to the circumference which were spaced by areas in relief
(Fig. 4B). The spiral phyllotaxis 34 + 55, characteristic of

the sunflower inflorescence, was lost (Fig. 4C). stf plants
presented a high number of ray flowers and head bracts
(Table 1 and Fig. 4B). In deep invaginated and narrow
areas, disc flowers were very deformed and/or missing and
ray flowers and/or head bracts were differentiated (Fig. 4C).
On the contrary, the flowers that developed in portions of
stf inflorescences not affected by invagination were very
similar to wild-type flowers with respect to shape and
organs number (data not shown). In the mutant, the onset of
anthesis was delayed in comparison to the wild type
(Table 1). In addition, the mutant showed a significantly
lower pollen viability than the wild type (Table 1). stf heads
were often blemished by a cavity in the central zone
(Fig. 4C) and they produced markedly fewer achenes than
the wild type (Table 1). stf achenes were also shorter than
normal (Fig. 4F). The severity of head malformations varied
from plant to plant and depended on general plant vigour.
In fact, weak potted stf plants developed a less extreme
phenotype than field-grown plants (data not shown).

To evaluate side-shoot production, potted plants were
decapitated after 3 weeks from germination. In both
genotypes, every plant was deprived of the SAM just above
the cotyledons. Outgrowth of axillary shoots was always
observed in wild-type decapitated plants (20/20), while in
the mutant, the rate of side shoot differentiation was
strongly reduced (2/20).

Histological analyses of the stf mutant

The developmental phenotype displayed by the mutant
suggested that the stf SAM may be enlarged. Indeed, the
mutation at the STF locus induces a time-dependent
enlargement of the SAM significantly higher than the
wild type (Fig. 5A). At a very early stage of seedling
growth (3 d old) the stf SAM was similar in size to the one
in control plants (Fig. 5B, C). By contrast, after just 10 d of
culture, the SAM diameter of the mutant was significantly
higher than in wild-type plants (Fig. 5A). An enlarged
SAM characterized stf plants also after the transition from
vegetative to reproductive stage (Fig. 5A, D, E). By
contrast, when floral primordia were initiated, the meristem
diameter of stf and wild-type plants was not significantly
different (Fig. 5A, F, G). Nevertheless, the SAM of stf
mutants showed a different shape with respect to normal
plants, often displaying more apical domes along its
surface (Fig. 5F, G). Notably, the phenotype of the sporadic
side shoots produced by decapitated stf plants retained the
fasciated syndrome (Fig. 5H, I). In young stf seedlings,
both hypocotyl and epicotyl revealed a normal structure
without significant modifications (Fig. 6A–D). On the
contrary, stems of 40-d-old stf plants presented more
differentiated vascular bundles than normal plants (Table 1
and Fig. 6E, F). There were no structural differences in
RAM between stf plants and their normal siblings
(Fig. 6G, H), indicating that the effects of the stf mutation
were specific to the SAM. However, it was evident that stf
seedlings showed a higher number of lateral roots than the
wild type (121�5 6 6�6 vs. 92�2 6 2�0).
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Nucleus size in cells of the PZ and CZ of the SAM

To obtain a more precise cytological characterization
of the SAM, sections of shoot tips were stained by the
Feulgen method. Median longitudinal sections of wild-type
sunflower shoot apices reveal a distinctive CZ that includes
the central region of the tunica and a portion of the
underlying corpus (Fig. 7A). The tunica consists of an
overlying epidermal L1 layer and an underlying L2 layer
(Fig. 7A, B). Both of these layers are one cell thick, and
each remains clonally distinct from the others because the
cells within them divide only in an anticlinal orientation,
perpendicular to the plane of the meristem. The CZ is
recognizable because of the relatively faint staining of its
nuclei in contrast to those cells in surrounding region of the
apex (PZ) and leaf primordia. In stf SAM the CZ is broader
than in the wild type (compare A and C in Fig. 7). The wild
type and the PZ of stf SAM showed two distinct layers
forming the tunica (Fig. 7A, C, E). By contrast, the L2
layer in the CZ of the stf SAM was no longer visible as in
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leaves (40–50% of the total stem length); (I, J) basal leaves (10–20% of the
total stem length). Arrows indicate the petiolar sinus visible in WT leaves.

