Control ot axillary bud initiation

and shoot architecture in Arabidopsis
through the SUPERSHOOT gene

Titima Tantikanjana,' Jean W.H. Yong,>? D. Stuart Letham,”> Megan Griffith," Mumtaz Hussain,'
Karin Ljung,* Goran Sandberg,* and Venkatesan Sundaresan'-®

'Institute of Molecular Agrobiology, The National University of Singapore, Singapore 117604; *Research School of Biological
Sciences, The Australian National University, Canberra ACT 2601, Australia; *Natural Science Group, National Institute of
Education, Nanyang Technological University 639798, Singapore; “Swedish University of Agricultural Science, Petrus

Laestadius vag, SE-901 83 Umed, Sweden

The aerial architecture of flowering plants is determined to a large extent by shoot growth and shoot
branching arising from the initiation and growth of axillary meristems. We have identified an Arabidopsis
mutant, supershoot (sps), which is characterized by a massive overproliferation of shoots, such that a single
plant can generate 500 or more inflorescences. Analysis of the mutant plants shows that the primary defect is
because of an increase in the number of meristems formed in leaf axils, together with release of bud arrest,
resulting in reiterative branch formation from rosette and cauline leaves. The SPS gene is shown here to
encode a cytochrome P450, and together with a 3- to 9-fold increase in levels of Z-type cytokinins in sps
mutant plants, indicate a role for SPS in modulating hormone levels. The expression pattern of SPS, with
strong expression at the leaf axils, correlates well with the phenotypic defects. Our results indicate that
control of shoot branching in Arabidopsis may be accomplished in part by suppression of axillary meristem
initiation and growth through the localized attenuation of cytokinin levels at sites of bud initiation.
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The shoot system plays an important role in generating
the immense diversity of plant forms. The overall archi-
tecture of the shoot system is derived from the activity
of the primary shoot apical meristem (SAM), arising dur-
ing embryogenesis, together with the activity of the ad-
ditional meristems subsequently formed after seed ger-
mination. The SAM provides the main axis of the plant
body. The plant architecture is then further modified by
shoot branching, performed by the activity of the post-
embryonic meristems. The complexity of the branching
pattern depends on when and where these branches de-
velop. These characteristics, although plastic in their re-
sponse to environmental cues, are genetically deter-
mined (for review, see Halle 1999). The developmental
program that specifies branching patterns in different
plant species is of fundamental importance for generat-
ing species-specific plant forms.

Axillary branching is the most common process by
which lateral branching occurs in angiosperms (Sussex
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and Kerk 2001). The axillary branching process generally
involves two developmental stages: the formation of ax-
illary meristems in the leaf axils and subsequent axillary
bud growth. In many plant species, including Arabidop-
sis, the growth of axillary meristems is inhibited by the
primary inflorescence, a phenomenon generally known
as apical dominance. Most studies of shoot branching
have emphasized the mechanisms controlling this bud
outgrowth. The plant hormones auxin and cytokinin ap-
pear to play a major role in controlling this process, with
cytokinin as a key factor in promoting bud growth,
whereas auxin has an inhibitory effect (for review, see
Tamas 1995; Li and Bangert 1992). Therefore, the out-
come appears to depend on the ratio of the two hor-
mones. However, the underlying regulatory mechanisms
and genetic pathways have not yet been established.
Experimental procedures applied to this problem have
progressed from classic studies with exogenous applica-
tion of hormones, to more recent studies of transgenic
plants transformed with bacterial hormone biosynthesis
genes (Morris 1986; Tamas 1995; Chatfield et al. 2000;
Hedden and Phillips 2000). Recently, the isolation and
characterization of mutants with altered shoot branch-
ing patterns has been used to study this phenomenon.
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The defects in these mutants fall into two classes. In the
first class, mutations do not effect early stages of axillary
meristem development in terms of the timing of axillary
meristem formation or the number of the axillary me-
ristems produced. Therefore, the increased number of
branches in the mutants is caused only by the release of
inhibited axillary buds. An Arabidopsis auxin-insensi-
tive (axr1-12) mutant (Stirnberg et al. 1999) and a maize
teosinte branched 1 (tb1) mutant (Doebley et al. 1997)
confer this type of mutation. In the second class, muta-
tions cause a defect in axillary meristem initiation. In
tomato, these include the blind, torosa, and lateral sup-
pressor (Is) mutants (Schmitz and Theres 1999). In Ara-
bidopsis, a loss of function mutation in the REVOLUTA
gene, which is necessary for apical meristem develop-
ment, also inhibits axillary meristem formation (Talbert
et al. 1995).

Even though molecular and genetic analysis of the pre-
viously isolated mutants defective in the branching pat-
tern has been invaluable, the information obtained is
still fragmentary, and no clear mechanism has been de-
fined. It is obvious that additional informative mutants
are required for analysis before the mechanisms under-
lying this process can be unraveled. In this paper we
describe an Arabidopsis mutant with an abnormal shoot
branching pattern, designated supershoot (sps). The mu-
tant plants show a massive proliferation of shoots be-
cause of an increase in the number of bud initials. The
SPS gene has been further investigated by molecular

cloning, as well as by study of the temporal and spatial
expression pattern. In addition, possible involvement of
the SPS gene in modulating hormone levels has been
addressed.

