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Among the >200 members of the leucine-rich repeat receptor kinase family in Arabidopsis thaliana, only a few have been

functionally characterized. Here, we report a critical function in anther development for the SOMATIC EMBRYOGENESIS

RECEPTOR KINASE1 (SERK1) and SERK2 genes. Both SERK1 and SERK2 are expressed widely in locules until stage 6

anthers and are more concentrated in the tapetal cell layer later. Whereas serk1 and serk2 single insertion mutants did not

show developmental phenotypes, serk1 serk2 double mutants were not able to produce seeds because of a lack of pollen

development in mutant anthers. In young buds, double mutant anthers developed normally, but serk1 serk2 microsporangia

produced more sporogenous cells that were unable to develop beyond meiosis. Furthermore, serk1 serk2 double mutants

developed only three cell layers surrounding the sporogenous cell mass, whereas wild-type anthers developed four cell lay-

ers. Further confocal microscopic and molecular analyses showed that serk1 serk2 double mutant anthers lack de-

velopment of the tapetal cell layer, which accounts for the microspore abortion and male sterility. Taken together, these

findings demonstrate that the SERK1 and SERK2 receptor kinases function redundantly as an important control point for

sporophytic development controlling male gametophyte production.

INTRODUCTION

Plant life alternates between the sporophytic phase and the

gametophytic phase represented by the female embryo sac and

the male pollen grain. In flowers, special organs are dedicated to

the transition from the sporophytic to the gametophytic phase

and thematuration of female andmale gametophytes. Anthers in

Arabidopsis thaliana have a four-lobed structure, each contain-

ing a sporangium in which, early in development, two cell lines

differentiate: (1) the germ line is a mass of cells that through

sporogenesis and gametogenesis produces the male gameto-

phytes and (2) the surrounding sporophytic tissues differentiate

into four cell layers named from outside to inside, the epidermis,

the endothecium, themiddle cell layer, and the tapetum (Sanders

et al., 1999; Ma, 2005). Several studies have shown that the

surrounding four cell layers are crucial for the development

of microsporocytes into mature pollen (Mariani et al., 1990;

Burgess et al., 2002). Thus, mature anthers are highly organized

structures. However, the early steps in development that de-

termine cell fate remain largely unknown (Ma, 2005).

Plant organ development requires communication between

cell layers to coordinate tissue differentiation (Fletcher, 2002;

Larkin et al., 2003; Shpak et al., 2004, 2005; Chevalier et al.,

2005). Receptor-like kinases (RLKs) (Shiu and Bleecker, 2001;

Fritz-Laylin et al., 2005) are good candidates to coordinate these

processes during anther development. Indeed, recent genetic

studies showed that the plasma membrane–localized leucine-

rich repeat receptor kinase (LRR-K) of the BRASSINOSTEROID-

INSENSITIVE1 (BRI1) subfamily, EXCESSMICROSPOROCYTES1/

EXTRA SPOROGENOUS CELLS (EMS1/EXS), functions in the

control of cell fate during anther development (Canales et al.,

2002; Zhao et al., 2002). EMS1/EXS1 and BRI1 belong to sub-

family X of the LRR-Ks (Shiu and Bleecker, 2001). Mutations in

the EMS1/EXS gene cause an increased differentiation of anther

cells inmicrosporocytes, affect antherwall organization, and lack

the tapetal cell layer. Moreover, the same developmental phe-

notypes were observed for mutations in the TAPETUM DETER-

MINENT1 (TPD1) gene, which encodes a predicted small

secreted protein (Yang et al., 2003). TPD1 could regulate cell

fate in coordination with EMS1/EXS (Yang et al., 2005).

The SOMATIC EMBRYOGENESIS RECEPTOR KINASE

(SERK) genes encode LRR-Ks belonging to the 14-member

subfamily II of the LRR-Ks (Shiu and Bleecker, 2001). They share

the canonical structure of LRR-Ks but have a limited number of

LRR motifs. Arabidopsis SERK3, also named BAK1 (for BRI1-

Associated Kinase1), was characterized as a component of

brassinosteroid perception/signaling (Li et al., 2002; Nam and Li,

2002). Initial studies have shown that overexpression of SERK1
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enhances the ability of suspension cells to undergo somatic

embryogenesis (Schmidt et al., 1997; Hecht et al., 2001). To date,

nothing is known about the functions of the remaining members

of the Arabidopsis LRR II subfamily.

In this study, we investigated the function of a functionally

uncharacterized member of the LRR II family, SERK2, which is

the closest homolog toSERK1 and related toSERK3/BAK1. Phe-

notypic analyses of serk1 serk2doublemutants show that SERK1

and SERK2 have a crucial and redundant function in anther de-

velopment and male gametophyte maturation.

RESULTS

Identification of Single and Double Mutants in the SERK1

and SERK2 Genes

Overexpression of SERK1 in Arabidopsis has been shown to

enhance the efficiency of initiation of somatic embryogenesis of

embryogenic cultures (Hecht et al., 2001). To identify loss-of-

function–associated phenotypes in SERK1 and SERK2 genes,

we obtained two SERK1 and one SERK2 insertional T-DNA mu-

tant alleles from the Signal Collection at the Salk Institute (La

Jolla, CA). They were named serk1-1, serk1-2, and serk2-1

(Figure 1A). Sequencing of T-DNA insertion flanking borders

showed that serk1-1 has a tandemT-DNA insertion located in the

11th exon and an inframe stop codon 151 bp into the T-DNA

insertion, and serk1-2 has an insertion in the 11th exon and an

inframe stop codon 55 bp into the T-DNA insertion. The pre-

dicted proteins SERK1-1 and SERK1-2 lack 103 and 74

C-terminal amino acids, respectively, corresponding to deletions

in the kinase domain of 55 and 26 amino acids, respectively. In

serk2-1, a tandem T-DNA insertion is located in the third intron

(Figure 1A).