Scale bars: A, B = 3�5 cm; C– J = 3 cm.
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the wild-type apex (compare B and D in Fig. 7). In both
wild-type and stf SAM the nuclei of PZ cells were
significantly larger than the nuclei of CZ cells (Fig. 7F).
Notably, the nucleus size of both PZ and CZ cells of stf
was significantly higher than that in cells found in a
normal SAM.

Endogenous levels of IAA

To investigate whether the morphological features of
the stf mutant were a consequence of altered levels of
endogenous auxin, GC-MS-SIM analyses during different
stages of plant development were performed. The level
of free IAA in stf seedlings was significantly higher (about
3-fold) than in wild-type seedlings (Fig. 8A). Analogously,
IAA concentration in reproductive shoot apices of 40-d-old
stf plants, at floral stage 5 (Marc and Palmer, 1981), was
higher (about 4�5-fold) than the one present in normal
plants (Fig. 8B). By contrast, no significant differences
between the two genotypes were observed in the apical
portions of stems taken from 40-d-old plants (Fig. 8C).

Effect of IAA treatments on root length

To determine whether the stf mutant is less sensitive
to auxin, the response of stf to IAA was examined. After
2 weeks of growth in several concentrations of IAA, a

dose-dependent inhibition of the root elongation was
observed in both genotypes (Fig. 9). stf roots were only
slightly resistant to 1mM auxin compared with the wild
type, suggesting that auxin perception in stf was normal.

In vitro development of stf seedlings and callus induction
from stf organs

Because auxins are required for proliferation of cultured
plant cells in vitro, an investigation was carried out to see if
stf explants could proliferate in the absence of exogenously
applied phytohormones. A significant production of callus
from hypocotyl or epicotyl segments of stf seedlings
was obtained on MS medium without growth regulators
(Fig. 10A–C). By contrast, in wild-type explants, cell
division in the cut surface was rapidly lost and the tissues
became necrotic (Fig. 10B, C). Notably, cell proliferation
in both genotypes is characterized by a basipetal polarity
(Fig. 10B, C). Cotyledon explants of the stf mutant were
also capable of undergoing phytohormone-free cell
proliferation, sometimes producing adventitious roots
(Fig. 10D). This experiment demonstrated that all three
organs tested (hypocotyl, epicotyl and cotyledon) were able
to sustain auxin-autonomous growth.

Wild-type and stf seeds were surface-sterilized and
germinated in the light on MS medium deprived of growth
regulators (Fig. 10E–G). One week after germination,
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F I G . 4. Developmental phenotype of the stem fasciated (stf) mutant of sunflower (Helianthus annuus). (A) Inflorescence of a wild-type plant. (B, C)
Inflorescences of stf plants; arrows indicate ray flowers or head bracts differentiated within the stf inflorescence; arrowheads indicate deep invaginated areas
within the stf inflorescence. (D, E) Back view of dried wild-type (D) and stf (E) inflorescences; arrows indicate invaginations generating a stf inflorescence

with multiple heads. (F) Mature achenes from wild-type (left) and stf (right) plants. Scale bar = 1 cm.
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stf cotyledons were epinastic and a dedifferentiation of the
base of hypocotyls was sometimes observed (Fig. 10F).
Concomitantly, adventitious root primordia developed in
this region (Fig. 10G).
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F I G . 6. Developmental phenotype of the stem fasciated (stf) mutant of
sunflower (Helianthus annuus). (A–F) Transverse section of hypocotyls
(A, B), epicotyls (C, D) and stems (E, F) of wild type (A, C, E) and stf
(B, D, F). (G, H) Longitudinal section of wild-type (G) and stf (H) roots.
Sections were stained in safranin and fast green. Scale bars: A–D = 2mm;

E, F =1mm; G = 300mm; H = 400mm.
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Effect of light on hypocotyl length

Hypocotyl elongation assay has been performed to
compare the sensitivity with continuous light of the stf
mutant. After 2 weeks of growth a light-dependent

inhibition of hypocotyl elongation was observed in both
genotypes (Fig. 11). However, stf mutant has longer
hypocotyls than the wild type. By contrast, stf seedlings
exhibit normal hypocotyl length in the dark.
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DISCUSSION