Results

sps mutants show extreme shoot proliferation
and branching

The sps mutants were isolated from a collection of Ds
insertion lines, generated by transpositions of a Ds gene
trap element from a single T-DNA locus (Sundaresan et
al. 1995; see also Materials and Methods). The mutant
plants were identified by overproliferation of shoots, re-
sulting in several hundred inflorescences per plant after
4-5 mo (Fig. 1A-C). The developmental phenotypes of
sps mutants are not detectable in young seedlings, but
become noticeable after the plants produce a few leaves.
The sps mutant has the same rate of leaf initiation as
wild type during vegetative growth, and the timing of the
transition from vegetative to reproductive phase is not
affected. The phenotypic defects in the sps mutants be-
come more pronounced after the plants start to flower, at
which stage the mutant plants produce primary inflores-
cences with reduced internode elongation, and second-
ary inflorescences begin to emerge.

The number of secondary inflorescences developing
from the rosette leaves in wild-type plants varies, but are

Figure 1. Shoot branching patterns of sps mutants. (A) Comparison of wild-type (left) and sps mutant (right) showing axillary
inflorescences from the rosette leaves. (B) Multiple axillary inflorescences have developed from each single cauline leaf of sps mutant.
(C) A single sps mutant plant at 4 mo. (D) Axillary meristem emerging from the axil of a sps cotyledon (bottom), wild-type plant (top)
for comparison. (E) Cauline leaf axil from wild-type plant (top) with single arrested axillary meristem, and from sps mutant (bottom)
with multiple axillary meristems. The first inflorescences formed in the cauline leaf axils have been excised for convenience in
observation. (F) sps mutant plant carrying Ac transposase showing a revertant wild-type sector because of excision of the Ds element.
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usually fewer than five. In wild-type plants almost all
leaf axils, but not cotyledon axils, have the developmen-
tal potential to form an axillary meristem, with a lower
frequency in the first pair of leaves. However, the growth
of these axillary meristems in wild-type plants is sup-
pressed to various degrees. In contrast, sps mutant plants
continue to produce axillary inflorescences from the ax-
ils of both rosette leaves (up to 45) and cauline leaves (up
to 29 branches per rosette inflorescence), resulting in as
many as 500-600 inflorescences per plant after 4-5 mo
growth (Fig. 1A-C). Axillary inflorescences in the mu-
tant plants can grow out from every leaf axil and in some
extreme cases, from the axils of cotyledons (Fig. 1D).
Importantly, in contrast to wild-type plants, multiple ax-
illary meristems are commonly formed in sps plants in
the axils of both rosette and cauline leaves (Fig. 1E).
Therefore, the drastic increase in the number of axillary
branches in the sps mutant is not simply because of loss
of apical dominance resulting in the release of sup-
pressed meristems as commonly found in other altered
branching mutants, but is also attributable to multiple
meristem initiation at the leaf axils.

Branching in sps plants is reiterative and partially
acropetal

Reiterative branch initiation in sps mutants usually ap-
pears first from the axils of the rosette leaves and later in
development, from the axils of the cauline leaves. In
wild-type Arabidopsis, the axillary meristems develop-
ing from the axils of rosette and cauline leaves produce a
few leaf primodia before changing to initiate flower buds,
with the concomitant internode elongation resulting in
lateral branches. In the axils of wild-type rosette leaves,
the first one or two leaves produced by axillary me-
ristems usually lack internode elongation and thus stay
at the base of the branch. These axillary meristem-de-
rived rosette leaves can also initiate additional me-
ristems. However, these meristems in the wild-type
plants do not develop further and remain as very small
arrested axillary buds. In sps mutant plants, these axil-
lary meristems continue to develop into inflorescence
branches that produce additional leaves at the base of the
stems. Many higher order branches continue to form
that reiterate the same developmental pattern and gen-
erate the extreme branching phenotype.

In wild-type Arabidopsis, after the transition from
shoot apical meristem to inflorescence meristem, axil-
lary meristems arise in a basipetal pattern, first in the
youngest leaves, then spread toward the older leaves
(Hempel and Feldman 1994; Grbic and Bleecker 2000).
However, this pattern of axillary meristem formation is
perturbed in the rosette leaves of sps mutants. The mu-
tant plants appear to have an acropetal pattern of axillary
meristem formation superimposed on the normal basip-
etal pattern found in wild-type plants. That is, in sps
mutants, axillary meristems that are more developmen-
tally advanced are found in the upper rosette leaves as
well as in the leaves at the base of the plants, and the
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buds that lie in between are relatively less developed
(Fig. 2).

Besides the drastic changes in branching pattern, the
sps mutation also causes other developmental defects.
However, all these defects are confined to the aerial part
of the plant, and we have not been able to detect any
changes in the development of the root system. In sps
mutants, newly emerging leaves are usually curled, leaf
shape is more serrated, and the veins of the adult leaves
become strikingly prominent and appear dark green
compared to wild type (Fig. 3A). The mutant plants also
contain higher levels of chlorophyll in mature leaves
(data not shown). The pattern of the vasculature in the
rosette leaves is less complex than that in wild-type
leaves. In sps mutants, the primary, secondary, and ter-
tiary veins are normal; however, the quaternary veins are
usually missing (Fig. 3B). The sps mutants are also de-
fective in floral development. Anthers do not usually
release pollen grains and stigmas remain underdeveloped
(Fig. 3D). Some flowers show more extreme phenotypes,
such as the reduction or absence of petals and stamens.
Consequently, the mutants have extremely reduced fer-
tility. Finally, the mutant plants show delayed senes-
cence, so that they can be maintained in a green and
healthy state for > 4-5 mo (Fig. 1C).