In order to assess the expression level of SERK1 and SERK2 in

homozygous T-DNA lines, RT-PCR experiments were performed

on bud cDNAs from the wild type and the homozygous double

mutants serk1-1 serk2-1 and serk1-2 serk2-1 (Figure 1B). With

SERK1-specific primers upstream of the T-DNA insertions, a

PCR product was amplified for the doublemutants as for thewild

type. However, with primers surrounding the insertions, we were

not able to amplify any product from serk1-1 and serk1-2 alleles

(Figure 1B). Thus, in the double mutants, truncated transcripts

were detected at low levels, but mature SERK1 transcripts were

undetectable. With SERK2-specific primers, two PCR products

were amplified with primers designed either upstream or down-

stream of the insertion. With primers surrounding the insertion,

two serk2-1 products were amplified that showed low levels of

expression compared with the wild type (Figure 1B). Sequencing

of those products showed that the larger one was a wild-type

transcript, whereas the shorter one was due to aberrant splicing

Figure 1. Characterization of SERK1 and SERK2 Loci.

(A) Genomic organization of SERK1 and SERK2 loci, predicted open reading frames (ORFs), and positions of primers used in Figure 1B. Left borders of

T-DNAs are indicated by bold arrows. Bar ¼ 1 kb.

(B) Expression of SERK1 and SERK2 in serk1-1 serk2-1 and serk1-2 serk2-1 plants using semiquantitative RT-PCR. The number of PCR cycles (30 to

35) is indicated on the top for the wild type (W) and the double mutants serk1-1 serk2-1 (1) and serk1-2 serk2-1 (2). Primer pairs are indicated at the left.

(C) RNA gel blot analysis of SERK2 in the wild type (W), serk1-1 serk2-1 (1), serk1-2 serk2-1 (2), and a complemented line (C). Approximately 15 mg of

total mRNA from buds were loaded. Probes were full-length SERK2 ORF (SERK2) and for controls, ACTIN7 (ACT7).
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causing the loss of exon 4 (Figures 1A and 1B). To better quantify

the expression level of SERK2 transcript in both serk1-1 serk2-1

and serk1-2 serk2-1, we performed RNA gel blot experiments on

bud mRNA. We were not able to detect expression of full-length

or truncated SERK2 transcript in double mutants, whereas full-

length SERK2 mRNA was detected in the wild type (Figure 1C).

Thus, serk2-1 mutation strongly reduces the SERK2 transcript

level and causes aberrant splicing, but the serk2-1 mutant is

likely not a null allele. Despite further efforts, we were unable to

identify null alleles in publicly unrestricted accessible popula-

tions of insertional lines.

Despite multiple analyses, we were not able to unveil a dra-

matic phenotype for the serk1 and serk2 single mutants at the

whole plant developmental level. This suggested that either

the single mutants have subtle phenotypes or that SERK genes

are functionally redundant to some extent. Indeed, SERK1 and

SERK2 are closely related genes from the LRR-K encoding gene

family and share 78.9 and 89.3% identity at the nucleotide and

amino acid levels, respectively. We therefore analyzed the two

double mutants serk1-1 serk2-1 and serk1-2 serk2-1.

T-DNA Insertions in SERK Loci Trigger Sterility

During vegetative growth, serk1-1 serk2-1 and serk1-2 serk2-1

were indistinguishable fromwild-type plants, and flowering times

were not affected (data not shown). However, during the re-

productive phase, both double mutants exhibited short fruits

(Figure 2A) and did not produce any seeds.

In order to evaluate the genetic linkage of the two insertion loci

to the observed sterility, we examined the progeny of the two

different genotypes (serk1-1 serk2-1 and serk1-2 serk2-1), which

were either heterozygous for the serk1 alleles or heterozygous for

the serk2-1 allele (Table 1). These parental genotypes were fertile

(n > 30 for each). Among the progeny, 16.7 to 27.9%of the plants

were sterile (Table 1). All plants were PCR genotyped, and all of

the sterile plants were homozygous for insertions at both the

SERK1 and SERK2 loci (Table 1). All fertile plants carried at least

one wild-type allele at the SERK1 or SERK2 locus with a ratio of

;1:2 (wild type:heterozygote), as expected for the segregation

of a unique locus within the fertile and nonhomozygous plants

(x2 < 1.89). These results indicate that the phenotype is genet-

ically linked to both the SERK1 and SERK2 loci and that the two

mutations that trigger sterility are recessive. We identified two

independent serk1 mutant alleles that showed a similar sterile

phenotype when combinedwith the serk2-1mutation. This result

suggests that the disruption of SERK1 was responsible for the

sterile phenotype observed for double mutants. As serk1 single

mutants produced seeds and the sterile phenotype was ob-

served only when serk1 lines were crossed with the serk2-1 line,

serk1 mutations need to be combined with a mutation that is

genetically linked to SERK2 to trigger sterility.

To determine whether mutation of the SERK2 gene, when

combined with serk1 mutations, causes the sterile phenotype,

we analyzed complementation of the serk1 serk2 sterile pheno-

type. No complementation was obtained when the SERK2 ORF

was expressed under the control of the ectopic cauliflower

mosaic virus 35S promoter, indicating that the noncoding se-

quences of the SERK2 locus may contribute to SERK2 function.

Therefore, complementation with a genomic clone of the SERK2

locus was pursued. We introduced a PCR-amplified genomic

fragment containing the SERK2 locus, which included 1442 bp

upstream of the start codon and 1000 bp downstream from the

stop codon in serk1-1/SERK1 serk2-1/serk2-1 plants. Based on

EST and cDNA database analyses, this genomic fragment con-

tained no further ORFs apart from SERK2. We genotyped the

transformed progeny to identify plants homozygous for serk1-1

and serk2-1 and found that they were able to produce seeds

(Figure 2B). Complemented plants expressed full-length SERK2

transcript (Figure 1C). Taken together, these findings demon-

strate that the combination of serk1 and serk2 receptor kinase

mutations triggers the sterile phenotype observed in the serk1

serk2 double mutants.

serk1 serk2 Double Mutants Do Not Produce Pollen

To explore the cause of the serk1 serk2 sterility, serk1-1 serk2-1

double mutant pistils were fertilized with wild-type pollen. The

sterile phenotype was rescued, allowing fruit development and

the production of seeds (Figure 2C), and the resulting seedlings

were all heterozygous for both insertion loci (n ¼ 16; data not

shown). These findings, together with the above genetic analy-

ses, show that the serk1 serk2 mutations trigger male sterility.

