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ABSTRACT

The Signal Peptide Peptidases (SPP) are members of the Intramembrane Cleaving Proteases, which are
involved in an array of protein-processing and intracellular signaling events in animals. Arabidopsis
(Arabidopsis thaliana) has six genes encoding SPP-like proteins, the physiological functions of which are
unknown. As a first step in defining the roles of the SPPs in plants, we examined the distribution and
activities of Arabidopsis SPP (AtSPP; accession no. At2g03120), the SPP-like gene with the highest degree
of similarity to human SPP. The protease is expressed at low levels throughout the plant, with the highest
levels in emerging leaves, roots, and floral tissues. Homozygous plants carrying a T-DNA insertion
mutation in AtSPP, spp-2, could not be recovered, and transmission of the mutant allele through pollen
was reduced to less than 2% in reciprocal cross experiments. Although viable, pollen from spp-2
heterozygous plants exhibited a 50% reduction in germination rate and a disruption in male germ unit
organization. These data demonstrate that AtSPP is required for male gametophyte development and
pollen maturation in Arabidopsis.

Intramembrane Cleaving Proteases (I-CLiPs) are a family of integral membrane proteases involved in a
wide array of protein-processing and intracellular signaling events (Golde and Eckman, 2003; Weihofen

and Martoglio, 2003). The I-CLiPs include aspartyl proteases (e.g. presenilin), metalloproteases (e.g.

site-2 protease), and Ser proteases (e.g. Rhomboid). Regulated intramembrane proteolysis involving
I-CLiPs is an essential step in many cellular and developmental processes in animals, including
cholesterol homeostasis, Notch signaling, the unfolded protein response, and the pathogenesis of
Alzheimer's disease (Brown et al., 2000). Although the functions of several I-CLiPs are well established in
animal systems, their roles in plants have not been extensively investigated (Kanaoka et al., 2005).

One class of I-CLiPs is exemplified by Signal Peptide Peptidase (SPP; also PSH and IMPAS), an
endoplasmic reticulum (ER)-resident protease that cleaves certain signal peptides after they have been
released from proteins entering the secretory pathway (Grigorenko et al., 2002; Weihofen et al., 2002).

Since the signal peptide fragments are then released from the ER membrane, one function of SPP simply
may be to prevent the accumulation of signal peptides in the ER membrane. However, a growing body of
evidence implicates SPP family members in regulated intramembrane proteolysis, because their
proteolytic products have downstream functions in signaling and protein trafficking. For example,
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cleavage by SPP is a required step in generating human lymphocyte antigen E epitopes from the signal
peptide of major histocompatibility complex class I proteins (Lemberg et al., 2001). Two other SPP-like

proteins, SPPL2a and SPPL2b, promote cleavage of tumor necrosis factor-a at the cell surface (Fluhrer et
al., 2006; Friedmann et al., 2006). Thus, the SPP family plays essential roles in immune surveillance and

response. SPP also appears to be involved in protein processing and quality control at the ER. SPP is
exploited by hepatitis C virus to process an internal signal peptide and release the viral coat protein to the
cytosol (McLauchlan et al., 2002). A recent cross-linking study showed an association between SPP and

unassembled opsin fragments, suggesting a role for SPP in quality control of polytopic membrane proteins
(Crawshaw et al., 2004). Other recent data implicate SPP in US2-mediated dislocation and degradation of

class I major histocompatibility complex heavy chains from the ER membrane (Loureiro et al., 2006),

suggesting a role for SPP in ER-associated protein degradation.

Human SPP is an integral membrane protein with seven transmembrane segments, oriented such that its
N terminus is lumenal and its C terminus is cytosolic. SPP is an aspartic protease and, consistent with the
enzyme's ability to catalyze intramembrane cleavage, the two active site Asp residues are located in the
middle of adjacent transmembrane domains. The active site of SPP is similar to that of presenilin, and the
two enzymes have overlapping inhibitor sensitivities. Numerous SPP-like proteins have been identified in
humans and other animals, and they all share certain structural features: (1) they are predicted to be
polytopic integral membrane proteins; (2) they contain the conserved active site motifs YD and LGLGD;
and (3) they contain a conserved sequence of unknown function, QPALLYxxP (Weihofen et al., 2002).

Several recent studies have used genetic approaches to examine the physiological functions of SPP in
various animal models. Knockdown of SPP in zebrafish embryos led to cell death within the nervous
system (Krawitz et al., 2005). RNA interference of the SPP ortholog in Caenorhabditis elegans resulted in

a set of developmental defects similar to those caused by disruption of lipid steroid homeostasis and
signaling (Grigorenko et al., 2004). An SPP ortholog is also necessary for normal development in

Drosophila melanogaster (Casso et al., 2005). Although in each case loss of SPP led to relatively specific

defects in various organs and processes in these diverse animals, the specific biochemical pathways or SPP
substrates involved have not yet been defined.

The SPP family is conserved across all multicellular eukaryotes examined, including plants. Arabidopsis
(Arabidopsis thaliana) contains six potential genes encoding SPP-like proteins (Ponting et al., 2002;
Friedmann et al., 2004; Tamura et al., 2008). A recent study showed that AtSPP, the Arabidopsis protein
most closely related to human SPP, and five other SPP-like genes are differentially expressed in

Arabidopsis and that their proteins are differentially localized in subcellular organelles (Tamura et al.

2008). However, the roles of these proteases in cell signaling and development in plants are unknown. In
this report, we provide evidence that one member of this family, AtSPP, is highly expressed in pollen,
developing ovules, endosperm, and developing vegetative tissues. Consistent with the expression profile,
we provide genetic evidence that AtSPP activity is essential for pollen maturation and germination. These
data demonstrate a critical role for AtSPP in pollen germination and reveal important roles for the SPP
family of proteases in plant reproduction.

