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Multimeric protein complexes are required during development to regulate transcription and orchestrate cellular proliferation
and differentiation. The Arabidopsis (Arabidopsis thaliana) SEUSS (SEU) gene encodes a transcriptional adaptor that shares
sequence similarity with metazoan Lim domain-binding transcriptional adaptors. In Arabidopsis, SEU forms a physical
complex with the LEUNIG transcriptional coregulator. This complex regulates a number of diverse developmental events,
including proper specification of floral organ identity and number and the development of female reproductive tissues derived
from the carpel margin meristem. In addition to SEU, there are three Arabidopsis SEUSS-LIKE (SLK) genes that encode
putative transcriptional adaptors. To determine the functions of the SLK genes and to investigate the degree of functional
redundancy between SEU and SLK genes, we characterized available slk mutant lines in Arabidopsis. Here, we show that
mutations in any single SLK gene failed to condition an obvious morphological abnormality. However, by generating higher
order mutant plants, we uncovered a degree of redundancy between the SLK genes and between SLK genes and SEU. We
report a novel role for SEU and the SLK genes during embryonic development and show that the concomitant loss of both SEU
and SLK2 activities conditions severe embryonic and seedling defects characterized by a loss of the shoot apical meristem.
Furthermore, we demonstrate that SLK gene function is required for proper development of vital female reproductive tissues
derived from the carpel margin. We propose a model that posits that SEU and SLK genes support organ development from
meristematic regions through two different pathways: one that facilitates auxin response and thus organ initiation and a
second that sustains meristematic potential through the maintenance of SHOOTMERISTEM-LESS and PHABULOSA
expression.

The control of transcriptional programs during de-
velopment requires the action of multimeric protein
complexes that interact with DNA regulatory regions
and alter transcriptional efficiency. These complexes
contain sequence-specific DNA-binding proteins that
directly bind to the DNA as well as coregulatory
proteins (coregulators or adaptors) that bridge inter-
actions between the sequence-specific DNA-binding
proteins and the general transcriptional machinery.
Lim domain-binding (Ldb) proteins are metazoan

transcriptional adaptors required for a diversity of
developmentally important events, including specifi-
cation of chick neuronal identity and function of the

amphibian Spemann organizer during dorsal/ventral
polarity specification (Agulnick et al., 1996; Thaler
et al., 2002; Matthews and Visvader, 2003). Ldb pro-
teins have no known DNA-binding or enzymatic
activities; rather, they function as adaptor proteins
that provide protein interaction surfaces required for
the assembly of multimeric regulatory complexes.
Metazoan Ldb proteins contain a LIM-interaction
domain (LID) required for interactions with LIM
domain-containing proteins as well as a dimeriza-
tion domain (DD) that supports the formation of
higher order protein complexes (Fig. 1A; Agulnick
et al., 1996; Jurata et al., 1996; Jurata and Gill, 1997).
Ldb proteins also contain an Ldb1/Chip conserved
domain (LCCD) that is contiguous with the dimeriza-
tion domain. The LCCD was originally identified in
the Drosophila Chip protein, a member of the Ldb
adaptor family (van Meyel et al., 2003). The LCCD
mediates the physical interaction of the Chip protein
with another Drosophila transcriptional coregulator,
Ssdp (for single-stranded DNA-binding protein).

The Arabidopsis (Arabidopsis thaliana) SEUSS (SEU)
gene (AT1G43850) encodes a transcriptional adaptor
that shares sequence similarity with the metazoan Ldb
proteins throughout the DD and LCCD (Franks et al.,
2002; Fig. 1A). However, SEU does not contain a
recognizable LID, and there is no evidence of physical
interactions between SEU and plant LIM domain-
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containing proteins. In Arabidopsis, the SEU LCCD
likely supports a physical interaction between SEU
and two paralogous transcriptional coregulators:
LEUNIG (LUG) and LEUNIG_HOMOLOGUE (LUH;
Sridhar et al., 2004, 2006; Sitaraman et al., 2008). The
Arabidopsis LUG and LUH proteins share a conserved
domain with the metazoan Ssdp proteins, and this
domain is required for physical interactions between
LUG and SEU in Arabidopsis and Ssdp and Ldb1 in
metazoans (Conner and Liu, 2000; van Meyel et al.,
2003; Sridhar et al., 2004). Thus, the LCCD portion of
the SEU protein likely mediates a set of protein-protein
interactions that are functionally conserved across the
plant and animal kingdoms (van Meyel et al., 2003).

The Arabidopsis SEU gene encodes a nucleus-
localized protein that is expressed widely throughout
many developmental stages and tissues (Franks et al.,
2002; Azhakanandam et al., 2008). Functional analyses
indicate that SEU plays multiple roles during Arabi-
dopsis development. The most well characterized of
these is a role for SEU in the repression of AGAMOUS
(AG) during floral organ identity specification (Franks

et al., 2002). Within the developing flower, the SEU/
LUG protein complex physically interacts with
pairs of MADS domain DNA-binding proteins
(i.e. SEPALATA3, APETALA1, SHORT VEGETATIVE
PHASE1, and AGAMOUS-LIKE24) that bind to AG
regulatory sequences (Gregis et al., 2006; Sridhar et al.,
2006). LUG then recruits HDA19, a class 1 histone
deacetylase, as well as components of the Mediator
complex to bring about repression of AG transcrip-
tion in the perianth (nonreproductive) floral organs
(Gonzalez et al., 2007).

SEU also functions during the development of the
carpel margin meristem (CMM; Azhakanandam et al.,
2008). The CMM (also termed the medial ridge of the
gynoecium) is a vital meristematic structure that is
located on the margins of the fused Arabidopsis car-
pels and gives rise to several critical female reproduc-
tive structures including the ovules, the septum, and
the transmitting tract (Bowman et al., 1999). SEU
functions in a partially redundant manner with a
number of other transcriptional regulators, including
AINTEGUMENTA (ANT), FILAMENTOUS FLOWER/

Figure 1. Structural and evolutionary relationships of SEU, SLK, and Ldb proteins. A, Conserved protein domains in AtSEU,
AtSLK, and select metazoan Ldb proteins. The Arabidopsis proteins share sequence similarity to the DD of Ldb1 (orange) and the
LCCD of Chip (teal). The LID domain in metazoan Ldb proteins (purple) does not appear to be conserved in the AtSEU and AtSLK
proteins. Numbers indicate amino acid positions, and black dividing lines indicate the locations of exon/exon boundaries that
are conserved in the Arabidopsis proteins. Mutant allele insertion sites are indicated for SLK genes. B, The evolutionary history of
full-length SLK proteins inferred using the neighbor-joining method (Saitou and Nei, 1987). The optimal tree (shown) suggests
that the AtSLK proteins fall into a clade that is distinct from that containing AtSEU. The percentages of bootstrap support are
shown next to the branches (Felsenstein, 1985). Evolutionary distances are in units of number of amino acid substitutions per site.
C, ClustalW2 analysis of the LCCD region of metazoan Ldb and Arabidopsis SLK proteins. LCCD spans amino acids 201 to 249 in
MmLdb1 and 387 to 435 in DmChip; the red boxed area indicates 10 amino acids deleted from Ldb1 that specifically disrupt
activity of LCCD (van Meyel et al., 2003). At, Arabidopsis thaliana; Am, Antirrhinummajus; Dm,Drosophila melanogaster; Mm,
Mus musculus; NLS, nuclear localization signal; Os, Oryza sativa. Protein identifiers not listed above are as follows: MmLdb2,
NP034828; Os06g0126000, NP_001056655; Os11g10060, ABA91996; Os11g10070, ABA91997; AmSEU1, AJ620907;
AMSEU2, AJ620908; AmSEU3A, AJ620909; AmSEU3B, AJ620910.
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YABBY1 (FIL/YAB1), and LUG, during the develop-
ment of the CMM (Liu et al., 2000; Nole-Wilson and
Krizek, 2006; Azhakanandam et al., 2008). The analysis
of lug ant and seu ant double mutant gynoecia indicates
that the disruption of CMM development in these
genotypes is not caused by ectopic AG expression (Liu
et al., 2000; Azhakanandam et al., 2008). Rather, these
experiments support a model in which SEU, LUG, and
ANT maintain the expression of the adaxial fate de-
terminant PHABULOSA (PHB) and thus reinforce
polarity specification within the gynoecium. Thus,
the SEU and LUG coregulators participate in a diver-
sity of transcriptional events during varied develop-
mental processes in a manner analogous to that of the
Ldb and SSDP metazoan proteins (van Meyel et al.,
2003).
SEU is also required for phenotypic and transcrip-