We further investigated anther development. Double mutant

serk1 serk2 nondehiscent open flowers had six anthers that were

smaller than wild-type anthers (data not shown). Alexander’s

solution, which stains pollen cytosol red to monitor pollen via-

bility (Alexander, 1969), was applied to open flowers. Viable

pollen grains clearly appeared in the wild type, in serk1 and serk2

singlemutants, and in the complemented serk1-1 serk2-1 double

mutant lines (Figure 3A). However, we did not detect any staining

in serk1 serk2 double mutant anthers, indicating that serk1 serk2

Figure 2. Siliques of serk1 serk2 Double Mutants Do Not Produce

Seeds.

(A) Developmental phenotype of siliques of single and double serk1 and

serk2 mutants.

(B) Complementation of serk1-1 serk2-1 silique phenotype by SERK2

genomic construct (At1g34210).

(C) serk1-1 serk2-1 fertilization with wild-type pollen.

Bars ¼ 5 mm.
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anthers did not produce pollen (Figure 3A). Moreover, sections in

mature anthers reveal the collapsing of the four microsporangia

in serk1-1 serk2-1 double mutants (Figure 3B). To examine pos-

sible differences in the development of wild-type and mutant

pollen, young floral buds were cleared using a protocol that

allows examination and optical sectioning of whole anthers (see

Methods). In wild-type flowers, premeiotic, tetrad, and mature

pollen stages were all identifiable (stages 6, 7, 9, and 10,

respectively; Figures 3C, 3E, and 3G). In serk1-1 serk2-1 double

mutant anthers at the same stage (based on the size of micro-

sporangia), we observed the same premeiotic structure (Figure

3D). But, unlike wild-type plants, these premeiotic structures

appeared to be arrested during development. serk1-1 serk2-1

double mutant anthers did not show the formation of the char-

acteristic imbricated microspores organized as clear multiple

distinguishable tetrads at stages 7 (Figure 3F), 10 (Figure 3H), or

later (data not shown). However, at this stage, it remains unclear

whether initial tetrad-like structures may form or not and whether

meiosis does occur or not in double mutant anthers (see below).

In addition, some alterations of the anther wall were observed in

serk1 serk2 and are described later.

serk1 serk2 Double Mutants Produce an Increased Number

of Microsporocytes That Undergo Meiosis

We investigated the number of sporogenous cells in young

locules (stages 4 to 6) by optical sectioning of propidium iodide–

stained anthers.We found that thewild type had 17.76 1.3 (6SE,

n ¼ 26) microsporocytes per microsporangium. By contrast,

serk1-1 serk2-1 and serk1-2 serk2-1 showed a significantly

increased number of microsporocytes: 26.0 6 2.9 (n ¼ 23) and

26.6 6 2.2 (n ¼ 22), respectively. Both wild-type and double

mutants were characterized by a large variability in microsporo-

cyte numbers among microsporangia. Nevertheless, whereas

we did not find any microsporangia with$31microsporocytes in

wild-type stamens, 43.5% in serk1-1 serk2-1 and 40.9% in

serk1-2 serk2-1 showed between 30 and 50 nuclei (Figure 4A).

Optical sectioning of propidium iodide–stained anthers showed

that both wild-type and double mutant microsporocytes were

able to undergomeiosis. Cells with one, two, and four nuclei were

observed in both wild-type and serk1-1 serk2-1 mutants corre-

sponding to the product of the first and second meiotic divisions

(Figure 4B). At later stages, the wild type showed microspores

organized in well-defined tetrad structures (Figure 4C, top),

which then developed into pollen grains (Figure 4C, bottom).

Comparable well-developed multiple tetrad structures were not

observed in serk1 serk2 at this stage, but instead separated cells

were observed (Figure 4D, top) that degenerated after meiosis

(Figure 4D, bottom). These data indicate that SERK1 and SERK2

function in the control of male germ line cell numbers during

anther morphogenesis but perhaps not directly in male germ line

fate.

Tapetum Development Is Impaired in serk1 serk2

High-resolution confocal microscopy revealed another impair-

ment of serk1 serk2 double mutant anthers. Whereas in young

anthers (stage 5) four cell layers surrounded the sporogenous cell

mass in wild-type stamens (Figure 5A), interestingly only three

cell layers surrounding serk1-1 serk2-1 double mutant micro-

sporangia could be identified (Figure 5B).

The four cell layers were morphologically distinguishable dur-

ing development of wild-type anthers. Interestingly, confocal

observation of more mature wild-type microsporangia (stage 6)

(Sanders et al., 1999) showed that cell layer 3 is flattened with the

development of the neighboring cell layers and its nuclei appear

flat as well (Figures 5A and 5D). The flat cells remain until stage

10 (Figure 5F). The tapetum develops as a thick and autofluor-

escent cell layer (Figures 5C to 5F) and undergoes a last nuclear

division leading to cells with two separated nuclei (Figures 5C to

5E) (Yang et al., 1999; Weiss and Maluszynska, 2001).