RESULTS

Expression Profile of AtSPP

As a first step in defining the functions of the SPP-like genes in Arabidopsis, we focused our attention on
the gene most closely related to human SPP (Fig. 1A; Weihofen et al., 2002). This gene, At2go3120, was

previously designated AtSPP by Tamura et al. (2008). AtSPP is predicted to encode an integral membrane

protein of the ER with an N-terminal signal sequence. Subcellular fractionation and fluorescence
localization data have confirmed its ER localization (Tamura et al., 2008). To examine the processing and
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localization of AtSPP in vivo, we transformed wild-type Arabidopsis plants with a gene expressing AtSPP
fused to two tandem Flag epitope tags (Hopp et al., 1088) inserted upstream of the putative ER
localization signal (Fig. 1A; AtSPP-Flag, 41 kD). This construct was placed under the control of the

putative AtSPP native promoter (i.e. a 1-kb fragment of intragenic sequence upstream of the At2go3120
transcriptional start site). To determine whether AtSPP is processed in vivo, we compared the size of
AtSPP-Flag expressed in vivo in transgenic plants with that of in vitro translated AtSPP-Flag (Fig. 1B) by
immunoblotting with anti-Flag antibodies. Both proteins exhibited the same mobility on SDS-PAGE,
supporting the conclusion that AtSPP is not processed upon insertion into the ER membrane. It should be
noted that, unlike human SPP, AtSPP lacks apparent consensus N-linked glycosylation sites (Asn-Xaa-
Ser/Thr triplet) within its primary structure (Ronin et al., 1978a, 1978b).

To determine the tissue distribution of AtSPP expression, we created transgenic lines carrying the GUS
gene fused to the putative promoter region of AtSPP. Faint GUS staining was observed in most tissues
throughout the plant, with somewhat stronger staining in emerging leaves and especially intense staining
in the stipules, roots, flowers, and vasculature of leaves (Fig. 2, A—F). To confirm the GUS staining results,
we estimated the relative abundance of transcript from the endogenous AtSPP gene in various organs
using comparative reverse transcription (RT)-PCR with 18S rRNA as our internal control (Fig. 2G). Root,
cotyledon, and emerging leaves were dissected from 77-d-old seedlings. Mature leaves, stems, flowers, and
siliques were collected from mature plants at least 3 weeks old. AtSPP transcript levels were highest in
emerging leaves, flowers, and roots, with moderate levels detected in other tissues. These results are
generally consistent with microarray data available online (https://www.genevestigator.ethz.ch/). For

example, developmental data from the AtGenExpress project (Schmid et al., 2005) also showed that
AtSPP transcript levels were highest in root, shoot apex, carpel, and stamen/pollen as well as in stage 6
and 7 seeds.

To examine the distribution of AtSPP protein, we immunoblotted total protein extracts from wild-type
plants expressing AtSPP-Flag with anti-Flag antibody. Plant material was harvested at a similar stage of
plant development as that used for RT-PCR. The AtSPP signals were strongest in emerging leaves and
flowers, with lower levels of protein detected in roots of 7-d-old seedlings (Fig. 2H). A faint signal also was
seen in cotyledons, mature leaves, and siliques, with no detectable protein in stem extracts. These results
were in general agreement with the mRNA levels, although the protein expression data suggested a more
significant difference in AtSPP expression in different tissues.

T-DNA Insertion Mutants in AtSPP

The tissue expression profile of AtSPP suggested that this gene might play a specialized role in roots and
developing tissues, such as emerging leaves and reproductive tissues. To further explore the function of
AtSPP, we characterized two AtSPP T-DNA insertion lines in the Columbia (Col-0) ecotype, obtained from
the Arabidopsis Biological Resource Center (ABRC). The first T-DNA line, WiscDsLox 331C12

(http://www.hort.wisc.edu/krysan/DS-Lox/; http://signal.salk.edu/cgi-bin/tdnaexpress) or spp-2, was
identified by a BLAST search of available T-DNA border sequences using the AtSPP genomic sequence.

Although the annotation of this insertion does not reference the At2go3120 locus, our analysis indicated
that it contains tandem repeated copies of the T-DNA inserted in the last exon of the gene (Fig. 3, A and B
). Therefore, this line appears to be misannotated in the databases. This line was backcrossed with Col-0
wild-type plants to eliminate any additional T-DNA insertions that are unrelated to the T-DNA insertion
in At2go3120.

Genomic PCR with gene-specific and T-DNA-specific primers confirmed the presence of normal and
T-DNA-disrupted alleles (Fig. 3C, compare lanes 4 and 8) in spp-2 heterozygous plants. RT-PCR
demonstrated that the spp-2 heterozygotes produce, in addition to the normal AtSPP transcript (Fig. 3C,
lane 6), an aberrant transcript that includes most of the coding region of AtSPP and extends into the
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T-DNA (Fig. 3C, lane 2). If translated, this transcript would produce a protein that is missing the last
seven amino acids of AtSPP, including a putative ER retention signal (Fig. 1A), and has an additional 29
amino acids derived from the T-DNA sequence.

The second T-DNA insertion line, SALK_ 098736 (Alonso et al., 2003), contains a T-DNA insertion in the
putative promoter region of AtSPP, 40 bp upstream of the predicted transcriptional start site (Fig. 3A).
The expected PCR product was amplified from DNA extracted from SALK_098736 heterozygous plants

using a primer for the left border of the T-DNA and a gene-specific primer upstream of the insertion site
(data not shown). However, no product was generated from the right border side of the T-DNA insertion
in this line. Southern-blot analysis indicated the likelihood of a deletion or chromosomal rearrangement
in this region of the inserted allele (data not shown; Bonhomme et al., 1998; Tax and Vernon, 2001).
Analysis of SALK_098736 indicated that it exhibited fertility defects, and homozygous SALK_ 098736
plants were not recovered (data not shown). However, we were unable to complement these phenotypes

by transgenic expression of AtSPP using constructs that complemented spp-2 phenotypes (data not
shown; see below). These observations suggested that the phenotypes resulting from the T-DNA insertion
in SALK_098736 could not be attributed solely to AtSPP. As a result, we did not further characterize this
insertion line.

