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Processes in Arabidopsis’
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G proteins are universal molecular switches in eukaryotic signal transduction. The Arabidopsis genome sequence reveals no
RAS small GTPase and only one or a few heterotrimeric G proteins, two predominant classes of signaling G proteins found
in animals. In contrast, Arabidopsis possesses a unique family of 11 Rop GTPases that belong to the Rho family of small
GTPases. Previous studies indicate that Rop controls actin-dependent pollen tube growth and H,O,-dependent defense
responses. In this study, we tested the hypothesis that the Rop GTPase acts as a versatile molecular switch in signaling to
multiple developmental processes in Arabidopsis. Immunolocalization using a general antibody against the Rop family
proteins revealed a ubiquitous distribution of Rop proteins in all vegetative and reproductive tissues and cells in
Arabidopsis. The cauliflower mosaic virus 355 promoter-directed expression of constitutively active GTP-bound rop2
(CA-rop2) and dominant negative GDP-bound rop2 (DN-rop2) mutant genes impacted many aspects of plant growth and
development, including embryo development, seed dormancy, seedling development, lateral root initiation, morphogenesis
of lateral organs in the shoot, shoot apical dominance and growth, phyllotaxis, and lateral organ orientation. The rop2
transgenic plants also displayed altered responses to the exogenous application of several hormones, such as abscisic
acid-mediated seed dormancy, auxin-dependent lateral shoot initiation, and brassinolide-mediated hypocotyl elongation.
CA-rop2 and DN-rop2 expression had opposite effects on most of the affected processes, supporting a direct signaling role
for Rop in regulating these processes. Based on these observations and previous results, we propose that Rop2 and other
members of the Rop family participate in multiple distinct signaling pathways that control plant growth, development, and

responses to the environment.

G proteins are pivotal molecular switches in eu-
karyotic signal transduction that controls a wide
spectrum of processes ranging from odorant percep-
tion to cell cycle control. To generate functional di-
versity and specificity, G protein structural variants
have evolved in different organisms. Two major
classes of signaling G proteins are known: heterotri-
meric G proteins and the Ras superfamily of mono-
meric GTPases. Among the five families of the Ras
superfamily (RAS, RHO, RAB/YPT, RAN, and ARF),
only RAS and RHO are considered bona fide signal-
ing switches; the others are primarily involved in the
regulation of trafficking of vesicles or large molecules
(Moore and Blobel, 1993; Stamnes and Rothman,
1993; Lazar et al.,, 1997). Mammals possess a large
number of heterotrimeric G proteins that are formed
from the combinations of 20 «, 5 B, and 7 +y subunits
(Glick et al., 2000; Mumby, 2000). Thus, more than
one-third of mammalian signaling pathways are de-
pendent on heterotrimeric G proteins (Glick et al.,
2000; Mumby, 2000). Furthermore, RAS and RAS-like
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signaling switches have also been shown to control a
large number of signaling pathways in animals (Bos,
2000). In contrast, only a single prototype for each of
the G, GB, and Gy subunits and no RAS orthologs
have been identified in plants (Ma et al., 1990; Weiss
et al., 1994; Arabidopsis Genome Initiative, 2000; Ma-
son and Botella, 2000). Pharmacological studies have
implicated heterotrimeric G proteins in the gibberel-
lin (GA), phytochrome, and abscisic acid signaling
pathways (for review, see Ma, 1994; Yang, 1996).
Genetic studies suggest that Ga has a role in GA
signaling and seed development in rice (Ashikari et
al., 1999; Ueguchi-Tanaka et al., 2000). However, it
remains to be seen whether heterotrimeric G proteins
has a widespread role in signaling in plants as in
animals. Consistent with lack of RAS GTPases, Ara-
bidopsis apparently does not possess receptor Tyr
kinases that typically regulate RAS in animals (Ara-
bidopsis Genome Initiative, 2000). Instead, receptor-
like Ser/Thr kinases appear to be a major class of
membrane receptors in plants (Braun and Walker,
1996, Arabidopsis Genome Initiative, 2000; Chory
and Wu, 2001).

Do plants use a novel type of G proteins as a
predominant molecular switch? Plants possess a
large family of genes encoding the Rop (Rho-related
GTPase from plants) GTPase, which belong to a dis-
tinct subfamily of the RHO family (Yang and Watson,
1993; Delmer et al., 1995; Winge et al., 1997; Li et al.,
1998; Zheng and Yang, 2000). RHO was initially iden-
tified as a regulator of actin organization, but has
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now been shown to control other processes including
gene expression, cell wall synthesis, and cell cycle
progression in yeast and animals (Hall, 1998; Mackay
and Hall, 1998). In those phyla, the RHO family can
be subdivided into three major subfamilies, Rho,
Cdc42, and Rac, each having distinct roles in control-
ling specific forms of F-actin and related cellular
processes (Mackay and Hall, 1998). The Arabidopsis
genome sequence reveals no orthologs of Cdc42, Rac,
and Rho, and Rop appears to be unique to plants and
to have evolved from the same ancestor as Cdc42 and
Rac (Li et al., 1998; Zheng and Yang, 2000).

Recent studies have revealed an important role for
Rop in plant signaling. First of all, the pollen-specific
Rop1 (Arabidopsis Ropl and its pea ortholog) has
been shown to control polar growth in pollen tubes.
Studies using an anti-Rop1 antibodies indicate that
Ropl is localized to the plasma membrane at the tip
of pollen tubes and is essential for pollen tube growth
(Lin et al.,, 1996; Lin and Yang, 1997). Transgenic
expression of constitutively active (CA) and domi-
nant negative (DN) ropl mutants in Arabidopsis re-
veals a role for Ropl in the control of cell polarity
development in pollen tubes (Li et al., 1999). A sim-
ilar role for Rop5 has also been shown using transient
expression of ropd mutants in tobacco pollen tubes
(Kost et al., 1999). Genes encoding three nearly iden-
tical Rops (Ropl, Rop3, and Rop5) are expressed in
pollen, suggesting that these Rop genes may be func-
tionally redundant in pollen tubes (Li et al., 1999).
Rop1 controls pollen tube polar growth via modulat-
ing the dynamics of tip actin and the formation of
tip-focused calcium gradients (Li et al., 1999; Fu et al.,
2001).

Rop has also been shown to control the production
of H,O, and defense responses. Transgenic expres-
sion of CA and DN mutants for a rice Rop (OsRac1)
and a cotton Rop (Racl3) altered H,O, production
(Kawasaki et al., 1999; Potikha et al., 1999). The
former is linked to cell death and disease resistance
in rice leaves (Ono et al., 2001), and the latter has
been implicated in the synthesis of secondary cell
wall in cotton fiber cells (Potikha et al., 1999). To-
bacco transgenic plants expressing the alfalfa MsRacl
antisense gene exhibit reduced responses to elicitor
treatments (Schiene et al., 2000). It is interesting that
a Rop-like protein is specifically associated with the
active CLAVATAL1 receptor kinase complex, suggest-
ing that a Rop GTPase may participate in the signal-
ing to meristem maintenance (Trotochaud et al.,
1999).

