
The Plant Cell, Vol. 13, 1263–1279, June 2001, www.plantcell.org © 2001 American Society of Plant Physiologists

 

RESEARCH ARTICLE

 

The Arabidopsis 

 

SERRATE

 

 Gene Encodes a Zinc-Finger 
Protein Required for Normal Shoot Development

 

Michael J. Prigge

 

1

 

 and D. Ry Wagner

 

2,3

 

Institute of Molecular Biology, University of Oregon, Eugene, OR 97403

 

Organogenesis in plants depends upon the proper regulation of many genes, but how such necessary changes in gene
expression are coordinated is largely unknown. The 

 

serrate

 

 (

 

se

 

) mutant of Arabidopsis displays defects in the initiation
and elaboration of cotyledons and post-embryonic lateral organs. Cloning the 

 

SE

 

 gene revealed that it encodes a pro-

 

tein with a single, C

 

2

 

H

 

2

 

-type, zinc finger related to genes in other eukaryotes. Consistent with a role in organogenesis,
the 

 

SE

 

 gene is transcribed in shoot meristems and in emerging organ primordia throughout development. Expression
of the 

 

SE

 

 cDNA under the control of a heterologous promoter caused both accelerated and arrested plant growth, and
these phenotypes were due to overexpression and co-suppression of the 

 

SE

 

 gene, respectively. Our analysis of the 

 

se

 

mutant and the 

 

SE

 

 gene suggests a role for the 

 

SE

 

 gene product in regulating changes in gene expression via chroma-
tin modification. Consistent with this proposed function, a synergistic double mutant phenotype was seen for plants
mutant at both the 

 

SE

 

 locus and the locus encoding the largest subunit of chromatin assembly factor I.

INTRODUCTION

 

The aerial structures of a plant are produced by the shoot
apical meristem, a collection of undifferentiated cells at
growing shoot tips. Marked by drastically different rates of
cell division, two zones within meristems can be distin-
guished (Steeves and Sussex, 1989). Slow cell divisions in
the central zone serve to maintain this zone and to produce
daughter cells for the peripheral zone. Cells in the peripheral
zone rapidly proliferate to form organ primordia. Initiated re-
iteratively throughout plant development, organ primordia
assume diverse fates depending on when and where they
are initiated. Primordia initiated during the vegetative phase
of development become leaves, while later primordia de-
velop as floral meristems, which in turn produce sepal,
petal, stamen, and carpel primordia. Furthermore, mature leaf
structure differs depending on the developmental phase of
the plant at the time of leaf initiation (Kerstetter and Poethig,
1998).

Along a cell lineage path from the central zone to the or-
gan primordia, critical changes in gene expression occur.

 

Knotted1

 

-like homeobox (

 

knox

 

) genes are expressed through-
out the meristem and downregulated in organ primordia
(Reiser et al., 2000). Genes that are upregulated during or-
ganogenesis include the Arabidopsis 

 

AINTEGUMENTA

 

, 

 

PIN-
HEAD

 

/

 

ZWILLE

 

, and 

 

ASYMMETRIC LEAVES1

 

 (

 

AS1

 

) genes
(Elliott et al., 1996; Klucher et al., 1996; Lynn et al., 1999;
Byrne et al., 2000), the snapdragon 

 

PHANTASTICA

 

 (

 

PHAN

 

)
gene (Waites et al., 1998), and the maize 

 

rough sheath2

 

 (

 

rs2

 

)
gene (Timmermans et al., 1999; Tsiantis et al., 1999). The

 

AS1

 

, 

 

PHAN

 

, and 

 

rs2

 

 genes encode highly similar MYB-like
proteins and are required for maintaining 

 

knox

 

 gene repres-
sion in developing leaves (Waites et al., 1998; Timmermans
et al., 1999; Tsiantis et al., 1999; Byrne et al., 2000; Ori et al.,
2000).

Given the sequential mechanism of organogenesis, genes
that regulate widespread changes in gene expression are
likely to be identified by mutations with pleiotropic effects
on shoot and organ morphology. Here, we report the char-
acterization of the Arabidopsis 

 

SERRATE

 

 (

 

SE

 

) gene. The 

 

se

 

mutation has recently been shown to truncate the juvenile
phase of vegetative development (Clarke et al., 1999; Serrano-
Cartagena et al., 1999), increase plastochron lengths (Groot
and Meicenheimer, 2000b), slow an early phase of leaf de-
velopment (Groot and Meicenheimer, 2000a), and interact
with 

 

as1

 

 and 

 

as2

 

 mutations with respect to 

 

knox

 

 gene re-
pression in leaves (Ori et al., 2000). Our analyses of the 

 

se

 

mutation revealed a pleiotropic phenotype affecting the po-
sitioning and the elaboration of leaves and floral organs. In
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addition, the 

 

se

 

 mutation affects cotyledon initiation in em-
bryos when the maternal parent is homozygous for the mu-
tation. 

 

SE

 

 encodes a zinc-finger protein whose mRNA
accumulates in meristems and organ primordia. Transgenic
plants expressing the 

 

SE

 

 cDNA with a heterologous pro-
moter displayed a range of phenotypes consistent with a
role for the 

 

SE

 

 gene in organogenesis but not with a direct
role in the regulation of vegetative phase transitions. These
results indicate that the 

 

SE

 

 gene product plays a role in co-
ordinating gene expression in the meristem and lateral or-
gan primordia, possibly by regulating chromatin structure.

 

RESULTS

Phenotypic Characterization of the 

 

se

 

 Mutant

 

The 

 

se

 

 mutation was first utilized as a genetic marker for
linkage map construction (Rédei and Hirono, 1964). The 

 

se

 

mutation segregates as a single, recessive Mendelian trait
albeit at a slightly reduced transmission rate (Table 1). The
reduced transmission is likely due to lethality of 

 

se

 

/

 

se

 

 em-
bryos rather than poor transmission through either gameto-
phyte because similar allele transmission frequencies were
observed for both heterozygous parents in test crosses (Ta-
ble 1). Complementation tests indicated that 

 

se

 

 is not allelic
to other serrated leaf mutants—

 

fas1

 

, 

 

fas2

 

, 

 

tousled

 

, and 

 

leu-
nig

 

 (data not shown; Leyser and Furner, 1992; Roe et al.,
1993; Liu and Meyerowitz, 1995); nor is it allelic to mutants
that have been mapped to a similar position on chromo-
some II—

 

stunted plant1

 

 and 

 

emb152

 

 (data not shown;
Baskin et al., 1995; Vernon and Meinke, 1995). Every mutation
conferring 

 

se-

 

like phenotypes that arose in mutagenized
populations screened in our laboratory complemented the

 

se

 

 mutation (unpublished observations), and mutant screens
performed by two other laboratories also failed to identify
alleles (Berná et al., 1999; Clarke et al., 1999). Finally, a di-
rected approach failed to identify new 

 

se

 

 alleles. Approx-
imately 9000 progeny were generated by pollinating 

 

se male

sterile1-1

 

 pistils with gamma- or UV-irradiated pollen from
the Landsberg 

 

erecta

 

 (L

 

er

 

-0) ecotype. (The 

 

male sterile1-1

 

mutation was included to prevent self-fertilization [van der
Veen and Wirtz, 1968].) No progeny had a 

 

se

 

-like pheno-
type and was heterozygous for L

 

er

 

 flanking sequences
(data not shown). These results show that the 

 

se

 

 mutation
identifies a novel locus and may represent a unique lesion.