T-DNA Insertion Causes a Male Gametophyte Defect in spp-2

Heterozygous spp-2 individuals (+/spp-2) appeared normal, but no homozygotes were recovered based
on PCR genotyping (Table I), indicating that very few, if any, homozygous embryos were viable (Drews et
al., 1998). Segregation analysis of the spp-2 allele (conferring basta resistance) indicated that 52.4% of the
progeny of heterozygous plants were basta resistant, compared with the expected 75% resistance expected
for a nonlethal allele or the 66.6% resistance expected for an embryo-lethal allele. These data suggested a
potential gametophytic defect in the T-DNA mutant line (Drews and Yadegari, 2002). To determine

whether the defect in the spp-2 mutant was associated with the male or female gametophytes, or both, we
performed reciprocal crosses of spp-2 heterozygotes with wild-type plants (Table I). When spp-2
heterozygotes served as the male parent, the transmission efficiency was only 1.6%. The progeny of
outcrosses using spp-2 heterozygotes as the female recipient showed a transmission efficiency of 95.2%,
indicating no significant female gametophytic defect. This result indicated that pollen carrying the mutant
allele was nearly completely defective. Thus, the inability to recover spp-2 homozygous plants appeared to
be due to a severe defect in male gametophyte development or function. The fact that spp-2 homozygotes
cannot be recovered suggested that the aberrant transcript generated in the T-DNA line (Fig. 3C) is not
translated or generates a mislocalized or dysfunctional protein.

More detailed studies of AtSPP expression in male gametophytic tissues were consistent with a role for the
protease in pollen development and function. Analysis of expression of the AtSPP promoter-GUS
transcriptional fusion in the anthers of transgenic plants demonstrated expression in intact (Fig. 4A) and
sectioned (Fig. 4B) pollen grains. Comparative RT-PCR analysis of RNA isolated from whole flowers and
purified pollen from wild-type plants indicated that AtSPP mRNA levels are similar in both samples (

Fig. 4D). mRNA levels in these tissues are significantly higher than in leaf tissue (Fig. 4E, top), but AtSPP
expression is less tissue-specific than that of the pollen-specific marker, AtTIP5;1, or a photosynthesis
gene not expressed in pollen, CAB2. The high levels of expression of AtSPP in flowers and pollen relative
to leaf tissues were confirmed by immunoblotting of protein extracts from plants expressing AtSPP-Flag
under the control of the AtSPP promoter (Fig. 4F).

We transformed plants with an AtSPP construct containing the GFP (AtSPP-GFP) inserted just upstream
of the putative ER retention signal to examine the subcellular distribution of AtSPP in pollen. GFP
fluorescence in pollen from AtSPP-GFP plants exhibited a reticular pattern (Fig. 5A). The pattern was
distinct from the diffuse cytoplasmic and nuclear signal when GFP was expressed under the control of the
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LAT52 pollen-specific promoter (Fig. 5E). Furthermore, the reticular AtSPP-GFP signal appears to move
from the pollen body into the growing pollen tube (Fig. 5, B—D), whereas GFP alone is distributed evenly
throughout the body and tube of germinated pollen (Fig. 5, F—H). Taken together, the results in Figures 4
and 5 were consistent with the high expression levels and ER localization of AtSPP in pollen.

Pollen Produced by spp-2 Heterozygotes Showed Poor Germination

To determine the basis of the male defect conferred by the spp-2 allele, we first examined the viability and
morphology of pollen shed from heterozygous plants. Col-0 wild-type plants and wild-type siblings from
the spp-2 heterozygous line were used as controls. Using Alexander stain to score pollen viability, there
was little difference between spp-2 heterozygote pollen and that from the wild-type controls (

Fig. 6, A and B; 98.7% and 99.0% viability, respectively). A detached pistil assay (Lalanne et al., 2004)

was used to measure the germination rate of pollen from spp-2 heterozygotes (Fig. 6, C and D). Despite
the normal appearance of the mutant pollen, they showed a significantly lower rate of germination (47%)
compared with that of wild-type pollen (81%) within the 2 h of the assay (P < 0.01; Fig. 6, C—E). Assuming
that half of the pollen from the heterozygote was wild type and germinated at the normal rate, these data
implied that the mutant pollen accounts for the approximately 50% reduction in germination rate in
+/spp-2 plants (Fig. 6E). A large proportion of ungerminated pollen grains from spp-2 heterozygotes
polarized but failed to germinate, showing intense aniline blue fluorescence at one side of the grain (

Fig. 6D, arrowheads). This result suggested that many of the ungerminated pollen grains of the mutant
were viable and able to respond to stigma signals but were retarded or unable to proceed further in the
germination process within the 2 h of the assay. The germination defect is likely to account for the
extremely low transmission efficiency of the spp-2 allele (Table I).

Genetic Complementation of spp-2 Plants

In order to confirm that the male defect in spp-2 is due to disruption of AtSPP, genes encoding AtSPP,
AtSPP-Flag (Fig. 2), or AtSPP-GFP (Fig. 5) under the control of the AtSPP native promoter were
introduced into +/spp-2 plants by pollinating +/spp-2 with the pollen from transgenic plants expressing
each transgene. Segregation analysis of the F2 generation from the crosses demonstrated that AtSPP,
AtSPP-Flag, or AtSPP-GFP expression increased the ratio of basta-resistant to basta-sensitive progeny,
indicating complementation of the spp-2 allele (Table II). Homozygous spp-2 plants were recovered in
each of the three lines, as demonstrated by PCR genotyping of the progeny from transformed +/spp-2
plants (Fig. 7, lane 2). These data confirmed that the male gametophyte defect in the spp-2 lines was due
to a defect in AtSPP function. Furthermore, these data validate the expression and localization studies
using AtSPP-Flag and AtSPP-GFP lines that are presented in Figures 2, 4, and 5.