We have shown that a Rop protein is localized to
the tonoplast of developing vacuoles in the pea tape-
tum, supporting a role for Rop in the regulation of
vacuole development (Lin et al.,, 2001). Different
Rops exhibit differential subcellular localization to
the plasma membrane, a perinuclear organelle, and
the cytosol (Bischoff et al., 2000; Ivanchenko et al.,
2000). Together these results provide evidence that
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different Rops may have distinct cellular functions.
Analyses by reverse transcription-polymerase chain
reactions show that several Rop genes are expressed
in all parts of Arabidopsis plants, supporting a broad
role for Rop signaling in the control of plant
processes.

In this study, we tested the hypothesis that Rop
acts as a versatile switch in multiple signaling path-
ways in Arabidopsis. We have demonstrated that
proteins of the Rop family are distributed in various
tissues and cell types in Arabidopsis. It is important
that we have shown that CA-rop2 and DN-rop2 mu-
tants induce pleiotropic developmental phenotypes.
In most cases, CA-rop2 and DN-rop2 cause opposite
effects. These results strongly suggest that the Rop
GTPase switch participates in the signaling to multi-
ple distinct developmental processes in Arabidopsis.

RESULTS

Rop Proteins Are Distributed in All Tissues But
Preferentially Accumulate in Meristems and Rapidly
Growing Cells

To assess how widespread Rop signaling occurs
during plant growth and development, we first in-
vestigated the distribution of Rop proteins using im-
munolocalization involving anti-Ropl antibodies
(Lin et al., 1996). Because of the structural conserva-
tion, the anti-Ropl polyclonal antibodies reacted
with all Rop recombinant proteins representing var-
ious Rop groups (Zheng and Yang, 2000), although
those less related to Ropl (e.g. Rop7 and Rop8) pro-
duced weaker signals (Fig. 1). These results suggest
that these anti-Rop1 antibodies are reactive with all
Arabidopsis Rops. Thus, immunolocalization using
these antibodies will largely reveal protein distribu-
tion patterns for the whole Rop family in
Arabidopsis.

In imbibed seeds, Rop staining was stronger in the
embryo than cotyledons, but the strongest staining
was found in the inner layer of seed coats (Fig. 2A).
The inner layer cells may be equivalent to the aleu-
rone layer in cereal seeds, although their physiolog-
ical role is unknown. During vegetative growth, Rop
proteins are consistently abundant in various tissues
with active cell division, such as meristems and leaf
primordia (Fig. 2, B and D). In the root tip, Rop
signals are also very strong in columella cells and
certain lateral root cap cells (Fig. 2D). In the elonga-
tion zone of roots, levels of Rop proteins are high in
rapidly expanding cells in the epidermis and the
cortex, but low in the endodermis, and barely detect-
able in the stele (Fig. 2, D and E). Moderate levels of
Rop proteins are also found in the epidermal and
mesophyll cells of expanding cotyledons (Fig. 2B). In
addition, high levels of Rop are found in differenti-
ating vascular tissues in all organs (Fig. 2, B, G, and
J). Rop proteins appear to be less abundant in epi-
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Figure 1. Western-blotting analysis of GST-Rop fusions. Different
Rop-coding sequences were fused to the C terminus of GST and
expressed in Escherichia coli as described (Wu et al., 2000). E. coli
extracts were separated on a 12% (w/v) SDS PAGE gel, blotted onto
a nitrocellulose membrane, and reacted with anti-Rop1Ps antibodies
as described (Lin et al., 1996). A, Shows the membrane stained with
0.1% (w/v) Poceau S for loading control of total E. coli proteins.
Arrowhead indicates the position of GST-Rop fusion proteins. B,
Shows Rop-specific signals detected by the anti-Rop1Ps antibodies.
For some lanes, multiple bands were detected as a result of protein
degradation. Negative control lane (GST) did not show any signal
even after an extended exposure. Lane 1, protein M, markers; lane 2,
GST; lane 3, Arac10; lane 4, Arac8; lane 5, Rop8; lane 6, Rop7; lane
7, Rop6; lane 8, Rop2.

dermal and parenchyma tissues of mature leaves and
stems (Fig. 2, C and G).

In floral buds and flowers, high levels of Rop pro-
teins are also consistently found in inflorescence mer-
istems, organ primordia, developing ovules, and an-
thers (Fig. 2, H and I). In anthers, Rop is primarily
localized to the tapetum, dividing microsporogenic
cells, tetrads, microspores, and mature pollen (Fig. 2,
I-L). In the tapetum, Rop accumulation exhibits dy-
namic changes throughout the development of the
male gametophyte as shown in pea (Lin et al., 2001).
Rop signals are strongest at the microspore mother
cell stage, decrease to barely detectable levels at the
tetrad stage, increase to a high level during early
mitotic stages of microspores, and again decreased to
minimal levels during pollen maturation. Staining
with preimmune sera did not produce any signals in
anthers (Fig. 2F) and various meristematic tissues
(data not shown), indicating that the anti-Rop1 anti-
body staining was specific. These analyses show that
Rop proteins are ubiquitously distributed in various
tissues and cell types throughout the life cycle of
Arabidopsis plants.

Transgenic Expression of rop2 Mutant
Genes in Arabidopsis

The ubiquitous distribution of Rop proteins in Ara-
bidopsis plants supports the notion that Rop may
serve as a common switch in plant signaling. To
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further test this hypothesis, we chose Rop2 for func-
tional analyses using transgenic expression of domi-
nant mutant genes for the following reasons. First,
we have shown that Rop?2 is constitutively expressed
in different vegetative parts in Arabidopsis by using
reverse transcriptase (RT)-PCR (Li et al., 1998). Fur-
thermore, Rop2 belongs to the largest Rop group
(group IV) that includes Rop1 through Rop6 (Zheng
and Yang, 2000). Because high sequence identity
among members of this group (86%-95%), pheno-
types induced by rop2 dominant mutants may pro-
vide a useful indication of most if not all physiolog-
ical functions for this group of Rop proteins. At least
some members of the Rop family may be functionally
redundant, and thus this gain-of-function approach
is expected to be important for our initial functional
studies of the Rop family before loss-of-function mu-
tations are available for all Rop members.

We generated two opposite mutations for Rop2: CA
and DN. CA or DN mutant proteins permanently
bind GTP or GDP and thus are expected to constitu-
tively activate or block Rop2-dependent signaling,
respectively (Zheng and Yang, 2000). We expect CA-
rop2 and DN-rop2 mutant genes to induce opposite
phenotypes if Rop2 acts as a switch in specific sig-
naling pathways.