tional responses to the auxin class of plant hormones
(Pfluger and Zambryski, 2004). The seu mutant seed-
lings display a reduced sensitivity to applied auxin as
well as a variety of auxin-resistant growth phenotypes.
Furthermore, the expression of the auxin-sensitive
DR5:GUS reporter (Ulmasov et al., 1997) was reduced
in seu mutant roots relative to wild-type roots (Pfluger
and Zambryski, 2004). SEU was shown to physically
interact with ETTIN/AUXIN RESPONSE FACTOR3
(ETT/ARF3) in a yeast two-hybrid assay (Pfluger and
Zambryski, 2004). ETT/ARF3 is a member of a family
of transcription factors that bind to auxin response
elements located in the regulatory regions of auxin-
responsive genes (Sessions et al., 1997). Thus, the
physical interaction between SEU and ETT suggests a
potential direct role for SEU during auxin response.
In addition to SEU, there are three Arabidopsis

SEUSS-LIKE (SLK) genes that encode putative tran-
scriptional adaptors containing a Ldb-type DD fol-
lowed by an LCCD: SLK1 (AT4G25520), SLK2
(AT5G62090), and SLK3 (AT4G25515; Franks et al.,
2002; Fig. 1A). The sequence similarity between SEU
and the SLK genes suggests that they may share
functional redundancy. Putative Antirrhinum ortho-
logs of SEU and the SLK genes physically interact with
STYLOSA, the Antirrhinum LUG ortholog; however,
mutations in the Antirrhinum SLK genes and SEU have
not been isolated (Navarro et al., 2004).
To determine the functions of the SLK genes and

investigate the degree of functional redundancy be-
tween SEU and SLK genes, we characterized available
slk mutant lines in Arabidopsis. Here, we show that
mutations in any single SLK gene failed to condition an
obvious morphological abnormality. However, by gen-
erating higher order mutant plants, we uncovered a
degree of redundancy between the SLK genes and
between SLK genes and SEU. Notably, the concomitant
loss of both SEU and SLK2 activities results in severe
embryonic and seedling defects that are characterized
by a loss of all structures derived from the shoot apical
meristem (SAM). These observations suggest a previ-
ously unrecognized role for SEU and the SLK genes
during embryonic development. We also demonstrate

that SLK genes function in the development of the
CMM in a manner that is similar to that of SEU. We
propose a model that suggests that SEU and SLK genes
support organ development from meristematic re-
gions through two different pathways: one that facil-
itates auxin response and thus organ initiation and a
second that sustains meristematic potential through
the maintenance of SHOOTMERISTEM-LESS (STM)
and PHB expression.

RESULTS

Structural and Phylogenetic Analyses of SEU, SLK, and

Ldb Proteins

The three Arabidopsis SLK genes and SEU all en-
code putative transcriptional adaptors that share se-
quence similarity to the Ldb family of transcriptional
regulators within the DD and LCCD (Franks et al.,
2002; Fig. 1A). Outside of the DD and LCCD, the three
SLK genes share significant sequence similarity with
each other, but their sequences diverge from SEU.
Thus, the three SLK genes are more similar to each
other than they are to SEU. This became more appar-
ent when we employed a neighbor-joining method to
generate a phylogeny for this group of transcriptional
regulators including members from other monocot
and dicot species. This analysis supports the separa-
tion of the SLK genes into a phylogenetic clade (SLK
clade) that is distinct from that of SEU (SEU clade; Fig.
1B). A protein sequence similarity/identity matrix
also supports the differentiation of the SEU and SLK
clades (Table I). The percentage identity between
AtSEU and the putative rice (Oryza sativa) SEU ortho-
log Os11g10060 is higher than it is between AtSEU and
the Arabidopsis SLK genes (Table I). The apparent
sequence divergence in the N- and C-terminal por-
tions suggests that these protein regions may support
functional differences between the SEU and SLK clade
members. The SLK1 and SLK3 genes appear to have
arisen from a tandem duplication event on chromo-
some 4 and encode highly similar proteins (greater
than 80% similarity). For this article, we use the term
“SLK genes” to describe genes in the SLK clade (i.e.
SLK1, SLK2, and SLK3 in Arabidopsis) and the term
“SEUSS-related genes” to describe the larger gene
family that includes members of both clades. Interest-
ingly, the rice and snapdragon (Antirrhinum majus)
genomes encode at least two paralogs in the SEU
clade, while AtSEU is the only paralog found in the
SEU clade in Arabidopsis. We carried out ClustalW2
analysis to more closely examine the sequence simi-
larity within the LCCD of SEU, the SLK proteins, and
the metazoan Ldb proteins (Fig. 1C). Our analysis
indicates that the LCCD sequence is conserved in SEU
as well as in the three SLK proteins and suggests
that the SLK proteins may physically interact with
LUG as well as with the LUH protein, another Arabi-
dopsis coregulator that is structurally related to LUG
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(Sitaraman et al., 2008). Recently, Stahle et al. (2009)
reported that SEU and the SLK proteins can interact
with LUG and LUH in a yeast two-hybrid assay.

SLK1 Shares Redundant Functions with SEU during
Flower and Gynoecium Development

To investigate the functions of the SLK genes in
Arabidopsis, we characterized three independent mu-
tant alleles of SLK1 (slk1-1, slk1-2, and slk1-3) and two
mutant alleles of SLK2 (slk2-1 and slk2-2) and SLK3
(slk3-1 and slk3-2; see “Materials and Methods”; Fig. 1;
Supplemental Table S1; Alonso et al., 2003). Our anal-
ysis indicated that homozygous loss-of-function mu-
tations in these alleles do not condition any obvious
morphological abnormalities (Fig. 2; data not shown).
The slk1-1 allele is a strong loss-of-function allele that
expresses SLK1 mRNA at 30% of wild-type levels and
is predicted to encode a truncated protein product
containing 242 of 748 amino acids that would lack
most of the DD and LCCD (Fig. 1; Supplemental Fig.
S2). The slk1-2 allele did not display reduced levels of
mRNA but is predicted to truncate the protein at
amino acid 387. Our quantitative real-time PCR (qRT-
PCR) analysis indicated that the slk2-1 allele was a near
null mutant, expressing only 0.4% of the wild-type
level of SLK2 mRNA. The slk2-2, slk3-1, and slk3-2
alleles are not RNA null alleles but are predicted to be
hypomorphic alleles with insertions after amino acid
455 of SLK2 and in intron 8 and intron 4 of SLK3,
respectively. Except where otherwise noted, we used
slk1-1 and slk2-1 alleles for phenotypic analysis. Our
preliminary data suggest that the slk3-1 mutant line

contains a reciprocal chromosomal translocation that
can be found in a subset of the T-DNA mutant lines
(Curtis et al., 2009), complicating the construction of
higher ordermutants.We report data for only the slk3-1
and slk3-2 homozygous single mutants in this paper.

To investigate functional redundancy between SEU
and members of the SLK gene family, we created a
collection of higher order mutants. Like the slk1, slk2,
and slk3 single mutant plants, the slk1 slk2 double
mutants also did not display an observable morpho-
logical phenotype (Fig. 2, B and K). Interestingly, the
seu slk1 and seu slk2 double mutants did display
phenotypic enhancements (relative to the seu single
mutant phenotype) in several aspects of plant devel-
opment.