The SPS gene encodes a cytochrome P450

Genetic analysis indicates that sps mutation cosegre-
gates with a transposed Ds element and is recessive to
wild type. To further investigate the molecular nature of
the defect, we cloned and characterized the SPS gene. A
fragment of genomic DNA flanking the Ds element from
a mutant plant was amplified by thermal asymmetric
interlaced-PCR (TAIL-PCR) for detailed analysis. A
search of the Arabidopsis thaliana genomic database re-
vealed that the Ds element has transposed into the cod-
ing region of a putative cytochrome P450, assigned pre-
viously as CYP79F1 by the P450 Nomenclature Com-
mittee, located on chromosome 1 (BAC clone accession
number AC006341). In addition, there is another closely
related sequence immediately upstream of the SPS gene
that has been designated CYP79F2. The two genes show
89% sequence identity at both nucleotide and amino
acid levels, indicating a recent duplication event. This
high sequence identity between the two genes indicates
that both members are involved in the same metabolic
step. Nevertheless, the extreme phenotypic defects
caused by a mutation in the CYP79F1 gene alone indi-
cate at least a degree of nonredundancy, perhaps because
of differences in expression (see below). The donor T-
DNA locus used in the transposon tagging experiment
was also found to be within the same BAC clone, 7 kb
away from the CYP79F1 gene. Locations of the two Cy-
tochrome P450s as well as the donor T-DNA are shown
in Figure 4.

The PCR fragment flanking the Ds element was used
as a probe to screen an Arabidopsis leaf and stem cDNA
library. The longest SPS ¢cDNA clone isolated from the
screen is 1.38 kb long. This ¢cDNA is probably not a
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Figure 2. Patterns of axillary inflores-
cence development in the rosette leaves
after bolting. R1-R7 represent rosette
leaves 1-7. R1 is the oldest rosette leaf.
Cot represents a cotyledon. (A-C) Wild-
type axillary buds in the axils of rosette
leaves: R7 (A), R5 (B), and R3 (C). (D-F)
sps axillary buds in the axils of rosette
leaves: R7 (D), R3 (E), and R1 (F). The
photographs were taken at the same
magnification for the comparison. Ar-

rows indicate the developing axillary
inflorescence. (G) Diagrammatic repre-

sentation of the axillary buds develop-

ing in each leaf axil and shown as dotted
bars. Relative sizes of the axillary buds
are shown as relative sizes of bars. Eight
plants from wild type and an sps mutant
allele (see text) were used for the analy-
sis. As all of the wild-type plants show a
similar pattern of axillary inflorescence
development, a representative wild-
type plant is shown here (wt), whereas

eight individual sps plants are shown
(sps: 1-8).

full-length clone but is truncated at the 5’ end. This as-
sumption is based on the fact that the predicted start
codon of the open reading frame from the available ge-
nomic and EST sequences corresponding to the SPS gene,
ATTS5112, locates 442 bp before the beginning of the

Figure 3. Other developmental defects in the sps mu-
tants. (A,B) Details of the leaf veins in wild-type and sps
plants. (A) Prominent dark green veins on the leaf surface
of the sps adult leaf (right); veins are not apparent in the
wild-type leaf (left). (B) Pattern of leaf vasculature in wild-
type and sps plants observed after clearing. The sps mutant
(right) has less complexity in vascular patterning compared
to the wild type (left). (C,D) Floral morphology and devel-
opment: sps flower with a reduced number of organs and is
not fully developed (D), compared to wild type (C).
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isolated ¢cDNA. This prediction is supported by the in-
formation derived from the CYP79F1 closely related
gene, CYP79F2. The longest CYP79F2 ¢cDNA clone iso-
lated is 1.8 kb long, consistent with its being full length
and confirming the predicted size of the gene products
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Figure 4. Positions of the donor T-DNA and insertion sites of
Ds gene trap elements in different sps alleles. Positions of the
SPS/CYP79F1 gene and the duplicated gene, CYP79F2, on the
BAC clone accession number AC006341, are shown. Boxes rep-
resent exons. Insertion sites of Ds elements in the SPS gene are
indicated as small arrowheads; position of the donor T-DNA is
indicated as big arrowhead. Insertion sites of the Ds element in
sps-1 to sps-5 are in the exons, whereas in sps-6, it is in the 5’
untranslated leader sequence.

for both genes. The SPS gene is predicted to encode 538
amino acids, with a calculated molecular mass of 61.5
kD. The Cytochrome P450 family is known to be in-
volved in several important biochemical pathways, such
as the biosynthesis of brassinosteroids, flavonoids, Gib-
berellins, and lignin (for review, see Chapple 1998). From
the available Arabidopsis genomic database, six pre-
dicted P450 proteins have been assigned as members of
the CYP79 family. SPS/CYP79F1 shows 46% sequence
identity to CYP79Cl1, and less to other CYP79 members.
However, the function of CYP79C1 is not known. In
Arabidopsis, CYP79B2 and CYP79B3 can convert tryp-
tohane to indole-3-acetaldoxime, a precursor to [AA and
indole glucosinolates (Hull et al. 2000). In other plant
species, CYP79A1 from Sorghum bicolor (Koch et al.
1995) and CYP79B1 from Sinapis alba (Bak et al. 1998)
have been shown to catalyze the conversion of tyrosine
to p-hydroxyphenylacetaldoxime in the biosynthesis of a
plant secondary metabolite, the cyanogenic glucoside
dhurrin.