The mutant genes under the control of the cauli-
flower mosaic virus (CaMV) 35S promoter were sta-
bly expressed in Arabidopsis Columbia ecotype.
Multiple independent transgenic lines with similar or
identical morphological phenotypes were obtained
for each mutant gene, and T2 or T3 generations of
two independent lines for each construct were used
for detailed analyses of phenotypes throughout the
life cycle of these plants. RT-PCR analysis confirmed
that these transgenic lines expressed the correspond-
ing mutant genes (Fig. 3). We were unable to obtain
homozygous lines for CA-rop2 due to embryo lethal-
ity (see below). Because CA-rop2 causes a distinct
cotyledon phenotype, wild-type siblings that segre-
gated out from the heterozygous line were easily
identified and excluded from most of our phenotype
analyses. For DN-rop2 transgenic plants, single
T-DNA insertions only caused weak phenotypes, and
thus a homozygous line was only used for the anal-
yses of some phenotypes described below. Most of
the DN-rop2 phenotypes were characterized using
two independent lines, each containing at least two
T-DNA insertions.

CA-rop2 and DN-rop2 Affected Seed Dormancy

We first determined the effect of CA-rop2 and DN-
rop2 on seed germination. Newly harvested seeds
were germinated on Murashige and Skoog agar me-
dium, and a time course of germination was deter-
mined. As shown in Figure 4A, DN-rop2 seeds
showed a dramatic delay in seed germination,
whereas CA-rop2 seeds germinated faster than wild-
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Figure 2. Immunolicalization of Rop proteins in various Arabidopsis tissues. Ten-micrometer cryosections of Arabidopsis
tissues were incubated with anti-Rop1Ps antibodies and alkaline phosphatase-conjugated secondary antibodies as described
in text. A, Cross section of an imbibed seed. B, Longitudinal section of a shoot apex and cotyledons of seedling. C, Cross
section of a rosette leaf. D, Longitudinal section of a root tip. E, Cross section of a root tip near the elongation zone of the
root. F, Cross section of a closed flower bud stained with preimmune control. G, A cross section of a stem. H, Longitudinal
section of a young flower bud. I, Cross section of a closed flower. J, K, and L, Cross sections of anthers at the microspore
mother cell, tetrad, and early microspore stages, respectively. Purple color indicates Rop staining, whereas yellow and green
colors indicate anthocyanin and chlorophyll pigments from sections of frozen tissues.

type seeds. At 48 h, germination rates are 16.2%, 74%,
and 87% for DN-rop2, WT, and CA-rop2 seeds, respec-
tively. The actual differences in germination rates
between WT and transgenic plants were expected to
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be greater than those shown, because the germina-
tion rates for both CA-rop2 and DN-rop2 seed popu-
lations were skewed by the presence of WT seeds in
the progeny of T2 heterozygous plants. The germi-
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~— Actin2

CA1-1 CA2-1 WT

Figure 3. RT-PCR analysis of rop2 transgene expression. Total RNAs
were isolated from wild-type (WT) plants and from four rop2 mutant
lines used in this study (CAT-1 and CA2-1, CA-rop2 mutants; DN2-3
and DN2-4, DN-rop2 mutants). CA-rop2 and DN-rop2 cDNAs were
amplified using the transgene-specific primers as described in text.
The Actin2 primers were included in the PCR reactions as an internal
control (Li et al., 1998). A 20-pL PCR product was analyzed on an
agarose gel.

DN2-3 DN2-+4

nation rate for all genotypes reached 100% or nearly
100% after 5 d, suggesting that the expression of
Rop2 mutant genes does not affect the viability of
seeds. Furthermore, 100% of the seeds germinated
with identical kinetics for all genotypes when seeds
were cold treated for 4 d before germination (data not
shown), suggesting that Rop is involved in the reg-
ulation of seed dormancy.

Because abscisic acid (ABA) is a well-known hor-
mone that controls seed dormancy, we next tested
the effect of ABA on the germination of cold-treated
rop2 transgenic seeds (Fig. 4B). Compared to wild
type, DN-rop2 seeds were hypersensitive to ABA in-
hibition of germination. In the presence of 0.3 um
ABA, greater than 70% of wild-type seeds germi-
nated, whereas only approximately 10% of DN2-4
seeds germinated at 48 h (Fig. 4B). In contrast, CA-
rop2 seeds were less sensitive to ABA than wild-type
seeds. For example, approximately 88% CA2-1 seeds
germinated compared with 73% for wild-type seeds
at 48 h. These results suggest that Rop is involved in
the negative regulation of ABA-mediated seed
dormancy.

CA-rop2 and DN-rop2 Affect Seedling Development

We next investigated the effect of rop2 expression on
Arabidopsis seedling development. Cold-treated seeds
were germinated on Murashige and Skoog agar me-
dium in dark or in light. Dark-grown CA-rop2 seed-
lings exhibited a phenotype similar to constitutive
photomorphogenesis, including cotyledon expansion
and inhibition of hypocotyl elongation; whereas the
majority of DN-rop2 seedlings had longer hypocotyls
in dark (Fig. 5A), supporting a potential role for Rop
in photomorphogenesis. However, responses of
transgenic seedlings to light were complex. Under
higher light intensity (33 pmol m™2 s~ '), CA-rop2
seedlings had longer hypocotyl lengths than either
WT or DN-rop2 seedlings, whereas no significant dif-
ferences in hypocotyl elongation were found be-
tween WT and DN-rop2 seedlings (Fig. 6A). Under
lower light intensity (20 wmol m ™2 s '), hypocotyl
lengths of both CA-rop2 and DN-rop2 seedlings were
not significantly different from wild type. Similarly
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light-grown seedlings in liquid cultures did not
shown significant differences in hypocotyl lengths
between the three genotypes (Fig. 6B).

Because light control of seedling development is
thought to act at least in part through the regulation
of the level of hormones such as brassinolides (BRs),
we assessed whether CA-rop2 and DN-rop2 expres-
sion altered BR responses in seedlings grown in lig-
uid medium (Azpiroz et al., 1998). As shown in Fig-
ure 6B, light-grown CA-rop2 seedlings were more
sensitive to the stimulation of hypocotyl elongation
by 100 nm BR, but DN-rop2 seedlings were less sen-
sitive than WT seedlings. In addition, we found that
100 nm BR dramatically exaggerated CA-rop2 induc-
tion of hypocotyl expansion and petiole elongation in
dark-grown seedlings (Fig. 6B). These results support
a role for Rop in the regulation of BR-mediated Ara-
bidopsis seedling development. Furthermore, CA-
rop2 or DN-rop2 expression did not alter seedling
responses to GA (data not shown).