The Organization of the Male Germ Unit Is Disrupted in +/spp-2

During our analyses of pollen structure and viability in the +/spp-2 plants, we frequently observed
abnormal nuclear morphology in pollen stained with 4’,6-diamidino-2-phenylindole (DAPI) solution. In
tricellular pollen species such as Arabidopsis, two consecutive mitotic events (pollen mitosis I and II)
following meiosis give rise to three cells within each pollen grain. These correspond to a single, round
vegetative nucleus and two small sperm cells each containing an additional nucleus. These three

structures constitute the male germ unit (MGU; Matthysrochon et al., 1987). Normal pollen exhibit a less
densely stained vegetative nucleus and two densely stained sperm nuclei (Fig. 8, A and D), which are
centrally located within the grain. Interestingly, the pollen population in +/spp-2 showed a high

frequency of abnormal nuclear morphology (Fig. 8, B, C, E, and F). The vegetative nuclei were malformed
or stretched, with displacement of the two sperm cells (Fig. 8, B and E), or the entire MGU was
mislocalized to the pollen periphery (Fig. 8, C and F). Those phenotypes were similar to the previously
reported gum (for germ unit malformed) and mud (for MGU displaced) mutants (Lalanne and Twell
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2002). Consequently, we refer to the spp-2 phenotypes as gum-like and mud-like (Fig. 8, B, C, E, and F;
Table IIT). Quantification of the nuclear defects (Table III) indicates that approximately 50% of pollen
grains from +/spp-2 plants were affected, with the majority of abnormal pollen exhibiting a mud-like

phenotype (displaced MGU). However, there was a minor difference between the mud-like phenotype of
+/spp-2 and the previously described mud mutants. In the case of +/spp-2, the vegetative nucleus in the
MGU was positioned closer to the pollen periphery than the sperm cells (Fig. 8, C and F). By contrast, the
vegetative nucleus of mud mutants was positioned inward, with the sperm cells more closely apposed to
the pollen periphery (Lalanne and Twell, 2002).

To confirm that the gum-like and mud-like phenotypes were due to the disruption of AtSPP, we tested
whether the phenotypes were attenuated in spp-2 plants complemented with AtSPP-Flag or AtSPP-GFP.
The frequency of gum-like and mud-like phenotypes was reduced to 2.8% and 16.3% in the
spp-2:AtSPP-Flag and spp-2:AtSPP-GFP lines, respectively (Table III). These results demonstrated a
direct correlation between AtSPP disruption and the gum-like and mud-like mutant phenotypes in spp-2
pollen.

The approximately 50% incidence of the gum-like and mud-like phenotypes in +/spp-2 pollen suggested a
gametophytic rather than a sporophytic defect in pollen development (Table III). To test this, we
performed tetrad analysis of +/spp-2 plants that had been crossed with the quartet1 (qrt1) mutant (Preuss
et al., 1994; Johnson-Brousseau and McCormick, 2004). In the grt mutant, all four microspores remain

attached during meiosis. If the ratio of normal to affected pollen in each quartet is close to 2:2, the effect
must be gametophytic. A biased ratio of defective to normal pollen in the tetrads would indicate a
sporophytic defect that affects the development of pollen rather than a pure gametophytic defect
(Johnson-Brousseau and McCormick, 2004). After crossing the two lines, we selected plants that were

grti/qrti and +/spp-2. We quantified the mutant phenotype in pollen from these plants. As expected,
72.2% of total intact quartets exhibited the mutant phenotypes, with a 2:2 ratio of normal to abnormal
(i.e. mud-like or gum-like) pollen in each tetrad (Fig. 9, B—E). Therefore, the tetrad analysis strongly
suggested that the gum-like and mud-like phenotypes resulting from the mutation in AtSPP are the
results of a gametophytic defect.

The gum and mud phenotypes began to appear after pollen mitosis II and increase during pollen
maturation (Lalanne and Twell, 2002). We examined the frequency of the mutant phenotypes in +/spp-2

(Fig. 10C) or wild-type (Fig. 10B) pollen over the time course of pollen development to determine the
stage that the mud-like and gum-like phenotypes appeared in the AtSPP mutant (Fig. 10). The gum-like
phenotype first appeared at the early tricellular stage (-2 stage) and increased up to a maximum of
approximately 20% of mature pollen (Fig. 10C). The appearance of the mud-like phenotype began at the
late tricellular stage (-1 stage) and continued to increase to approximately 25% of mature pollen (+1
stage; Fig. 10C). The onset of each mutant phenotype during pollen maturation is similar to that observed
for the gum and mud mutants, suggesting that the AtSPP defect and the mud and gum mutations affected
a similar stage in male gametophyte development (Lalanne and Twell, 2002). Wild-type pollen appeared

to develop normally, although a low frequency of the gum-like phenotypes appeared transiently at a low
frequency (approximately 10%) during the late tricellular stage of pollen development (Fig. 10B). This
morphology disappeared at pollen maturation (Fig. 10B).

DISCUSSION

In this study, we investigated the expression and physiological function of AtSPP in Arabidopsis. There is
a family of six related SPP genes in Arabidopsis with similarity to human SPP (Tamura et al., 2008).
AtSPP (At2g03120) is the most likely ortholog of human SPP in Arabidopsis; it is the most closely related
SPP at the amino acid sequence level and contains a potential ER retention signal (Fig. 1). SPPL (for

SPP-like) family members are also present in other plants and appear to fall into three broad classes: (1)
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those with similarity to HsSPP; (2) those with similarity to HsSPPL3 (e.g. AtSPPL1); and (3) N-terminally
extended SPPLs (e.g., AtSPPL2—AtSPPL5; Tamura et al., 2008). In this study, we focused on the
characterization of AtSPP in Arabidopsis.

Tamura et al. (2008) demonstrated that AtSPP is an ER protein biochemically and showed that
GFP-tagged AtSPP is localized at the ER. Similar to human SPP (Friedmann et al., 2004), the predicted
signal peptide of AtSPP does not appear to be processed upon entry to the ER. However, unlike human
SPP, AtSPP does not have any predicted sites for N-linked glycosylation, and the similar mobility of in
vivo expressed versus in vitro expressed AtSPP-Flag also indicates that the protein is not glycosylated (

Fig. 1).