Development of the stf SAM in vegetative and
reproductive phases

To learn about the control of meristem structure and
function in sunflower, the recessive mutation stf, which
affects various aspects of plant development, including
SAM shape and arrangement, stem diameter, leaf number
and shape, phyllotaxis, plastochron, and inflorescence
development, have been characterized. This indicates that
STF plays multiple developmental roles. In the stf mutant
the SAM is enlarged with respect to wild-type plants.
Because the SAM increase precedes the manifestation of
the other plant defects, it could be the primary cause of the

abnormal characteristics proper of the stf mutant. Micro-
scopic analysis of the mutant’s apex has also revealed an
abnormal enlargement of nuclei in both CZ and PZ and a
disorganized distribution of cells in the L2 layer of the CZ.
These observations suggest that the STF gene is involved in
the control of the pattern of cell differentiation and/or cell
proliferation within different regions of the SAM. The
particular shape of stf apices after the transition to
reproductive phase (i.e. development of multiple apical
domes) and the shape of stf inflorescences during anthesis
could suggest that the enlarged SAM in the stf mutant can
be constituted by a variable number of juxtaposed
meristems. In fact, the tri-radiate types of fasciation are
common in Compositae (White, 1948), and Jambhulkar
(2002) considers juxtaposition of meristems as a potential
explanation for the phenotype of another fasciated mutant
of sunflower. However, these apical domes were not clearly
separated as described for the Arabidopsis mutants mgoun1
(mgo1), mgo2 and mgo3 (Laufs et al., 1998; Guyomarc’h
et al., 2004) that, unlike stf plants, also displayed stem
bifurcation. In the mgo mutants RAM activity is also
affected (Laufs et al., 1998; Guyomarc’h et al., 2004). By
contrast, although stf seedlings differentiated a higher
number of lateral roots than the wild type, there are no
differences in the RAM size and root histology between stf
plants and their normal siblings, suggesting that the STF
gene product is not required to regulate the RAM structure.

Key regulators of meristem development often affect
both shoot and flower meristem function (Clark et al.,
1993, 1997; Fletcher, 2002). Indeed, the stf capitulum
developed multiple inflorescences where the phyllotactic
pattern 34 + 55 was completely disrupted. The extension of
the fasciated phenotype to the inflorescence also deter-
mines the development of a high number of ray flowers.
Nevertheless, no consistent effect of the stf mutation on
shape and on flower organ number was observed. This is in
contrast to the phenotype of other mutants characterized by
enlarged SAM. For example, mutations in the clv1 and clv3
genes increase organ number in all four floral whorls,
especially the inner whorls, as well as increasing the
total number of whorls (Leyser and Furner, 1992;

0

5

10

15

20

25

30

0 0·1 1 10

IAA concentration (µM)

R
oo

t l
en

gt
h 

(c
m

)

dd

c

b
a a

e
e WT

stf

F I G . 9. Effect of indole-3-acetic acid (IAA) treatments on root length of
wild-type (WT) and stem fasciated (stf) mutant of sunflower (Helianthus
annuus). Data are means (6 s.d.) of three independent experiments each
with 30 replicates (seedlings). Values with the same letter are not signifi-

cantly different at the P = 0�05 level according to Tukey’s test.

0

5

10

15

20

25

30

35

40

45

Stem

IA
A

 F
R

E
E

 (
ng

 g
–1

FW
)

0

5

10

15

20

25

Seedling (14 d after germination)

IA
A

 F
R

E
E

 (
ng

 g
–1

FW
) b

a

a
a

0
25
50
75

100
125
150
175
200
225
250

Reproductive shoot apex (FS 5)

IA
A

 F
R

E
E

 (
ng

 g
–1

FW
)

a

b

WT
stf

A

B

C

F I G . 8. Level of endogenous IAA free in the stem fasciated (stf) mutant of
sunflower (Helianthus annuus). (A)Level of endogenous IAA in 14-d-old stf
andwild-type (WT) seedlings. (B) Level of endogenous IAA in reproductive
shoot apex of 40-d-old plants [floral stage 5 (FS 5) according to Marc and
Palmer, 1981]. (C) Level of endogenous IAA in apical stem of 40-d-old
plants (median region of the 5th internode). The free IAA concentrations
were measured on GC-MS-SIM with stable isotopes as internal standards.
Data are means (6 s.d.) of three independent experiments each with three
replicates. Values with the same letter are not significantly different at the

P = 0�01 level according to Student’s t-test.