Germination Percentage (%)

O N ¥ © ® O N ¢ ©
- N M © N 0 O

108
120

Hours after plating
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] 0.3 0.6 0.9 1.2

ABA Concentrations (uM)

Figure 4. Effect of CA-rop2 and DN-rop2 expression on seed dor-
mancy. A, Seed dormancy analysis. Newly harvested T4 seeds were
plated on agar medium and germination was scored as emergence of
radicles at various times after plating (n = 70). B, Effect of ABA on
seed germination. Seeds were plated on agar plates containing dif-
ferent concentrations of ABA and cold treated for 4 d prior to
incubation at 22 C. Germination was scored 72 h later (n = 50). Error
bars show sE.
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Figure 5. Phenotypes of rop2 transgenic plants
at different developmental stages. A, Ten-day-
old seedlings grown in an agar medium. B, Ten-
day-old dark-grown seedling grown in an agar
medium containing 100 nm BR. C, Rosette stage.
D, Five-week-old plants. E, Silique oreitation
changes in rop2 transgenic plants. F, Leaf mor-
phology of rop2 transgenic plants. G, Fully ex-
panded cotyledons. H, Aborted embryos in CA-
rop2 plants indicated by arrowheads. Scale
bar = 1 cm (A-F); = 1 mm (G and H).

CA-rop2 and DN-rop2 Alter the Initiation of
Lateral Roots

We then examined the effect of CA-rop2 and DN-
rop2 expression on adult phenotypes. Kanamycin-
resistant T2 or T3 transgenic plants were selected on
an agar medium before being transferred to a new
agar plate or soil for morphological analyses. To de-
termine the effect of rop2 on root growth and devel-
opment, kanamycin-resistant seedlings were grown
on an agar plate placed vertically and incubated under
light for 10 d. As shown in Figure 7A, CA-rop2 and
DN-rop2 expression affected both the elongation of
primary roots and the formation of lateral roots but
apparently did not significantly alter radial expansion
of roots. CA-rop2 seedlings have reduced length of
primary roots but increased number of lateral roots.
Ten-day-old wild-type plants produced an average of
3.0 lateral roots per primary roots, whereas CA-rop2
plants possessed an average of 5.9 lateral roots. In
contrast, DN-rop2 plants had reduced lateral roots,
averaging 2.0 per primary root. DN-rop2 expression
also caused reduction in the length of the primary root
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(Fig. 7A), suggesting that the increased lateral root
initiation in CA-rop2 plants is likely the direct result
from CA-rop2 expression but not indirect effect of
CA-rop2 via the inhibition of primary root elongation.
The average leaf number was not affected by CA-rop2
or DN-rop2 expression (data not shown), suggesting
that the alteration in primary root formation was not
due to general growth inhibition.

The alteration of lateral root formation by CA-rop2
and DN-rop2 expression is consistent with a role for
Rop in auxin regulation of lateral root formation.
Thus, we determined the effect of CA-rop2 and DN-
rop2 expression on auxin-stimulation of lateral root
formation. Because both CA-rop2 and DN-rop2 inhib-
ited primary root elongation, we measured the lateral
root forming capacity using the average number of
lateral roots per unit of the primary root. As shown in
Figure 7B, treatment with 1 nm indole-3-acetic acid
(IAA) increased lateral formation by 3 folds in wild-
type plants, and maximum responses occurred at 10
nMm IAA. CA-rop2 plants produced lateral roots dra-
matically better than WT in the absence of exogenous
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IAA and reached the maximum lateral root forming
capacity at 1 nm IAA, the lowest concentration tested.
In contrast, DN-rop2 plants exhibited drastically re-
duced sensitivity to IAA stimulation of lateral root
formation; little stimulation occurred even in the
presence of 10 nm of IAA. However, DN-rop2 and
CA-rop2 expression did not affect IAA inhibition of
primary root elongation (Fig. 7C). These results sug-
gest that Rop either potentiates IAA control of lateral
root formation or participates in an auxin signaling
pathway that controls lateral root formation.

CA-rop2 and DN-rop2 Alter Shoot Apical Dominance

We next sought to investigate the effect of DN-rop2
and CA-rop2 expression on aerial phenotypes of adult
plants. When grown in soil, both types of transgenic
plants display pleiotropic phenotypes with altered
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Figure 6. Hypocotyl elongation of rop2 transgenic plants. A, Hypo-
cotyl lengths of 10-d-old seedlings grown on agar plates under higher
light intensity (8-h dark/16-h light, 33 umol m~2 s™"). B, Hypocotyl
lengths of seedlings grown in liquid culture in the presence of 100 nm
BR under lower light intensity (8-h dark/16-h light, 20 umol m~?
s7"). Filled columns represent 100 nm BR treatment. Blank columns
represent hypocotyl elongation without BR treatment. Seedlings were
grown in liquid one-half Murashige and Skoog medium plus 1%
(w/v) Suc with shaking for 5 d. Error bars stand for sp (n = 20).
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plant architecture (Fig. 5, C and D). At the rosette
stage (Fig. 5C), DN-rop2 expression dramatically re-
duced the plant stature, and CA-rop2 expression also
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slightly reduced the plant size. Rop2 overexpression
did not significantly alter plant morphology. Further-
more, CA-rop2- and Rop2-expressing leaves are
greener than WT, whereas DN-rop2 leaves had re-
duced greening. At the mature stage, the height of
DN-rop2 plants was dramatically reduced, whereas
CA-rop2 expression only slightly reduced the height
(Fig. 5D).

The most striking phenotype is the alteration in
shoot apical dominance. CA-rop2 plants displayed
enhanced shoot apical dominance. On the average,
7-week-old WT plants had 5.0 inflorescence shoots,
whereas CA-rop2 plants had 3.2 inflorescence shoots
(Figs. 5D and 8). Thus, the architecture of these plants
resembles transgenic plants over-accumulating TAA
due to the expression of bacterial iaaM gene (Romano
et al., 1995). In contrast, DN-rop2 plants show re-
duced shoot apical dominance; a strong DN-rop2 line
(DN2-4) produced an average of approximately 12
inflorescence shoots per plant (Fig. 8). The number of
shoots per plant was variable among DN2-4 T3
plants, although most of them had more shoots than
wild-type plants. Furthermore, DN-rop2 plants exhib-
ited different degrees of dwarfism. This phenotypic
variation was probably caused by different copy
numbers of the DN-rop2 gene present in the hetero-
geneous siblings.

CA-rop2 and DN-rop2 Alter Organ Morphogenesis

As shown in Figure 5, F and G, CA-rop2 and DN-
rop2 expression also drastically altered leaf morphol-
ogy. WT Col-0 rosette leaves are oval-shaped in both
early and late stages. CA-rop2 leaves, especially in
early stage, became more or less diamond-shaped.
The widest portion of CA-rop2 leaves is near the tip of
the leaf, whereas the middle portion of the WT leaf is
widest. In contrast, DN-rop2 leaves are rather irreg-
ularly shaped, the base of the leaf usually becomes
widened. CA-rop2 leaves are longer both in leaf
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Figure 8. Effects of CA-rop2 and DN-rop2 expression on shoot apical
dominance. The number of inflorescence produced from each rosette
was scored from 40-d-old plants grown at 22°C in growth room (33
pmol m™2 s™" light, 16-h light/8-h dark; n = 20). Error bars show sp.
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blades and petioles, whereas DN-rop2 leaves are
much shorter than WT. The ratio of the long to wide
axis in CA-rop2 leaves is greater (3.21 = 0.32) com-
pared with WT leaves (2.31 = 0.20), but smaller in
DN-rop2 leaves (1.91 = 0.16), suggesting that rop2
mutants altered leaf polarity.