All leaf margins of the 

 

se

 

 mutant are serrated as com-
pared with wild-type plants in which only leaves produced
late in development are serrated (Figures 1A and 1B). In ad-
dition, mutant leaf margins—like those of later-produced
wild-type leaves—do not curl abaxially (downward). Further
analysis revealed a complex mutant phenotype that extends
beyond leaf margin development.

 

Table 1.

 

Frequencies of Serrate

 

 

 

Phenotype in Populations 
Segregating the 

 

se

 

 Mutation

Cross
(Female 

 

�

 

 Male) Serrate

 

�

 

a

 

Wild Type

 

a

 

Frequency

 

b

 

(%)

 

�

 

2

 

P

 

c

 

se

 

/

 

SE

 

 

 

�

 

 

 

se

 

/

 

SE

 

277 948 22.6 3.72 0.05

 

se

 

/

 

se

 

 

 

�

 

 

 

se

 

/

 

SE

 

419 495 45.8 6.32 0.01

 

se

 

/

 

SE

 

 

 

�

 

 

 

se

 

/

 

se

 

407 504 44.7 10.3 0.001

 

a

 

The phenotypes of progeny from the given crosses were scored af-
ter the expansion of the first two true leaves.

 

b

 

Percentage of progeny with a Serrate

 

�

 

 phenotype.

 

c

 

The transmission frequency from each cross differed significantly
from the expected Mendelian frequency (P 

 

� 

 

0.05).

Figure 1. Phenotype of se Plants.

(A) Outlines of all the rosette leaves of a Columbia ecotype (Col-1;
wild type) plant (left) and a se mutant plant (right). Rosettes of se mu-
tant plants contain fewer leaves and all the leaves are serrated,
whereas only later-produced leaves of Col-1 plants are serrated.
(B) Rosette of a Col-1 (wild type) plant (left) and a se mutant plant
(right).
(C) Inflorescences of a Col-1 (wild type) plant (left) and a se mutant
plant (right). The arrow points to an abnormal cluster of flowers and
siliques on the se mutant inflorescence.
WT, wild type.
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Several 

 

se

 

 mutant phenotypes reflect defects in the initia-
tion and elaboration of lateral organs. Normally, lateral
structures such as leaves and flowers are produced in a spi-
ral arrangement, or phyllotaxy, with nearly constant radial
and vertical displacement between adjacent appendages
(Leyser and Furner, 1992). Rosettes and inflorescences of

 

se

 

 mutant plants often exhibit significant deviations from the
normal radial positioning, and the internode lengths be-
tween adjacent flowers were more random in 

 

se

 

 relative to
wild-type plants (Figure 1C; data not shown). The 

 

se

 

 muta-
tion exerts a subtle effect on flower development—extra se-
pals and petals and fewer stamens were frequently present
in the earliest formed flowers (Table 2). Throughout vegeta-
tive development, mutant plants produced visible leaves at
a rate 

 

�

 

70% of that observed for wild-type plants in the
same growth conditions (Figure 2). This delay in leaf appear-
ance may reflect a slower rate of leaf initiation or leaf elabo-
ration, but two inflorescence phenotypes suggest that organ
elaboration is primarily affected. First, because immature
primordia in the shoot apex at the time of floral induction
develop as either cauline leaves or as flowers, depending
upon their developmental state (Hempel and Feldman,
1994), the increased number of cauline leaves on 

 

se

 

 mutant
plants (Table 3) indicates that there are more immature leaf
primordia at the time of floral induction. Second, 

 

se

 

 mutant
inflorescences have an increased number of immature floral
buds compared with those of wild-type inflorescences (Ta-
ble 3), suggesting a slower rate of flower maturation.

In wild-type plants, the distribution of trichomes is devel-
opmentally regulated (Martínez-Zapater et al., 1995; Chien and
Sussex, 1996; Telfer et al., 1997). Juvenile leaves produce
trichomes only on the adaxial (upper) surface, whereas adult
leaves produce trichomes on both the adaxial and abaxial
surfaces. Under our growth conditions, wild-type plants
generally produced six leaves lacking abaxial trichomes;
however, 

 

se

 

 mutant plants produced only one or two leaves

without abaxial trichomes (Table 3 and Figure 2). Further-
more, the first leaves bearing abaxial trichomes were visible
nearly 5 days earlier on mutant plants than on wild-type
plants, suggesting a defect in the regulation of this develop-
mental phase transition (Figure 2). In addition to leaf margin
serration and trichome distribution, other characteristics
such as leaf shape and the number of hydathodes differ be-
tween early and late leaves and were similarly affected by
the 

 

se

 

 mutation (Clarke et al., 1999; data not shown).
The 

 

SE

 

 gene is maternally required for normal embryo de-
velopment. Whereas wild-type Arabidopsis embryos pro-
duced two cotyledons, progeny of selfed 

 

se

 

 plants often
had either a single fused cotyledon or extra cotyledons (Fig-
ure 3). After reciprocal crosses using 

 

SE

 

/

 

SE

 

 or 

 

se/SE and
se/se plants as parents, progeny cotyledon numbers were
abnormal only when se/se plants were used as the maternal
parent (Figure 3). These data indicate that the se mutation
exerts its effect on embryo patterning from the surrounding
maternal tissue and not from the gametophyte, endosperm,
or embryonic cells. Consistent with this, seven out of thir-
teen aberrant progeny from the cross involving se/se (mater-
nal parent) and se/SE (pollen donor) were genotypically
heterozygous at the SE locus and displayed otherwise nor-
mal post-embryonic development (data not shown).

Table 2. Numbers of Floral Organs in Wild-Type and se Mutant 
Basal Flowers

Wild Type (Col-1) serrate

Whorl Averagea

Abnormalb

(%) Averagea

Abnormalb

(%)

Sepal 4.0 � 0.0 0 4.3 � 0.5 30
Petal 4.0 � 0.0 0 4.3 � 0.4 23
Stamen 5.5 � 0.6 3 4.9 � 0.8 37
Carpel 2.0 � 0.0 0 2.0 � 0.0 0
All whorls 15.5 � 0.6 3 15.5 � 1.0 63

a The number of floral organs in the first flower produced on 30
plants of both genotypes were counted and reported as the average �
twice the standard error.
b The percentage of deviation from the normal number of organs, which
were four sepals, four petals, five or six stamens, and two carpels.

Figure 2. The se Mutation Affects the Rate of Leaf Production.

The number of leaves visible with the aid of a dissecting microscope
were recorded daily, and the mean leaf number was plotted relative
to the number of days since sowing. Error bars indicate � twice the
standard error. Col-1 (wild type) data points are indicated with open
boxes, and se data points are indicated with filled circles. Superim-
posed onto this graph are the average leaf positions of the first adult
leaves plotted against the average day on which these leaves were
first visible.
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Similar to the rate of leaf production, the rate of root
growth was also slower in se mutants. When the changes in
primary root length during day 7 of growth were compared,
se roots elongated at a rate �70% of that observed in wild-
type roots (se, 5.5 � 0.4 mm; wild type, 8.2 � 0.7 mm; mean �
twice the standard error).

