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We identify a gene, ORGAN BOUNDARY1 (OBO1), by its unique
pattern of enhancer- driven GFP expression at the boundaries be-
tween the apical meristems and lateral organs in Arabidopsis em-
bryos, seedlings, and mature plants. OBO1 also is expressed at the
root apical meristem and in distinct cell files surrounding this area.
OBO1 is one of a 10-member plant-specific gene family encoding
a single small domain (133 amino acids) with unknown function.
One member of this gene family, OBO2, is identical to a previously
studied gene, LIGHT-SENSITIVE HYPOCOTYL1. Overexpression of
OBO1 causes an abnormal number and size of petals and petal–
stamen fusions. The patterns of OBO1 gene expression are distinct
but overlap with other genes involved in boundary formation in
the Arabidopsis shoot apical meristem, including CUP-SHAPED
COTYLEDON, LATERAL ORGAN BOUNDARIES, BLADE-ON-PETIOLE,
ASYMMETRIC LEAVES, and LATERALORGAN FUSION.Nuclear local-
ization of OBO1 suggests that it might act with one or more of the
transcription factors encodedby the foregoinggenes. Ablationof the
specific cells expressing OBO1 leads to loss of the shoot apical mer-
istem and lateral organs. Thus, the cells expressingOBO1 are impor-
tant for meristem maintenance and organogenesis in Arabidopsis.

enhancer trap | meristem boundary | plant development | domain of
unknown function 640

The continuous growth potential of plants derives mainly from
the regenerative activity of plant meristems. Typically plants

have two classes of meristems, the shoot apical meristem (SAM)
and the root apical meristem (RAM) below the ground. The
SAM contains a central organizing center that maintains upper
layers of stem cells capable of continuous cell division (1). After
cell division, some cells at the center remain as stem cells, whereas
others shift to the periphery and differentiate into primordia,
groups of specialized cells that become lateral organs, such as
leaves, branches, and flowers (2). As development progresses, a
shoot organ primordium is distinguished from its meristem by the
creation of a groove containing narrow files of nondividing cells
that define the boundaries between the meristem and organs or
between adjacent organs (3–5). Establishment of such boundaries
is temporally coordinated with changes in morphology and gene
expression patterns in the meristem (5, 6).
Following apical–basal axis formation in Arabidopsis, the qui-

escent center of the RAM inhibits differentiation of a single layer
of surrounding stem cells (7, 8) that generate all root tissues, in-
cluding endodermis, cortex, and epidermis, in a radial pattern
(8, 9). Cell position, not lineage, determines the fate of cells
according to signals originating from overlying mature cells (10).
Secondary root meristems that give rise to lateral roots are gen-
erated de novo from differentiated cells in inner layers of the root,
in contrast to secondary shoot meristems, which arise directly
from the SAM (11).
Here we identify and characterize ORGAN BOUNDARY 1

(OBO1), which displays a unique pattern of expression at both the
SAM and RAM. We became interested in OBO1 because of its
meristem-specific pattern of expression in the J2341 enhancer trap
line (12) (http://www.plantsci.cam.ac.uk/Haseloff/). Haseloff (13)
designed a T-DNA vector carrying a minimal promoter adjacent

to GAL4 coding sequences that are linked to a GAL4- activated
promoter driving endoplasmic reticulum-tethered GFP (ER-
GFP) expression. GAL4 expression is dependent on enhancer
elements at the site of T-DNA insertion. The GAL4 reporter
reveals the temporal and spatial pattern of expression specific to
the enhancer element and its cognate gene.
We discuss OBO1 gene expression compared with other genes

essential for SAM and organ boundary formation, including
SHOOT MERISTEMLESS (STM), CUP-SHAPED COTYLE-
DON (CUC1, CUC2, and CUC3), LATERAL ORGAN BOUND-
ARIES (LOB), BLADE-ON-PETIOLE (BOP1 and BOP2),
ASYMMETRIC LEAVES (AS1 and AS2), and LATERAL OR-
GAN FUSION (LOF) (14–23).OBO1 has overlapping expression
patterns with many of these genes, but also exhibits unique
expression patterns.