Both CA-rop2 and DN-rop2 leaves are more curly
than WT. It is interesting that CA-rop2 leaves curl
along the long axis, similar to Arabidopsis transgenic
plants overproducing IAA (Romano et al., 1995),
whereas DN-rop2 leaves tend to curl along the wide
axis. Although the overall leaf size is not significantly
affected in CA-rop2 plants, DN-rop2 leaves are gener-
ally much smaller than WT leaves. Hence, DN-rop2
leaves resemble rosette leaves of auxin-resistant or
BR-insensitive mutants. Finally, CA-rop2 leaves are
highly serrated, and the waxy appearance of the leaf
abaxial surface disappears so that the texture of the
abaxial side appears similar to that of the adaxial side
(data not shown).

In contrast to near round-shaped WT Col-0 cotyle-
dons, cotyledons in CA-rop2 seedlings are elongated,
whereas DN-rop2 cotyledons are slightly smaller and
rounder (Fig. 5G). Floral organ morphology was also
affected in rop2 transgenic plants. In general, CA-rop2
plants have larger floral organs resulting in larger
flowers, whereas DN-rop2 flowers are slightly
smaller (data not shown).

CA-rop2 and DN-rop2 Alter the Spatial Control of
Organ Development

Mechanisms that determine the orientation of plant
organs are poorly understood. We found that the
expression of rop2 altered organ orientation in the
shoot. CA-rop2 plants have increased angles for lat-
eral branches and siliques, whereas DN-rop2 plants
have reduced angles (Fig. 5E). For example, WT Col-0
plants normally bear siliques at an angle of approx-
imately 60 degree from the shoot axis, but CA-rop2
plants frequently show a silique angle of nearly 90
degrees, and occasionally greater than 90 degrees.
DN-rop2 siliques are normally formed at an angle of
much smaller than 60 degrees. Phyllotaxis changes of
siliques are also very common in CA-rop2 plants. WT
siliques are positioned on the stem in a spiral pattern
with an angle approximately 137 degrees between
adjacent siliques. In CA-rop2 plants, adjacent siliques
form an angle much smaller or greater than 137
degree. Similar phyllotaxis alterations were also ob-
served for lateral inflorescence (data not shown).
These observations suggest that Rop is involved in
the control of the orientation and the positioning of
lateral organs of the shoot.

CA-rop2 Affects Embryo Development

We found that CA-rop2 plants had reduced seed
setting and that siliques from these plants are wrin-
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kled and deformed, suggesting a likely defect in em-
bryo development for a portion of ovules. Siliques
from heterozygous CA-rop2 plants contain aborted
embryos (Fig. 5H), although embryo development up
to the torpedo stage appears to be normal. Because
we were unable to obtain homozygous CA-rop2
plants, these observations suggest that two copies of
the CA-rop2 gene cause defect in late embryogenesis
or embryo maturation. To further confirm that CA-
rop2 mutants did not cause defect in gamete devel-
opment or maternal effects on embryo development,
we conducted a reciprocal cross between heterozy-
gous CA-rop2 plants and WT plants. The rate of trans-
mission of the mutant gene was estimated based on
percentage of plants with kanamycin resistance and
CA-rop2 cotyledon phenotypes. The ratio of CA-rop2
and WT plants was 1:1 in the F; progeny from either
cross (i.e. either WT or CA-rop2 plants as pollen do-
nor) (data not shown). Taken together, these results
indicate that high levels of CA-rop2 expression are
lethal to the embryo probably during late stages of
embryo development or embryo maturation.

Association of Rop2 Expression Patterns with the
Phenotypes of rop2 Transgenic Plants

We expect that at least some Rops may have re-
dundant cellular functions, although they may have
distinct developmental function due to distinct de-
velopmental expression patterns. Thus, some of the
phenotypes of rop2 transgenic plants described above
may be indicative of the function of other members of
the Rop gene family. To assess which aspects of the
phenotypes do not reflect the developmental func-
tion of Rop2 as a result of the 355 promoter-mediated
ectopic expression of rop2, we compared spatial Rop2
expression pattern with the 35S promoter expression
using promoter:GUS fusion analysis. As shown in
Figure 9, consistent with constitutive accumulation
of Rop2 transcripts in different organs, the 0.9-kb
Rop2 5’-flanking sequence directs GUS expression in
all organs. In leaves, cotyledon, sepals, and petals,
Rop2:GUS is constitutively expressed in all cells, al-
though GUS expression is somewhat stronger in vas-
cular bundles (Fig. 9, A and D). This expression
pattern is very similar to that of 355:GUS (Fig. 9, E
and G). Thus, the cotyledon and leaf phenotypes
observed in rop2 transgenic plants most likely reflect
the physiological function of Rop2.

In hypocotyls and stems, Rop2:GUS expression is
primarily restricted to vascular bundles, little expres-
sion is found in parenchyma and epidermal tissues.
In contrast, 355:GUS expression occurs in all cell
types in these organs. Furthermore, Rop2:GUS ex-
pression is mainly found in the elongation and dif-
ferentiation zones of the root but not in root tips. This
expression pattern is different from the 35S:GUS ex-
pression, which is ubiquitous in roots. Finally, Rop2:
GUS is primarily expressed in the walls of carpels
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R2P:GUS

CaM358:GUS

Figure 9. Expression patterns for Rop2:GUS (R2P:GUS) in compari-
son with CaMV 355:GUS expression. A through D, R2P:GUS; E
through G, 355:GUS. A and E, GUS expression patterns in 10-d-old
seedlings. B, R2P:GUS expression patterns in roots. C and F, GUS in
young pollinated siliques. D and G, GUS expression in floral buds.

(Fig. 9C), but 355:GUS is only expressed in the ovules
but not in the carpel walls. Thus, the embryo pheno-
type induced by CA-rop2 expression most likely re-
flects the function of a Rop, which is different from
Rop2. The rop2 transgenic phenotypes that are incon-
sistent with Rop2 expression likely reflect the func-
tion of other Rops closely related to Rop2, including
Rop3, Rop4, Rop5, and Rop6 (Li et al., 1998; Zheng
and Yang, 2000).