The SE Locus Encodes a Zinc-Finger Protein

The complex se mutant phenotype suggests that the SE
gene product regulates the activity of a number of develop-
mental pathways. To help decipher its role in development,
we isolated the SE gene by positional cloning (Figure 4). Ge-
netic linkage to the middle of chromosome 2 had previously
been reported (Rédei and Hirono, 1964), and this was con-
firmed using the GPA1 cleaved amplified polymorphic se-
quence (CAPS) marker (Konieczny and Ausubel, 1993).
Using mapping lines with meiotic recombination break-
points near the SE locus, SE was determined to be between
the GPA1 and the nga1126 (http://thale.salk.edu/) loci. A
bacterial artificial chromosome (BAC) contig was assembled
extending from the GPA1 locus. During contig assembly, re-
striction fragment length polymorphism (RFLP) markers de-
rived from BAC end sequences were mapped relative to SE
until it was found that the T6E21-Sp6 RFLP marker mapped
distally from the SE locus. BAC T9H20 spanned most of the
region between flanking RFLP markers genetically separa-
ble from SE and was subcloned for plant transformation. Of
13 cosmids introduced into se mutant plants, four conferred
a wild-type phenotype. Within the 10-kb region shared by
the complementing cosmids, a single complete gene and
two partial genes were found by DNA sequence analysis.
Flanking cosmids that deleted portions of the complete
gene but spanned either of the partial genes did not rescue
the mutant phenotype. Furthermore, the complete gene
contained a 7-bp deletion in the corresponding region from
the se mutant genome, confirming that this was the SE
gene.

The SE open reading frame encodes a 720–amino acid
protein predicted to contain a single C2H2-type zinc finger
and multiple bipartite nuclear localization motifs (Figure 5A).
The se mutation would cause a frameshift altering the last
27 amino acids. Two expressed sequence tags (ESTs) from
sugarcane that were highly similar to the C terminus of the
predicted SE protein were present in public databases and
were used to isolate two distinct SE homologs from another
monocot, maize. The amino acid sequences encoded by

Table 3. Developmental Phase Transitions in Wild-Type and se Mutant Plants

Number of Leavesa

Genotype Juvenile Adult Cauline Flowering Timeb Flower Budsc

Wild type (Col-1) 5.8 � 0.4 10.1 � 0.6 3.9 � 0.3 22.4 � 0.5 16.9 � 1.1
serrate 1.8 � 0.3 8.4 � 0.8 5.2 � 0.6 22.6 � 1.0 26.8 � 2.6

a Adult rosette leaves were defined as those with trichomes on the abaxial leaf surface, whereas juvenile rosette leaves lacked abaxial trichomes.
Only cauline leaves on primary inflorescence were included; n � 30; mean � twice the standard error.
b Days until flower buds were visible; n � 30; mean � twice the standard error.
c When the primary inflorescences had between 10 and 25 post-anthesis flowers, the number of developing flower buds (between stages 6 and
12) were counted; mean � twice the standard error. Wild type, n � 35; serrate, n � 25.

Figure 3. Maternal Effects of the se Mutation.

(A) Variation in cotyledon number in week-old progeny from se mu-
tant ovules.
(B) After germination, the number of seedlings with abnormal cotyle-
don numbers were counted. Error bars indicate �SD of the binomial
distribution. Experiments (Expt.) 1 and 2 differ only in the growth
conditions of the parents: Experiment 2 was performed in a green-
house during the winter. Supplemented artificial light was provided
from 8:00 A.M. to midnight, and the daytime temperatures were held
at less than �25�C (nighttime temperatures were cooler). Asterisks
denote that wild-type (Col-1) plants were used in this cross for ex-
periment 1 and se/SE plants in experiment 2. n, total number of
seedlings scored; ND, not determined.
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three partial monocot cDNAs (from sugarcane and maize)
share �90% identity with one another and 60% identity with
the dicot-derived SE protein. Currently, the public data-
bases contain homologous ESTs from maize (six acces-
sions), rice (two), sorghum (eleven), tomato (three), potato
(one), soybean (one), and hybrid aspen (one). In addition,
several genomic survey sequences (four BAC end se-
quences and the RG365 RFLP marker sequences) from rice
contain sequence similarity to the SE gene. The maize ge-
nome contains at least four SE-related genes because the
ESTs identify genes distinct from those isolated using the
sugarcane cDNA sequence (Figure 5A). The rice and sor-
ghum genomes, however, appear to have only two ex-
pressed SE-related genes. An alignment of SE-related
sequences from plants is shown in Figure 5A.

Significant homology is also shared with the SPBC725.08
zinc-finger protein of unknown function from Schizosaccharo-
myces pombe and a protein family from animals that includes
the hamster arsenite resistance2 (Asr2) protein (Rossman and
Wang, 1999). Although the overall similarity between the
plant, fungal, and animal proteins is modest (11 to 15%
amino-acid identity), the sequences and relative orders of
four domains are conserved (Figure 5B). Significantly, two of
these domains correspond to the zinc-finger domain and the
C-terminal sequences affected by the se mutation. Interest-
ingly, the animal homologs lack the second conserved cys-
teine but retain high similarity in the region corresponding to

the DNA binding helix of other zinc fingers (Figure 5B; Klug
and Schwabe, 1995; Berg and Shi, 1996). Although no bio-
chemical function has been ascribed to any of these proteins,
overexpression of the asr2 cDNA—which is likely to encode
only a portion of the full-length protein—confers arsenite re-
sistance to hamster cell lines (Rossman and Wang, 1999).

Expression Pattern of the SE mRNA

The se mutant phenotype suggested that the wild-type SE
gene product is required for normal development of shoot
and floral meristems, developing leaves, and embryos. SE
mRNA was detected in all of these tissue types by use of in
situ hybridization (Figure 6; data not shown). In the develop-
ing embryo, SE expression is present in the shoot and root
meristems and in the adaxial portion of cotyledons of tor-
pedo-stage embryos, but expression is reduced in walking-
stick stage embryos and absent from mature embryos (Fig-
ures 6A to 6C). Similar to cotyledons, the adaxial portion of
newly emerging leaf primordia exhibits the highest level of
SE expression, but more mature leaves retain some expres-
sion only in localized regions (Figure 6E). The downregula-
tion of SE is rapid during floral organ development: for
example, SE mRNA is detected in sepal primordia of stage 4
flowers, but by stage 7, expression is absent from sepals
and is present in the emerging stamen and carpel primordia

Figure 4. Positional Isolation of the SE Locus.

(A) Position of SE relative to polymorphic markers in the middle of chromosome 2 (long, thick horizontal line) and the contig of BACs (horizontal
bars). The vertical lines represent the positions of DNA fragments used for mapping (those named across the top) or those used only for con-
structing the BAC contig (unnamed). The number of meiotic recombination events identified between a marker and the se mutation are indicated
below the marker names.
(B) Cosmid subclones of the BAC T9H20 (solid bar). Striped bars indicate cosmid subclones that complemented the se mutant phenotype upon
transformation, and open bars indicate those that did not.
(C) Schematic representation of the gene structures in the region that complemented the se mutant phenotype. Filled boxes represent exons,
lines designate noncoding regions, arrowheads show the direction of transcription, and dashed lines indicate that the genes extend beyond the
region sequenced. The position of the 7-bp deletion of the se mutant genome is indicated (open triangle).
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Figure 5. SE Is a Member of a Protein Family Conserved in Eukaryotes.

(A) Alignment of SE-related sequences from plants. Conserved residues are shaded in black, and conservative changes are shaded in gray.
Gaps (indicated by dots) were introduced to optimize alignment, and tildes (�) were added where sequence information is lacking. The sources
of the sequences are described in Methods. The positions of the four domains used in the alignment shown in (B) are designated with brackets
and labeled, and the positions of se-1 mutation and putative bipartite nuclear localization motifs are indicated with a triangle and hatched bars,
respectively. Genes designated ZmSExx are derived from maize. C-term, C terminus.
(B) Alignments of four domains (A, B, zinc finger, and C terminus) of the predicted SE protein with comparable domains of the S. pombe
SPBC725.08 protein; the Asr2-related homologs from Caenorhabditis elegans, Drosophila, and human; and the Chinese hamster Asr2 protein.
Shading is as described for (A), and residues conserved in all homologs are highlighted with an asterisk. The number of residues in front of and
between domains are indicated. The positions comparable to the two 	 strands and the 
 helix of C2H2-zinc-finger domains of known structure
are indicated with arrows and a coil above the respective sequences.
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(Figure 6F; stages as defined in Smyth et al., 1990). SE
mRNA is also detected throughout vegetative, inflores-
cence, and floral meristems (Figures 6E and 6F). SE mRNA
accumulation in se mutant apices appears to be reduced in
parallel in situ hybridization experiments, suggesting either
that the C-terminal sequences may be required for autoreg-
ulation or that the small deletion adversely affects mRNA
stability (Figure 6G).