To confirm that Ds disruption is indeed the cause of
the mutant phenotype, we characterized additional in-
dependently isolated sps alleles. A total of 10 sps alleles
have been isolated so far, and six alleles have been char-
acterized in more detail. In all six cases, the mutants
carried different Ds insertions within the SPS gene (Fig.
4). Mutants sps-1 to sps-5 have Ds elements inserted into
the exons of the gene, whereas the insertion site of the
Ds element in sps-6 is in the 5" untranslated leader se-
quence. All sps alleles show overall phenotypes very
similar to one another, consistent with the prediction
that they are all null alleles as expected for Ds gene trap
insertions within a transcribed region.

Furthermore, reversion experiments show that in sps
mutants carrying Ac, excision of the Ds element from
the CYP79F1 gene can restore wild-type phenotype. Fig-
ure 1F shows a somatic excision resulting in a mosaic
plant and shows a sector with a wild-type inflorescence
arising from the mutant background. Seeds collected
from the wild-type inflorescence in this mosaic plant
segregate for revertant wild-type progeny as well as for
kanamycin sensitivity, confirming that excision of the
Ds element results in reversion.

Taken together, these results show that the develop-
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mental defects observed in the sps mutant are caused by
disruption of the CYP79F1 gene. Additional confirma-
tion was derived from overexpression studies using
transgenic plants. Arabidopsis plants of the WS ecotype
were generated in which the ¢cDNA sequence for the
closely related duplicate gene, CYP79F2, was placed un-
der the control of CaMV 35S promoter. Whereas many
transformants showed seedling lethality, indicating that
constitutive overexpression may be deleterious, a few
plants could be recovered in which cosuppression re-
sulted in phenotypic changes similar to those observed
in loss of function sps mutants (not shown).

SPS expression pattern monitored by gene trap
Ds element

Three of the sps alleles confer GUS reporter gene expres-
sion because of Ds gene trap element insertions in the
correct orientation (Sundaresan et al. 1995). The three
sps alleles show similar GUS staining pattern but differ
in their staining intensity. To study the pattern of SPS
gene expression, the allele with the strongest GUS re-
porter gene expression, designated sps-2, was selected for
more detailed observations. In seedlings, GUS expres-
sion is first detected 4-5 d after germination at the
branching zone of the vascular tissue that lies at the base
of the shoot apical meristem (Fig. 5A). A few days later,
the expression level is more intense and found in the
vascular tissue of both the hypocotyl and the cotyledons
(Fig. 5B).

The expression of the SPS gene is restricted solely to
the aerial part of the plant, continuing through the veg-
etative phase to reproductive phase, and no expression is
detected in the roots. Within the inflorescence, SPS ex-
presses in the vascular tissue of the stem and cauline
leaves, with the strongest intensity at the base of the
cauline leaves where axillary meristems will be initiated
(Fig. 5C). SPS is also expressed at the receptacle of the
flower and silique (Fig. 5D). The expression pattern in
the leaf vasculature appears to be developmentally regu-
lated. It is first observed only in the mid vein in the
young leaves and then, when the leaves are more mature,
in the finer veins. In addition, SPS-GUS expression lev-
els observed in homozygous mutant plants appear sev-
eral-fold more intense than those observed in heterozy-
gous plants (Fig. 5E), indicating that expression of SPS
may be controlled by a feedback regulatory mechanism
that enhances expression level on disruption of the
SPS gene.

The expression pattern of SPS as shown by the GUS
reporter correlates spatially with the morphological ab-
normalities observed in the sps mutants. These results
indicate that SPS may act locally to control the develop-
ment of the aerial plant parts. The absence of SPS ex-
pression in the roots (Fig. 5B) is consistent with our fail-
ure to detect any abnormalities in the root systems of sps
mutants. We have recently recovered Ds gene trap inser-
tions in the CYP79F2 gene and showed that this closely
related gene is expressed primarily in the roots, and that
disruption of this gene has no effect on shoot branching
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Figure 5. SPS expression patterns monitored
by GUS expression from the Ds gene trap in-
sertion in sps-2. (A-D) GUS staining patterns of
heterozygous sps plants. (A) Staining detected
at the vascular junction of a 7-d-old seedling.
(B) Extensive staining in the vascular tissue of
a 10-d-old seedling. (C) Strong SPS expression
at the cauline leaf axil. (D) Staining at the re-
ceptacle of flowers. (E) GUS staining patterns
of heterozygous (left) and homozygous sps
(right) plants.

(T. Tantikanjana and V. Sundaresan, unpubl.). The non-
overlapping expression patterns of these two genes may
explain why mutation of SPS produces a severe shoot
phenotype, despite the presence of the CYP79F2 gene.
We are currently investigating CYP79F2 gene disruption
for possible defects in root development.