DISCUSSION

Our studies using transgenic expression of rop2
strongly suggest that the Rop-family GTPases control
many distinct developmental processes in plants.
Processes affected by the mutant genes include em-
bryo development, seed dormancy, seedling devel-
opment, shoot apical dominance, lateral root initia-
tion, morphogenesis and orientation of shoot lateral
organs, and phyllotaxis. Furthermore, we have
shown that CA-rop2 and DN-rop2 expression gener-
ally causes opposite effects on the transgenic pheno-
types. In addition, overexpression of the WT Rop2
gene did not result in obvious phenotypic changes
observed in plants expressing CA-rop2 mutants (data
not shown). This observation suggests that CA-rop2-
induced phenotypes are due to the activation of spe-
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cific Rop-dependent pathway(s) and that signal-
mediated Rop regulation plays a critical role for the
function of Rop. Taken together, our results provide
evidence that Rop acts as a molecular switch in mul-
tiple signaling pathways that control a wide spec-
trum of plant growth and developmental processes
in Arabidopsis.

Rop Signaling and Plant Organ Morphogenesis

The results described in this report indicate that
Rop modulates morphogenesis of aerial organs in-
cluding cotyledons, leaves, and floral organs. Be-
cause of the complex nature of leaf development,
mechanisms underlying leaf morphogenesis remain
poorly understood. Both hormonal and biophysical
cues have been implicated in the modulation of leaf
morphogenesis (Van Volkenburgh, 1999). However,
to what extent and how each of these cues determines
organ morphology are unclear. Rop may provide an
important marker for investigating signaling mecha-
nisms underlying organ morphogenesis in plants.

One possible mechanism by which Rop modulates
organ morphogenesis is its control of cell morpho-
genesis. Our studies suggest that Rop2 has a role in
the modulation of cell morphogenesis (Fu, Li, and
Yang, unpublished results). However, the observed
effects of CA-rop2 and DN-rop2 expression on cell
morphogenesis seem unlikely to fully account for the
dramatic alteration in leaf shapes induced CA-rop2
and DN-rop2. Rop may also modulate leaf morpho-
genesis via a hormone-dependent mechanism. The
vertical curling in CA-rop2 leaves resembles IAA-
overproducing transgenic plants (Romano et al.,
1995). Likewise, the leaf DN-rop2 morphology is sim-
ilar to auxin-resistant mutants (Timpte et al., 1994;
Hobbie and Estelle, 1995). Furthermore, DN-rop2
leaves are similar to rounded leaves caused by mu-
tations in the ROT3 gene, which encodes a cyto-
chrome P450 involved in BR biosynthesis (Kim et al.,
1998). Finally, CA-rop2 induces leaf serration, a phe-
notype resembling Arabidopsis leaves ectopically ex-
pressing the KNATI gene associated with increased
levels of cytokinin (Chuck et al., 1996). The similari-
ties in leaf morphology between transgenic plants
expressing rop2 and hormone-response mutants are
interesting, given that Rop may regulate hormone
responses as discussed below.

A Potential Rop Involvement in the Regulation of
Auxin and/or BR Responses

Our results suggest that one or more Rops may be
involved in the regulation of plant responses to auxin
and/or BRs. First of all, many of the phenotypes
induced by CA-rop2 and DN-rop2 expression are rem-
iniscent of mutants or transgenic plants altered in
responses to these hormones or their accumulation.
CA-rop2 adult plant phenotypes, e.g. increased shoot
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apical dominance, later root formation, and vertical
leaf curling, are similar to the phenotypes caused by
iaaM gene overexpression in Arabidopsis (Romano et
al., 1995). On the contrary, DN-rop2 phenotypes, in-
cluding reduced shoot apical dominance and lateral
root formation, resemble several auxin-resistant mu-
tants (Hobbie and Estelle, 1995; Timpte et al., 1995;
Ruegger et al., 1997). More importantly, our results
show that CA-rop2 and DN-rop2 expression causes
alteration in responses to treatments with exogenous
IAA and BR. CA-rop2 caused enhanced responses to
TAA stimulation of lateral root formation, and the
response in CA-rop2 plants reached a plateau at a
much lower IAA concentration compared with WT
plants. In agreement with these CA-rop2 effects, DN-
rop2 dramatically reduced IAA stimulation of lateral
root formation. However, IAA inhibition of primary
root growth was not affected by CA-rop2 and DN-
rop2 expression. Hence, Rop2 may control lateral root
formation by increasing sensitivity of IAA stimula-
tion of lateral root formation, promoting the accumu-
lation of auxin at the site of lateral root initiation, or
participating in specific auxin signaling pathways
that control lateral root formation. The auxin
response-related aerial phenotypes in CA-rop2 and
DN-rop2 plants support a role for Rop in specific
auxin-signaling pathways or auxin transport. Further
studies including the use of specific Rop knockout
mutants and various auxin-resistant mutants should
help to clarify the potential role for Rop in mediating
auxin responses.

Some DN-rop2 adult phenotypes, including dwarf-
ism, decreased shoot apical dominance, and reduced
leaf size and length/width ratio, are also similar to
BR-insensitive or -synthetic mutants (Clouse et al.,
1996; Fujioka et al., 1997; Schumacher and Chory,
2000). BR is known to stimulate hypocotyl elongation
of light-grown seedlings. It is interesting that CA-
rop2 expression also promotes hypocotyl elongation
under relatively high light intensity. It is important
that light-grown CA-rop2 seedlings are more sensi-
tive to BR stimulation of hypocotyl elongation,
whereas DN-rop2 seedlings are less sensitive. These
results are consistent with the involvement of Rop in
the positive regulation of BR responses. However,
this notion appears to contradict the effect of CA-rop2
expression in dark-grown seedlings, i.e. cotyledon
opening and reduction in hypocotyl elongation, a
phenotype associated with BR-insensitive or
-biosynthetic mutants. One explanation for this ap-
parent contradiction is that CA-rop2 expression exag-
gerated the negative feedback regulation of BR, be-
cause high BR levels accumulate in dark and
exogenous BR application inhibits hypocotyl elonga-
tion in dark-grown seedlings. Rop alternatively
might be a positive regulator of photomorphogenesis
that is independent of BR regulation.

It is interesting that Rop is associated with the
responses to both auxin and BR, the two hormones
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triggering many parallel responses. Several possibil-
ities could explain this observation. First, Rop could
integrate distinct BR and auxin signaling pathways to
produce the observed overlapping effects. Second, a
single Rop or different Rops could participate in the
regulation of respective auxin and BR responses or
biosynthesis. Last but not the least, Rop signaling
could act to cross-talk between the regulatory path-
ways leading to the auxin- and BR-dependent pro-
cesses. Clearly further studies are needed to under-
stand how Rop is involved in the regulatory function
of the two important plant hormones.