Fambrini et al. — A Fasciated Mutant in Sunflower 725



Clark et al., 1993, 1995). Deformed ray and disc flowers,
often with abnormal petal development, were initiated in
the boundaries of deep invaginated areas of the stf
inflorescence. It is likely that abnormal flowers and bracts
were differentiated by the inductive effects of the deep
invaginations generated within the stf inflorescences.
Wounding the receptacle by puncturing or cutting at an
early stage when the receptacle dome was forming (floral
stage 3), or later, when the first rows of disc floret
primordia were appearing on the rim of the receptacle
(floral stage 5), resulted in the initiation of involucral
bracts, ray and disc flowers in the wounded area (Palmer
and Marc, 1982), reproducing a partial phenocopy of stf
inflorescence. The wild-type number of flower organs in
the stf mutant could suggest that the STF gene product is
not required to regulate the stem cell balance of floret
primordia. Analogously, no supernumerary flower organs
have been described in other mutants of sunflower with
fasciated phenotype (Shattuk, 1985; Jambhulkar, 2002).

The decreased pollen viability displayed by the stf mutant
has been also described in other sunflower mutants char-
acterized by a fasciated phenotype (Shattuck, 1985) but, at
present, the relationship between the control of SAM size
and pollen fertility it is not clear. A pleiotropic effect of the
stf mutation on pollen development could be evoked. On
the other hand, as pointed out by White (1948), it is not
uncommon that anthers of fasciated mutants in several
species aborted all or part of their pollen before they
mature.

The stf mutation drastically affects stem diameter,
leaf morphology and phyllotaxis

In the stf mutant the stem is cylindrical at the base but
gradually became more oval just before the insertion of the
inflorescence. Therefore, in the upper portion of the shoot,
the stf stem show a very abnormal cross-sectional shape.
This morphology is not unusual because, especially in
annual plants, the fasciated genotypes are often character-
ized by a broad stem at the tip. Compton’s work on Pisum
sativum (Compton, 1911) can be cited among the first
observations of this phenomenon. Furthermore, the origin
of this typical abnormal trait at the anatomical level has
been studied in depth by LaMotte et al. (1988) in their
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Scale bars: B, G = 1 cm; C = 1�5mm; D = 2�5 cm.
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characterization of the fasciated mutant f of Glycine max.
The division of the stem in two or more sectors has never
been observed in the stf mutant. Splitting of stem has been
described in the fasciated mutant of Cicer arietinum that
shows the development of a broad strap-like appearance
from the fifth node (Knights, 1993).

One of the most dramatic phenotypes caused by the stf
mutation is the alteration of the phyllotactic pattern.
Phyllotaxis is determined by the spatial and temporal
regulation of leaf formation at the SAM (Reinhardt, 2005).
Leaves are formed in the PZ of SAM which encircles the
CZ, the site of the stem cells (Steeves and Sussex, 1989).
Inevitably, the field of cells from which primordium
formation can occur (i.e. increasing the meristem size)
might influence organ formation and phyllotaxis. Indeed,
altered meristem size is frequently associated with altered
phyllotaxis (Leyser and Furner, 1992; Clark et al., 1993,
1995; Tang and Knap, 1998; Jackson and Hake, 1999;
Kaya et al., 2001; Taguchi-Shiobara et al., 2001; Byrne
et al., 2003; Giulini et al., 2004; Running et al., 2004).

The most prevalent phyllotactic patterns are distichous
(alternate or spiral if one primordium is formed at a time
and decussate (opposite) or bijugate if primordia are
formed in pairs (Reinhardt, 2005). In sunflower, as well as
in many other species, the phyllotactic pattern changes
during plant ontogeny. This results from the gradual
increase of the diameter of the SAM during development
(Marc and Palmer, 1981). Normal sunflower plants exhibit
a transition from the initial decussate phyllotaxis to spiral
phyllotaxis. In the stf mutant there is irregular leaf
initiation rather that a shift to a different phyllotactic
pattern. In fact, the whorled phyllotaxis pattern that
characterizes the stf mutant is irregular: the number of
leaves at each node varies as a function of their node
position on the stem. A higher number of leaves are
initiated from nodes at the top of stf stems (mature leaves)
with respect to basal ones (juvenile leaves). Indeed, at the
top of stf stems a clear distinction of phytomers was lost. A
similar feature was reported in the sunflower variety Surya,
for another fasciated mutant (Jambhulkar, 2002) and in
Arabidopsis for the mutants clv1, clv3, fas1 and fas2
(Leyser and Furner, 1992; Clark et al., 1993, 1995).