In early stages of serk1 serk2 double mutant anther develop-

ment, we did not observe the flattened middle cell layer sur-

rounding the pretapetal cells found in the wild-type anthers

Table 1. Sterility Phenotype and Mutant Genotypes Are Linked

Progeny Genotypeb

SERK1 (%) SERK2 (%)

Parental Genotype Progeny Phenotypea þ/þ þ/� �/� þ/þ þ/� �/�

S1/s1-2 s2-1/s2-1
50 (83.3) fertile 42.0 58.0 0 0.0 0.0 100

10 (16.7) sterile 0.0 0.0 100 0.0 0.0 100

S1/s1-1 s2-1/s2-1
31 (72.1) fertile 38.7 61.3 0 0.0 0.0 100

12 (27.9) sterile 0.0 0.0 100 0.0 0.0 100

s1-1/s1-1 S2/s2-1
32 (78) fertile 0.0 0.0 100 21.9 78.1 0

9 (22) sterile 0.0 0.0 100 0.0 0.0 100

s1-2/s1-2 S2/s2-1
41 (77.4) fertile 0.0 0.0 100 26.8 73.8 0

12 (22.6) sterile 0.0 0.0 100 0.0 0.0 100

Genetic analyses of the segregating progeny of serk1 serk2 double mutants with one heterozygous insertion. S1, SERK1; S2, SERK2; s1-1, serk1-1;

s1-2, serk1-2; s2-1, serk2-1; þ, wild-type allele; �, mutant allele. The percentages of individual phenotypes (sterile/fertile) are given in parentheses.
a The progeny phenotypes (fertile:sterile) in all cases fit a 3:1 hypothesis with 5% confidence (x2 < 2.22).
bWhen applicable, the progeny genotype values (wild type:heterozygote) fit a 1:2 hypothesis with 5% confidence (x2 < 1.89).
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(3 and 4 in Figure 5A), but instead, we observed a single cell layer

with globular nuclei (3 in Figure 5B). At later stages, this cell layer

persists (Figure 5G). Moreover, whereas in wild-type anthers an

accumulation of autofluorescent material was visible between

the middle cell layer and the tapetum (Figures 5D and 5E,

arrowheads), in the serk1 serk2 mutants, accumulation of auto-

fluorescence was facing the inside of the microsporangia (Figure

5G, arrowheads). These observations led us to hypothesize that

the tapetal cell layer is missing in anthers of the serk1-1 serk2-1

mutant. Moreover, the third cell layer of the double mutant (3 in

Figure 5B) does not morphologically develop as the middle cell

layer.

Expression of Tapetum-Specific Genes Is Strongly Impaired

in serk1 serk2 Double Mutants

To test the hypothesis that the tapetum is absent in serk1 serk2

double mutants, we investigated a set of genes reported to be

Figure 3. serk1 serk2 Double Mutants Do Not Produce Pollen.

(A) Transmission microscopy observation of dehiscent stamens of wild-type, serk1-1, and serk2-1 single mutants, serk1 serk2 double mutants, and

a SERK2 complemented line (comp.). Flowers were stained with Alexander’s solution (1 h) and cleared using Herr’s buffer (1 h). Dashed lines surround

the double mutant anthers for clarity.

(B) Toluidine blue staining of 8-mm-wide sections inmature stamens of thewild type and serk1-1 serk2-1 shows the collapse of microsporangia in serk1-1

serk2-1.

(C) to (H) Differential interference contrast observations of Herr-cleared whole stamens show an early termination of development in the serk1-1 serk2-1

double mutants ([D], [F], and [H]) compared with the wild type ([C], [E], and [G]). Photographs were taken at premeiotic (stage 5) ([C] and [D]), tetrad

(stage 7) ([E] and [F]), and post-tetrad stages (stage 11) ([G] and [H]). Developmental stages of serk1-1 serk2-1 were identified based on

microsporangium size. In (C) and (D), arrows point to microsporocyte nuclei.

Bars ¼ 200 mm in (A) and (C) to (H) and 100 mm in (B).
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specifically transcribed in the tapetal cell layer in inflorescences

of wild-type and both double mutant plants by semiquantitative

RT-PCR. The following tapetum-specific mRNA levels were

analyzed: ARABIDOPSIS THALIANA ANTHER7 (ATA7; Rubinelli

et al., 1998),MALE STERILITY1 (MS1; Wilson et al., 2001; Ito and

Shinozaki, 2002), LYSINE HISTIDINE TRANSPORTER1 (LHT1;

Chen and Bush, 1997), and QUARTET3 (QRT3; Rhee et al.,

2003). As a control, we made use of ACTIN7, which is expressed

throughout plant tissues. Whereas ACTIN7 showed similar ex-

pression in wild-type and both serk1 serk2 mutants (Figure 6A),

the expression levels of ATA7, MS1, QRT3, and, to a lesser ex-

tent, LHT1 were either virtually absent or reduced in the double

mutant inflorescences (Figures 6A and 6B). These expression

data are in agreement with the confocal microscopy analyses

(Figures 4 and 5) and further support the notion that the tapetum

is absent from anthers in serk1 serk2 double mutants.

SERK1 and SERK2 Are Expressed in Anther Locules

RT-PCR and microarray analyses showed that SERK1 and

SERK2 are expressed in all aerial organs and particularly

in flowers and siliques (Figure 7A). serk1 serk2 double mutants

showed a tissue-restricted phenotype, indicating that SERK1

and SERK2 transcripts may be abundant in specific cells within

the anther. We generated transgenic lines expressing the

b-glucuronidase gene (GUS) under the control of a 1.5-kb frag-

ment of the SERK2 promoter. Only few lines (4 of 70) exhibited a

weak blue staining, suggesting, together with the difficulty of

SERK1 and SERK2 mRNA detection by RNA gel blots, that

SERK1 and SERK2 are low abundance transcripts. Cross sec-

tions of SERK2 promoter-GUS lines showed that the SERK2

promoter triggers broad gene expression in stage 6 anthers

(Figure 7B) but is restricted to the tapetal cell layer at later stages

(stage 9; Figure 7C).

The low expression level of SERK2 was also confirmed by

analyzing data from digital Northerns, which have integrated

1401 (in February, 2005) Affymetrix microarray experiments

(Zimmermann et al., 2004). These 1401 microarray experiments

were analyzed for correlations of SERK1 or SERK2 expression

levels with expression levels of the tapetum-specific ATA7 gene.

These analyses showed a degree of correlation of SERK1 and

SERK2 expression to high ATA7 expression values and further

Figure 4. serk1 serk2 Microsporangia Contain More Microsporocytes Than the Wild Type.

(A) Population distribution of the number of sporogenous cells per microsporangium in wild-type and serk1 serk2 double mutants. Note the large

number of sporogenous cell mass with $30 microsporocytes in serk1 serk2 double mutant anthers compared with the wild type.