Phenotypic Effects of SE Misexpression

The SE locus was identified based upon a single mutation
affecting only the C-terminal tail of the predicted protein. To
observe the effects of altered levels of SE activity, wild-type
and se mutant plants were transformed with the SE cDNA
under the control of the cauliflower mosaic virus 35S RNA
(35S) promoter (Odell et al., 1985). A range of phenotypes
arose in the T1 plants, but a significant proportion of these
lines (29/67) could not be recovered due to seedling lethality
or sterility. The phenotypes of the T2 generation were stud-
ied in greater detail, and two classes emerged (Table 4, and
Figures 7A and 7B). Class I lines displayed an essentially
wild-type phenotype whether in a wild-type or se mutant
background, and class II lines displayed a range of develop-
mental phenotypes. Interestingly, lines carrying the se muta-
tion tended to have more severe phenotypes than did those
transformed into a wild-type background (Table 4). Further-
more, the severity of the class II lines frequently increased
with successive generations regardless of the background.
For example, the sbla3 T1 plant (in se background) was fer-
tile, but every T2 plant was completely sterile (n � 20). Given
the phenotypic instability of class II lines, and the class I and
class II phenotypes (below), class I lines are likely to be
overexpressing the SE gene and class II lines are likely to
have suppressed SE function.

One class I line in the se mutant background, sbla11, was
chosen for detailed analysis because the transgene stably
complemented all of the se mutant phenotypes (Figure 7A and
Table 5) and exhibited high levels of SE mRNA expression (Fig-
ure 7I). In contrast to the se mutant, the sbla11 plant line dis-
played an increased rate of leaf production and had a
decreased number of developing floral buds on inflorescences
relative to wild-type plants (Table 5). Unexpectedly, the trans-
gene also affected both the number of days and the number of
leaves produced prior to flowering (Table 5). Each vegetative
phase is shortened relative to those of wild-type plants, sug-
gesting that development in general is accelerated by SE over-
expression.

Class II lines displayed strikingly variable phenotypes
both within and between lines. The class was further subdi-
vided based upon the more severe phenotypes appearing in
T2 families (Figure 7B). Mildly affected (class IIa) lines pro-
duced relatively normal leaves but consistently developed
inflorescence phyllotaxy defects similar to those seen in se
mutants. The intermediate class of transformants (class IIb)

produced leaves with adaxially curled lamina and reduced
inflorescence internode elongation. Growth of the severely
affected (class IIc) lines intermittently arrested after the pro-
duction of a variable number of leaves (most often after 0,
one, or two leaves; Figure 7D). Microscopic analysis of ar-
rested shoot apices revealed protrusions with outgrowths
emerging along their sides (Figure 7E). On the basis of their
positions and morphology, the tips of these protrusions are
likely to be apical meristems, and the outgrowths appear to
be arrested organ primordia. Eventually, growth continued,
with new leaf primordia emerging both from the original
meristem’s location and from positions on the side of the
apex. The leaves produced by class IIc lines were similar to
those of the se mutant but were often asymmetric in shape
(data not shown). The inflorescences of these plants were
severely affected: there was little internode elongation be-
tween cauline leaves, and few flowers were produced (Fig-
ure 7F; data not shown). The flowers that did form were
disorganized and had extremely variable numbers of floral
organs and radially symmetric filaments (Figures 7F to 7H).
In several class IIc lines, floral meristems failed to terminate
properly after the production of the carpel whorl, resulting in
sterile masses predominately composed of unfused carpels
and exposed ovules (Figure 7H).

The range of phenotypes seen in the 35S::SE transfor-
mants suggested that expression from the transgene might
be variable. After the T1 plants were phenotypically scored,
gene expression was analyzed by semi-quantitative reverse
transcriptase–polymerase chain reaction (RT-PCR). As
shown in Figure 7I, expression levels were variable, but
there was only a slight correlation between phenotypic class
and SE mRNA accumulation. This poor correlation suggests
either that a post-transcriptional mechanism is responsible
for the phenotypic variability or that transcript accumulation
is spatially and/or temporally variable and was not adequately
assayed by our analysis of mature leaf tissue.

Synergistic se fas1 Double Mutant Phenotype

Mutations in the FAS1 gene cause pleiotropic phenotypes
that overlap the phenotypes observed for se mutants: muta-
tions in either gene affect leaf serration, phyllotaxy, and the
numbers of floral organs in the outer three whorls (Figure
8A; Leyser and Furner, 1992). Unlike se, however, fas1 mu-
tants have narrow leaves and enlarged meristems that often
lead to stem fasciation. To determine whether the SE and
FAS1 genes function in a common pathway or in converging
pathways, double mutants were constructed. Two fas1 alle-
les from the En ecotype background were used in these
analyses. The inflorescence phenotypes are similar, but the
fas1-11 allele caused more deeply serrated leaves and less
fertile flowers than did the fas1-1 mutant allele (Serrano-
Cartagena et al., 1999; data not shown). Despite having a
less severe phenotype, molecular analysis suggests that
fas1-1 is a null allele (Kaya et al., 2001). The se fas1-1 and se
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fas1-11 double mutants produced a variable number of ex-
tremely narrow lateral organs before the meristems degen-
erate into masses of callous-like cells (Figures 8B to 8E).
Out of 59 se fas1-1 double mutants, 42 (71%) arrested prior
to stem elongation, seven (12%) arrested after inflorescence
elongation but prior to flower formation, and 10 (17%) ar-
rested only after the initiation of a few misshapen flowers
(Figure 8B). The last leaves produced prior to meristem de-
generation often had radial symmetry (data not shown).
Similar phenotypes were previously reported for the mgo1-1
fas1-1 double mutant (Laufs et al., 1998). This synergistic
genetic interaction suggests that the SE and FAS1 genes
function in separate pathways that converge during organo-

genesis, but a common-pathway model cannot be com-
pletely dismissed because the se mutation is not likely null.

DISCUSSION

The phenotypes of the se mutant indicate a role for the SE
protein in organogenesis. The slower rate of leaf production,
the displacement of more leaves onto the inflorescence
stem, and the presence of more immature flower buds are
all consistent with a primary defect in the early steps of or-
gan elaboration. This interpretation is also consistent with

Figure 6. In Situ Localization of SE mRNA in Wild-Type and se Mutant Tissue.