Results
Enhancer-Driven ER-GFP Expression in J2341 Embryos. ER-GFP ex-
pression in the J2341 enhancer line was first detected at the
shoot apex in mid-heart stage embryos (Fig. 1A). In early- and
mid-torpedo embryos, this expression broadened to a “bowtie”-
like pattern around the SAM, with lower GFP expression in the
center of the SAM and vertically increasing expression in the
regions away from the center (Fig. 1 B and C). In late-torpedo
embryos, ER-GFP expression narrowed to a small region ap-
parently encircling the SAM (Fig. 1D). The J2341 enhancer also
drove ER-GFP expression near the root meristem starting at the
mid-torpedo stage (Fig. 1 C and D, arrows). These patterns of
expression have been confirmed and extended by more sensitive
in situ mRNA studies.
J2341 enhancer-driven expression of ER-GFP and its mRNA

were first detected in cells around the shoot apex in mid- and
early-heart stage embryos (Figs. 1A and 2A). A sagittal section at
the early heart stage exhibited ER-GFP mRNA expression at the
junction of two cotyledon margins (Fig. 2K); this section corre-
sponds to a longitudinal section through the points of the two
arrows in a transverse section (Fig. 2Q). Frontal and lateral
sagittal sections of late-heart stage embryos showed ER-GFP
mRNA expression confined to a continuous single cell layer
surrounding the SAM and absent from the center (Fig. 2 B and
L). In contrast, frontal sections of early-torpedo embryos showed
two separate regions of ER-GFP mRNA, an inner region de-
marcating the adaxial side of the boundaries between cotyledons
and the SAM (Fig. 2C, arrowheads) and an outer region de-
marcating the abaxial boundaries of the cotyledons (Fig. 2C,
asterisks). Serial sections of an embryo in transition from late-
heart to early-torpedo stage exhibited two separate regions of
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ER-GFP mRNA expression creating two concentric rings at the
boundaries of cotyledon margins around the SAM (Fig. 2 F–I,
diagrammed in Fig. 2S). Sagittal sections of the central plane of
early-torpedo embryos showed that the ER-GFP mRNA signal
covered the entire region surrounding the SAM and expanded
outward and downward toward the epidermis (Fig. 2M, asterisk);
this expression pattern continued at the mid-torpedo stage
(Fig. 2N). Just as GFP fluorescence diminished upward toward
the cotyledons and downward to the hypocotyl (Fig. 1C, arrow-
heads), ER-GFP mRNA expression also decreased in a frontal
plane section (Fig. 2D, asterisk). In late-torpedo embryos, ER-
GFP expression was maintained only as a narrow band around
the SAM (Figs. 1D, arrowhead and 2E). A lateral sagittal section
of the hypocotyl including the SAM demonstrated mRNA ex-
pression in a line of cells (Fig. 2P). Transverse sections of the
SAM (Fig. 2Q) in late-torpedo embryos showed mRNA ex-
pression forming a ring that included the boundaries of both the
cotyledon margins (arrowheads) and the SAM.
ER-GFP mRNA was first detected on either side of the root

apex in early-torpedo embryos (Fig. 2 C and M, arrows) and as
a single column of cells above the RAM (Fig. 2M, arrowhead).
Two small dots of GFP signal were first detected in the root apex
of mid-torpedo embryos (Fig. 1C, arrow). The pattern of ex-
pression at the root apex in early-torpedo embryos was main-
tained through the mid-torpedo stage (Fig. 2 C, D, M, and N);
ER-GFP mRNA was observed just above the root apex (Fig. 2D,
small arrowhead) and around the root apex (Fig. 2 D and N,
large arrows). In late-torpedo embryos, mRNA expression was
detected in two limited regions around the RAM and in a col-
umn of cells above the RAM, as in early- and mid-torpedo
embryos (Fig. 2J). In the root apex from late-torpedo embryos,
transverse sections revealed mRNA expression in a ring (Fig.
2R), as seen in the shoot apex as well (Fig. 2Q).