Elevated levels of cytokinins in sps mutants

Several of the physiological changes in the aerial part of
the plant are strikingly similar to the effects of exog-
enous application of cytokinin and transgenic plants
showing cytokinin overproduction (Hobbie et al. 1994).
These physiological changes include the release of lat-
eral buds from apical dominance and an increase in bud
initiation as well as the delay of senescence. In addition,
one effect of cytokinin that is known to enhance chlo-
roplast development is apparent, particularly in sps leaf
veins that are dark green. The serrated leaf phenotype
observed in sps mutants is also a characteristic of trans-
genic plants expressing bacterial cytokinin biosynthesis
genes (Rupp et al. 1999). Therefore, we determined the
levels of cytokinins in this mutant (Fig. 6): zeatin (Z),
dihydrozeatin (DZ), N°-(2-isopentenyl) adenine (iP), cy-
tokinin O-glucosides (Z-O-glucoside [OGZ| and DZ-O-
glucoside [OGDZ]), and cytokinin N-glucosides (Z-7-glu-
coside [Z-7-G] and Z-9-glucoside [Z-9-G]). For the analy-
sis, we used a simplified method for quantifying
cytokinins in potentially active forms. Cytokinin ribo-
sides and nucleotides were converted to bases during the
process of anhydrous methanolysis, whereas the O-, 7-,
and 9-glucoside linkages were not cleaved appreciably
(Wang et al. 1995; Yong et al. 2000). Thus, Z, DZ, iP,
OGZ, and OGDZ levels presented in this paper refer to
the total content of each compound (base) in free, ribo-
side and nucleotide forms. We find that sps mutants
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have higher levels of Z (2.7x) when compared with wild-
type siblings. The levels of OGZ, Z-7-G, and Z-9-G are
also increased (five- to ninefold) in the mutant plants.
However, the levels of iP, DZ, and OGDZ (minor cyto-
kinins) are not significantly different from wild-type lev-
els (Fig. 6).

The Arabidopsis mutant, altered meristem program1
(amp1) has also been shown to have elevated levels of
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Figure 6. Cytokinin levels in wild-type and sps plants. Cyto-
kinin bases (free and released) and cytokinin glucosides (free and
released) were measured using scintillation proximity immno-
assay after hydrolysis and purification (including the HPLC step
to resolve different cytokinins). Cytokinin bases: zeatin (Z), di-
hydrozeatin (DZ), and N°-(2-isopentenyl) adenine (iP); cytokinin
O-glucosides (zeatin O-glucoside [OGZ] and dihydrozeatin O-
glucoside [OGDZ]); cytokinin N-glucosides (zeatin-7-glucoside
[Z-7-G] and zeatin-9-glucoside [Z-9-G]). Data were derived from
five samples.



endogenous cytokinin (Chaudhury et al. 1993; Chin-At-
kins et al. 1996). Even though both sps and amp1 show
loss of apical dominance, reduced fertility, and delayed
senescence, they differ significantly with respect to
other developmental phenotypes. Several ampl pheno-
types, such as polycotyly, faster rate of leaf initiation and
abnormal phyllotaxy, are not observed in sps mutants.
Conversely, the multiple mersitem in the leaf axils, the
reduced number of floral organs, and the dark green leaf
veins, characteristic of sps mutants, have not been re-
ported for the ampl mutant. To date, there is no mo-
lecular information on the structure and function of the
AMP1 gene. The phenotype of sps and amp1 double mu-
tants is additive (Fig. 7). The double mutants have a
faster rate of leaf initiation, abnormal phyllotaxy, dark
green veins, abnormal flowers, very short internodes,
and extreme shoot branching. Therefore, it is likely that
if these two genes regulate cytokinin levels, they func-
tion via different pathways and/or have different spatial
and temporal expression patterns.

These differences are underscored by the different phe-
notypes of dark-grown sps and ampl mutant seedlings.
Exogenous application of cytokinin can mimic some of
the light responses in the dark-grown seedlings (Chory et
al. 1995). These include inhibition of hypocotyl elonga-
tion, relaxed apical hooks, and partially opened cotyle-
dons. Similar responses are also found in the ampl mu-
tant (Chin-Atkins et al. 1996). However, when sps seg-
regating families are germinated in the dark for 7 d, there
are no phenotypic differences from wild-type seedlings
(data not shown). This result is consistent with the ex-
pression pattern as no GUS activity is detected in the
dark-grown seedlings, and indicates that SPS has no
function in repression of photomorphogenesis. SPS gene
expression in these dark grown seedlings can be induced
after 24 h of light exposure and resembles that seen in
light-grown seedlings (Fig. 5A).

Auxin is believed to play a central role in controlling
branching pattern, and the loss of apical dominance is
usually associated with decreased auxin levels. In addi-
tion, it has been shown that decreased auxin levels can
result in the elevation of cytokinin content (Palni et al.
1988; Bangerth 1994; Zhang et al. 1995). To determine
whether higher levels of cytokinins observed in the sps
mutant are the consequence of decreased auxin levels,
we measured the free IAA content in this mutant com-

amp lsps

. <

ampl

amp Isps
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pared to the wild-type plants. The free IAA level in sps
mutant plants was found to be up to eightfold higher
than that in the wild-type plants (223.8 + 37.67 pg IAA/
mg fresh weight in sps plants, n = 3, compared with 28.55
+2.67 pg/mg in wild-type plants, n = 4). Because different
plant samples were used for the auxin and cytokinin
measurements, the relative increases in the levels of the
two hormones are not directly comparable. Neverthe-
less, it is clear that there is a higher level of free auxin in
the sps mutants as compared to wild-type plants, so that
the increased cytokinin levels and the proliferative shoot
branching pattern observed in the sps mutant cannot be
explained as a consequence of decreased auxin levels.

Discussion

Proliferative shoot branching in sps mutants is
through bud initiation as well as bud growth

Shoot branching in plants is a fundamental process that
has been the subject of investigation for many decades.
A critical aspect of this process is the multiplica-
tion of postembryonically derived meristems, which
is controlled in planta by a developmental program
that restricts axillary meristem formation and further
bud outgrowth. The loss of function mutation in the
SUPERSHOOT gene results in an increase in the num-
ber of axillary buds initiated as well as their release from
apical dominance, indicating that SUPERSHOOT nega-
tively regulates axillary meristem formation and growth
in Arabidopsis.