(A) to (C) Torpedo-stage (A), walking-stick stage (B), and nearly mature (C) wild-type embryos hybridized with an antisense SE riboprobe.
(D) Torpedo stage wild-type embryo hybridized with a sense (control) SE riboprobe.
(E) Apex of the wild-type shoot apex prior to flower production but after hybridization with an antisense SE riboprobe.
(F) and (G) Wild-type (F) and se mutant (G) inflorescences hybridized with an antisense SE riboprobe. Numbers indicate stage of flower development.
c, cotyledon; f, floral meristem; g, developing gynoecium; l, leaf primordia; m, shoot apical meristem; r, root meristem; se, developing sepal; sf,
developing stamen. Bars � 40 �m.
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the analyses by Groot and Meicenheimer (2000a) that re-
vealed that growth of se leaves is biphasic, with slower
growth early (until �2 mm in length) and normal growth
thereafter. Detailed mutational analysis of the SE gene was
handicapped by the lack of additional mutant alleles. Allelic
mutants have not been identified based on leaf phenotypes
in our laboratory or in screens by other laboratories (data
not shown; Berná et al., 1999; Serrano-Cartagena et al.,
1999; Clarke et al., 1999). Furthermore, a directed pollen-
mutagenesis approach also failed to identify new alleles.
One explanation for the failure to identify new alleles is that
the original se allele retains some function that is essential
for development. This is consistent with molecular analysis
of the existing se-1 mutant allele, which only affects the
C-terminal 27 amino acids (Figures 5A). Despite the unique-
ness of the se-1 allele, it is unlikely that the phenotype re-
sults from the gain of a novel function because the mutation
acts recessively.

Analysis of transgenic plants misexpressing the SE gene
revealed two classes of phenotypes. The nearly wild-type
phenotype of class I lines suggests that SE activity is per-
missive for normal development because ectopic SE ex-
pression rescues the mutant phenotypes with few additional
consequences. These lines produce leaves at a slightly
faster rate than do wild-type plants, but the most profound
effect was on flowering time, suggesting that the SE protein
may be involved in the vegetative-to-floral phase transition
as well as the transitions from meristematic to organoge-
netic growth. Given the appearance of phenotypes similar to
those found in the se mutant, class II lines appear to have
reduced SE function due to co-suppression (Matzke and
Matzke, 1998). Although the increase in phenotypic severity
in several of the class II lines in successive generations sug-
gests an epigenetic mechanism, there was little correlation
between phenotypic severity and transgene mRNA expres-
sion (Figure 7I). One explanation for this is that the SE gene
is essential and that stably silenced plant lines were lost due
to selection of viable transformants. In this scenario, SE ex-
pression in the class II lines is unstable and therefore de-
tectable in total leaf RNA preparations. Alternatively, SE
function may be suppressed by a “squelching” mechanism.
Genetic squelching may result when a protein is overex-
pressed and dilutes the pool of required co-factors (Ptashne,
1992; Larkin et al., 1994).

The relationship of the organ elaboration phenotypes with
the leaf margin and the trichome distribution phenotypes is
unclear. One possibility—corroborated by SE mRNA ex-
pression pattern (Figure 6) and the SE misexpression phe-
notypes (Figure 7)—is that there is an associated defect in
leaf polarity in lateral organs of the se mutant. Organogene-
sis and organ polarity defects are linked in other mutants.
The phan mutants of snapdragon fail to initiate organ pri-
mordia at low temperatures and produce partially or com-
pletely abaxialized organs at higher temperatures (Waites
and Hudson, 1995; Waites et al., 1998). Strong mutant al-
leles of the Arabidopsis ARGONAUTE1 (AGO1) gene produce

organs at a much slower rate than do wild-type plants, and
many organ types are abaxialized in the mutant (Bohmert et
al., 1998; Lynn et al., 1999). Weaker ago1 mutants display
a delay in organ production and allele-specific defects in
organ patterning: one class of alleles produces narrow or-
gans and another class produces serrated leaves that are
frequently trumpet shaped and have outgrowths on the
abaxial surfaces—both likely due to a partial adaxializa-
tion of organ primordia (Champagne, 1998). Although
trumpet-shaped leaves have never been observed in se
mutants, the phenotypes of the latter class of weak ago1
mutants and the se mutant are remarkably similar and
suggest that SE and AGO1 act in overlapping develop-
mental pathways. Both mutants display slow rates of organ
production, similar leaf margin morphologies, and flower-
positioning defects.

The embryo’s dependence on SE activity for proper coty-
ledon initiation is interesting, and similar maternal control
over plant embryo patterning has only previously been ob-
served for the Arabidopsis sin1-2 mutant and transgenic to-
bacco plants overexpressing the oat phyA gene (Ray et al.,
1996; Emmler and Schäfer, 1997). Given the presence of a
haploid gametophyte generation between diploid sporo-
phyte generations, maternal effects on plant embryo devel-
opment are paradoxical because the embryo is isolated
both spatially (by the endosperm) and mitotically (during
megagametophyte development) from diploid maternal tis-
sue. One possibility is that the SE and SIN1 proteins may be
involved in establishing the expression state of one or more
maternal genes prior to gametogenesis. The MEDEA/FIS1
gene of Arabidopsis is required for proper embryo and
endosperm development and was recently found to be im-
printed such that only maternally inherited copies are ex-
pressed during endosperm development (Chaudhury et al.,
1997; Grossniklaus et al., 1998; Kinoshita et al., 1999; Kiyosue
et al., 1999; Luo et al., 1999; Vielle-Calzada et al., 1999). In
another possibility, the SE and SIN1 genes may be involved
in signaling to the early embryo positional information re-
quired for the proper induction of bilateral symmetry. A third

Table 4. Phenotypic Categories of 35S::SE Linesa

Number of Independent Lines per Class (%)

Background Class I Class IIa Class IIb Class IIc

serrate 3 (11%) 1 (4%) 10 (36%) 14 (50%)
Wild type (Col-1) 4 (36%) 3 (27%) 3 (27%) 1 (9%)

a The 35S::SE construct was transformed into se and wild-type
plants, and the T2 transgenic lines were grown for �2 weeks before
scoring the phenotypes. The phenotypes were classified based on
the most severe segregants as described in the text: class I, wild
type; IIa, mild; IIb, intermediate; and IIc, severe. The probability that
the observed distribution of phenotypes was independent of genetic
background was 
0.02 using a 2 � 4 William’s corrected G test of
independence.
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Figure 7. Phenotypes of Plants Harboring the 35S::SE Transgene.

(A) A class I (sbla11) T4 plant is compared with the wild type (Col-1) and the se mutant after �25 days of growth. The class I plant’s inflorescence
is taller due to the early flowering phenotype.
(B) The phenotypes of classes IIa (sbla6), IIb (sbla1), and IIc (sala3) T3 plants are compared after �30 days of growth. Note the aberrant flower
positions of the classes IIa and IIb plants and the aberrant leaf positioning of the class IIc plant.
(C) Ten-day-old wild-type seedling with two cotyledons and four true leaves.
(D) Ten-day-old class IIc (sbla17) plant that arrested after cotyledon expansion.
(E) Scanning electron micrograph of an arrested apex of a class IIc line. The arrowhead points to the meristem, which is flanked by arrested pri-
mordia. Magnification bar is �100 �m.
(F) to (H) Examples of the various inflorescence and flower patterning defects seen in class IIc lines. Note the wide range in floral organ numbers
and organ morphologies. The mature “flower” shown in (H) failed to terminate after the production of carpels. Arrows point to radially symmetric
filaments.
(I) Detection of SE mRNA in SE misexpression lines. Total leaf RNA was prepared from 10 T1 plants of the given phenotypic class, and SE mRNA
was detected by semi-quantitative RT-PCR. The lines represented include cbla1, cala2, cala3, cala4, and cala7 in a wild-type background, and
sbla2, sbla3, sbla4, sbla10, and sbla11 in a se mutant background. For control reactions, cDNA was prepared from wild-type leaves (WT Leaf),
wild-type inflorescences including pre-anthesis flower buds (WT Inf.), and se leaves (se Leaf). The gel at top shows the detection of SE mRNA,
whereas the bottom two gels show detection of the ubiquitously expressed 	–ATPase and ROC1 genes (Boutry and Chua, 1985; Kelly et al.,
1990; Lippuner et al. 1994). Note that the SE RT-PCR product from SE leaves is slightly smaller than that from the wild type due to the mutation.
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possibility is that sufficient maternally contributed wild-type
protein or mRNA persists through gametogenesis and early
embryogenesis and that zygotic expression appears too late
to rescue the defect in embryo symmetry.