The stf mutation affects the endogenous auxin levels

Auxin is a key plant hormone that regulates many
important plant processes (Berleth et al., 2004). Recently,
several studies have suggested that the polar flux and
distribution are important cues for lateral organ initiation
(Okada et al., 1991; Kuhlemeier and Reinhardt 2001;
Benková et al., 2003; Friml, 2003; Reinhardt et al., 2003,
2005; Pfluger and Zambrynski, 2004; Fleming, 2005;
Heisler et al., 2005). The stf mutant presented high
endogenous auxin levels in young seedlings when the
mutant phenotype is not yet visible, whereas auxin
perception appears to be normal.

Although there is no clear evidence that auxin
endogenous content is important in regulation of phyl-
lotaxis, the disruption of regular phyllotactic pattern in the
stf mutant as well as in the f mutant (Tang and Knap, 1998)
could suggest the hypothesis that an increased level of IAA
might influence the position and number of lateral
primordia. The analysis of local distribution of auxin at
the shoot meristem level, i.e. using cyto-immunohistolo-
gical methods, is essential to determine the role of high
IAA endogenous content in phyllotactic alteration in these
mutants. At the same time, the analysis of expression
pattern of key genes required for the induction and the
spatial organization of lateral primordia such as PIN-
FORMED 1 (PIN1), SHOOTMERISTEMLESS (STM) and
CUP-SHAPED COTYLEDON2 (CUC2) (Heisler et al.,
2005) could also be informative. On the other hand, SAM
enlargement might also alter the position and number
of auxin minima and, as a consequence, the setting of
fields from which organ primordia arise (Fleming, 2005).
In line with this, in clv and fas Arabidopsis mutants, the
enlargement of the SAM diameter is coupled with
phyllotactic alteration (Leyser and Furner, 1992; Clark
et al., 1993, 1997).

By contrast to the high levels of IAA present in the shoot
apex, the apical portions of stf stems contain normal IAA
levels. Although these contrasting results could suggest
an altered basipetal flow of auxin, mutants defective in
auxin polar transport (e.g. pin1, aux1 and lop1) exhibit a
different phenotype than the one observed in stf (Okada
et al., 1991; Bennet et al., 1996; Carland and McHale,
1996). In addition, exogenous treatment with 2,3,5-
triiodobenzoic acid does not confer a stf phenotype to
wild-type plants (M. Fambrini, unpubl. res.). However, an
eventual pleiotropic effect of the stf mutation on the auxin
polar transport cannot be excluded on the basis of this
indirect evidence. Indeed, if the basipetal auxin flow in the
stf mutant is not reduced, a high level of IAA is also
expected in the apical portion of the stem. Therefore,
analyses of the IAA content on different portions of the stf
stem (i.e., basal and median internodes) along with an
auxin polar transport assay are both necessary to evaluate
the possibility of an effect of the stf mutation on the
basipetal flow of auxin.

Other lines of evidence suggest that elevated endo-
genous auxin levels significantly affect the stf phenotype.
In particular, stf plants show a phenotype similar to that
exhibited by auxin-over-producing plants. For example, the
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stf mutant showed epinastic cotyledons, reduced leaf
expansion, and long hypocotyls under continuous white
light. It is known that auxin influences hypocotyl
elongation by light. For example, when compared with
wild-type seedlings, auxin-over-producing superroot1
(sur1) and sur2 mutants, as well as 35S::iaaM transgenic
seedlings, have longer hypocotyls when grown in light, yet
exhibit normal hypocotyl length in the dark (Boerjan
et al., 1995; Romano et al., 1995; Delarue et al., 1998).
Furthermore, analogously to sur1 and yucca mutants
(Boerjan et al., 1995; Zhao et al., 2001), explants of the
stf seedlings could be cultured on medium lacking
phytohormones, whereas wild-type explants died under
these conditions. In this respect, it is noteworthy that
in-vitro-cultured explants of fasciated mutants of
A. thaliana (Mordhorst et al., 1998) and Mammillaria
elongata (Papafotiou et al., 2001) showed a different
behaviour than the wild types, suggesting that in these
genotypes a genetic mechanism might operate through a
hormonal imbalance (Gorter, 1965; Boke and Ross, 1978).