(B) Propidium iodide staining of the locule content of wild-type and serk1-1 serk2-1whole anthers. Both wild-type (left panels) and serk1-1 serk2-1 (right

panels) microsporocytes undergo meiosis. From top to bottom panels: meiotic cells with one, two, and four nuclei (three are in the same confocal

section).

(C) and (D) Whereas the wild type showed microspores organized in well-defined multiple tetrad structures ([C], top panel), which differentiated later

into pollen grains ([C], bottom panel), serk1-1 serk2-1 showed less-organized microspores ([D], top panel), which degenerated ([D], bottom panel).

Propidium iodide–stained nuclei are shown in red and tissue autofluorescence in green.

Bars ¼ 40 mm in (B) to (D).
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indicate that SERK genes are expressed more widely than

the tapetum-specific gene ATA7 (see Supplemental Text 1 and

Supplemental Figure 1 online; Rubinelli et al., 1998; Shiu

and Bleecker, 2001; Canales et al., 2002; Zhao et al., 2002;

Zimmermann et al., 2004) in agreement with RT-PCR experi-

ments (Figure 7A). Furthermore, expression analyses of the same

1401 experiments show that elevated expression levels of

SERK1 and SERK2 correlate with high expression levels of

the EMS1/EXS receptor kinase gene in a subset of experiments

(see Supplemental Figure 1 online).

We further investigated SERK1 and SERK2 tissue expression

using RNA in situ hybridizations. SERK1 RNA (Figure 7D) but not

SERK2 (Figure 7E) was detected in stamen primordia (stage 2). In

older buds, both transcripts are present in locules of stage 4 to 5

anthers, including expression in sporogenous cells and tapetum

and also more external cell layers, including the endothecium

and middle cell layer (Figures 7F and 7G). At stage 5 to 6, both

transcripts were more concentrated in the tapetal cell layer and

apparently also the middle cell layer (Figures 7H and 7I). Then,

the hybridization signals faded once meiosis occurred (stages 8

to 9; data not shown). As a positive control, the expression of a

gynoecium-specific gene was analyzed in parallel by in situ

hybridizations (B. Crawford and M.F. Yanofsky, unpublished

data). As expected, the gynoecium-specific transcript was not

detected in anther locules (data not shown) and therefore dif-

fered from the expression pattern of SERK1 and SERK2 tran-

scripts (Figures 7F to 7I). In addition, like SERK1 (Shah et al.,

2001), SERK2 is expressed in ovules (data not shown).

This pattern of SERK1and SERK2 expression is in accordance

with SERK-yellow fluorescent protein fusion data presented in

Albrecht et al. (2005) and Kwaaitaal et al. (2005). The authors

show a wide expression of SERK genes in locules at early stages

that faded by the end of stage 5 in the microsporocytes. Small

differences, such as expression at late stages that included the

epidermal cell layer and endotheticum observed using protein-

YFP fusions but not in in situ hybridizations, may reflect either

Figure 5. Absence of Tapetal Cell Layer in serk1 serk2 Double Mutants.

(A) Propidium iodide–stainedwild-typemicrosporangium (stage 5) show-

ing the four cell layers of the anther wall. 1, 2, 3, and 4 refer to the cell

layers: 1, epidermis; 2, endothecium; 3, middle cell layer; 4, tapetum.

(B) Propidium iodide–stained serk1-1 serk2-1 microsporangium at stage

5 exhibits only three cell layers of the anther wall. 1, 2, and 3 refer to

surrounding cell layers.

(C) to (F) Optical sections of propidium iodide–stained microsporangia of

the wild type at stages 5 and 6 ([C] to [E]) and stage 10 (F). Red

is propidium iodide staining (600 nm), and green is autofluorescence

(510 nm). (C) and (D) show 1-mm-separated optical sections perpendic-

ular to a wild-type microsporangium. (E) shows an optical section

tangential to the tapetum cell layer from the same Z-stack as (C) and

(D). a, b, a9, and b9 are examples of two nuclei in the same cells.

Arrowheads show the characteristic autofluorescence of cell wall sur-

rounding tapetum cells. (F) is an optical section in a stage 10 wild-type

locule showing persistence of the middle cell layer at an advanced stage

of development. Note that the epidermal cell layer often detaches from

mature stamens.

(G) Optical sections of propidium iodide–stained microsporangium of

serk1-1 serk2-1 at stages 8 to 10. Numbers indicate the three cell layers.

Arrowheads point to autofluorescence of the double mutant anther wall.

s, sporogenous cells; e, epidermis; en, endothecium; t, tapetum; mc,

middle cell layer; p, pollen; ms, microspores. Bars¼ 20 mm in (A) and (B)

and 10 mm in (C) to (G).

Figure 6. Expression of Tapetum-Specific Genes Is Strongly Reduced in

serk1 serk2.

(A) Semiquantitative RT-PCR analyses of ACT7, ATA7, MS1, LHT1, and

QRT3 expression in the wild type, serk1-1 serk2-1 (1), and serk1-2 serk2-1

(2). The number of PCR cycles (30 and 35) is indicated at the top.

(B) Quantification and normalization of RT-PCR signals to wild-type

levels for the indicated genes. Histograms are mean 6 SE. Numbers of

experiments are indicated for each condition.
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technical limitations of both approaches or a divergence be-

tween the abundances of SERK transcripts and SERK proteins.

Nevertheless, both studies gave a similar general expression

pattern for SERK1 and SERK2 in anthers; namely, at first, a wide

expression in the locules at early stages, including microspo-

rocytes, and later an expression restricted to surrounding cell

layers.

DISCUSSION

In this study, we report the characterization of redundant

SERK1 and SERK2 functions during organ development. The

combination of serk1 and serk2 mutations triggers male sterility

characterized by a lack of pollen production, showing functional

redundancy among these two LRR-K encoding SERK genes.

Figure 7. SERK1 and SERK2 Expression in Anthers.