The putative zinc-finger and nuclear localization motifs
suggest that the SE protein regulates transcription, possibly
by altering chromatin structure. Unlike conventional zinc-fin-
ger transcription factors (Klug and Schwabe, 1995; Berg
and Shi, 1996), SE contains a single zinc finger—rather than
tandem repeats—and is, consequently, unlikely to bind
alone with high sequence specificity. Having lower levels of
sequence specificity would allow SE to coordinate the ex-
pression of many genes by altering chromatin structure in a
region-specific manner. Previous analyses of leaf-shape
mutants have already established a link between gene si-
lencing and leaf development. Mutations in the CURLY
LEAF gene of Arabidopsis, encoding an E(z)-like polycomb-
group protein, cause the leaf lamina to roll up as a result of
ectopic expression of the floral homeotic gene AGAMOUS
(Goodrich et al., 1997). The leaf curling phenotype of class
IIb 35S::SE plants is very similar to that of curly leaf mutants,
suggesting that SE might also be involved in repressing the
AGAMOUS gene, and preliminary RT-PCR results agree
with this interpretation (M.J. Prigge and D.R. Wagner, un-
published results).

A role for SE in gene regulation during organogenesis was
recently identified by analysis of the se as1 and se as2 dou-
ble mutants. The se mutation synergistically enhanced the
as1 and as2 phenotypes, resulting in phenotypes very simi-
lar to those of plants overexpressing the KNAT1 knox
gene—including the appearance of ectopic stipules in the
sinuses of leaf lobes (Ori et al., 2000). Although as1 and as2
single mutants ectopically express the KNAT1 and KNAT2
knox genes in leaf tissue, only rarely do ectopic stipules de-
velop (Byrne et al., 2000; Ori et al., 2000). Although se single
mutants do not express knox genes ectopically, se as1 and

se as2 double mutants exhibit slightly increased knox gene
expression in the sinuses but reduced expression in other
parts of leaves relative to as single mutants (Ori et al., 2000).
This suggests that the se mutation either allows knox gene
expression to rise above a critical threshold specifically in leaf
margins, lowers the knox gene expression threshold required
to activate downstream genes, or a combination of both pos-
sibilities. A role for the SE protein in regulating chromatin
structure would be consistent with both of these possibilities.

Two other proteins with single C2H2 zinc fingers have
been implicated in regulating chromatin structure: FIS2
from Arabidopsis (Luo et al., 1999) and the GAGA factor
(GAF) encoded by the Trithorax-like gene of Drosophila
(Farkas et al., 1994; Pedone et al., 1996). Although no tar-
get genes have been identified, mutant analysis suggests
that FIS2 is required for repressive chromatin structure
during megagametophyte development in the same path-
way as two polycomb-group genes: FIS1/MEDEA and FIE,
which are homologous to the Drosophila E(z) and Esc pro-
teins, respectively (Chaudhury et al., 1997; Grossniklaus et
al., 1998; Kiyosue et al., 1999; Luo et al., 1999; Ohad et al.,
1999). In contrast to the proposed role for FIS2, GAF an-
tagonizes silent chromatin maintenance, resulting in timely
derepression of several developmentally and environmen-
tally regulated genes (reviewed in Wilkins and Lis, 1997). In
a manner analogous to the FIS2 and GAF proteins, SE may
coordinate the expression of multiple genes during devel-
opment by modifying the chromatin structure surrounding
these genes.

The synergistic genetic interaction between se and fas1
mutations is most easily explained as a convergence of two
pathways regulating chromatin structure. FAS1 encodes the
largest subunit of chromatin assembly factor I (Kaya et
al., 2001), which directs assembly of histones onto newly
replicated DNA (Smith and Stillman, 1989; Adams and
Kamakaka, 1999). Mutations in the yeast homolog CAC1/

Table 5. Phenotypic Analysis of the sbla11 Class I 35S::SE Line

Number of Leaves Visiblea Number of Leavesb

Genotype Day 6 Day 11 Day 16 Juvenile Adult Cauline Flowering Timec Flower Budsd

35S::SE se 2.0 � 0.0 5.8 � 0.2e 11.6 � 0.3f 4.2 � 0.2f 5.8 � 0.3f 2.7 � 0.1f 18.6 � 0.3f 15.1 � 1.9e

Wild type (Col-1) 2.0 � 0.1 5.5 � 0.2 11.0 � 0.3 4.6 � 0.3 7.9 � 0.4 3.7 � 0.2 20.9 � 0.4 17.0 � 1.0
serrate 0.0 � 0.0f 4.0 � 0.1f  7.8 � 0.2f 1.9 � 0.2f 5.8 � 0.4f 4.6 � 0.4f 21.1 � 0.5 30.7 � 1.4f

a On given days after sowing, the number of leaves visible without dissection and using a dissecting microscope were recorded; mean � twice
the standard error; n � 45 to 48.
b Adult rosette leaves were defined as those with trichomes on the abaxial leaf surface, whereas juvenile rosette leaves did not have abaxial tri-
chomes. Only cauline leaves on primary inflorescence were included. Mean � twice the standard error; n � 45 to 48.
c Days until flower buds were visible; mean � twice the standard error; n � 45 to 48.
d When the primary inflorescences had between 10 and 25 post-anthesis flowers, the number of developing flower buds (between stages 6 and
12) were counted; mean � twice the standard error; n � 25 to 35.
e Significantly different from the wild type (P 
 0.05).
f Significantly different from the wild type (P � 0.001).
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RLF2 impair the maintenance of gene silencing at the telo-
meres and at the silent mating loci (Enomoto et al., 1997;
Kaufman et al., 1997; Enomoto and Berman, 1998). Rem-
iniscent of the fas1 interaction with se, cac1/rlf2 mutants
interact synergistically with mutations in the SIR1 gene
(Enomoto and Berman, 1998). Because SIR1p is required
for the establishment of gene silencing at the silent mat-
ing loci (Pillus and Rine, 1989), it was proposed that
SIR1p cooperates with chromatin properly assembled by
CAC1/RLF2p function (Enomoto and Berman, 1998). An
intriguing possibility is that SE protein may downregulate
genes during organogenesis in a manner analogous to
SIR1p.

In an alternative hypothesis, SE may be directly regulating
the cell cycle. Such a hypothesis is consistent with the SE
mRNA accumulation pattern (the highest expression in tis-
sue with the shortest cell-cycle lengths) and with the SE
overexpression phenotypes because similar phenotypes
were seen when an Arabidopsis D-type cyclin was overex-
pressed in tobacco (Cockcroft et al., 2000). A role for SE in
cell-cycle regulation is, however, less easily reconciled with
the phenotype of the se fas1 double mutant in which cell di-
vision continued after organogenesis had arrested (Figure
8D). Further investigations of the SE protein function should
reveal the mechanism by which SE regulates so many as-
pects of plant development.

Figure 8. se fas1 Double Mutant Phenotype.