The seu slk1 plants are shorter in stature than the seu
and slk1 single mutants and are sterile (Fig. 2G). The
seu slk1 double mutants also displayed enhanced dis-
ruptions of floral development. This was characterized
by a reduction in organ numbers in whorls 2, 3, and 4
and weak homeotic organ identity transformations in
2% of whorl 1 organs (Table II). The majority (74%) of
whorl 2 organs were filaments or filamentous petals
(Fig. 2, D and F, arrowheads). Disruption of gynoecial
morphology in the seu slk1 double mutant was some-
what variable but was consistently more severe than in
the seu and slk1 single mutants, with a greater degree
of splitting at the gynoecial apex. In 18% of the seu slk1
flowers, the gynoeciumwas made up of a single carpel
that was fused along its margins into a tube (Fig. 2E).
Additionally, we observed a short-valve phenotype
in 41% (n = 128) of the carpels in which the basal
boundary of the valve was shifted toward the gynoe-

Table I. Amino acid similarity and identity (% similarity/% identity) across three conserved portions of
selected SEU-related proteins

Portion SEU SLK1 SLK2 SLK3 Os11g10060 Os06g0126000

N-terminal portiona

SEU XXX 39/27 45/25 35/25 58/41 36/24
SLK1 39/27 XXX 48/37 83/79 34/26 58/34
SLK2 45/25 48/37 XXX 44/33 41/26 47/34
SLK3 35/25 83/79 44/33 XXX 30/24 55/33
Os11g10060 58/41 34/26 41/26 30/24 XXX 36/21
Os06g0126000 36/24 58/34 47/34 55/33 36/21 XXX

Dimerization and LCCD portionb

SEU XXX 76/55 76/58 76/54 89/82 72/49
SLK1 76/55 XXX 86/72 99/97 73/55 75/54
SLK2 76/58 86/72 XXX 85/71 74/57 76/53
SLK3 76/54 99/97 85/71 XXX 74/55 76/54
Os11g10060 89/82 73/55 74/57 74/55 XXX 71/49
Os06g0126000 72/49 75/54 76/53 76/54 71/49 XXX

C-terminal portionc

SEU XXX 40/23 39/23 38/24 52/32 41/17
SLK1 40/23 XXX 48/32 80/75 36/21 42/26
SLK2 39/23 48/32 XXX 50/33 35/20 40/25
SLK3 38/24 80/75 50/33 XXX 35/21 42/27
Os11g10060 52/32 36/21 35/20 35/21 XXX 37/18
Os06g0126000 41/17 42/26 40/25 42/27 37/18 XXX

aAmino acids 1 to 322 in SEU. bAmino acids 323 to 570 in SEU. cAmino acids 571 to 877
in SEU.
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cial apex (Fig. 2, E and F, arrows). This short-valve
phenotype is less penetrant in the first 10 flowers to
arise from the inflorescence meristem and was ob-
served in 6% of the carpels from these early-arising
flowers. The short-valve phenotype and the loss of
floral organs is reminiscent of similar phenotypes
correlated with auxin homeostasis defects in the ett,
short valve1, pinoid, pin-formed1, and monopteros (mp)
mutants (Okada et al., 1991; Bennett et al., 1995;
Sessions and Zambryski, 1995; Przemeck et al., 1996;
Nishimura et al., 2005). These phenotypic enhance-
ments were observed in both the seu-3 slk1-1 and seu-3
slk1-2 genotypes and similar but weaker enhance-
ments were observed in the seu-3 slk1-3 genotype,
suggesting that slk1-3 is an intermediate strength loss-
of-function allele (data not shown).

SLK1 and SLK2 Function in Ovule Outer
Integument Development

To determine if SLK1 functions during ovule devel-
opment, we examined ovule development in the seu,
slk1, and seu slk1 genotypes. The slk1 mutant plants
display morphologically normal ovules and female
gametophytes (Fig. 2K; data not shown). The seu single
mutant displays a partially penetrant disruption of
ovule development in which the outer integument
fails to properly surround the nucellus and inner
integument (Franks et al., 2002; Fig. 2, H and I). As
a semiquantitative measure of outer integument
growth, we determined the number of ovules that
displayed wild-type outer integument development
(i.e. greater than 90% coverage) as well as the number

Figure 2. SLK1 shares redundant function with SEU during gynoecium and ovule development. A to F, Scanning electron
micrograph images of flowers of the indicated genotypes. Bars = 1 mm. Some organs from the front of the flower have been
removed to image internal whorls. D to F show three seu slk1 double mutant flowers that display enhanced splitting of the
gynoecial apices and narrow or filamentous petals (arrowheads). Arrows indicate the basal extent of the carpel valves that is
shifted toward the apex of the gynoecium. G, Whole plant phenotypes of slk1, seu, and seu slk1. Bar = 10 cm. H to M, Cleared
ovules of the indicated genotypes. The extent of outer integument development is indicatedwith arrowheads. Themajority (67%)
of seumutant ovules (H; Table III) display a wild-type extent of outer integument development (arrowhead). A minority (33%) of
seu mutant ovules display a reduction in outer integument development (I; Table III). J shows enhanced ovule defects in the seu
slk1 double mutant. In K, the slk1 slk2 double mutant appears morphologically wild type. In L and M, the disruption of ovule
development is enhanced in seu/+ slk1 slk2 gynoecia (M) relative to seu/+ slk1 gynoecia (L). [See online article for color version
of this figure.]

Table II. Floral organ counts for seu and slk mutants

Genotype Whorl 1 Whorl 2 Whorl 3 Whorl 4

Col-0 (n = 33) 4.0 (60.0) 4.0 (60.0) 5.9 (60.24) 2.0 (60.0)
slk1-1 (n = 33) 4.0 (60.0) 4.0 (60.0) 5.9 (60.38) 2.0 (60.0)
seu-3 (n = 30) 4.0 (60.0) 4.0 (60.0) 6.0 (60.18) 2.0 (60.0)
seu-3 slk1-1 (n = 49) 4.0 (60.43) 2.2 (61.1) 4.2 (61.2) 1.4 (60.54)

SEUSS and SEUSS-LIKE Transcriptional Adaptors

Plant Physiol. Vol. 152, 2010 825



that displayed an intermediate disruption (between
90% and 50% coverage) or a severe disruption (less
than 50% coverage) of outer integument development
(Table III). In wild-type (ecotype Columbia [Col-0])
siliques, 100% of the ovules displayed wild-type outer
integument development. In the seu mutant plants,
67% displayed wild-type outer integument develop-
ment, while in the seu slk1 double mutant, only 8%
displayed wild-type development. Thus, the disrup-
tion of outer integument development was enhanced
in the seu slk1 double mutant relative to either single
mutant (Fig. 2J).

Female gametophyte development in the slk1 mu-
tants did not deviate from that of the wild type (Table
III). However, the seu mutants displayed a partially
penetrant (18%) disruption of female gametophyte
development. The female gametophytes in these
ovules displayed a range of developmental abnormal-
ities including missing, arrested, and morphologically
abnormal female gametophytes. The seu slk1 double
mutant plants displayed an enhanced frequency of
female gametophyte disruption (greater than 90%)
relative to the seu single (Fig. 2J; Table III). As segre-
gation ratios of progeny were not distorted from the
predicted Mendelian values, the loss of the female
gametophyte is likely due to an indirect effect of the
maternal (sporophytic) tissues and not a haploinsuffi-
ciency during female gametophyte development (data
not shown). To further investigate this, we examined
ovules from seu-3/+ and slk1-1 seu-3/+ and found that
the morphology of the female gametophyte was in-
distinguishable from that of the wild type (Table III).
Examination of later developmental stages revealed
normal endosperm and embryonic development.
These results indicate that the seu and seu slk1 chro-

mosomes can be passed efficiently through the female
gametophyte.

We also examined the role of SLK2 during ovule
development. Ovule development in the slk2 single
mutant and the slk1 slk2 double mutant appeared
morphologically normal (Fig. 2K; Table III). We could
not examine seu slk2 double mutant ovules because
this genotype fails to make gynoecia (see below).
However, seu-3/+ slk1 slk2 plants displayed an en-
hanced disruption of the female gametophyte devel-
opment and outer integument growth relative to the
seu-3/+ slk1 mutants (Table III; Fig. 2, L and M).
Similarly, seu-3 slk1/+ slk2/+ plants displayed enhanced
ovule development disruptions relative to seu-3 slk1/+
(Table III). These results indicate that SLK2 functions
during outer integument development, at least when
SEU and SLK1 activities are compromised.