(A) Semiquantitative RT-PCR analyses of ACT7, SERK1, and SERK2. The number of PCR cycles (30 and 35) is indicated at right. The primer pair used

for SERK1 was 1a and 1b, as illustrated in Figure 1A, and for SERK2, the primer pair was 2b and 2e from Figure 1A (Table 2). L, leaves; St, stem; Fl,

flowers; Si, siliques.

(B) and (C) Expression of GUS under the control of SERK2 promoter in stage 6 (B)and stage 9 (C) stamens.

(D) to (I) Expression of SERK1 ([D], [F], and [H]) and SERK2 ([E], [G], and [I]) in anthers examined by in situ hybridization in transversal sections. SERK1,

but not SERK2, is expressed in locules of stage 2 anthers ([D] and [E]). SERK1 and SERK2 are expressed widely in locules of stage 4 to 5 anthers ([F]

and [G]) and in the tapetum of stage 5 to 6 anthers ([H] and [I]). S, sepal; Ap, anther primordium; G, gynoecium; ep, epidermis; en, endothecium; t,

tapetum; mc, middle cell layer; MS, microsporocyte.

Bars ¼ 250 mm in (B) to (I).
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Confocal analyses of propidium iodide–stained microsporangia

showed that serk1 serk2 double mutant microsporangia con-

tained more microsporocytes than the wild type. However,

serk1 serk2 double mutants contained only three cell layers

surrounding themicrosporangia instead of the characteristic four

cell layers. High-resolution microscopic and molecular inves-

tigations showed that the missing cell layer is the tapetum. The

lack in tapetum development can explain the degeneration at

later stages of the sporogenous cells and the ensuing male

sterility.

serk1 serk2 Show Phenotypes Related to tpd1 and ems1/exs

serk1 serk2 double mutants exhibit a lack of development of the

tapetal cell layer. The lack of the tapetal cell layer is similar to

other mutants described as male sterile, which do not produce

any pollen because of either a tapetum function failure or its

absence. Previous tapetum ablation studies demonstrated that

the presence of the tapetum is essential for pollen production

(Koltunow et al., 1990; Mariani et al., 1990). The sporocyteless/

nozzle (spl/nzz) mutants are mutated in a nuclear factor neces-

sary for male and female sporangium development (Schiefthaler

et al., 1999; Yang et al., 1999). In spl/nzz, at a very early stage, the

anther wall fails to develop and microspores do not differentiate.

MS1 encodes a tapetum-expressed plant homeodomain-finger

transcription factor (Wilson et al., 2001; Ito and Shinozaki, 2002),

andNOEXINE FORMATION1 encodes an unknown protein likely

involved in lipid metabolism (Ariizumi et al., 2004). These two

genes seem to function in pollen feeding and maturation once

differentiation of the tapetal cell layer has occurred.

In contrast with the above mutations, ems1/exs and tpd1 are

phenotypically similar to serk1 serk2 double mutants: both fail to

produce pollen because of the lack of tapetal cell layer de-

velopment, and both produce more sporogenous cells that de-

generate after meiosis (Canales et al., 2002; Zhao et al., 2002;

Yang et al., 2003; Ma, 2005). In addition, ems1/exs exhibits

smaller embryos in mature seeds, a phenotype not observed in

serk1 serk2doublemutants (data not shown) and not reported for

tpd1 (Yang et al., 2003).

Themodel describing early anther development inArabidopsis

proposes that an early cell division separates sporogenous cells

from cells that differentiate into the three inner cell layers of the

anther wall (Canales et al., 2002; Zhao et al., 2002; Yang et al.,

2003, 2005; Ma, 2005). In ems1/exs and tpd1 anthers, the

precursors of tapetal cells develop into microsporocytes instead

of the tapetum (Zhao et al., 2002; Yang et al., 2003). This

suggests that EMS1/EXS and TPD1 proteins function in the

developmental fates of the tapetal precursors and likely not in the

mitotic processes leading to the physical separation of cell

layers. Our results on the serk1 serk2 double mutant support this

published model of position-dependent differentiation of tape-

tum cells and sporogenous cells (Ma, 2005). Nevertheless, an

alternative explanation could be that the developing tapetum

produces a signal to negatively regulate microsporocyte pro-

liferation. In this later model, serk1 serk2 mutants that lack the

tapetal cell layer would have as a secondary phenotypic trait an

altered number of microsporocytes triggered by a cell-to-cell

communication failure. Time-dependent cell lineage studies

using cell type–specific markers and confocal microscopy may

help to further analyze these two hypotheses.

Confocal analyses of wild-type anthers in this study showed

that the middle cell layer persisted throughout stage 10 as a flat

cell layer surrounding the tapetum (Figure 5). Previous findings

show middle cell layer degeneration at stages 6 and 7 (Sanders

et al., 1999). Confocal microscopy may enhance resolution or

growth, and other experimental conditionsmay slightly affect the

stage of degeneration. The inner cell layer in serk1 serk2 double

mutants (3 in Figure 5B) never became flat, indicating either that

the flattening may be a mechanical consequence of tapetum

development or that the inner cell layer of the mutant is not

comparable to cell layer 3 of wild-type anthers. Further analyses

of the flattening of themiddle cell layer identified heremay lead to

new insights into mechanisms during anther development and

functions of SERK1 and SERK2.

Whereas several genes have been identified showing specific

expression in the tapetal cell layer, no genes have been identified

that are specifically expressed in the middle cell layer or the

endothecium, two cell layers with still unknown functions.