Analysis of the spp-2 T-DNA insertion line indicated that AtSPP performs an essential function in
Arabidopsis. The pollen phenotype of spp-2 heterozygotes indicated that AtSPP is specifically required for
pollen development and germination. Consistent with a role in post-pollination events such as
gametophyte development and pollen tube elongation, a microarray study of gene expression during
pollen development showed that AtSPP clustered with other genes expressed late in development (cluster
6; Honys and Twell, 2004). There are many dynamic changes in the cytoplasm of pollen during

development (Yamamoto et al., 2003), and germinating pollen and pollen tubes are very active in

secretion (Tung et al., 2005). Thus, pollen would be expected to be especially sensitive to disruption of the

secretory pathway. spp-2 might be affected in secretory function or in the processing of an essential
membrane component, resulting in disruption of pollen germination (Cheung, 1995; Nasrallah, 2000;

Swanson et al., 2004). Interestingly, we found that +/spp-2 pollen has a defect in organizing the MGU

during pollen development. Although the mechanism of the defect remains unclear, we hypothesize that
the spp-2 mutation causes developing pollen to arrest in a late stage of development (Fig. 10). The pollen
is viable but fails to mature to a stage that allows proper germination during fertilization.

The MGU defect in spp-2 pollen was very reminiscent of the mud and gum phenotypes described
previously by Lalanne and Twell (2002). The genes carrying the mud and gum mutations have not been
identified. The mud1 and mud2 mutations were mapped to chromosomes I1T and II, respectively, and the
gum1i and gum2 mutants were mapped to a location between the markers M506-SSLP (21.9 ¢cM) and nga8
(26.6 cM) on chromosome IV of Arabidopsis (Lalanne and Twell, 2002). The AtSPP locus is not located
close to any of the identified loci for gum and mud mutants. Therefore, the AtSPP gene does not

correspond to the known mud and gum genes, although it may play a role in the same developmental
process.

AtSPP shows relatively high expression in certain vegetative organs of Arabidopsis, including stipules,
emerging leaves, and the vasculature of roots and leaves, but the lack of homozygous mutant plants
prevented an investigation of AtSPP's role in vegetative organs. A recent study in Medicago truncatula
showed that an SPP-like gene is coinduced with a large family of secreted nodule-specific Cys-rich
polypeptides (Mergaert et al., 2003). These polypeptides share an unusually well-conserved signal
peptide, and the authors hypothesize that the signal peptides could be further processed by the nodule-
specific SPP to produce oligopeptides with signaling functions (Mergaert et al., 2003). Interestingly, a

similar family of Cys-rich polypeptides, also with well-conserved signal peptides, is abundantly expressed
in rice pollen (Park et al., 2006). Peptides associated with self-incompatibility also have unusually

conserved signal peptides (O'Brien et al., 2002).

The physiological function of AtSPP will not be entirely clear until its substrates are identified.
Nevertheless, our results demonstrate a critical role for AtSPP in the development and function of
reproductive tissues in Arabidopsis, especially in pollen development. Future advances in the
biochemistry of pollen development may provide clues to the exact function of AtSPP in plant
reproduction.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana Col-0 ecotype) T-DNA lines SALK_ 098736, WiscDsLox 331C12, and
grt1 mutant were obtained from the ABRC (www.Arabidopsis.org/abre/). LAT52:GFP transgenic plants
were kindly provided by Dr. Alice Cheung at the University of Massachusetts-Amherst. Plate-grown plants

were grown on half-strength Murashige and Skoog salts containing 1% (w/v) Suc, buffered with 5 g L™*
MES, pH 5.7, and solidified with 0.5% (w/v) Phyto Agar (Research Products International). Soil-grown
plants were grown on Promix BX (Premier Horticulture) wetted with deionized water containing 1 g L™*
Miracle-Gro (Scotts Miracle-Gro Company) and 5 mL L™! Gnatrol concentrate (Abbot Laboratories).
Plants were grown in a growth chamber at 22°C with a 16-h-light/8-h-dark photoperiod.

For T-DNA lines SALK_098736 and WiscDsLox 331C12 (spp-2), the mutant alleles were verified by PCR
genotyping and by sequencing the PCR products. The SALK_ 098736 insertion allele was detected using
the left border primer LBb1 (5’-GCGTGGACCGCTTGCTGCAACT-3’; see http://signal.salk.edu/cgi-bin
/tdnaexpress) and the gene-specific primer 5-TCGGACGCGTCTTTGCTACTA-3’. The WiscDsLox
331_Ci2 allele, spp-2, was detected using the left border primer p745
(5"-AACGTCCGCAATGTGTTATTAAGTTGTC-3’) and the gene-specific primers Wisc_F and Wisc_R
(5"-ACTGGTTTCAAGCAGCACAGG-3’ and 5'-TCTCCAAATAGCTCCCCAAGC-3/, respectively). For PCR
genotyping, DNA was extracted as described (Edwards et al., 1991).

Plasmids and DNA Constructs

The AtSPP promoter:GUS (pProgspp:GUS) fusion construct was generated using the Gateway system
(Invitrogen). A 1,096-bp fragment, containing the putative promoter and the first three codons of the
AtSPP gene, was amplified from genomic DNA by PCR using the forward primer
5’-CACCTTCATTTTTGATGATGTCGTC-3’ (the underlined bases were introduced for directional TOPO
cloning) and the reverse primer 5’-ATTCTTCATAATTGCTTCTTGTG-3’ and cloned into pENTR-DTOPO
using the pENTR Directional TOPO Cloning kit (Invitrogen). The resulting entry vector, pProaspp, was
used in a LR recombination reaction with the pDEST G2 destination vector, which encodes the
Escherichia coli uidA gene. The resulting binary vector, pPro;spp:GUS, carried the GUS reporter gene
fused in frame to the putative promoter and first three codons of AtSPP, with kanamycin resistance as the
plant selectable marker and spectinomycin resistance as the bacterial selectable marker.