SLK2 Shares Redundant Functions with SEU in the
Early Embryo

In order to determine if SLK2 shares redundant
function with SEU during other stages of Arabidopsis
development, we attempted to generate seu slk2 dou-
ble mutant plants. We examined the progeny of a self-
cross from the parental genotype of seu/+ slk2 and
seu/+ slk2/+ by planting seeds directly to soil. When
using the strong slk2-1 allele (a near RNA null), we
were unable to recover seu slk2-1 double mutant plants
even after several hundred seeds were planted on soil.
When the intermediate strength slk2-2 allele was ex-
amined, we did recover seu slk2-2 double mutant
plants from slk2-2/+ seu-3/+ parents, but these repre-
sented just 2% (three of 149) of the progeny, less than
the 6.25% expected. These plants were very late

Table III. Outer integument and female gametophyte defects in seu and slk mutant ovules

Genotype

Percentage with Disrupted

Female Gametophyte

Development

Outer Integument

Near Wild

Type . 90%

Outer Integument

Intermediate

Disruption . 50%

Outer Integument

Severe Disruption

, 50%

n

Col-0 0 100 0 0 n = 76
seu-3/+ 0 100 0 0 n = 97
seu-3 18 67 32 1 n = 87
slk1-1 0 100 0 0 n = 125
slk1-2 2 100 0 0 n = 43
slk2-1 0 100 0 0 n = 94
slk3-1 2 97 3 0 n = 111
slk1-1 slk2-1 0 100 0 0 n = 136
seu-3 slk1-1 94 8 60 32 n = 50
seu-3 slk1-2 44 9 86 5 n = 270
seu-3 slk-1–1/+ 37 16 75 9 n = 105
seu-3 slk1-1/+ slk2-1/+ 77 1 53 46 n = 104
seu-3/+ slk1-1 0 90 10 0 n = 59
seu-3/+ slk1-1 slk2-1 81 17 81 2 n = 268
seu-3/+ slk2-1 2 98 2 0 n = 44
lug-1 7 91 9 0 n = 395
slk1-1 lug-1 74 91 9 0 n = 350
lug-1 slk2-1 73 24 69 6 n = 62
slk1-1 lug-1 slk2-1 93 5 49 45 n = 226
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flowering, they were very reduced in stature, and they
exhibited severe floral phenotypes (Fig. 3; data not
shown). The floral phenotypes were characterized by
a reduction in floral organ number and a striking
loss of the fourth whorl gynoecium. In these flowers,
the fourth whorl was replaced by a small mound
of morphologically indistinct tissue (Fig. 3A, arrow-
head). In early-arising flowers from the seu slk2-2
double mutants, the whorl 1 organs were narrow
sepals (Fig. 3A). However, in late-arising flowers, the
whorl 1 organs were carpelloid but failed to develop
ectopic ovules (Fig. 3B, arrowhead). The seu slk2-2
carpelloid whorl 1 organs and the overall floral phe-
notype are morphologically very similar to the previ-
ously described seu lug double mutant flowers (Franks
et al., 2002).
The reduced segregation of the seu slk2 double

mutants suggested that seedling or embryonic lethal-
ity might be conditioned in the seu slk2 double mutant.
To examine seedling phenotypes, we planted seeds
from the seu/+ slk2-1 and seu/+ slk2-2 parents onto

Murashige and Skoog (MS) agar plates. In both of
these populations, we observed a subset of seedlings
that displayed a mutant phenotype. This phenotype
was characterized by the development of narrow and
small cotyledons (Fig. 3D). We genotyped a subset of
morphologically abnormal seedlings and determined
that all were seu slk2 double mutants (11 of 11) using
appropriate PCR-based markers (Supplemental Table
S2). The extent of vascularization in the seu slk2 coty-
ledons was dramatically reducedmost often to a single
centrally located vascular element (Fig. 3G). In sec-
tioned material, the cotyledon mesophyll cells were
larger in the seu slk2 double mutant relative to the wild
type, indicating that the reduction of cotyledon size
was likely due to a reduction in cell number and not
to a reduced cell size (Supplemental Fig. S4). In the
majority of the seu slk2 cotyledons examined, the
morphology of the mesophyll cells and the vascular
elements indicated that patterning along the adaxial/
abaxial axis was relatively unaltered. However, in
about 30% of the cotyledons examined, intermediate

Figure 3. Floral, seedling, and embryonic phenotypes of seu slk2 double mutants. A, Early-arising flower from seu slk2 “escaper”
plant. The arrowhead indicates a reduced gynoecial mound in whorl 4. B, Late-arising flower from seu slk2 escaper plant. The
arrowhead indicates carpelloid whorl 1 sepals. C to H, Seedlings at 5 d post germination. C, Wild-type (Col-0) seedling. The
arrowhead indicates leaves initiating from the SAM. D, The seu slk2 double mutant displays narrow cotyledons and a lack of true
leaf development. E, A seu slk1 slk2 triple mutant seedling that has escaped embryonic lethality displays bulbous and very
reduced rosette leaves (arrowhead). F, Cleared wild-type (Col-0) cotyledon shows vascular loops. G, The seu slk2 double mutant
displays a very narrow cotyledon with a single unbranched central vascular element. H, Longitudinal section of a Col-0 seedling.
SAM (arrowhead) and rosette leaf (arrow) are indicated. I, SAM and rosette leaves are not detected in the seu slk2 seedling. The
arrowhead indicates the expected location of the SAM if wild type. J to P, Embryos segregating from a slk2/slk2 seu/+ parental
self-cross. Embryos were classified as morphologically wild type (wt) or mutant (mut). See text for details. J to L, Globular-stage
sibling embryos displayed wild-type (J), weakly disrupted (K), or severely disrupted (L) morphologies. The arrowhead in L
indicates a globular domain with reduced cell number. M and N, Heart-stage embryos. While cotyledon primordia are apparent
in morphologically wild-type embryos (M), morphologically mutant sibling embryos (N) lack obvious cotyledon primordia. O
and P, Reduced cotyledon development (arrowhead) is apparent at the torpedo stage in those embryos displaying mutant
morphologies (compare P with O). Bars = 100 mm in A, E, F to I, and J to N, 200 mm in B, 1 mm in C andD, and 10mm inO and P.
[See online article for color version of this figure.]
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or severe disruptions of adaxial/abaxial patterning
were observed. In extreme cases, the cotyledons were
radialized, lacked a morphologically distinct adaxial
palisade layer, and displayed abnormal arrangements
of vascular bundles (Supplemental Fig. S4). All seu slk2
seedlings we examined lacked true leaves and the
SAM. We examined chloral hydrate-cleared seedlings
and toluidine blue-stained seedling sections and could
not detect any morphological manifestation of the
SAM or true leaves in the seu slk2 double mutant
seedlings (Fig. 3I). The seu slk2 mutants displayed
slightly shorter roots at 5 d post germination but
appeared normal on a gross morphological level (data
not shown). The seu slk2 double mutant seedling
phenotype is expected in 25% of the progeny; it was
observed in 24% of the progeny from a self-cross of
seu/+ slk2-2 (n = 457) and 19% of the seu/+ slk2-1 self-
cross progeny (n = 216).

To look for defects during embryonic development,
we examined siliques (seed pods) from seu/+ slk2-2
parents. We observed deviations from the wild-type
patterns of embryonic development in a subset of the
embryos. The earliest defect that we identified was
observed in three of 28 (11%) of the globular-stage
embryos. We expect that 25% of the embryos in these
siliques will be homozygous slk2 seu double mutants,
suggesting that this early phenotype may not be fully
penetrant. This globular-stage phenotype varied in its
severity from mild to severe. Mild disruptions were
characterized by fewer cells in the globular domain
when compared with the wild type and less clearly
organized tiers of cells (Fig. 3K). Severe disruptions
displayed very few cells in the globular domain (eight
cells in Fig. 3L, arrowhead) and some irregularity in
the development of the suspensor. We also observed
mutant phenotypes in 14 of 59 (24%) heart-stage
embryos (Fig. 3N) and in torpedo-stage embryos
(Fig. 3P) that were characterized by much smaller
cotyledon primordia. While this paper was under
review, Stahle et al. (2009) independently reported
similar phenotypes in seu slk2 double mutant seedlings
and embryos.