Recent detailed studies of normal axillary meristem
development in Arabidopsis have been valuable as a
baseline for the study of mutants with altered shoot ar-
chitecture (Hempel and Feldman 1994; Grbic and
Bleecker 2000; Long and Barton 2000). After the transi-
tion from the vegetative to the reproductive phase, axil-
lary meristems form in the youngest leaves before they
form in the older leaves. As a result, axillary buds with
more advanced developmental stages are found near the
shoot apex. In sps mutant plants, a higher frequency of
branches develop early from the base of the plants, indi-
cating that the SPS gene suppresses axillary meristem
formation in an acropetal pattern by exerting a stronger
effect on the older leaves. This hypothesis is well sup-
ported by the pattern of expression of the SPS gene,

Figure 7. Double mutant analysis
with sps and amp1. (A) Phenotypes of
4-wk-old seedlings of wild type, amp1,
sps, and amplsps mutants. (B) 6-wk-
old amp1sps plant.
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which is expressed weakly at the base of newly formed
leaves and becomes more intense as the leaves mature.
However, it is likely that SPS is not the only regulator
involved, as the basipetal developmental gradient is not
completely abolished in the sps mutants (Fig. 2). Acrop-
etal formation of the axillary meristems can also be in-
duced in wild-type plants by using conditions that pro-
long vegetative growth (Long and Barton 2000). Yet even
under these conditions, axillary meristem growth
switches to a basipetal pattern after the transition to the
reproductive phase. It is not known at this time why the
pattern of bud formation changes after the transition to
flowering, but it has been postulated that axillary mer-
istem activation during vegetative and reproductive de-
velopment are independently controlled (Schmitz and
Theres 1999; Schumacher et al. 1999; Grbic and Bleecker
2000). Our results indicate that SPS might have a major
role as a suppressor of bud formation acropetally during
the reproductive phase. The only other mutant affecting
shoot branching that has been investigated in detail is
the axr1-12 mutant involved in the auxin response path-
way, which was found to retain the normal basipetal
pattern of bud initiation (Stirnberg et al. 1999).

The additional meristems observed in sps mutants ini-
tiate only from the leaf axils. In this respect, they differ
from transgenic plants ectopically expressing Knotted1
(Knl) homologs, which show ectopic shoot meristems
on vegetative leaves (Sinha et al 1993; Chuck et al. 1996).
The mutant axillary buds are always on the adaxial side
of the leaves, as in the case of normal axillary meristem
formation in wild-type plants (e.g., Talbert et al. 1995;
McConnell and Barton 1998). These results indicate that
the role of SPS in restricting meristem initiation is con-
fined to the adaxial cells at the leaf axils, reflecting a
position-dependent competence for meristem formation.
The formation of axillary meristems in the cotyledonary
axils in sps mutants is of particular interest (Fig. 1D).
This finding indicates that even the cotyledonary axils
are competent for axillary bud formation, although in
wild-type plants, the process usually occurs only in the
leaf axils.

SPS action on shoot proliferation is short range

The mode of gene action in controlling branching pat-
tern has been explored in a few plant species by grafting
experiments. The rms2 and rms3 mutants in pea and
dadl-1 mutant in Petunia are shown to be defective in
graft-transmissible substances that inhibit branching, in-
dicating that the wild-type gene products act as diffus-
ible suppressor of axillary development (Beveridge et al.
1994, 1996; Napoli 1996). To date there is no molecular
information on the nature of these two genes. On the
other hand, the lateral suppressor (Is) mutant, which has
no side shoots, except for the sympodial shoot and the
lateral shoot immediately below, is defective in a graft-
nontransmissible gene product (Tucker 1979). The ho-
mology between the LS gene and the GAI gene involved
in the negative regulation of GA signal transduction
raises the possibility that the GA response pathway may
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play a role in controlling the formation of axillary mer-
istems (Schumacher et al. 1999). Despite this sequence
similarity, however, more evidence is required to sup-
port this hypothesis.

The expression pattern of the SPS gene, particularly its
strong expression pattern at the leaf axils, indicates that
SPS acts locally to suppress axillary bud growth and de
novo bud formation. This hypothesis is further sup-
ported by somatic reversion data from mosaic plants.
Somatic excision of the Ds element from the sps gene
caused complete restoration of the wild-type inflores-
cence within a definable region of a mutant plant, with
no alleviation of the mutant phenotype in adjacent in-
florescences (Fig. 1F).

On the other hand, there are indications of a limited
nonlocal or longer range action of the SPS gene in some
developmental processes, perhaps as a consequence of
perturbations in hormone levels. For example, even
though SPS expression is detected in the receptacle of
the flower buds, this cannot explain the defects in flower
development as the expression is detectable only after
the floral organs are already formed.

The SPS gene may act as a modulator of cytokinin
metabolism

The phenotypic changes in the sps mutants, together
with the changes in hormone levels, indicate that SPS
may be involved in hormone homeostasis. Extensive
physiological studies, as well as more recent transgenic
studies (e.g., Klee et al. 1987), indicate that auxin plays a
central role in maintaining apical dominance. Detailed
analysis of an auxin insensitive mutant, axr1-12, showed
that the timing of axillary meristem formation and the
number of axillary meristems produced are unaffected,
and that the increased number of branches in this mu-
tant is because of the release of inhibited axillary buds
(Stirnberg et al. 1999). Therefore, it is likely that the role
of auxin in controlling branching pattern arises only af-
ter the axillary meristems have been initiated.