AtSPP-Flag and AtSPP-GFP were constructed from TAP0180, a cDNA for AtSPP that is complete except
for the first 21 bases of the 5’ untranslated region (UTR) and the last 24 bases of the 3’ UTR (obtained
from the ABRC). TAP0180 was first mutagenized by PCR to remove a Spel site at the junction between the
cDNA insert and the multicloning site, resulting in TAP0180-one-Spel. For pAtSPP-Flag, two
complementary oligonucleotides, containing the Flag codons (DYKDDDDK; Hopp et al., 1988) and
Spel-compatible ends (5'-CTAGCGATTACAAGGATGACGACGATAAGT-3’ and
5’-CTAGACTTATCGTCGTCATCCTTGTAATCG-3'), were annealed and ligated into a unique Spel site just
upstream of the putative ER retention signal in TAP0180-one-Spel (one additional Ser residue was added

as a consequence). The resulting construct had two tandem Flag tags inserted in frame into the Spel site
with an additional Ser residue. For pAtSPP-GFP, the GFP coding sequence (excluding the start and stop
codons) was amplified from a plasmid encoding a S65T mutant of Aequoria victoria GFP (Heim et al.

1995) using Pfu polymerase (Stratagene) and primers that also introduced Spel sites near the ends of the
PCR product (5'-CGGACTAGTGTGAGCAAGGGCGAG-3’ and
5’-CGGACTAGTCTTGTACAGCTCGTCCATG-3"). This product was cloned into the EcoRV site of
pBluescript IT SK- (Stratagene), removed using Spel, and ligated into the unique Spel site of TAP0180-
one-Spel to produce pAtSPP-GFP.
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AtSPP-Flag, AtSPP-GFP, and a 3-kb genomic DNA fragment encoding AtSPP were introduced into the
pDEST-NOS binary vector using the Gateway system (Invitrogen). All transgenic plants were generated
using the floral dip method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101.

Transgenic plants were selected on growth medium supplemented with 50 mg L™ gentamycin or
kanamycin or 10 to 50 mg L™ basta (glufosinate-ammonium; Sigma-Aldrich), as appropriate. For
segregation analysis, plants were grown on growth medium containing 10 to 50 mg L™* basta for spp-2
(WiscDsLox331_C12). When grown on soil, plants were sprayed with a 120 mg L™ solution of basta
(Finale; AgrEvo Environmental Health).

For complementation of spp-2, +/spp-2 plants were pollinated with transgenic plants carrying genes
encoding AtSPP, AtSPP-Flag, and AtSPP-GFP under the control of the AtSPP native promoter. In the F1
generation, +/spp-2 plants expressing each transgene were self-crossed and their progeny were genotyped
using PCR to detect the wild-type AtSPP allele, the spp-2 T-DNA insertion, or the appropriate transgene.

RNA Extraction and RT-PCR Analysis

For RNA extraction, tissues were frozen in liquid nitrogen and ground with mortar and pestle. Pollen was
collected from open flowers on ice as described previously (Honys and Twell, 2003) and was ground with

a Dounce homogenizer. Total RNA was extracted from each sample using an RNeasy kit (Qiagen)
according to the manufacturer's protocol and then treated with DNasel (Promega). RT was carried out
using the SuperScript First-Strand synthesis system (Invitrogen) with 200 ng of total RNA and random
hexamer primers. For each PCR amplification, 1 4L of cDNA was used in a 20-uL reaction. PCR was run
for 15 cycles for 18S rRNA and 29 cycles for AtSPP. The PCR cycle number was optimized by testing for
linear amplification with serially diluted cDNA. The following primer pairs were used: for 18S rRNA,
5’-AAACGGCTACCACATCCAAG-3’ and 5'-ACTCGAAAGAGCCCGGTATT-3’; for AtSPP,
5'-TTCTTCTGTGCGTGGTATGC-3’ and 5'-GCAGTGAGAAGCCAAGAACC-3’; for AtTIP5;1 (At3g47440),
5’-GGACTAGTGAAATTGATGAGAAGAATGATTCC-3’ and
5’-GGGAATTCAGTCATTACACACCAATGGCATC-3’ (Soto et al., 2008); and for CAB2 (LHCB1.1;
At1829920), 5'-TACTTGGGTCCATTCTCTGGC-3’ and 5-CGTTGAAGGTTACAGAGTCGCA-3'.

PCR products were resolved on 1% Tris-acetate EDTA agarose gels containing ethidium bromide. Band
intensities were analyzed using a Kodak EDAS 290 camera and 1D image analysis software (Eastman
Kodak). For each tissue, the ratio of AtSPP to 18S rRNA was normalized to the average AtSPP-18S rRNA
ratio obtained for the root sample.

Protein Extraction and Immunoblot Analysis

For immunodetection of in vivo expressed AtSPP-Flag, total protein extracts were prepared by grinding
plant tissue samples (100 mg fresh weight) in 100 uL of extraction buffer containing 0.35 M Tris base,
7.5% glycerol, 5% SDS, and protease inhibitor cocktail (Sigma P-9599). Each sample was centrifuged at
12,000g for 5 min, and the supernatant was used as the total protein extract. Protein concentration was
measured using the bicinchoninic acid protein assay kit (Pierce). Protein samples were resolved by
SDS-PAGE and immunoblotted following standard protocols. Mouse anti-Flag M2 monoclonal antibody
(Sigma F3165) was the primary antibody, and horseradish peroxidase-conjugated rabbit anti-mouse IgG
(Rockland Immunochemicals) was the secondary antibody. Bound antibody was detected by
chemiluminescence detection.