ER-GFP Expression During Seedling Development. After 5 d, J2341
seedlings demonstrated an intense ER-GFP signal at the shoot
apex with decreasing expression downward from the SAM into
the upper region of the hypocotyls, similar to that seen in em-
bryos (compare Fig. 1E, arrow and Fig. 1C, lower arrowhead).
After 15 d, seedlings exhibited an intense GFP signal around the
SAM and a weak GFP signal along the basal petioles of true
leaves (Fig. 1F, arrow). J2341 was crossed to a transgenic plant
carrying GUS coding sequences under control of GAL4 up-

stream activating sequence (UAS). At 5 d, F1 seedlings exhibited
a GUS signal in four spots (seen on the zoomed image in Fig.
1K) around the SAM. Each spot was a single cell that marked the
junction between the basal cotyledons or leaf petioles and the
SAM; two cells expressed GUS at the base of each cotyledon,
and two cells expressed GUS at the base of each leaf primordium
(Fig. 1K). The GUS signal did not detect expression in the root
tip; however, J2341-specific ER-GFP fluorescence was detected
in a few cells at the quiescent center of the RAM in 5-d-old
seedlings (Fig. 1J). This indicates that ER-GFP expression was
maintained at the boundaries of the SAM and RAM, as observed
in torpedo stage embryos.

Identification of the Gene at the J2341 Insertion Site. To clone the
genomic DNA flanking the T-DNA in J2341, we performed
thermal asymmetric interlaced (TAIL)-PCR using degenerate

Fig. 1. ER-GFP expression in enhancer line J2341. (A–D) Mid-heart (A), early-
torpedo (B), mid-torpedo (C), and late-torpedo (D) embryos. In C and D,
arrows indicate ER-GFP fluorescence in the root apex. In C, arrowheads in-
dicate a gradient of fluorescence surrounding the SAM; in D, arrowheads
indicate diminished expression of ER-GFP around the SAM. (E and F) 5-d-old
(E) and 15-d-old (F) seedlings. Arrows denote a gradient of fluorescence
around the SAM. (G) ER-GFPfluorescence in the inflorescence axis. (H) A single
flower showing fluorescence in anther filaments. In G and H, arrows indicate
adaxial junctions between a main stem and floral petioles, and arrowheads
indicate fluorescence in the floral meristem at the base of lateral floral
organs. (I) Fluorescence between the petiole and the base of the silique. (J)
Fluorescence in the root apex of 5-d-old seedlings. (K) GUS signal at the shoot
apex in a 5-d-old seedling. Red indicates chlorophyll autofluorescence; green,
ER-GFP fluorescence. S, sepal; A, anther; si, silique; p, petiole. (Scale bars:
50 μm in A and B; 100 μm in C, D, and H–K; 200 μm in E–G.).

Fig. 2. J2341-specific ER-GFP mRNA expression during embryo development.
Early-heart (AandK), late-heart (Band L), early-torpedo (CandM),mid-torpedo
(D and N), and late-torpedo (E and P) embryos showing ER-GFP mRNA expres-
sion in frontal (A–E) and sagittal (K–N and P) sections. In C, arrowheads indicate
adaxial sides of junctions between the SAM and cotyledons, and asterisks in-
dicate abaxial expression. In D, the asterisk indicates diminished expression of
ER-GFP mRNA in the abaxial region. In M, the asterisk represents a gradient of
ER-GFP mRNA expression. InD andM, arrowheads denote the signal above the
root apex. In C,D,M, andN, arrows indicatemRNA signals in the root apex. (F–I)
Serial sections of an early-torpedo embryo. (J) Root of a late-torpedo embryo.
(O) Frontal (f), sagittal (s), and transverse (t) sections of a hypocotyl. (P) Lateral
sagittal sectionof ahypocotyl. (Q andR) Transverse sections of the shoot (Q) and
root (R) apices. (S) Diagram of ER-GFP mRNA expression observed in P–R along
with their corresponding planes of section. (Scale bars: 50 μm.)
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primers and right or left T-DNA border primers. We obtained
a 450-bp product from the reaction using left T-DNA border
primers. This product mapped to BAC clone T16B12 in an
intergenic region 3,405 bp downstream of the 3′ end of At2g31150
and 936 bp upstream of the translational start of At2g31160. The
gene interrupted by the T-DNA insert in J2341 should have the
same expression pattern as seen for its enhancer driving ER-GFP.
We tested the mRNA expression pattern of At2g31160, closest to
the T-DNA insertion site. At2g31160 mRNA expression was not
detected by in situ hybridization in WT embryos, suggesting that
this gene is not controlled by the J2341 enhancer, or that ex-
pression level of the At2g31160 is below the limit of detection.
Given that there are five copies of the GAL4 UAS binding site
upstream of ER-GFP, expression of ER-GFP is expected to be
significantly higher than that of the native mRNA at the J2341
insertion site. Thus, we tested At2g31160 expression at other
developmental times.
J2341 ER-GFP expression was low in seedlings but readily