Unlike the known hormone mutants characterized
thus far, supershoot mutants show an increase in the
number of axillary meristems in each axil. It has been
generally accepted that cytokinin can promote shoot for-
mation in tissue culture as well as promote release from
apical dominance. The striking similarity between the
aerial structure of the sps mutants and the effects of
cytokinin overproduction indicated the possible involve-
ment of the sps gene in regulating cytokinin levels. Our
results show that the sps mutant has higher levels of
cytokinins as compared to wild type, implicating SPS as
a negative regulator in modulating cytokinin levels.

There are several factors that influence the active cy-
tokinin levels in planta: de novo synthesis, oxidative
degradation, formation and hydrolysis of inactive conju-
gates, transport, and subcellular compartmentalisation
(Brzobohaty et al. 1994; Kaminek et al. 1997). The high
levels of deactivated cytokinins (Z-7- and Z-9-glucosides)
in the sps mutant indicate that this gene is not likely to
be involved in either the formation or the hydrolysis of



these conjugates. It is also unlikely that the SPS gene
directly influences cytokinin biosynthesis in the roots,
because the expression pattern and the phenotypic
changes observed in the mutants are confined to the
aerial part without any detectable expression or pheno-
typic changes in the root system, which is the main
source of cytokinin biosynthesis. It appears more likely
that SPS may act by modulating oxidative breakdown of
cytokinins. It has been shown that a reduction in cyto-
kinin oxidase activity results in higher levels of active
cytokinins as well as cytokinin conjugates (Frank et al.
2000). An increase in the cytokinin conjugates may re-
sult from a feedback mechanism that enhances the cy-
tokinin conjugative pathway in an attempt to down-
regulate the higher levels of cytokinins in planta.

While this paper was under revision, two groups have
independently reported that CYP79F1 can catalyze the
conversion of chain-elongated methionines to their al-
doximes, the initial step in biosynthesis of short-chain
aliphatic glucosinolates (Hansen et al. 2001; Reintanz et
al. 2001). Glucosinolates are secondary metabolites that
have no known effect on plant growth and development,
and it is very unlikely that they exert a direct effect on
shoot branching. Moreover, a connection between glu-
cosinolates and cytokinins has not been reported previ-
ously. Therefore, it is not clear how a lesion in gluco-
sinolate synthesis could affect cytokinin metabolism.
However, it is likely that the loss of CYP79F1 function
interferes with methionine metabolism, resulting in
changes in the pool sizes of methionine and methionine
metabolites. It is interesting to note that there are struc-
tural similarities between the methionine metabolite,
S-adenosyl-methionine (SAM) and its derivatives, and
cytokinin. It has been shown that S-adenosyl-L-homo-
cystein (SAH) hydrolase can bind to cytokinin, indicat-
ing that adenine analogs such as cytokinins could modu-
late SAH hydrolase activity in plants by acting as inhibi-
tors (Mitsui et al. 1996). The reverse scenario might also
be possible, that is, an accumulation of adenine analogs
from SAM metabolism in sps mutants might act to in-
hibit cytokinin oxidase. In this regard, we note that
transgenic plants in which SAM metabolism has been
altered have been found to show phenotypic changes
reminiscent of the effect of cytokinin, including highly
branched stems and an enhanced ability to form shoots
in tissue culture (Noh and Minocha 1994; Kumar et al.
1996). The nature of this crosstalk between primary
and secondary metabolism needs to be investigated fur-
ther.

It has been shown that exogenous application of auxin
can stimulate oxidative breakdown of active cytokinin
(Palni et al. 1988; Zhang et al. 1995). In addition, removal
of the endogenous source of auxin by decapitation leads
to an increase in the cytokinin content of xylem exudate
(Bangerth 1994), indicating that auxin can influence api-
cal dominance via inhibition of cytokinin synthesis or
export from the roots. However, the higher levels of
auxin in sps mutants indicate that the increase in cyto-
kinins in these mutants is not because of a reduction in
auxin levels. Rather, the changes in the auxin level in sps
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plants may be part of the feedback mechanisms involved
in hormone interactions. Several lines of evidence show
that the manipulation of cytokinin levels in plants by
transformation with the bacterial cytokinin biosynthesis
gene results in more auxin (Binns et al. 1987; Makarova
et al. 1996). Finally, it is important to note that the cy-
tokinin and auxin measurements on the entire aerial
parts of the plants may not reflect the changes in levels
of these hormones at specific developmental sites. Be-
cause the SPS gene is most strongly expressed at specific
zones such as leaf axils, it is quite likely that the in-
creases in cytokinin levels in sps mutants are not uni-
form but are most severe at these sites. As discussed
above, our observations of the revertant sectors on mo-
saic plants also support the idea that the action of SPS is
local rather than long range. In conclusion, the results
from this study lead us to suggest that Arabidopsis
plants control shoot branching and the development of
aerial structures in part by attenuating cytokinins at the
sites of bud initiation to levels that inhibit de novo bud
formation as well as the release of bud growth.

Materials and methods

Plant materials and growth conditions

All lines were derived from Arabidopsis thaliana WS ecotype.
Plants were grown on soil at 20°C and 60% humidity under a 16
h light/8 h dark cycle. The sps mutants were maintained by
transferring to new soil once every 6-8 wk.