SLK1 Function in Embryo and Seedling Development Is
Revealed When SLK2 and SEU Activity Is Compromised

We also examined seedling phenotypes in progeny
from a seu-3/+ slk1 slk2-1/+ self-cross. From 473 seeds
plated to MS plates, we recovered 66 seedlings (14%)
that displayed narrow cotyledons and a reduction of
the SAM. These seedlings were phenotypically similar

to the seu slk2 double mutant seedlings, but the ma-
jority of these had a less severe SAM phenotype. PCR
analysis indicated that these seedlings were divided
into two genotypes: seu slk1 slk2-1/+ and seu slk1 slk2
triple mutant seedlings. The seu slk1 slk2 triple mutant
seedlings did survive for some time but remained very
small. They produced few very small bulbous rosette
leaves and appeared to be mostly lacking a clearly
organized SAM (Fig. 3E). They accounted for less than
2% of the progeny (expected, 6.25%); thus, it is likely
that the seu slk1 slk2 triple mutant also conditions an
embryonic lethality in the majority of instances and
that these seedlings represent escapers that occasion-
ally successfully complete embryogenesis and appear
as severely disrupted seedlings. The seu slk1 slk2-1/+
seedlings were found at the approximately expected
frequency of 12%, and these plants grew weakly and
slowly, were late flowering, and displayed flowers that
were similar to those of the seu slk2 escaper plants
(data not shown). These results support a role for SLK1
during embryo or seedling development that is un-
covered as SEU and SLK2 activity is reduced.

SLK1 and SLK2 Are Required with ANT and SEU for

Ovule Initiation from the CMM

We sought to determine if SLK genes functioned
during CMM development. As a measure of CMM
function, we determined the number of ovule primor-
dia that initiated in gynoecia of different genotypes.
The slk1 and slk2 single mutants did not show a
reduction in the number of ovules initiated from the
CMM. The slk1 slk2 double mutants showed a slight
but statistically significant reduction in the number of
ovules (89% of the wild type). As mutations in SEU
enhance the loss of ovule primordia in ant mutants
(Azhakanandam et al., 2008), we sought to determine
if the slk mutants also enhanced the loss of ovules in
the ant mutant background. The ant-1 single mutant
initiates only 64% of the wild-type number of ovule
primordia (Table IV). In the slk1 ant and ant slk2 double
mutants, the numbers of initiated ovules fell further, to
41% and 47%, respectively. Finally, the slk1 ant slk2
triple mutants generated only 19% of the wild-type
ovule number. We then generated seu/+ slk1 ant slk2
mutant plants and observed a complete absence of
ovule primordia in these gynoecia (Table IV; Fig. 4K).

Decreasing the activity of SEU and the SLK genes in
the ant mutant background also had additional effects
on the overall development of the gynoecium and
other tissues derived from the CMM. The slk1 slk2 (Fig.

Table IV. Ovule primordia counts from mature gynoecia

Organ Col-0 slk1 slk2 ant slk1 ant ant slk2 slk1 ant slk2
seu/+ slk1

ant slk2

Ovule primordia 47 6 3.7
(n = 24)

42 6 3.2
(n = 24)

30 6 1.6
(n = 25)

20 6 4.1
(n = 25)

22 6 5.3
(n = 24)

9 6 6.0
(n = 24)

0 6 0.0
(n = 16)

Ovules (% of wild type) 100 89 64 43 47 19 0
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4, B and G) and ant (Fig. 4, C and H) genotypes
displayed nearly wild-type external gynoecial mor-
phology. The ant single mutants displayed a slight
reduction in stigmatic tissue and occasionally very
slight splitting of the gynoecial apex (Fig. 4, C and H;
Elliott et al., 1996; Klucher et al., 1996). The slk1 ant slk2
genotype conditioned an increased carpel splitting
and a nearly complete loss of stigmatic tissue (Fig. 4, D
and I). The basal valve boundary was often shifted
apically on one or both valves of the gynoecial tube
(Fig. 4I, arrow). Occasionally, trichome-like cells were
observed at the apex of the slk1 ant slk2 mutant
gynoecia (data not shown). These arose from the
style-like cells that were present at the tips of the
individual carpels. The seu/+ slk1 ant slk2 genotype
was severely inhibited in its ability to form CMM
tissues (Fig. 4, K and L). In addition to the complete
loss of ovule primordia (Table IV), the gynoecia were
dramatically split and stigmatic, stylar, and septal
tissues were almost completely absent (Fig. 4K). In
comparison with the seu/+ slk1 ant slk2 gynoecia, seu/+
slk1 slk2 gynoecia (Fig. 4J) exhibited a less severe
disruption of overall gynoecial morphology that was
characterized by a fused gynoecial tube topped by an
extended stylar region and wild-type amounts of
stigmatic tissue. These data together suggest that slk1

and slk2 play a partially redundant role with seu and
ant during CMM and gynoecial development.

Mutations in slk1 and slk2 Enhance lug Ovule and
Floral Defects

Mutations in SEU dramatically enhance the lug
mutant phenotype and result in enhanced AG dere-
pression and associated homeotic organ transfor-
mations, enhanced floral organ loss, and severe
reductions of the gynoecial mound (Franks et al.,
2002). In order to determine if mutations in the SLK
genes enhanced the lug phenotype, we created a series
of higher order mutant combinations employing the
lug-1 allele (Liu and Meyerowitz, 1995) that was first
introgressed into the Col-0 background. The lug-1
(Col-0) mutant flowers exhibit splitting of the gynoe-
cium at the apex and slightly narrower floral organs
relative to the wild type (Fig. 5E). However, homeotic
transformations are only rarely observed in the Col-0
background. The loss of slk1 and slk2 in the lug-1
(Col-0) mutant background conditioned relatively
subtle enhancements relative to the lug-1 (Col-0) single
mutant. The most obvious of these was noted in ovules
(Fig. 5; Table III). As slk1 and slk2 activity are reduced
in the lug-1 (Col-0) mutant background, the extent and

Figure 4. SLK1 and SLK2 are required with ANT and SEU for ovule initiation from the CMM. A, Col-0 flower. B, Morphology of a
slk1 slk2mutant flower is near that of Col-0. C, antmutant. D, Gynoecial disruptions are enhanced in slk1 ant slk2 triple mutant
relative to the ant and slk1 slk2mutants. E and F, More severe reductions of CMM-derived tissues are observed in seu/+ slk1 ant
slk2 (F) relative to the seu/+ slk1 ant slk2/+ (E) genotype. G to L, Scanning electron micrographs of flowers from the indicated
genotypes. In I, the arrow indicates the basal valve boundary. In K, the seu/+ slk1 ant slk2 genotype conditions complete loss of
ovule primordia and severe reduction of CMM-derived tissues (arrowhead). L shows a stage 10 flower. Disruption of the CMM is
already evident at this stage. M to P, Optical cross sections from cleared gynoecia of the indicated genotypes. Arrowheads in P
indicate the few ovules that have initiated. Bars = 1 mm in A to K, 100 mm in L, and 0.5 mm inM to P. [See online article for color
version of this figure.]
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penetrance of the ovule outer integument disruption
is increased (Fig. 5, A–D). The slk1 lug, lug slk2, and slk1
lug slk2 mutants also displayed slightly narrower
sepals, reduced pollen development, and a smaller
overall floral size than the lug single mutant (Fig. 5,
E–I). The lug slk2 and slk1 lug slk2 mutants increased
the percentage of gynoecia composed by a single
carpel (Fig. 5I). However, none of the slk1 lug slk2
higher mutant combinations conditioned severe ho-
meotic transformations within the flower, nor did they
condition severe gynoecial disruptions. This was

somewhat surprising, given the severe reduction of
gynoecium extent and the enhanced carpelloidy pre-
viously reported in the seu lug double mutant (Franks
et al., 2002).