detected during reproductive development at the junctions be-
tween flowers and the inflorescence axis (Fig. 1G, arrows), at the
boundaries between the floral meristem and base of floral organs
(Fig. 1G and H, arrowheads), and at the adaxial sides of sepals
(Fig. 1H, arrow). Boundary- specific expression was maintained
in mature siliques, revealing two concentric rings of ER-GFP
expression at the base (Fig. 1I). Among floral organs, anther
filaments in young flowers showed an ER-GFP signal (Fig. 1H),
with expression disappearing as flowers mature.
We compared ER-GFP mRNA and At2g31160 mRNA ex-

pression in flowers by in situ hybridization. ER-GFP mRNA
expression reiterated the patterns observed for ER-GFP fluo-
rescence and was detected at the bases of the second (petal) and
third (stamen) whorls of floral organs (Fig. 3 A and B), most
clearly at the bottom of anthers (Fig. 3C), and at the boundary
between the sepals and the second and third whorls, as demon-
strated by adaxial expression at the base of the sepals (Fig. 3A).
Similar, albeit weaker, expression was seen in WT flowers probed
with antisense DNA to At2g31160 mRNA (Fig. 3 D–F). Both
ER-GFP and At2g31160 mRNAs were expressed at the base of
floral organs, except for the gynoecium in J2341 and WT (Fig. 3
A and D, arrows). Lateral sagittal sections that pass obliquely
through the base of a flower demonstrated mRNA signals
encircling the floral base (Fig. 3 B and E, arrow). The expression
pattern of At2g31160 in a cross-section (Fig. 3F) was identical to

that of ER-GFP mRNA shown in Fig. 3C, with the signal clearly
absent in the center of the floral meristem. The similar expres-
sion patterns with antisense probes to ER-GFP mRNA in J2341
and At2g31160 mRNA in WT suggest that At2g31160 is the gene
at the T-DNA insertion site in J2341. WT tissues probed with
control sense At2g31160 mRNA exhibited no signal.
We named At2g31160 ORGAN BOUNDARY1 (OBO1) based

on its specific expression pattern at the boundaries of vegetative
and reproductive organs. OBO1 is a member of a plant-specific
single-domain gene family in Arabidopsis consisting of 10 genes
predicted (24) to encode small proteins ranging from 164 to 219
amino acids (Fig. S1). These 10 Arabidopsis genes, including
OBO1, consist of a single exon encoding a protein with a con-
served 133-aa domain of unknown function in the center and
flanking unique sequences at both ends. To underscore the high
conservation of the OBO domain, we also examined the amino
acid sequence of a homolog, G1L1 (25), from the fern Selaginella
moellendorffi. G1L1 is phylogenetically most related to OBO5
(Fig. S1 and Fig. 4), containing 82% identical amino acids. The 11
proteins are overall 51% identical, with an additional 23% simi-
larity. The C-termini of OBO1 and six other homologs contain
predicted nuclear localizing sequences (NLS). GFP fusions to
OBO1were transiently expressed inNicotiana leaves. GFP-OBO1
was nuclear-localized; in contrast, OBO1-GFP was not nuclear-
localized, likely due to masking of the C-terminal NLS by GFP.
OBO2 has been previously identified as LIGHT-DEPENDENT

SHORT HYPOCOTYL 1 (LSH1) (26). LSH1 was identified by
activation tagging; LSH1-D exhibits a dominant short hypocotyl
phenotype in response to red, blue, and far-red light. Ten LSH
homologs have been described (26); OBO1 corresponds to LSH3
(Figs. S1 and S2). The conserved domain in theOBO/LSH family is
termed DUF640 (domain of unknown function 640) on the Pfam
Web site (http://www.sanger.ac.uk/cgi-bin/Pfam). The rice g1 mu-
tation causes sterile lemma formation in the rice spikelet, and its
WT gene is known as ALOG (Arabidopsis, LSH1, and Oryza G1)
due to its homology toLSH1 (25). To avoid confusion, Figs. S1 and
S2 use both LSH and OBO in the names of genes and gene prod-
ucts; new nomenclatures will undoubtedly arise as more functions
are assigned to this family.
ER-GFP mRNA in J2341 and OBO1 mRNA in WT plants