Table 2. Primers Used for RT-PCR

Primer Name (AGI)a Sequence (from 59 to 39)

1a (At1g71830) GCCGAAGAAGATCCAGAAGTTCATC

1b (At1g71830) TCCGCGTTGGCCAATCAAGCGGAGG

1c (At1g71830) TTACCTTGGACCAGATAACTCAACGGCG

2a (At1g34210) GTCTGCTTAATCTCACTGCTTCTTCTG

2b (At1g34210) GCCGAAGAGGACCCTGAGGTTCACT

2c (At1g34210) AGTACTGCAAGTTCTTGAGCTGACCTAG

2d (At1g34210) GTCAATGACATGGGAATTGGTCC

2e (At1g34210) TCTTATTGACCAGGCTAGAGGCAAC

ATA7-F/ATA7-R (At4g28395) TCACCTTCGCTAGCTAGTGTA/GTTACAAGGCTTCCCTTC

QRT3-F/QRT3-R (At4g20050) GAGTCTAATGGTGAGTCAAGTGGTCTTC/GCACGCCGGACAATAAGTTAGCTTGTC

MS1-F/MS1-R (At5g22260) GAGCCCATCGAAGCCTCTCTCAATCTC/GACTCTTTTCAGTGACTCTATGACCACT

LHT1-F/LHT1-R (At1g24400) ATGGGGAACAGTGAAATGTCAGCGAG/CACATTGGGACCTTGGATGGCATCTC

ACTIN7-F/ACTIN7-R (At5g09810) GGCCGATGGTGAGGATATTCAGCCACTTG/TCGATGGACCTGACTCATCGTACTCACTC

aAGI, Arabidopsis Genome Initiative.
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Identification of cell layer–specific expression markers would

greatly help to characterize the serk1 serk2 phenotypic class of

mutants. Expression analyses of the tapetum-specific genes

ATA7, MS1, QRT3, and LHT1 provide molecular evidence that

the missing cell layer in serk1 serk2 is the tapetum (Figure 6; see

Supplemental Figure 1 online).

SERK Genes and Functional Redundancy

We show a largely overlapping pattern of expression of SERK1

and SERK2 genes within the locules of developing anthers

(Figure 7). In addition, using a SERK2-green fluorescent protein

fusion, we detected a large fraction of SERK2 protein in the

plasmamembrane and additional expression in endomembranes

(data not shown). Nevertheless, expression analyses show that

both SERK genes are expressed more widely in Arabidopsis, for

example, in ovules (data not shown) and in leaves (Figure 7).

Whereas serk1 serk2 double mutants showed an anther-specific

phenotype and did not clearly affect other aspects of growth or

development analyzed in this study, the SERK1 and SERK2

genes aremore broadly expressed (Figure 7A; see Supplemental

Figure 1 online). Themale sterile phenotype of serk1 serk2double

mutants may also limit the resolution of further developmental

phenotypes.OverexpressionofSERK1haspreviously beenshown

to enable somatic embryogenesis in culture (Schmidt et al.,

1997; Hecht et al., 2001). BothSERK1 andSERK2 transcripts are

expressed in guard cells (Leonhardt et al., 2004), but double

mutants showed no stomatal development or signal response

phenotypes (data not shown). Thus, the SERK proteinsmay have

other functions in planta, but either the corresponding pheno-

types are weak or are masked by genetic redundancies with

other LRR-Ks of the same subfamily II that has 14 members or

by functional redundancies with other proteins and network

pathways.

Do LRR-Ks of the Families II and X Function as Complexes?

The phenotypic similarities of tpd1, ems1/exs, and serk1 serk2

mutants suggest that SERK1 and SERK2 could function in

coordination with the ems1/exs and TPD1 gene products during

anther development. LRR-Ks are thought to interact with each

other in a specificmanner (Dievart et al., 2003; Shpak et al., 2003;

Wang et al., 2005b). The involvement of two LRR-K classes in the

same developmental process is intriguing, and interaction be-

tween those two LRR-K proteins could occur during anther

formation to constitute a functional receptor. Independent find-

ings support this hypothesis. Like BAK1/SERK3, SERK2 and

SERK1 belong to the LRR II subfamily (Hecht et al., 2001). BAK1/

SERK3 was shown to interact with BRI1, an LRR-RLK belonging

to the LRR X subfamily, to constitute a functional brassinosteroid

receptor complex (Li et al., 2002; Nam and Li, 2002; Wang et al.,

2005a) with the extracellular domain of BRI1 functioning as

a brassinolide binding protein (Kinoshita et al., 2005). Interest-

ingly, like BRI1, the EMS1/EXS protein is a member of the LRR-K

X subfamily. Consequently, it is tempting to suggest a model in

which RLKs of the LRR-X (BRI1/EMS1/EXS) subfamily can in-

teract with specific members of the LRR II (SERK/BAK1) sub-

family, giving rise to functional perception systems in plants.

Albrecht et al. (2005) have independently identified serk1 serk2

double mutants as lacking the tapetal cell layer and also show

SERK1 and SERK2 functions during anther development.

METHODS

Plant Growth Conditions and Mutant Line Genotyping

Arabidopsis thaliana plants (ecotype Columbia 0) were grown in a Con-

viron growth chamber in plastic pots filled with ready-to-use soil (Pro-

fessional Blend). After sewing, pots were kept at 48C for 4 to 7 d. Growing

conditions were 228C and 75% humidity with a 16-h-light/8-h-dark

photoperiod regime at ;75 mE�m2�s�1.

serk2-1 (Salk_058020), serk1-1 (Salk_044330), and serk1-2 (Salk_053021)

alleles of the At1g34210 and At1g71830 genes were obtained from the

Signal Collection at the Salk Institute. Genotyping PCR reactions for single

and double mutants were performed using 59-GTCTGCTTAATCTCAC-

TGCTTCTTCTG-39/59-GTCAATGACATGGGAATTGGTCC-39 and 59-GAG-

CTACAAGTGGCGAGTGATGG-39/59-CGACGCTGTTTCGCTTTTGTG-39

primer pairs for SERK2 and SERK1, respectively, which were mixed with

LBa1 (59-TGGTTCACGTAGTGGGCCATCG-39) primers of the T-DNA to

genotype plants in one reaction. Because both homozygous mutations in

the double mutants led to a sterile phenotype, the segregating progenies

of homozygous plants for one locus and heterozygous for the other locus

were analyzed.