SLK2 Is Expressed in the CMM and Young Floral

Organ Primordia

Evaluation of data available with the Genevestigator
software tool suggests that the expression of the SLK
genes is widespread throughout developmental stages

Figure 5. Mutations in SLK1 and SLK2 enhance the lug ovule and floral phenotypes. A to D, Cleared ovules from gynoecia of the
indicated genotypes. Arrowheads indicate the extent of outer integument development. Bars = 100 mm. E to I, Floral phenotypes
of the indicated genotypes. H and I show the two-carpel and one-carpel phenotypes observed in the slk1 lug slk2 triple mutant
flowers, respectively. The one-carpel gynoecia are often curved and bent over. Bars = 1 mm. [See online article for color version
of this figure.]

Figure 6. SEU, SLK1, and SLK2 are expressed in young flower meristems, ovules, and the CMM. In situ hybridization on wild-
type (Col-0) tissue with a SEU (A–D), SLK1 (E–H), or SLK2 (I–L) antisense probe (A–E and G–H). A, E, and I, Inflorescence
longitudinal sections. Hybridization signal is detected in the inflorescence meristem (ifm) and throughout stage 1, 2, and early 3
floral primordia. Numbers indicate floral stages (Smyth et al., 1990). B, F, and J, Stage 6 floral cross section. Expression is detected
throughout gynoecial mound (g) and stamen (st) primordia. C, G, and K, Stage 9 or early 10 floral cross sections. Expression is
detected in ovules (ov) and petals (p). Within the stamens, expression is detected most strongly in the locules, pollen mother
cells, and the tapetum. D, H, and L, Gynoecial cross sections show expression throughout the ovules at floral stages 10 or 11.
Bars = 100 mm.
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and tissues (Zimmermann et al., 2004; Grennan, 2006).
These data support a general difference in the level of
expression of the SEU and SLK mRNAs, with the
relative levels of expression being SEU. SLK2. SLK1
(Supplemental Fig. S1). Our qRT-PCR data from inflo-
rescence tissue supported the expression of these three
genes as well as SLK3 in RNA prepared from inflores-
cence tissues (Supplemental Fig. S2).
To determine the tissue-specific expression patterns

of SEU, SLK1, and SLK2, we employed in situ hybrid-
ization using specific antisense probes (see “Materials
and Methods”). We carefully examined expression
patterns in the inflorescence meristem through stage
12 flowers and found that the patterns of expression of
SEU, SLK1, and SLK2 were indistinguishable. How-
ever, the level of expression from the SEU probe was
consistently higher than that of the SLK2 probe, which
was generally higher than SLK1. The detailed descrip-
tion below describes the expression patterns of all
three genes examined. We detected strong signal in the
inflorescence meristem and throughout young floral
meristems at stages 1 through early 3 (Fig. 6, A, E, and
I). Stages are according to Smyth et al. (1990). During
late stage 3 and stage 4, signal is more strongly
detected in the adaxial and marginal portions of the
sepal primordia (data not shown). Expression is de-
tected throughout the stamen anlagen/primordia at
stage 4 and then becomes restricted to the developing
tepetum and microspore mother cells (locules) during
later stages (Fig. 6, C, G, and K). Expression within the
petals is seen throughout the primordia as they arise
(data not shown) and remains in the expanding blade
through at least stage 10 (Fig. 6, C, G, and K). Expres-
sion is detected throughout the gynoecium at stages
6 and 7 (Fig. 6, B, F, and J). By stage 8, gynoecial
expression is most highly detected within the CMM
(medial ridge) and in the developing ovule anlagen
and primordia (Fig. 6, C, G, and K). Expression is
detected throughout the ovules until at least floral
stage 11, corresponding to ovule stage 3-I according to
Schneitz et al. (1995; Fig. 6, D, H, and L; data not
shown). No signal was detected with a control sense
strand probe, and signal with the antisense probes was
greatly reduced in each respective mutant tissue (Sup-
plemental Fig. S3), further confirming the specificity of
the hybridization conditions and probes.

SEU and SLK1 Are Required for Optimal Auxin

Signaling during Root and Gynoecial Development

Work from Pfluger and Zambryski (2004) indicated
that SEU is required for proper response to the plant
phytohormone auxin. To determine if SLK1 is required
for the ability to respond to auxin, we examined
expression from the auxin-responsive DR5:GUS re-
porter (Ulmasov et al., 1997) in Col-0, slk1, seu, and seu
slk1 seedling roots 7 d after germination. In Col-0
seedlings, GUS activity was observed strongly in the
root tip and at intermediate levels in the stele (root
vascular tissue; Fig. 7A). In the slk1 single mutant

roots, the activity of DR5:GUS reporter appeared re-
duced relative to the wild type (Fig. 7C). This is similar
to the reduced expression of DR5:GUS in the seu single
mutant (Pfluger and Zambryski, 2004; Fig. 7B). The
DR5:GUS reporter activity was also reduced in the seu
slk1 double mutant relative to the wild type.

To determine if altered auxin signaling might con-
tribute to the floral and gynoecial defects observed in
the seu slk1 double mutants, we examined the expres-
sion of genes with known auxin synthesis (YUCCA4
[YUC4]) and auxin response (ETT and MP) functions
as well as two genes known to be induced by auxin
(INDOLE ACETIC ACID1 [IAA1] and IAA17; Abel
et al., 1994; Sessions et al., 1997; Hardtke and Berleth,
1998; Zhao et al., 2001). Although not directly tied to
auxin regulation, we also examined levels of PHB and
REVOLUTA (REV) mRNA, as reductions in PHB and
REV expression have been reported in the seu ant
double mutant carpels (Azhakanandam et al., 2008).
We examined the expression of these genes in two
different RNA samples: inflorescence apices (contain-
ing the inflorescence meristem and floral stages 1–6)
and staged dissected gynoecia from floral stages 8 to
10 (Tables Vand VI). Wewere particularly interested to
identify genes in which the expression in the seu slk1
double mutant was statistically different from each of
the single mutants as well as the wild type. These
genes might underlie the synergistic enhancement of
phenotypes seen in the seu slk1 double mutant. In the
inflorescence apices samples, IAA1, IAA17, MP, PHB,
and REV fell into this statistically significant category
(Table V). The levels of IAA1, IAA17, MP, PHB, and
REV expression in the seu slk1 double mutant are
reduced to 20%, 36%, 26%, 24%, and 43% of the wild-

Figure 7. The seu, slk1, and seu slk1 mutants display reduced DR5-
GUS activity. DR5:GUS reporter activity is shown in primary root
apices of the indicated genotypes. Arrows in A and B indicate stele (root
vasculature). [See online article for color version of this figure.]
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type level, respectively. The level of YUC4 expression
was not statistically different between these geno-
types. The expression of ETTwas significantly reduced
in the seu slk1 double mutant inflorescence apices
relative to Col, but it was not statistically different
from expression in the seu single mutant. In the dis-
sected gynoecia (stages 8–10), we also detected a
statistically significant reduction in expression of MP
and PHB in the seu slk1 mutants relative to the wild
type and both single mutants. Expression levels were
reduced to 35% and 21% of wild-type levels, respec-
tively (Table VI).

We also used qRT-PCR to characterize gene expres-
sion in 6-d-old seu slk2 double mutant seedlings. These
experiments indicated that the levels of STM and PHB
were reduced in the seu slk2 mutant seedlings to 20%
and 30% of wild-type levels, respectively (Table VII).
The levels of expression in the seu slk2 double mutants
were statistically lower than in the wild type and all of
the single mutants.

DISCUSSION

The SEU-related genes encode putative transcrip-
tional adaptor proteins with sequence similarity to
metazoan Ldb-type transcriptional adaptors. These
transcriptional adaptors in both animals and plants
function in many gene regulation events and are
required for a diversity of developmental processes.
In Arabidopsis, SEU functions with LUG in the re-

pression of AG in perianth floral organs, with ETT for
correct auxin response during floral organ patterning
and with ANT, LUG, and FIL for the proper initiation
of ovule primordia from the marginal domain of the
carpel. Here, we demonstrate that SLK1 and SLK2
share a high degree of functional similarity to SEU
during this diverse set of developmental events. How-
ever, our results also indicate that a degree of func-
tional differentiation exists between the different
members of the SEU-related gene family. We show
that loss of SLK gene function leads to altered auxin
responses, altered development of the CMM, but
surprisingly little effect on floral organ identity spec-
ification. Additionally, we report a novel role for SEU
and SLK2 during embryonic SAM development.