have the same expression pattern as detected in the flower,
suggesting that enhancer and promoter regions are likely intact
in J2341. The J2341 insertion occurs 936 bp before the start of
OBO1 translation; this region may contain both the enhancer
and promoter of OBO1, or the OBO1 enhancer may be upstream
of the insertion site. There are no developmental defects in
J2341 or in enhancer trap lines displaying root tissue-specific
ER-GFP expression (27). Alternatively, normal development in
J2341 may be due to redundant gene activity in the OBO/LSH
gene family. In support of this, we found no phenotype after
gene silencing with siRNA specific only to OBO1.

Mediation of Cell Ablation by the J2341 Enhancer. In genetic ablation
experiments performed to study OBO1 function, we crossed ho-
mozygous J2341 to a transgenic plant homozygous for the diph-
theria toxin chain A (DTA) gene under the control of the GAL4
upstream activating sequence (UAS) (27). Crossing the UAS-
DTA line to J2341 that expresses GAL4 leads to DTA expression
in zygotic tissues. DTA inhibits translation cell autonomously
by catalyzing ADP ribosylation of eukaryotic elongation factor 2,
leading to its inactivation (28). At 16 d after germination, 21 F1
plants were observed by epifluorescence microscopy and scanning
electron microscopy (SEM) (Table 1 and Fig. 5). Three F1 plants
exhibited normal shoot and root development, with between two
and six true leaves as in WT plants, and GFP expression around
the SAM, petioles, and the hypocotyl, as in J2341 (Figs. 1E and 5
A–C). Six F1 plants had a disordered phyllotaxy, often with
multiple shoot apexes (Fig. 5 D–F, L, N, Q, and R), and one plant
had a heart-shaped leaf (Fig. 5S). As evidence of ablation of cells
expressing OBO1, we detected little ER-GFP signal at the SAM
(Fig. 5 B, C, H, and I). Ablation may provoke other cells to at-

Fig. 3. Expression of ER-GFP in J2341 and At2g31160 in WT flowers. (A–C)
ER-GFP mRNA expression in J2341. (D–F) At2g31160 mRNA in WT. Longitu-
dinal (A and D), oblique, (B and E), and transverse (C and F) sections of stage-
12 flowers before opening are shown. Arrows in D–F indicate At2g31160
mRNA expression at the base of floral organs. (Scale bars: 100 μm.)
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tempt to express OBO1, resulting in abnormal morphology and
expression at the basal boundaries of leaves and the upper part of
the hypocotyl (Fig. 5 E and F). A cluster of amorphous cells at the
SAM was seen in all six plants (Fig. 5 N and O). Three F1 plants
had normal cotyledons but retarded true leaves. Eight F1 plants
had no true leaves, and four of these plants had pale-yellow
cotyledons (Fig. 5K). Two of the four plants with green cotyledons
had small bulbous structures at the presumptive SAM (Fig. 5J,
arrow and Inset). The remaining two plants did not have either
SAM or leaf primordia in the space between the cotyledons (Fig.
5 M and P, arrow), and had a barely visible GFP signal (Fig. 5 H
and I). Growth of one of the 21 plants, with small pale-yellow
cotyledons, was completely inhibited after germination (Table 1).
Root elongation was severely inhibited in plants exhibiting
phenotypes resulting from OBO1-driven DTA expression. The
variable and severe phenotypes detected indicate that the
cells expressing OBO1 are critical for embryo and consequent
seedling development.

Disruption of Floral Organ Number and Identity from Overexpression
of OBO1. Transgenic plants expressing OBO1 under the 35S
promoter exhibited abnormal numbers and morphology of petals,
including flowers with five petals (Fig. 6A) and elongated (Fig.
6B, arrow) or shortened (Fig. 6B, arrowhead) petals. Floral organ
identity was disrupted as well, with stamenoid petals with a pol-
len sac fused to the boundary region between a petal base and
a petal lobe along the margin (Fig. 6 C–E, arrows). The area of
petal tissue varied among stamenoid petals displaying a fused
pollen sac. Otherwise, the 35S::OBO1 plants were normal.