Plant Expression and Transformation

For the SERK2 gene promoter reporter fusion, a 3.3-kb fragment of the

SERK2 locus was PCR amplified using 59-CCAGATCCGAATCG-

GACTCTTAAGCTGCAC-39/59-CCATGGACCAAAAAAAAGCAAATTTCT-

CCTCCCAG-39primers, introducing aNcoI site (underlined) and cloned in

pGEM-T easy (Promega). A 1.5-kb fragment was subcloned in pCAM-

BIA1303 (CAMBIA) using EcoRI and NcoI sites. For GUS activity assays,

inflorescences were incubated in 80% acetone for 30 min at room

temperature, washed three times with 50 mM phosphate buffer/0.1%

Triton X-100, and incubated in the same buffer supplemented with

1 mg�mL�1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid overnight

at 378C. For cross sections, inflorescences were then fixed in FBA for 4 h

then dehydrated with increasing ethanol solutions. Ethanol was progres-

sively replaced by Histoclear II (National Diagnostics) and Histoclear II by

Paraplast Embedding Media (Sigma-Aldrich). Eight-micrometer sections

were stainedwith Toluidine blue (0.5% for 30 s) andmounted in Permount

(Fisher Scientific).

For genomic complementation, a 6129-bp fragment was PCR ampli-

fied from the F23M19 BAC clone using the 59-CTCGAGAATATTGG-

TATGTGTTGTGTTCACGTGAG-39/59-CTCGAGCCG TCTGAGAACCCT-

TTCCATGCTCCCTC-39 pair of primers (the introduced XhoI site is

underlined), cloned in pCR-Blunt (Invitrogen), and sequenced. This

fragment was then subcloned using XhoI in pGREENII-0229 (Hellens

et al., 2000). After confirmation by restriction digest, Arabidopsis trans-

formation was performed by floral dipping with Agrobacterium tumefa-

ciens carrying pSOUP and the SERK2 genomic construct as previously

described (Clough and Bent, 1998). Because serk1-1 serk2-1 plants were

unable to produce seeds, we transformed the progeny of a serk1-1/

SERK1 serk2-1/serk2-1 plant. Transformants were identified by Basta

selection and genotyped by PCR as described above in order to identify

the homozygous serk1-1 serk2-1 plants.

Expression Analyses

Total RNAs were extracted using Trizol and quantified by absorption and

migration of an aliquot on a gel. For RNA gel blots, total RNA was
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separated in a denaturing formaldehyde-agarose gel and blotted to

a Hybond Nþ membrane (Amersham Pharmacia). Blots were hybridized

with random-priming 32P-labeled probes (Megaprime DNA labeling

system; Amersham Pharmacia). Full-length SERK2 ORF probe was am-

plified by PCR from a plasmid containing SERK2ORF using 59-ATGGGG-

AGAAAAAAGTTTGAAGCTTTTGGTTTT-39/59-TTATCTTGGACCAGAC-

AACTCCATAGC-39 primers. ACTIN7 probe was amplified by PCR from

cDNA using 59-GGCCGATGGTGAGGATATTCAGCCACTTG-39/59-TCG-

ATGGACCTGACTCATCGTACTCACTC-39. PCR fragments were purified

using the QIAEX II kit (Qiagen).

For RT-PCR, 10 mg were treated with RNase-free DNase using the

DNA-free kit (Ambion) and used to produce cDNA. Thirteen microliters of

DNA-free RNA (0.77 mg�mL�1) were incubated for 5 min at 708C with

oligo(dT) and chilled on ice before adding 0.5mLRNase inhibitors (RNAsin

Plus; Promega), deoxynucleotide triphosphates to a final concentration of

0.5 mM each, M-MLV reverse transcriptase buffer, and 200 units of

M-MLV reverse transcriptase (Promega) in a final volume of 25 mL. The

cDNAmixes were incubated for 2 h at 378C, diluted five times, and kept at

�208C prior to use. For each experiment, 5 mL of the cDNAs were used

per reaction, and PCR premixes were carefully done to avoid bias be-

tween samples for a final volume of 50 mL per reaction. Five-microliter

samples were amplified for 20, 25, 30, and 35 cycles. DNA quantifications

were performed for nonsaturating conditions using Adobe Photoshop

software. Primers used for RT-PCR are described in Table 2.

In situ hybridization was performed as described previously (Dinneny

et al., 2004). The SERK1 and SERK2 antisense probes were transcribed

using SP6 RNA polymerase (Promega) on M13F/M13R PCR fragments

amplified from pGEM-T easy containing the SERK ORFs in the proper

orientation.

Microscopic Phenotyping of Anthers

Flowers of wild-type and double mutants were incubated for 1 h in

Alexander’s solution (Alexander, 1969) and then cleared in Herr’s solution

(Herr, 1971) for 2 h. Cross sections were prepared as described for GUS

lines. Differential interference contrast pictures were taken from Herr-

cleared young buds using an invertedmicroscope (Nikon TE300) coupled

to a digital camera (Nikon D100).

For confocal observation of nuclei, plants were fixed and stained with

propidium iodide as described previously (Laufs et al., 1998). Develop-

ment stages of anthers were defined in accordance with Sanders et al.

(1999). Data were acquired using an invertedmicroscope (Nikon TE2000-

U) set up with a QLC100 Dual Nipkow spinning disk (Solamere Technol-

ogies), an argon laser (LaserPhysics), and a CCD camera (Photometrics

CoolSNAP HQ) controlled by Metamorph software (Universal Imaging).

Laser excitation was 488 nm and emission 600 or 510 nm for propidium

iodide and autofluorescence background, respectively. The number of

microsporocytes was determined using confocal microscopy on propi-

dium iodide–stained stamens at premeiotic stages. Z-stacks with 0.7- to

1-mm intervals were recorded, including wholemicrosporangia, and used

to count the typical microsporocyte nuclei. To avoid a positional artifact

between external and internal microsporangia of the same stamen, both

were systematically measured.

Accession Numbers

Arabidopsis Genome Initiative numbers for SERK1, 2, and 3 are

AT1G71830.1, AT1G34210.1, and AT4G33430.1, respectively.

Supplemental Data

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

Supplemental Text 1. Expression Correlation of SERK Genes.

Supplemental Figure 1. SERK1 and SERK2 Expression Levels

Correlate with Tapetum Markers.
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