Role of SLK Genes in Auxin Signaling

The seu single mutants exhibit reduced expression of
the DR5:GUS auxin-responsive reporter (Pfluger and
Zambryski, 2004). Additionally, SEU physically inter-
acts with ETT/ARF3 in a yeast two-hybrid assay
and thus may directly participate in the regulation of
auxin-responsive genes (Pfluger and Zambryski, 2004).
Here, we show that slk1 and seu slk1 mutants also
display reduced levels of expression from the DR5:GUS
reporter in the root. Furthermore, the seu slk1 and seu
slk2 flowers display a number of phenotypes that have
been reported in mutant plants for auxin synthesis,
transport, or signaling components (Okada et al., 1991;

Table V. qRT-PCR quantification in inflorescence meristem through stage 6 flowers

Late-arising flowers are flowers 20 to 35 from the apical meristem. 6 values are SE.

Gene Col-0 slk1 seu seu slk1

IAA1 0.10 6 0.01 0.07 6 0.01 0.05 6 0.01 0.02 6 0.002a,b

IAA17 1.7 6 0.0 1.1 6 0.0 1.0 6 0.0 0.62 6 0.0a,b

YUC4 0.09 6 0.01 0.24 6 0.04 0.09 6 0.02 0.07 6 0.006
MP 13.5 6 1.7 6.4 6 0.46 6.7 6 0.50 3.5 6 0.31a,b

ETT 2.5 6 0.48 2.1 6 0.30 1.6 6 0.03 0.98 6 0.19a

PHB 0.96 6 0.09 0.59 6 0.05 0.50 6 0.05 0.23 6 0.02a,b

REV 2.8 6 0.17 3.4 6 0.12 1.9 6 0.03 1.2 6 0.08a,b

aStatistically different from Col-0 at P , 0.05. bStatistically different from all other genotypes at
P , 0.05.

Table VI. qRT-PCR quantification in stage 8 to 10 carpels

Late-arising flowers are flowers 20 to 35 from the apical meristem. 6 values are SE.

Gene Col-0 slk1 seu seu slk1

IAA1 0.06 6 0.006 0.03 6 0.001 0.02 6 0.002 0.02 6 0.0007a

IAA17 1.0 6 0.11 0.55 6 0.05 0.66 6 0.04 0.56 6 0.03a

YUC4 0.14 6 0.015 0.25 6 0.03 0.09 6 0.005 0.07 6 0.007a

MP 16.1 6 1.0 11.8 6 0.75 8.7 6 0.81 5.6 6 0.39a,b

ETT 2.85 6 0.77 1.35 6 0.11 0.92 6 0.05 1.12 6 0.04a

PHB 1.17 6 0.18 0.76 6 0.04 0.76 6 0.11 0.25 6 0.01a,b

REV 4.5 6 0.68 3.2 6 0.23 2.6 6 0.25 1.6 6 0.20a

aStatistically different from Col-0 at P , 0.05. bStatistically different from all other genotypes at
P , 0.05.
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Bennett et al., 1995; Sessions and Zambryski, 1995;
Przemeck et al., 1996; Friml et al., 2004; Nishimura et al.,
2005; Cheng et al., 2006; Stepanova et al., 2008; Tao et al.,
2008). These include shifts in the basal boundary of the
gynoecial valve in seu slk1 plants and reductions in
floral organ number in both seu slk1 and seu slk2 flowers.
These results suggest that some of the seu slk1 and seu
slk2 defects may be conditioned by altered auxin re-
sponse or homeostasis. In further support of this hy-
pothesis, we identified two genes previously shown to
be induced by auxin (IAA1 and IAA17) and two genes
with known roles in auxin signaling (MP and ETT)
whose expression was reduced in seu slk1 inflores-
cences. A reduced ability to respond to auxin maxima
in the seu slk1 and seu slk2 double mutants might in part
underlie the loss of floral organs, as these organ initi-
ation events are known to be marked by auxin maxima
and require functioning auxin pathways (Benkova
et al., 2003). In the case of ETT, the SEU-related genes
may regulate ETT activity at two levels: at the level of
mRNA abundance (as supported by qRT-PCR data)
and through direct protein-protein interactions, as have
been shown for SEU and ETT (Pfluger and Zambryski,
2004).

SEU and SLK Genes May Support CMM and SAM
Development by Similar Mechanisms

Our analysis of SLK1 and SLK2 suggests that these
two genes function during the development of the
marginal domain of the carpel and the initiation of
ovule primordia from the CMM. Our in situ hybrid-
ization data indicate that SEU, SLK1, and SLK2 are all
expressed in the developing CMM and ovule primor-
dia throughout their early development and thus
likely function in a cell autonomous manner in these
tissues. The seu/+ slk1 ant slk2 mutant conditions a
dramatic loss of ovule primordia that is similar to that
previously reported for seu ant double mutants. Thus,
it appears that within the CMM, SLK1 and SLK2 also
support ovule initiation in a manner similar to that of
SEU. However, the fact that single mutations in seu,
slk1, and slk2 all independently enhance the pheno-
types of ant mutants suggests that either the SEU-
related genes are not completely substitutable during
CMM development or that the initiation of ovules in
the ant mutant responds to activities of the SEU-
related genes in a graded fashion.
Within the seu ant CMM, the loss of ovule primor-

dia has been correlated with a loss of PHB expres-

sion within the developing core of the gynoecium
(Azhakanandam et al., 2008). Here, we report a reduc-
tion of PHB mRNA levels in seu slk2mutant seedlings.
We speculate that the CMM and SAM defects are
mechanistically related to this reduction in PHB ex-
pression. Additionally, we report a reduction of STM
levels in the seu slk2 seedlings. STM is known to play a
key role in the maintenance of meristematic properties
in both the SAM and the CMM (Long et al., 1996;
Scofield et al., 2007). By supporting the expression of
PHB and STM, SEU and SLK genes may function to
maintain meristematic potential in both the CMM and
the SAM. As PHB and STM expression is not known to
be directly responsive to auxin and meristematic regions
are typically maintained by lower auxin-cytokinin
ratios (Shani et al., 2006), we suggest that the mainte-

Table VII. qRT-PCR quantification in 6-d-old seedlings

6 values are SE.

Seedling Col-0 slk2-1 slk2-2 seu seu slk2-1 seu slk2-2
Statistical Significance

Yes/No (P)

STM 2.2 3 1024 6
2.6 3 1025

2.0 3 1024 6
1.8 3 1025

2.1 3 1024 6
8.5 3 1026

3.2 3 1024 6
4.2 3 1025

5.6 3 1025 6
6.3 3 1026

4.4 3 1025 6
6.1 3 1026

Yes (0.0001)

PHB 0.33 6 0.01 0.23 6 0.005 0.31 6 0.03 0.18 6 0.01 0.11 6 0.008 0.09 6 0.005 Yes (0.004)

Figure 8. Model of functional roles of SEU and SLK genes in the SAM
and CMM. In this model, we propose that the SEU, SLK1, SLK2, and
possibly SLK3 genes support the development of organs from the SAM,
the floral meristem (FM), and the CMM through two gene regulatory
events (right and left sides). SEU and the SLK genes support auxin
responses that are required for organ initiation events in the CMM,
floral meristem, and embryonic SAM. Additionally, SEU and SLK genes
support the maintenance or growth of these meristematic regions by
enabling the expression of PHB and STM.
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nance of meristematic potential that is supported by
SEU, SLK1, and SLK2 is not due to their role in auxin
response. Rather, we propose amodel inwhich SEU and
SLK genes support meristematic properties by potenti-
ating the expression of PHB and STM either directly or
indirectly in a manner independent from the above-
mentioned role of SEU and SLK in the auxin response.
We suggest that the dramatic loss of ovule primordia
that is conditioned in the seu ant (Azhakanandam et al.,
2008) and seu/+ slk1 ant slk2mutants (Fig. 4; Table IV) is
the result of a reduction in gynoecial meristematic
potential coincident with a reduced auxin response in
ovule anlagen during their earliest stages of initiation
(Fig. 8). This results in a complete loss of ovule primor-
dia as well as a reduction in other tissues derived from
the CMM/medial ridge in these genotypes.