Generation of Ds insertion lines

The targeted transposon tagging system used was a modified
system based on the inducible system previously reported (Bal-
cells et al. 1994) and the gene trap system (Sundaresan et al.
1995). Both the autonomous element (Ac) and a nonautono-
mous element (a modified Ds) (Sundaresan et al. 1995) were
placed on the same T-DNA to simplify the generation of the
independent insertion lines. Expression of the transposase was
driven by the induction of a heat-shock promoter. The transac-
tivition of the Ds elements was performed by subjecting the
starter line during flowering stage to high temperature (40°C-
42°C) as described (Balcells et al. 1994). A detailed description of
the transposon mutagenesis system will be published else-
where. Reversion analysis was performed by using heat treat-
ment with the sps heterozygous plants. The heat-shocked seeds
were then germinated and observed for the restoration of the
wild-type sectors.

Molecular cloning of the SPS gene

Genomic sequences flanking the Ds element were obtained
with TAIL-PCR, according to Parinov et al. (1999). Sequencing
of the flanking sequences was performed with an ABI sequencer.
The flanking sequences were used as probe to screen the SPS
c¢DNA clones from Arabidopsis thaliana 5'-STRETCH ¢cDNA
library (Clontech) prepared from 4.5 wk-old Columbia leaves
and stem-grown under light. The screening of the SPS ¢cDNA
was performed according to the manufacturing protocol. All
cloning procedures were performed according to standard meth-
ods (Sambrook et al. 1989)
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Staining for GUS expression

Plant materials were stained in GUS staining solution (100 mM
Na Phosphate at pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 1
mg/mL of X-Gluc [Biosynth AG]). Plant materials were gener-
ally stained in the GUS solution containing 1 mM potassium
ferricyanide and 1 mM potassium ferrocyanide; the specificity
of localization was confirmed by increasing the potassium fer-
ricyanide and potassium ferrocyanide to 10mM. The samples
were incubated at 37°C overnight after being placed under
vacuum for 10 min in a dessicator. The stain solution was re-
moved and the tissues were cleared by incubating with several
changes of 70% ethanol.

Scanning electron microscopy

Samples were fixed in 2% glutaldehyde in 25 mM sodium phos-
phate buffer (pH 6.8), infiltrated with 0.5% osmium tetroxide,
dehydrated through an ethanol series, and critical-point dried
using liquid carbon dioxide. After coating with gold, samples
were viewed using a scanning electron microscope (model JSM
5310-LV; JEOL). For the analysis of flower organs, samples were
placed on a double-sided sticky tape and frozen in liquid nitro-
gen before viewing.

Quantification of cytokinins

Aerial parts, excluding the primary inflorescences of the plants,
were collected after bolting for the analysis. Data were derived
from five samples of the sps mutants and wild-type siblings.
Cytokinins were extracted and the extract subjected to acid-
catalyzed methanolysis in the presence of the water-scavenging
reagent, 2,2-dimethoxypropane. This procedure (Chaudhury et
al. 1993; Wang et al. 1995) converts 9-ribosides and nucleotides
to bases, whereas O-, 7-, and 9-glucoside linkages are not
cleaved appreciably. After three-step column purification
(Chaudhury et al. 1993), the bases (free plus bound and gluco-
sides) were further purified by HPLC for quantification by scin-
tillation proximity immunoassay (Wang et al. 1995; Yong et al.
2000). Cytokinin bases (Z, DZ, and iP) and Z-9-glucoside were
measured directly, but the O-glucosides were first hydrolyzed to
bases with B-glucosidase (Yong et al. 2000). Z-7-glucoside was
converted to Z by periodate oxidation and cleavage with freshly
distilled cyclohexyl-amine (Letham and Gollnow 1985) before
immunoassay.

Quantification of free [AA

Plant material weighing 0.5 g was homogenized and extracted in
4 mL cold methanol containing 0.02% (w/v) DEDTCA (diethyl
dithiocarbamic acid) as an antioxidant at 4°C for 2 h with stir-
ring. The extracts were then filtered and evaporated to dryness.
Before homogenization, 50 ng 3C,IAA (internal standard,
Cambridge Isotope Laboratories) was added to each sample. The
samples were then dissolved in 1 mL methanol and transferred
to 1.5 mL Eppendorf tubes and evaporated to dryness. They were
then dissolved in 500 pL Na-phosphate buffer (0.05 M at pH 7.0
containing 0.02% [w/v] DEDTCA) and purified and analyzed by
gas chromatography-selected reaction monitoring-masspec-
trometry (GC-SRM-MS) according to Edlund et al. (1995).

Generation of sps ampl double mutants

The amp1 mutant was derived from Columbia ecotype. The sps
heterozygous plants were crossed with ampl homozygous
plants. The double amplsps mutants were selected from the
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segregating F, seedlings for the investigation. The ampl homo-
zygotes were confirmed by using primers for a polymorphism
closely linked to the ampl allele (A.M. Chaudhury, pers.
comm.), and the sps homozygotes were confirmed by using a
combination of SPS gene-specific primers and a Ds specific
primer.

Analysis of leaf vasculature

Leaves were cleared by incubating at 70°C for 30 min in 95%
ethanol followed by incubating at 90°C for 30 min in lactic
acid : phenol : glycerol:water (1:1:1:1) (Telfer and Poethig
1994).
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