Discussion
Here we characterize the gene expression patterns in enhancer
trap line J2341 and identify the gene interrupted by the enhancer

trap T-DNA insert. The J2341 GAL4 enhancer drives the ER-
GFP expression first detected in embryos in a pattern that sur-
rounds the SAMat the early-heart stage. This ER-GFP expression
marks a boundary between the meristem and the cotyeldons. In
seedlings, this expression pattern continues and marks the region
between the SAM and leaf primordia. During floral development,
ER-GFP expression retains its circular pattern around the floral
meristem at the bases of petals and stamen, in anther filaments,
and at the adaxial junctions between the inflorescence stem and
floral petioles. In the root, J2341expression first appears at the
mid-torpedo stage within a specific subset of cells encircling
the RAM and marks a boundary between the RAM and its sur-
rounding cells. These latter cells resemble endodermis/cortex
initial cells in pattern and location.
The gene interrupted by the enhancer trap T-DNA insert is

At2g31160, a member of a single-domain family encoding a plant-
specific conserved region of 133 amino acids and flanking short
sequences of unknown function. Given the gene’s pattern of ex-
pression at the boundaries of lateral organs, we namedAt2g31160
OBO1. OBO1 mRNA expression is low compared with ER-GFP,
because there are five copies of the GAL4 UAS binding site up-
stream of ER-GFP in J2341. OBO1 mRNA is first detected
during floral development in a pattern identical to that of ER-
GFP mRNA expression in flowers of J2341.
The generation of organ primordia from the meristem is or-

chestrated by the activities of various genes in Arabidopsis (2,
29). The STM gene encodes a homeodomain-type transcription
factor expressed throughout embryogenesis in the exact center of
the SAM between the cotyledons (14). Expression of STM begins
at the late globular stage, when the embryo initiates radial pat-
terning. As development proceeds, STM expression is excluded
from organ primordia and remains at the center of the SAM,
maintaining stem cell fate (14).
Arabidopsis CUC1, CUC2, and CUC3 encode NAM-ATAF-

CUC (NAC)-type transcription factors required for STM ex-
pression (16, 23). STM and CUC are critical for initiation of the
SAM and establishment of its boundary with the cotyledons (15,
23). CUC3 expression begins in the apical center of globular
stage embryos and occurs between the meristem and lateral
organs later during development (15). OBO1 expression is dis-
tinct from STM and CUC3 expression, never occurring in the
SAM center.
STM represses expression of AS1 and AS2. AS1 and AS2 are

ectopically expressed in stm mutants, leading to repression of
KNAT1 expression and meristem arrest (30, 31). as2 mutants
cause ectopic expression of KNOTTED-LIKE homeobox genes
(31–33) and are epistatic to stm mutants (18). AS2 is a member
of the LOB domain gene family, a family of transcription factors
encoded by 42 Arabidopsis genes (17, 18, 34). LOB expression
(17) resembles OBO1 expression when it occurs in a band of cells
at the adaxial bases of lateral organs; however, LOB expression
also occurs at the base of lateral roots. Ectopic expression of
LOB leads to dwarf plants that are sterile (18). This phenotype is
distinct from the limited alterations in petal number and mor-
phology observed with OBO1 overexpression.
BOP1, a gene required for leaf morphogenesis in Arabidopsis,

regulates transcription of AS1 and AS2 (35). BOP1 carries two
types of domains, a BTB/POZ domain for protein dimerization
and four copies of an ankyrin repeat to mediate protein–protein
interaction (22). BOP1 expression begins at the torpedo stage

Fig. 4. TheDUF640single-domain family
inArabidopsis. Phylogenetic tree of OBO/
LSH proteins. Numbers on the right in-
dicate branch lengths proportional to the
amount of inferred evolutionary change.

Table 1. Distribution of phenotypes from cell ablation in J2341

No. of
plants

No. of
true leaves Plant morphology

Root length,
mm

3 2–6 WT 18.0 ± 1.9
6 4–7 Disturbed

phyllotaxy
16.4 ± 2.3

Multiple shoot
apexes

Abnormal leaf
morphology

3 2 Retarded true
leaves

13.1 ± 6.7

8 0 One pale-yellow
cotyledon (3*)

6.2 ± 3.9

All pale-yellow
cotyledons (1*)

WT green
cotyledons (4*)