Hypocotyl disintegration concomitant with adventitious
root development further supported that stf overproduced
IAA. Disintegration and adventitious root formation at
the base of hypocotyls could be the result of an increased
concentration of, and/or a longer exposure to, IAA in these
cells (Boerjan et al., 1995). In fact, if the amount of IAA
to be transported from the apical part of the hypocotyl to
its base is higher than the capacity to transport IAA, as in
auxin overproduction mutants, IAA would accumulate in
the lower regions of the hypocotyl, where it would exert its
effect (Sánchez-Bravo et al., 1992). The development of a
high number of lateral roots expressed by stf seedlings is
also consistent with a higher auxin level. Studies have
shown that lateral root initiation is dependent on IAA
transported from the shoot into the root (Ljung et al.,
2001). An excess of adventitious and lateral roots has been
detected in well-characterized IAA overproduction mutants
of Arabidopsis (e.g. sur1, sur2, rooty and yucca) (Boerjan
et al., 1995; King et al., 1995; Delarue et al., 1998; Zhao
et al., 2001, 2002; Mikkelsen et al., 2004).

It is noteworthy that in the stf mutant the ability of
side shoots’ outgrowth from axillary meristems is very low.
This result is consistent with the primary role of auxin in
the control of apical dominance (Romano et al., 1993;
Leyser, 2002, 2003). A major site for auxin synthesis is
at the primary shoot apex, particularly in young leaves,
from which it is transported down the plant in the polar
transport stream (Ljung et al., 2001, 2002). Auxin moving
in this fashion can inhibit shoot branching because either
blocking polar auxin transport or removing the shoot apex
promotes shoot branching, with the branch-promoting
effect of removing the apex being negated by the addition
of auxin to the decapitated stump (Cline, 1991). In plants
overproducing auxin, strong apical dominance is expected.
In this respect, it is noteworthy that decapitation of stf
plants is also insufficient to remove the auxin inhibition of
shoot outgrowth, analogously to the auxin-overproducing
mutant f of soybean (Tang and Knap, 1998).

Although genotypes with elevated auxin levels show
similar phenotypic changes (e.g. epinastic cotyledons, long

hypocotyls in light-grown seedlings, adventitious root
formation, increased number of lateral roots, auxin-
independent growth in tissue culture), they can be different
in regards to other characteristics (Woodward and
Bartel, 2005). For example, an enlarged SAM with a
concomitantly fasciated phenotype and a high number of
leaves was displayed by the soybean mutant f and also by
stf plants of sunflower but not by ‘high auxin’ mutants of
Arabidopsis (Boerjan et al., 1995; Delarue et al., 1998;
Tang and Knap, 1998; Zhao et al., 2001). In addition,
although enhanced shoot branching is traditionally cor-
related with decreased auxin concentration, both the ‘high
auxin’ Arabidopsis mutants bushy and supershoot (sps)
displayed a bushy habit (Reintanz et al., 2001;
Tantikanjana et al., 2001). The reason for these differences
is unknown. It is likely that some of these mutations
affecting the IAA levels can also affect other aspect of the
hormonal homeostasis. For example, the sps mutation
of Arabidopsis confers a high endogenous level of free
IAA as well as increased levels of zeatin-type cytokinins
(Tantikanjana et al., 2001). It has been shown that the SPS
gene encodes a cytochrome P450 (CYP79F1), which is
thought to catalyse the formation of glucosinolates derived
from methionine (Tantikanjana et al., 2001). It is not clear
how a lesion in glucosinolate synthesis could affect
cytokinin metabolism. The changes in cytokinin level in
sps plants may be one of the feedback mechanisms
involved in hormone interaction. A quantification of
cytokinins in stf plants was not performed and it cannot
be excluded that, in addition to elevated level of free IAA,
the sensitivity and/or metabolism of other hormones may
be affected.

In conclusion, the observed phenotype and the high
level of endogenous auxin detected in stf plants suggest
that the STF gene may be involved in the proper initiation
of primordia and in the establishment of a phyllotactic
pattern, probably through control of the SAM arrangement
and hormonal homeostasis. However, the dramatically
altered phenotype of the stf plants hinders the discrimina-
tion between the primary or the secondary effects induced
by the stf mutation. Isolation and characterization of the
STF gene should clarify its role in shoot development, and
also help determine its involvement in auxin biosynthesis.
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