(A) fas1-1 single mutant.
(B) Range of phenotypes displayed by �28-day-old se fas1-1 double mutants. Note that all leaves are extremely narrow and that the shoot apex
has arrested growth in each individual albeit at different developmental times.
(C) se fas1-11 double mutant.
(D) and (E) Scanning electron micrographs of the arrested shoot apex of an �30-day-old se fas1-1 double mutant plant. The meristem has de-
generated into a mass of callous-like tissue. Bar in (D) � �500 �m; bar in (E) � 20 �m.
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METHODS

Plant Materials, Culture, and Analysis

Arabidopsis thaliana seed for the se, fas1-1, fas1-11, and phyB-10
mutant strains and the Columbia (Col-1) and Wassilewskija (Ws-2)
wild-type strains were obtained from the Arabidopsis Biological Re-
source Center (ABRC, Ohio State University, Columbus). Eva
Sundberg and George Coupland (John Innes Centre, Norwich, UK)
supplied Tn28 and alb3-1 seed (Long et al., 1993).

Seeds were imbibed at 4�C for 3 to 5 days before or after sowing to
6-cm square pots containing coarse vermiculite overlaid with a 1- to
2-cm layer of soil mix comprised of a 2:1 mixture of Premier Pro pot-
ting soil (Red Hill, PA) and fine vermiculite. Plants were grown either
in a long-day growth room (18-hr-light:6-hr-dark cycle) or in a green-
house during the winter with supplemented light. Temperatures in
the growth room were maintained between 18 and 22�C, but the
greenhouse temperatures were very variable with cooler nighttime
temperatures. Peters Professional (20-20-20) fertilizer was adminis-
tered upon sowing and again after �3 weeks of growth. An in planta
Agrobacterium-mediated transformation protocol was used to intro-
duce constructs into Arabidopsis (Bechtold et al., 1993; Clough and
Bent, 1998). Selection of kanamycin- or hygromycin-resistant seed-
lings was performed on aseptic solid media containing 0.5 � MS
salts (Murashige and Skoog, 1962; Sigma), 2% sucrose, and 1% pu-
rified agar (Sigma).

The se fas1-1 double mutants were identified in the second gener-
ation after backcrossing se � fas1-1 F2 individuals with a Fas pheno-
type to se. Roughly one-quarter of the progeny from selfed Se
backcross progeny displayed the described double mutant pheno-
type. The se fas1-11 double mutants were identified among the F2

progeny from a cross between se and fas1-11. Differences between
the Columbia (Col-1) and Enkeim (En) ecotype backgrounds of the
parental strains may have contributed to the broad range of ob-
served phenotypes; however, very similar ranges of double mutant
severities were seen in both the se � fas1-1 SE/se F2 (3:1 Col-1:En)
and the original se � fas1-1 F2 (1:1 Col-1:En), suggesting that other
factors also contributed to the variability (data not shown).

Leaf outlines were traced using Deneba Canvas (Miami, FL) after
the series of rosette leaves were scanned using a flatbed scanner.
Scanning electron microscopy was performed as previously de-
scribed (Pickett et al., 1996; Yu et al., 2000).

Molecular Biology Techniques

Plant genomic DNA was prepared in one of two ways. Large-scale
preparations were isolated from lyophilized material by CTAB precip-
itation (Reiter et al., 1992). A scaled-down version of a protocol by
Dean et al. (1992) was used for mini-preparations suitable for poly-
merase chain reaction (PCR) and DNA gel blot analyses and is de-
scribed briefly. One or two leaves (�5 cm2 total leaf area) were
transferred to microcentrifuge tubes, frozen in liquid nitrogen, spun
briefly in a microcentrifuge, and re-frozen. Using a polypropylene
mini-pestle attached to a drill, the tissue was ground until it started to
thaw. After adding 500 �L of extraction buffer (140 mM sorbitol, 220
mM Tris, pH 8, 22 mM EDTA, pH 8, 0.8 M NaCl, 1% sarkosyl, and
0.8% CTAB), the contents were mixed with the pestle. Samples were
incubated at 60 to 65�C for 20 to 40 min with occasional mixing.
Cooled samples were extracted with chloroform and ethanol precip-

itated. For PCR analysis, the pellet was washed with 70% ethanol,
dried, and resuspended in 50 �L of TE (10 mM Tris and 0.5 mM EDTA,
pH 8). For DNA gel blot analysis, the samples were resuspended in
100 �L of 300 mM NaCl and further extracted at least once with 1:1
phenol:chloroform then chloroform, precipitated, washed, dried, and
resuspended in 20 �L of TE; the yield was determined using a DyNA
Quant 200 fluorometer (Amersham Pharmacia Biotech).

To facilitate higher throughput PCR mapping, loading dyes and su-
crose were included in the reaction mixtures (Hoppe et al., 1992). PCR
reactions contained 50 mM KCl, 10 Tris-HCl, pH 8.3, 1 mM MgCl2, 0.1
g/L BSA, 12% sucrose, 0.1% Triton X-100, 0.2 mM cresol red, 0.3%
yellow food coloring (McCormick and Co., Inc., Hunt Valley, MD), 125
�M each dNTP, 250 nM each primer, and 0.1 U/�L Taq polymerase.

The non-radioactive Genius System (Boehringer Mannheim,
Mannheim, Germany) was used—essentially as prescribed—for DNA
gel blot analysis and for screening bacterial artificial chromosome
(BAC) and phage libraries. Between 0.3 and 2 �g of restricted Arabi-
dopsis genomic DNA was fractionated and blotted to nylon mem-
branes for DNA gel blot analysis. Probe detection using alkaline
phosphatase– and horseradish peroxidase–conjugated anti-digoxi-
genin antibodies was performed essentially as described by the
manufacturer except that casein (U.S. Biochemical) was substituted
for Boehringer Blocking powder and an extra post-antibody binding
wash was added. CDP-Star was used for alkaline phosphatase de-
tection, and luminol-based chemiluminescence was used for horse-
radish peroxidase detection.

Mapping the SE Locus

SE was initially mapped using a se (Col-1 ecotype) � Ws F2 popula-
tion, the GPA1 and PHYB CAPS markers (Konieczny and Ausubel,
1993; Boerjan et al., 1995), and the nga168 and AthGPA1 SSLP
markers (Bell and Ecker, 1994). The locus was finely mapped using
mapping lines with meiotic recombination near the SE locus derived
from three different crosses: se � phyB-10 (Ws ecotype), se � Tn28
(Landsberg erecta [Ler] ecotype), and se � alb3-1 (Ler ecotype).
Lines with breakpoints above of SE were identified as kanamycin-
resistant (phyB-10/PHYB) or hygromycin-resistant (Tn28/�) se/se
plants. Lines with breakpoints between SE and ALB3 were identified
as hygromycin-resistant (alb3-1/ALB3) se/se plants. Finally, lines
with breakpoints between ER and ALB3 were identified as non-
albino er/er plants. These mapping lines were genotyped using the
B68 restriction fragment length polymorphism (RFLP) marker (Ellen
Wisman, Max-Planck-Institut, Cologne, Germany), HY1 CAPS
marker (Muramoto et al., 1999), nga1126 SSLP marker (http://thale.
salk.edu/), and RFLP markers derived from BACs isolated during
contig assembly (below).