1 0 All pale-yellow
cotyledons and
no growth after
germination

1

*Number of plants with the phenotype.
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(22). LikeOBO1,BOP1 expression occurs at the junction between
the meristem and lateral organs during embryo and seedling de-
velopment, and its expression occurs at the bases of sepals and
petals during floral development (20, 22). Their overlapping ex-
pression in petals suggests that BOP1 and OBO1 may act to-
gether. However, overexpression of BOP1 leads to dramatic
increases in leaf and floral number (20), a significantly different
phenotype than that seen in petals for OBO1 overexpression.
LOF1 and LOF2 encode MYB domain-type transcription fac-

tors expressed at the boundaries of lateral organs, similar to
OBO1, CUC, LOB, and BOP (19). lof1 mutants display a pheno-

type of organ fusion and reduced axillary meristems, consistent
with a role in organ boundary formation. lof1 mutants also in-
crease the meristem defects of cuc3 and stm-10, suggesting that
LOF1 acts either upstream of or in concert with CUC3 and STM.
OBO1 expression at the boundary of the SAM and lateral

organs resembles similar patterns of expression of CUC, LOB,
BOP, and LOF. The expression of OBO1 differs significantly
from that of these genes, however. During embryogenesis, the
OBO1 enhancer in J2341 drives ER-GFP expression not only in
the cells immediately surrounding the SAM, but also in cells
extending outward to the edges of the epidermis at the junction
between the cotyledons and hypocotyl, forming two concentric
rings around the SAM. Potentially, CUC, LOB, and BOP
enhancers might drive similar patterns when expressed at fivefold
higher levels, as in the J2341 enhancer trap line.
An independent study recently identified LSH3 and LSH4 as

direct targets of the CUC1 transcription factor (36). LSH3 is
identical to OBO1, and LSH4 is identical to OBO4; OBO4 is
most homologous to OBO1 among the 10 members of the OBO
family (Fig. 4 and Figs. S1 and S2). These data place OBO1
downstream of CUC1 activity. GFP-OBO1 localization to the
nucleus suggests that OBO1 might interact with one or more
transcription factors (LOB, BOP, and LOF) or with chromatin-
remodeling factors that regulate CUC3 expression (37) to con-
trol the development of lateral organs. The fact that both STM
and OBO1 are targets of CUC suggests that they act in the same
pathway(s) to control embryo and seedling development.
In support of the critical role of the boundary between the SAM

and lateral organs, when cells expressing OBO1 were destroyed in
J2341 by cell ablation, 86% of seedlings displayed abnormal de-
velopment and 50% did not produce true leaves. Elongation of
roots was severely inhibited as well. Seedlings with only minor
defects displayedER-GFP fluorescence at the shoot apex, whereas
seedlings with more severe defects had barely detectible ER-GFP.
The moderate and severe phenotypes observed in seedlings likely
reflect the result of DTA-induced cell ablation in boundary cells
expressing OBO1, causing abnormal patterning during embryo
development. That embryos form at all to produce the seedlings
observedmight possibly reflect the plasticity of plant development.
Cells expressingOBO1 that are killed might be replaced by others,
allowing development to occur. Variability in the timing and se-
verity of phenotypes resulting from DTA-induced expression in
embryos has been reported and suggested to arise from stochastic
variability in gene expression, especially in transgenes (38).
Stamenoid tissues occur on petal margins in 35S::OBO1 flowers,

likely reflectingOBO1-specific expression at the bases of petal and
stamen primordia and along anther filaments. Defects in floral
organ identity may result from a failure to establish floral organ
boundaries or identities when OBO1 is overexpressed. Stamenoid
petals also arise in weak mutants of APETALA2 (39). Mutations
of UNUSUAL FLORAL ORGANS (UFO) result in reduced
number of petals andpetal–stamen fusions.UFO expressionoccurs
at the base of developing petal primordial, similar to the region
of OBO1 expression (40), and during embryogenesis, UFO ex-
pression occurs in a cup-shaped boundary at the basal boundary of
the SAM (14).
Abnormal floral organs were observed in the rice mutant long

sterile lemma (g1) (25). G1 encodes a small protein of 276 amino
acids containing theOBO/LSHconserveddomain.Thus, disrupted
function of the conserved plant-specific DUF640 domain results in
defects in floral development in both rice and Arabidopsis.
OBO1 (LSH3) is a player in the formation of the quintes-

sential boundary for organ initiation off the flanks of the SAM in
Arabidopsis. It will be interesting to address the requirement for
OBO1 function during embryo, seedling, and floral development
by testing for interactions between OBO1 and other organ
boundary-specific genes and floral identity genes, especially class
B genes, with directed yeast two-hybrid studies, double-mutant
analyses, and gene-silencing strategies.