Functional Redundancy and Diversification within the
SEU-Related Gene Family

The slk1 slk2 double mutant and the seu single
mutant both progress through embryogenesis without
noticeable defects. However, the concomitant loss of
both SLK2 and SEU conditions a severe embryonic
defect in SAM and cotyledon development. Thus,
during embryonic development, SEU and SLK2 ap-
pear to be functionally interchangeable and provide an
important redundant function supporting embryonic
SAM development. Our data indicate that SLK1 and
SLK3 cannot provide a sufficient level of this activity to
support embryonic SAM development, at least when
expressed from their endogenous promoters in the seu
slk2 double mutant background. Further characteriza-
tion of expression patterns as well as ectopic expres-
sion or domain-swap constructs may help to elucidate
the molecular mechanisms that underlie the functional
diversity within the SEU-related genes. Interestingly,
the lug luh double mutant genotype also conditions an
embryonic lethality (Sitaraman et al., 2008). However,
the degree of similarity between the molecular causes
of the lug luh and seu slk2 embryonic defects remains to
be determined.

Mechanism of Functional Redundancy within the

SEU-Related Gene Family

In the developmental events that we have analyzed,
members of the SEU-related gene family often share
some degree of functional redundancy. One mecha-
nistic explanation for this redundancy would be an
overlap in the physical partners of the SEU-related
proteins. SEU has been shown to work in complexes
with several MADS domain proteins and with ETT,
LUG, and LUH. It will be interesting to determine if
the SLK proteins can also interact with these proteins.
All three SLK genes appear to encode an LCCD,
suggesting that they form physical complexes with
either LUG or LUH proteins. Also supporting this
proposition, SLK homologs in Antirrhinum can phys-
ically interact with the LUG Antirrhinum ortholog

STYLOSA (Navarro et al., 2004), and recently, LUG
and LUH have been reported to interact with Arabi-
dopsis SLK proteins in a yeast two-hybrid assay
(Stahle et al., 2009). An alternative, but not mutually
exclusive, possibility is that SEU and SLK proteins
form heterodimeric complexes. The conserved DD in
the metazoan Ldb proteins mediates dimerization
events that are required for the formation of higher
order protein complexes (Agulnick et al., 1996; Jurata
et al., 1996; Jurata and Gill, 1997; Morcillo et al., 1997).
This domain may function similarly in the SEU and
SLK proteins in Arabidopsis and mediate either ho-
modimeric or heterodimeric interactions. Heterodi-
meric complexes between SEU and SLK proteins
would provide a mechanism through which the SLK
proteins could modulate the activity of transcriptional
complexes that contain SEU. Furthermore, as the pro-
tein sequences of the SEU protein and the SLK proteins
diverge outside of the central DD and LCCD, hetero-
dimeric SEU/SLK complexes would likely contribute
a more diverse protein interaction surface than homo-
dimeric forms, allowing the SEU-related gene family
to participate in a wider diversity of gene regulation
events.

Role of SLK Genes in the Repression of AG

It is notable that slk1 and slk2 mutants only mildly
enhance the floral phenotypes of the lug single mutant.
We did not observe enhanced homeotic organ identity
transformations, as has been reported for the seu lug
and luh/+ lug mutants (Franks et al., 2002; Sitaraman
et al., 2008). Additionally, the seu slk1, slk1 slk2, and seu
slk2 double mutants rarely displayed carpelloidy that
would indicate ectopic AG expression within the floral
meristem. Only in late-arising seu slk2 and rarely in seu
slk1 flowers were carpelloid whorl 1 organs observed.
These results might be explained by SLK3 activity still
present in these plants. Alternatively, these results
may suggest that SLK1 and SLK2 play a lesser role in
the repression of AG than does SEU. This may reflect a
differential ability of SEU and SLK proteins to phys-
ically interact with LUG or other regulators in the
flower.

MATERIALS AND METHODS

Mutant Alleles

The Arabidopsis (Arabidopsis thaliana) alleles of SLK genes used in this

study are reported in Supplemental Table S1. We amplified and sequenced the

DNA junction fragment using the appropriate border primers (Supplemental

Table S2) to confirm each insertion site. Each mutant line was backcrossed to

the parent ecotype three times before generating homozygous stocks for

phenotypic and genetic analysis. The seu-3 and ant-1 alleles have been

reported previously (Klucher et al., 1996; Pfluger and Zambryski, 2004). The

lug-1 allele was originally isolated in the Landsberg erecta ecotype (Liu and

Meyerowitz, 1995) and has subsequently been backcrossed into Col-0 for four

generations before use in this study. Upon request, all novel materials

described in this publication will be made available in a timely manner for

noncommercial research purposes, subject to the requisite permission from

any third-party owners of all or parts of the material. Obtaining any permis-

sions will be the responsibility of the requestor.
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Phylogenic Analysis

ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) was used

to align amino acid sequences of the full-length proteins. The optimal tree with

the sum of branch length = 4.91935227 was inferred using the neighbor-joining

method (Saitou and Nei, 1987). The percentage of replicate trees in which the

associated taxa clustered together in the bootstrap test (1,000 replicates) is shown

next to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch

lengths in the same units as those of the evolutionary distances used to infer the

phylogenetic tree. The evolutionary distances were computed using the Poisson

correction method (Zuckerkandl and Pauling, 1965) and are in units of the

number of amino acid substitutions per site. All positions containing alignment

gaps and missing data were eliminated only in pairwise sequence comparisons

(pairwise deletion option). There were a total of 1,232 positions in the final data

set. Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007).

Protein sequence identity and similarity matrix was calculated with the Matrix

Global Alignment tool (Campanella et al., 2003).

In Situ Hybridization and Microscopy

In situ hybridizations were carried out as reported previously (Franks

et al., 2002) with the following modifications: acetic anhydride and RNase

treatment steps were omitted. A detailed protocol is available at http://

www4.ncsu.edu/~rgfranks/research/protocols.html. The SEU, SLK1, and

SLK2 antisense probes were generated from pCRII_SEU_HFFL and Arabidop-

sis Biological Resource Center clones G66746 and G10219, respectively. Probes

were made corresponding to the C-terminal domains and did not overlap

highly conserved DD/LCCD regions. Scanning electron and light microscopy

were performed as described previously (Azhakanandam et al., 2008).

qRT-PCR Analysis and GUS Analysis

qRT-PCR analysis was as described previously (Azhakanandam et al.,

2008). Results shown in Tables V, VI, and VII are mean expression of the

indicated gene normalized relative to ADENOSINE PHOSPHORIBOSYL

TRANSFERASE (AT1G27450). Results are averages and SE of the mean from

three technical replicates of three biological replicates. Statistical analysis was

done in JMP 7.0 (SAS Institute). Statistical differences of means were evaluated

by pairwise t tests in all combinations. For GUS analysis, seedlings were

grown on half-strength MS + 10% Suc under 16-h/8-h light/dark conditions

and assayed 7 d after germination. For photography, seedlings were stained

for either 2 or 4 h at room temperature and then cleared in 70% ethanol.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Genevestigator expression data for SEU and SLK

genes.

Supplemental Figure S2. qRT-PCR expression data for SLK1, SLK2, and

SLK3 in slk1 and slk2 mutant inflorescences.

Supplemental Figure S3. Specificity of the SEU, SLK1, and SLK2 antisense

in situ probes.

Supplemental Figure S4. Morphological alterations of cotyledon meso-

phyll cells and vascular elements in the seu slk2 double mutant.

Supplemental Table S1. Alleles of SLK transcriptional coregulators in

Arabidopsis.

Supplemental Table S2. Oligonucleotides used in this study.

Supplemental Table S3. qRT-PCR quantification in inflorescence meristem

through stage 6 flowers (from early-arising flowers).

Supplemental Table S4. qRT-PCR quantification in stage 8 to 10 carpels

(from early-arising flowers).
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