In Vitro Translation

For in vitro translation of AtSPP, PCR was used to amplify the coding region from TAP0180 and
PAtSPP-Flag and simultaneously introduce an Ndel site at the start codon for AtSPP. The PCR products
were then cloned into pZErO-2 (Invitrogen) by blunt end ligation. Finally, the AtSPP coding region was
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removed with Ndel and EcoRI and subcloned into pET21a (Novagen) to yield pET21a AtSPP and pET21a
AtSPP-Flag. 35S-labeled (Perkin-Elmer Life Sciences) in vitro translation products were generated in 25
uL of a TnT coupled reticulocyte system (Promega) according to the manufacturer's instructions. All
samples were resolved by SDS-PAGE and imaged with a Fuji FLA 5000 phosphoimager (Fuji Film
Medical Systems) or detected by immunoblotting.

GUS Histochemical Assay

Tissue samples were fixed in ice-cold 10% (v/v) acetone, vacuum infiltrated for 15 min on ice, and
incubated at 37°C for 16 or 24 h in a GUS staining solution containing 10 mM EDTA, 2 mM K;Fe(CNpg), 2
mM K,Fe(CNg)-3H,0, 0.1% Triton X-100, 100 ug mL ™! chloramphenicol, and 2 mm X-GlcUA (Gold
Biotech Technology; dissolved in N,N-dimethylformamide) in 50 mM sodium phosphate buffer, pH 7.0
(Vielle-Calzada et al., 2000; Yadegari et al., 2000). For whole plant samples, the initial vacuum

infiltration step was omitted. After staining, samples were cleared with several changes of 70% ethanol.

Microscopy

GUS staining was observed with a SMZ800 stereomicroscope or a E-600 microscope (Nikon
Instruments), and GFP fluorescence was observed using an E-600 epifluorescence microscope (Nikon
Instruments) equipped with an FITC-HYQ filter set (EX460-500, DM505, BA510-560). A Spot-RT camera
system (Diagnostic Instruments) was used for image capture.

Aniline blue staining of pollen tubes and ovules was based on the method of Schiott et al. (2004). Samples

were observed using a Nikon Labophot2 fluorescence microscope and photographed with a SPOT camera
and software. For the viability test, mature pollen was stained with Alexander stain (Alexander, 1969) with

the chloral hydrate omitted (Johnson-Brousseau and McCormick, 2004). To visualize pollen nuclei, the
grains were stained with DAPI (Park et al., 1098). Phenotypes were classified as gum like or mud like
based on the MGU morphology as defined previously (Lalanne and Twell, 2002). In brief, the gum-like
phenotype is defined by vegetative nuclei that are malformed and displaced from the two sperm cells. The

mud-like phenotype is defined as a complete displacement of the MGU from its normal position in the
pollen center to a position at the pollen periphery. For measuring the frequency of mutant phenotypes in
pollen during development, the stage of the flower bud was determined as described previously (Lalanne
and Twell, 2002).

For AtSPP-GFP localization, pollen grains collected from AtSPP-GFP, LAT52:GFP, and wild-type flowers
were germinated on glass slides in 25 uL of germination medium (Hicks et al., 2004) for approximately 5

to 6 h at 22°C in humidified chambers as described previously (Johnson-Brousseau and McCormick,

2004). Ungerminated and germinated pollen grains were observed with a confocal laser scanning
microscope (LSM510 Meta; Carl Zeiss Microlmaging). Samples were excited at 488 nm with an argon
laser, and the emission was collected using a band-pass filter set (505/530) to detect the GFP signal.
Images were processed using LSM software (Carl Zeiss Microlmaging). Micrograph figures were prepared
using Adobe Photoshop CS and Adobe Illustrator CS.

Pollen Germination Assay

Pollen germination rates were determined using an in vivo pollination assay (Lalanne et al., 2004).
Briefly, pistils were excised from mature wild-type flower buds prior to anthesis and inserted upright in
1% (w/v) agar in water. Up to 25 pollen grains were applied to each stigma and allowed to germinate for 2
h at room temperature. The pistils were then stained with aniline blue, and the pollen grains were scored
with a fluorescence microscope. Pollen grains with a pollen tube longer than the radius of the pollen grain
were scored as germinated. Those with no emerging pollen tube were scored as ungerminated, and these
were further divided as follows: those with strong localized fluorescence but no tube were scored as
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polarized, and the rest were scored as nonpolarized.

Tetrad Analysis

WiscDsLox 331C12 (+/spp-2) plants were pollinated with pollen from homozygous grti/qgrt1 plant lines
(Landsberg erecta ecotype; grti-1; Preuss et al., 1994). Plants exhibiting the grt phenotype in the F3

generation were genotyped to select the +/spp-2; qrt1/qrt1 genotype. Mature pollen from those plants was
analyzed by DAPI staining. The frequency of incomplete quartets was 4.7% and 11.3% in wild-type and
+/spp-2 pollen, respectively.

Sequence data from this article can be found in the GenBank/EMBL data libraries under accession
numbers CAD13132.1 (HsSPP), NM_ 126363 (AtSPP), NM_ 102732 (CAB2), and NM_ 114612 (AtTIP5;1).
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http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2649412/