Fig. 5. OBO1 enhancer-driven cell ablation. (A–C) A phenotypically WT
plant with normal cotyledons (c) and a hypocotyl (h). In B, the arrow indi-
cates very weak GFP fluorescence in petioles. (D–F and L) Plants with disor-
dered phyllotaxy and multiple shoot apexes. (G–K) Plants without true
leaves. In J, the arrow indicates a bulbous structure at the presumptive SAM,
(enlarged in the Inset). Images were obtained by light microscopy (A, D, G,
and J–L) or epifluorescence microscopy to detect GFP only (B, E, and H) or
GFP with chlorophyll autofluorescence (C, F, and I). (M–S) SEM of the cell-
ablated plants. (M and P) Plants without a SAM. In P, the arrow indicates the
presumptive location of the SAM. (N, Q, and R) Plants with disordered
phyllotaxy. (O) Enlargement of the Inset in N. (S) Plant with disordered
phyllotaxy and abnormal leaves.

Fig. 6. Floral phenotype of 35S::OBO1 transgenic plants. (A and B) Flowers
of transgenic plants overexpressing OBO1 have an abnormal number (A)
and/or shape (B) of petals. (C–E) Stamenoid petals of 35S::OBO1 transgenic
flowers show different degrees of fusion between a petal and a stamen.
Arrows indicate a pollen sac fused to the marginal lobe of a petal.
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Materials and Methods
Microscopy. For SEM, seedlings were fixed with 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) and postfixedwith 1%osmium tetroxide in
the same buffer (pH 7.2). Dehydration and critical point drying are described
at http://em-lab.berkeley.edu/EML/protocols/psem.php.

In Situ Hybridization. Tissue fixation and in situ hybridization were per-
formed as described previously (http://www.imbv.uio.no/gen/groups/narc/
insitu.html). A 729-bp EcoRI-SacI fragment of ER-GFP–specific coding se-
quence was used to probe ER-GFP mRNA by hybridization for 16 h at 51 °C.
OBO1 cDNA was obtained from the Arabidopsis Biological Resource Center
(stock no. U14267). An OBO1-specific probe was designed by comparing
the nucleotide sequences of OBO homologs (Fig. S2). Unique 5′ (256 bp)
and 3′ (287 bp) fragments of OBO, excluding the conserved DUF640
domain, were linked by overlap PCR (http://www.bio.net/bionet/mm/
methods/2004-April/098106.html), amplified, and inserted into pBluescript
II SK(-) (Stratagene). Hybridization was performed for 17 h at 51 °C.

TAIL-PCR. Genomic DNA was prepared from homozygous J2341 by the
“simple DNA prep” method using shorty buffer as described previously

(http://www.hos.ufl.edu/meteng/HansonWebpagecontents/NucleicAcidIsolation.
html). Three left border-specific primers (PB4: 5′-CCGATTTCGGAACCACCATC-3′;
PB5:5′-TGAAGGGCAATCAGCTGTTG-3′; andPB6:5′-GTCCGCAATGTGTTATTAAG-
3′) and three degenerate primers [AD1: 5′-NTCGA(G/C)T(A/T)T(G/C)G(A/T)GT T-3′;
AD2: 5′-NGTCGA(G/C)(A/T)GANA(A/T)GAA-3′; AD3: 5′-(A/T)GTGNAG(A/T)A NCA-
NAG A-3′] were a generous gift from Jim Haseloff (University of Cambridge,
Cambridge,UK).TAIL-PCRwasperformed,andtheresultingproductswerecloned
into pCR2.1-TOPO (Invitrogen) and sequenced.

Overexpression of OBO1. GUS coding sequences downstream of the
35S promoter in pCAMBIA3301 (http://www.cambia.org/daisy/cambia/2071/
version/1/part/4/data/pCAMBIA3301.pdf?branch=main&anguage=default)
were removed by NcoI/PmlI digestion, replaced by OBO1 coding sequences,
transformed into Agrobacterium, and transformed into WT C24 Arabidopsis.
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