Rop Negatively Regulates ABA-Mediated
Seed Dormancy

Our results indicate that Rop is a negative regula-
tor of seed dormancy. We have shown that CA-rop2
or DN-rop2 expression respectively promotes or in-
hibits the germination of freshly harvested seeds.
Cold treatments eliminate the effect of rop2 on seed
germination, indicating that Rop specifically affects
seed dormancy. More importantly, germination of
DN-rop2 seeds is hypersensitive to the inhibition of
seed germination by ABA, whereas CA-rop2 expres-
sion reduces the sensitivity of ABA inhibition of ger-
mination. These results suggest that Rop may be a
negative regulator of ABA responses. It is interesting
that protein farnesylation has been shown to partic-
ipate in the negative regulation of ABA responses
(Qian et al., 1996; Pei et al., 1998). Farnesylated pro-
teins contain a C-terminal CAAX motif (C, Cys; A, an
aliphatic amino acid; and X, any amino acid except
for Leu). Although Rop2 contains the C-terminal
CAFL (a geranylgeranylation motif), two other Rops
(Arac7 and Arac8) contain a farnesylation motif (Li et
al., 1998; Zheng and Yang, 2000). Thus, it is possible
that these Rops are farnesylation targets involved in
the negative regulation of ABA responses.

An alternative explanation for the negative effect of
Rop on ABA-mediated seed dormancy is that Rop
signaling antagonizes the ABA effect on seed dor-
mancy. It is interesting that a recent study suggests
that BRs may also antagonize ABA-mediated seed
dormancy (Steber and McCourt, 2001). This is con-
sistent with our finding that Rop signaling promotes
BR-dependent hypocotyl elongation. Nonetheless it
remains to be determined whether Rop acts as a
negative regulator in the ABA signaling pathway
and/or as a positive regulator in a pathway antago-
nizing ABA-mediated seed dormancy.

Rop Is Involved in Embryo Development

Embryo lethality in homozygous CA-rop2 plants
suggests Rop involvement in embryo development.
Because Rop is known to control cell polarity devel-
opment in pollen tubes (Li et al., 1999) Rop might
participate in the control of zygote polarity or proper
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spatial pattern of cell division critical for early em-
bryogenesis (Laux and Juergens, 1997; Souter and
Lindsey, 2000). However, our preliminary analyses
suggest that all embryos in CA-rop2 plants appear
normal up to the torpedo-stage. Thus, CA-rop2-
induced embryo abortion is apparently not due to its
effect on cell polarity development. Furthermore, al-
teration in cell polarity and division patterns during
early embryogenesis generally causes defects in body
patterning but not embryo abortion. However, it is
probable that a different Rop is involved in the con-
trol of cell polarity and division patterns that is not
significantly affected by CA-rop2 or DN-rop2 expres-
sion. This is consistent with our observation that seed-
lings with one cotyledon or three cotyledons are occa-
sionally found in the severe DN-rop2 (DN2-4) siblings
(H. Li, J.-J. Shen, Z.-L. Zheng, Y. Lin, and Z. Yang,
unpublished data). The abortion phenotype in CA-
rop2 embryos supports a role for Rop in the regulation
of embryo maturation or viability maintenance.

Rop and Organ Orientation and Phyllotaxis

We have shown that the expression of rop2 alters
both phyllotaxis and orientation of lateral organs in
the shoot. CA-rop2 expression altered the spiral ar-
rangement of lateral branches and siliques on the
stem. Although the mechanism for phyllotaxis con-
trol is not well understood, it likely involves a supra-
cellular patterning mechanism (Bowman et al., 1989;
Egea-Cortines et al., 1999). Thus, Rop could be in-
volved in the regulation of pattern formation, analo-
gous to Ras GTPase signaling in the control of pho-
toreceptor cell patterning in Drosophila (Yamamoto,
1994). Because phyllotaxis is determined by the pat-
terning of organ primordium formation in the shoot
apical meristem (SAM), Rop could regulate spatio-
temporal patterns of cell differentiation or prolifera-
tion in SAM. In this regard, it is interesting to note
that a Rop-like GTPase interacts with CLAVATAI, a
receptor-like kinase known to control SAM mainte-
nance (Trotochaud et al., 1999).

CA-rop2 and DN-rop2 mutants also affect the angle
of lateral branches and pedicel in relation to the
primary growth axis. The mechanism for the control
of this angle is again unclear, but presumably in-
volves signal-mediated differential cell elongation
and/or division on adaxial and abaxial sides of the
primordia for lateral shoots or flowers. Loss of func-
tion mutations in BREVIPEDICELLUS (BP) (Koorn-
neef et al.,, 1983) and ERECTAI that encodes a
receptor-like Ser/Thr kinase (Torri et al., 1996) causes
similar changes in pedicel orientation as CA-rop2 ex-
pression. However, Rop is the only intracellular sig-
naling protein known to control the orientation of
lateral organs in the shoot. The opposite effects of
CA-rop2 and DN-rop2 mutants on the pedicel orien-
tation suggest that Rop signaling controls the orien-
tation of lateral organs in the shoot.
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Concluding Remarks

We have shown that the expression of CA-rop2 and
DN-rop2 mutants impacts a variety of distinct growth
and developmental processes. Rop2:GUS expression
patterns suggest that many phenotypes are consis-
tent with the function of Rop2, whereas some phe-
notypes may be due to the function of other Rop
genes. It is probable that the Rop GTPase controls
additional developmental processes not revealed by
the rop2 mutants for the following reasons. First, the
Rop-family proteins are distributed in several tissues
(e.g. root apices and anthers) where the expression of
these mutants did not cause any obvious phenotypes.
Second, the rop2 dominant mutants may not interfere
with pathways controlled by distantly related Rops
including Rop7, Rop8, Arac7, Arac8, and Aracl0.

Our results are consistent with the regulation of
Rop by hormonal and developmental signals. How-
ever, our current study did not identify specific sig-
nals that activate Rop2-dependent pathways. More-
over, the observed phenotypes induced by the rop2
mutants may also be due to the modulation of the
Rop switch by environmental cues, given the known
relationship between hormones and external cues
and the effects of the environment on plant develop-
ment. Nonetheless, our study provides strong evi-
dence that the Rop GTPase acts as a versatile molec-
ular switch in controlling plant growth and
development. Loss-of-function Rop mutants will fa-
cilitate testing this hypothesis and defining which
pathways are controlled by each Rop or each subset
of Rops.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis ecotype Columbia was used in all experi-
ments described in this paper. To characterize adult phe-
notypes, WT or transgenic plants were grown at 22°C in
growth rooms with a light regime of 8-h darkness and 16-h
light (33 wmol m ™2 s~ ). For shoot apical dominance anal-
ysis, the total number of inflorescence from 35-d-old plants
was counted. For embryo development analysis, young
siliques were peeled and photographed under a dissecting
microscope. To characterize seedling or root phenotypes,
seeds were plated on a agar medium (one-half Murashige
and Skoog salt, 10 g L' Suc, and 8 g L' phytoagar) after
surface sterilization (1 min in 70% [v/v] ethanol and 5 min
in 50% [v/v] bleach and 0.05% [v/v] Tween 20) and incu-
bated in darkness or in light (33 wmol m 2 s~ '). For lateral
root initiation analysis, agar plates were placed vertically
for 10 d (8-h dark, 16-h light, 20 pmol m™? s~ ') before
lateral roots were counted under a dissecting scope. To
determine leaf initiation, plants were grown in tissue cul-
ture room (8-h dark, 16-h light, 20 umol m 2 s ') for 12 d
before visible true leaves were counted. For the measure-
ment of hypocotyl lengths, 10-d-old seedlings grown on
agar plates vertically placed in a growth room (8-h dark,
16-h light, 33 pmol m™? s ') were used.
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Transgenic Expression of the Rop2 Promoter:-
Glucuronidase Fusion Gene