Isolating the SE Locus

To minimize wear on individual BAC library filters, each of the 11
plates was prescreened by DNA gel blot analysis. Each of the first 11
plates of the TAMU BAC library (Choi et al., 1995) was stamped onto
solid media and grown overnight, and the pooled colonies from each
plate were collected for DNA preparation. HindIII-restricted plate-
pool DNA (3 �g) were fractionated and blotted. Because the BACs
were constructed using HindIII-restricted genomic DNA (Choi et al.,
1995), diagnostically sized fragments were detected in positive plate
pools, thus reducing the chances of false positives. Individual library
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plates were then stamped onto nylon membranes, placed on solid
media, and grown overnight, and the filters were prepared for hybrid-
ization (Sambrook et al., 1989). After identification, positive BACs
were compared by HindIII restriction and DNA gel blot analysis.
Digoxigenin-labeled BAC end probes were generated directly from
the EcoRV-digested BACs using T7 RNA polymerase or by labeling
subcloned end fragments. The BAC end subclones were isolated by
end rescuing: religation after BamHI or SphI digestion (Sp6 ends) or
after BstBI or BspDI digestion (both ends). In the latter case, the T7
ends were usually isolated by subcloning the appropriate BstBI-
HindIII or HindIII fragment.

The BAC T9H20 was partially digested with HindIII and size-frac-
tionated using low-melting-point agarose. Two size ranges (12 to 23
kb and 23 to 50 kb) were purified using 	-agarase (New England Bio-
labs, Beverly, MA) and phenol:chloroform extraction (necessary to
remove residual agarose). Both size-ranges were ligated into HindIII-
digested and shrimp alkaline phosphatase–treated pOCA28 plant
transformation vector, a derivative of pOCA18 obtained from Neil
Olszewski (University of Minnesota, St. Paul; Olszewski et al., 1988).
Ligation reactions were used in transforming ultra-competent Esch-
erichia coli DH5
F� cells (Inoue et al., 1990; Tang et al., 1994). DNA
from 105 individual cosmids was prepared, digested with HindIII, run
on a 1% agarose gel, and blotted to duplicate filters. The relative po-
sition of each cosmid was determined by comparing the restriction
patterns and the hybridization patterns of several probes. Overlap-
ping subclones were selected and transformed individually into se
mutant plants. After selection on kanamycin-containing solid media,
the phenotypes were noted. All transformants had a se-like pheno-
type except for those transformed with four overlapping subclones,
which rescued the mutant phenotypes. The region of overlap be-
tween these cosmids was sequenced from cosmids directly or after
subcloning. The region containing the SE gene was PCR-amplified
from se mutant DNA, and pooled products from 10 independent
reactions were purified and sequenced. Prior to publication, the re-
gion containing the SE gene was also sequenced by the Arab-
idopsis Genome Initiative (Lin et al., 1999; GenBank accession
number AC005623). The determined genomic sequences were
identical, although our SE cDNA sequence differed from the pre-
dicted At2g27100 mRNA sequence at the position of the splice-site
acceptor site of the sixth intron.

cDNA Isolation

Expressed sequence tags (ESTs) corresponding to the SE gene (ac-
cession numbers T42213 and AA585883) and from a closely related
gene from sugarcane (accession numbers AA080638 and AA080660)
were obtained from ABRC and from D. Carson (South African Sugar
Association Experiment Station, Mount Edgecombe, South Africa),
respectively. These cDNAs were labeled and used as probes for
screening �ZAPII-based cDNA libraries derived from either Arabi-
dopsis hypocotyls (Kieber et al., 1993) or maize leaves (Fisk et al.,
1999) provided by ABRC and Alice Barkan (University of Oregon, Eu-
gene), respectively. Ten positive Arabidopsis cDNA clones and
seven maize cDNA clones were excised according to the manual
provided by Stratagene (La Jolla, CA) and compared on agarose gels
after XhoI-XbaI double digestion. The longest Arabidopsis cDNA was
sequenced, and the 5� end of each maize cDNA was sequenced ini-
tially. Two classes of maize clone sequences emerged after se-
quence comparisons, and the longest representative from each
locus was used to finish sequencing. Simultaneously, the sugarcane

cDNA was also sequenced. To indicate their paralogous nature, the
names ZmSE1A and ZmSE1B were used for the maize loci. The Gen-
Bank accession numbers for the cDNA sequences are AF311221
through AF311224.

Protein Sequence Alignments

The GenBank accession numbers for the maize EST sequences used
in Figure 5A are AI987373 and AW056145 for ZmSE2A; and
AW330612 for ZmSE2B. Amino acid sequences were extracted from
consensus EST, and a frameshift was introduced to the ZmSE2B se-
quence to preserve the open reading frame. The GenBank accession
numbers (and references) for the Schizosaccharomyces pombe,
Drosophila, and hamster Asr2 protein sequences are CAA22180 (S.
pombe Sequencing Group at the Sanger Centre), AAF57281 (Adams
et al., 2000), and AAA83777 (Rossman and Wang, 1999), respec-
tively. The Caenorhabditis elegans protein sequence was deduced
after manually splicing the genomic sequence (AC006627; Genome
Sequencing Center, Washington University School of Medicine) on
the basis of EST sequences, and the human protein sequence was
deduced after manually splicing the chromosome 7 working draft
sequences (NT007969; International Human Genome Sequencing
Consortium, 2001) on the basis of the DKFZp564H2023 cDNA se-
quence (AL096723).

Protein sequences were initially aligned using the PILEUP program
(Genetics Computer Group, Madison, WI) and then manually ad-
justed. Figures were generated using MacBoxshade (Michael D.
Baron, Institute for Animal Health, UK) and modified using Deneba
Canvas (Miami, FL).

In Situ Detection of the SE mRNA

The tissue preparation and detection protocols followed for the in
situ detection of SE mRNA were based on those described previ-
ously (Long and Barton, 1998; http://www.wisc.edu/genetics/CATG/
barton/index.html) except that a 3-hr prehybridization step replaced
the dehydration and drying step (Larkin et al., 1993). Digoxigenin-
labeled riboprobes were synthesized from each strand of the full-
length SE cDNA insert by in vitro transcription by the T7 (anti-sense
strand) and T3 (sense strand) RNA polymerases. Probe yield was de-
termined by spot test (relative to a labeled DNA standard), and the
probe was diluted to 50 ng/mL for hybridization.

Misexpressing the SE Gene

To replace the 	-glucuronidase coding sequence of the pBI121 plant
expression vector (Clontech Co., Palo Alto, CA) with the SE coding
sequence, a BamHI restriction site was added 5� from the SE initia-
tion codon. A primer was designed that replaced nucleotides aac-
gaaATGgcc of the cDNA (initiation codon in capital letters) to ggatcc-
ATGgcc, creating a BamHI (as well as a NcoI) site. A PCR fragment
containing this mutated sequence was cloned into a pBluescript II
vector (Stratagene, La Jolla, CA) and sequenced. The full-length cod-
ing sequence was reconstituted using a BsaBI site 11 nucleotides 3�

from the initiation codon. The resulting cDNA was inserted into the
pBI121 vector for introduction into plants. Transformed plants were
identified by selection on kanamycin-containing media.
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Reverse Transcriptase–PCR

Mini-preparations of total leaf RNA were performed as previously de-
scribed (Carpenter and Simon, 1998). M-MLV reverse transcriptase
(RT) (Promega, Madison, WI) and a poly (dT) primer were used to
generate the cDNA templates for PCR. PCR conditions were the
same as described above except that only 10 cycles were performed
prior to gel fractionation. To control for differences in loading, two
ubiquitously expressed genes were detected using the same cDNA
preparations: the ROC1 cyclophilin gene (Lippuner et al., 1994) and
the Arabidopsis ortholog of the tobacco 	-ATPase gene (Boutry and
Chua, 1985; Kelly et al., 1990). The PCR primers used were the fol-
lowing: SE, ctgttgtctccggcctttag and ctctagccctgtcttgtctac; ROC1,
gatctacgggagcaagttcg and ttctcgatggcctttaccac; and 	-ATPase, gtg-
cccgtaagatcc-agaga and tcttctctgcctttgcaacc.
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