To study the expression pattern for Rop2, a 3.5-kb EcoRI/
BamHI genomic fragment flanking the Rop2-coding se-
quence was subcloned into pBluescript II/SK (Stratagene,
La Jolla, CA) to allow the use of a HindIII site at the 5’ end
of the genomic sequence. To introduce a Sall site 20 bp
downstream of the Rop2 ATG codon, the sense T7 primer
and the antisense primer containing a Sall site were used
for PCR amplification of the putative Rop2 promoter. The
amplified fragment (900 bp upstream of ATG) was di-
gested with HindIll and Sall and then translationally
fused with the GUS gene in pBI101.2 Vector (CLONTECH
Laboratories, Palo Alto, CA). The resulting plasmid, des-
ignated as pBR2P:GUS, was introduced into Arabidopsis
by Agrobacterium-mediated transformation as described
below.

Transgenic plants were examined for GUS expression
using a histochemical GUS activity assays as described
(Jefferson et al., 1987). All plants showed similar GUS
staining patterns and GUS expression, and a representative
line was examined in details.

Generation of rop2 Mutants

To create CA and DN mutations for Rop2, we amplified
the Rop2-coding sequence (Li et al., 1998) using PCR and
subcloned it into the HindIIl and Xbal sites of pSELECT
(Promega, Madison, WI). Site-directed mutagenesis was
conducted by using ALTERED Sites in vitro mutagenesis
system (Promega). Four oligonucleotides containing the de-
sired changes (underlined) were used: G15V, 5-GTCG-
GAGATGITGCCGTCGG-3'; T20N, 5'-GTCGGAAAAAATT-
GCATGCTC-3'; Q64L, 5'-CTGCTGGTCTGGAGGACTAC-3’
and D121A, 5'-ACAAAACTCGCTCTTCGAGA-3'. The sites
of mutations were confirmed by sequencing. G15V and
Q64L mutations are predicted to cause constitutive activa-
tion of Rop2 and are designated as CA1 and CA2, respec-
tively; whereas T20 N and D121A mutations are expected
to produce DN effects on Rop2 and are designated as DN1
and DN2, respectively. The mutant genes were then cloned
into HindIIl and Xbal sites of pKYLX vector behind the 35S
CaMV promoter with enhancer (Schardl et al., 1987). For
overexpression of the wild-type Rop2 gene, the coding
sequence was subcloned in the same vector.

Arabidopsis Transformation

The above constructs were introduced into the Agrobac-
terium tumefaciens GV3101 by electroporation and trans-
formed into Arabidopsis ecotype Columbia wild-type
plants by using the vacuum infiltration method (Bechtold
and Pelletier, 1998). Transgenic plants were selected on
Murashige and Skoog medium (Life Technologies/Gibco-
BRL, Rockville, MD) containing kanamycin. Transgenic
seedlings were transferred to soil and grown at 22°C in
growth room with 16-h-light and -dark cycles. Lines that
showed consistent phenotypes in T2 transgenic plants were
selected and used for this study. Copy number of the
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transgene was estimated by the ratio of kanamycin-
resiatant plants to kanamycin-sensitive plants in T2 gener-
ations. Homozygous lines were selected from T3
generations.

Hormone Treatments

All plant hormones used in this study were purchased
from Sigma (St. Louis). For auxin and GA treatments,
seedlings were grown in Murashige and Skoog agar plates
in the tissue culture room as described above. After surface
sterilization, approximately 50 seeds were plated on agar
plates with or without IAA or GA. GA amd IAA dissolved
in ethanol were added to autoclaved medium immediately
prior to plating. Agar plates were incubated vertically at
22°C in the tissue culture room (8-h dark/16-h light, 20
pmol m~? s~ ! light) before growth measurements. For BR
treatment, seeds were germinated and cultured in a Mu-
rashige and Skoog liquid medium with shaking for 5 d
prior to the measurement of hypocotyl lengths, and other
conditions were the same as used for auxin and GA
treatments.

Seed Dormancy Assays and ABA Treatment

Newly harvested seeds were used in seed dormancy
assays. Seeds were plated on agar plates after surface ster-
ilization and incubated in the tissue culture room (8-h
dark/16-h light, 20 pmol m 2 s~ ' light). Germination was
scored as breakage of radicles from seed coat. For ABA
treatments, seeds were plated on Murashige and Skoog
agar medium containing ABA (Sigma) and cold-treated at
4°C for 4 d prior to incubation in the tissue culture room.
Germination was scored at various times after incubation
in the tissue culture room.

RT-PCR Analysis of Transgene Expression

To confirm that the CA-rop2 and DN-rop2 transgenic
plants express the transgenes, total RNA was isolated from
10-d-old seedlings using the Trizol Reagent (Life Technolo-
gies/Gibco-BRL). Two micrograms of total RNAs were used
in a 20-pL reverse transcription reaction as described (Li et
al., 1998). Four microliters of reaction products were used in
a 100-pL PCR reaction. A 5'-Rop2 gene-specific primer
(5’ GGCCATGGGCATGGCGTCAAGGTTTA) and a 3'-
primer (5'CGAACTCAGTAGGATTCTGGTGTG) covering
the pKYLX vector sequence in front of the transcription
terminator were used to specifically amplified the CA-rop2
and DN-rop2 transgenes. As an internal control, primers for
the Arabidopsis Actin 2 gene (5'-CTAGGATCCAAAATG-
GCCGATGGTGAGG, 5'-GAAACTCACCACCACGAAC-
CAQG) were included in the PCR reactions as described (Li et
al., 1998).

Western-Blot Analysis of Recombinant Rops and
Immunolocalization of Rop Proteins in Arabidopsis
Tissues

To investigate tissue distribution of Rop proteins, we
used immunolocalization and affinity-purified anti-Rop1Ps
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antibodies (Lin et al., 1996). To assess whether the antibod-
ies react with all Rops from Arabidopsis, representative
Rops from each of the four Rop groups (Rop2, Rop6, Rop7,
Rop8, Arac8, and Aracl0) were expressed as glutathione-S
transferase fusion proteins and used for western blotting
analysis using the anti-Rop1Ps antibodies. For immunolo-
calization, tissues from seedlings and adult plants (Colum-
bia ecotype) were embedded, sectioned, reacted with the
anti-Rop1Ps antibodies as described previously (Lin et al.,
2001). Preimmune serum was used as a negative control.
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