Primary sequence and processing of AtSPP. A, Alignment of the predicted primary sequence of AtSPP (At2go3120) with
human SPP (HsSPP). Identical residues are highlighted in dark gray, and similar residues are highlighted in light gray.
The conserved active site Asp residues are marked with asterisks, and the conserved QPALLY sequence is underlined.
The black arrowhead indicates the point of disruption of the primary sequence by the T-DNA insertion in the spp-2
mutant. B, Comparison of in vivo expressed and in vitro translated AtSPP-Flag. Protein extracted from AtSPP-Flag
transgenic plants (lane 1) or translated in an in vitro reticulocyte lysate (lane 2) was resolved by SDS-PAGE and
immunoblotted with anti-Flag antibody. Protein extract from untransformed plants was used as a negative control (lane
3).
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Figure 2.
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Expression pattern of AtSPP. A to F, Expression of a transcriptional fusion of the GUS reporter gene to the promoter of
AtSPP. A, One-week-old seedling. B, Rosette and stem of a 3-week-old plant. C, Inflorescence. D, Lateral root of a
1-week-old plant. E, Primary root tip of a 1-week-old plant. F, Open flower. G, Semiquantitative RT-PCR analysis of
AtSPP transcript abundance. The ratio of AtSPP transcript over 18S rRNA in RT-PCR of each tissue was normalized
against the average ratio in root samples and plotted using arbitrary units. Each bar represents the mean and SD of three
replicates. H, Expression pattern of AtSPP-Flag in Col-0 plants transformed with AtSPP-Flag expressed from its native
promoter. Total protein (20 ug per lane) was extracted from various organs of a single-copy transgenic line (n = 2) and
subjected to immunoblot analysis using an anti-Flag monoclonal antibody. An extract from flower buds of untransformed
plants (wild type) was used as the negative control (lane 8).
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Figure 3.
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T-DNA insertion alleles of AtSPP. A, Map of the two T-DNA insertions (spp-1 and spp-2) in AtSPP (At2go3120). LB,
T-DNA left border; RB, T-DNA right border; UTR, untranslated region. B, Detailed sequence of the pDsLox331C12
(spp-2) insertion site into the AtSPP locus. Extra nucleotides are apparent between the AtSPP and T-DNA sequences,
resulting in the misannotation of this T-DNA line. C, RT-PCR detection of the aberrant AtSPP transcript in cDNA from
+/spp-2 floral tissue. Genomic PCR was performed to verify the genotype of plants used to extract RNA. PCR was
performed using cDNA or genomic DNA and the E5F1 (exon-specific primer) and p745 (T-DNA left border-specific
primer) primer set (lanes 2—5) or the E5F1 and 3’ UTR-R (3’ UTR-specific primer; lanes 6—9) primer set as indicated.
The positions of the primers are indicated in A.
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Table I.

Segregation of the spp-2 mutant allele in the progeny of self-crossed and reciprocal outcrossed plants

BastaR, Basta resistant; Bastas, basta sensitive; wt, wild type.

Self-Crosses No. of Progeny Genotypes of Progeny (PCR)

+/+ (%) +/spp-2 (%) spp-2/spp-2

Parental genotype
+/spp-2 81 44 (54.3)% 37 (45.7)2 0

Resistance to Basta

BastaS (%) BastaR (%)
b b
+/spp-2 643 306 (47.6) 337 (52.4)
Reciprocal Outcrosses No. of Progeny Resistance to Basta Transmission EfficiencyC

BastaS (+/+) BastaR (+/spp-2)

Recipient x donor
wt x +/spp-2 376 370 6 1.6
+/spp-2 x wt 123 63 60 95.2

aSignificantly different from the expected 1:2:1 ratio for normal Mendelian segregation (x> = 49.2; P <
0.001). Not significantly different from the 1:1:0 ratio for a gametophytic defect (x*> = 0.605; P > 0.05).
bSigniﬁcanﬂy different from the expected 1:2:1 ratio for normal Mendelian segregation (x* = 174.0; P <
0.001). Not significantly different from the 1:1:0 ratio for a gametophytic defect (x* = 0.222; P > 0.05).
“Transmission efficiency = (mutant/wild type) x 100 (%).
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Figure 4.
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Expression of AtSPP in male gametophyte tissues. A to C, Photomicrographs of anthers from stage 12 to 13 (Smyth et al.,
1990) flowers of wild-type (C) or AtSPP-GUS (A and B; white arrowheads) plants. A cross-section image of a paraffin-
embedded anther of the AtSPP-GUS plant is shown in B. Bar = 50 um. D, Semiquantitative RT-PCR analysis of AtSPP
transcript abundance in flowers or pure pollen from wild-type plants at the same stage of flower development. Transcript
abundance was normalized by measuring the ratio of AtSPP transcript to 18S rRNA. Each bar represents the mean and
SD of three replicates. E, RT-PCR analysis of AtSPP transcript abundance in leaf, flower, and pollen relative to the pollen-
specific transcript, AtTIP5;1, and a transcript not expressed in pollen, CAB2. F, Comparison of the expression levels of
AtSPP-Flag in leaves, flowers, and pure pollen of transgenic plants. Two-fold serial dilutions of total protein extracts from
leaves, flowers, and pure pollen were immunoblotted using an anti-Flag monoclonal antibody. Note that the amount of
protein loaded for the leaf samples is 7-fold higher than that of the corresponding samples from flowers and pollen.
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Localization of AtSPP-GFP in pollen. Confocal microscopy images of GFP fluorescence, differential interference contrast

oic margad

(DIC), and merged images are shown as indicated. A to D, AtSPP-GFP fluorescence in ungerminated (A) and germinated
(B—D) pollen of AtSPP-GFP plants. E to H, GFP fluorescence in ungerminated (E) and germinated (F—H) pollen of
LAT52:GFP plants. I to L, Autofluorescence signal in wild-type ungerminated (I) and germinated (J—L) pollen. Bars = 10
ym.
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Figure 6.
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Pollen viability and germination in +/spp-2 plants compared with wild-type plants. A and B, Alexander-stained anthers
from Col-o0 wild-type (A) and +/spp-2 (B) plants. C and D, Micrographs of pollen germination assays of wild-type (C) and
spp-2 heterozygote (D) pollen on detached wild-type pistils. Examples of germinated (g), polarized (p), and
ungerminated (u) pollen grains are indicated. E, Proportion of pollen grains that germinated after 2 h at room
temperature for wild-type (wt) siblings (n = 420; gray bars) and heterozygotes (n = 330; black bars) of spp-2.
Ungerminated pollen was subdivided into polarized and nonpolarized.
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Table Il.
Complementation of the spp-2 mutant by expression of AtSPP, AtSPP-Flag, or AtSPP-GFP

BastaR, Basta resistant; Bastas, basta sensitive.

Parental Genotype No. of Progeny Resistance to Basta in F2 X2a P

BastaR (%) BastaS (%)

+/spp-2 906 456 (50.3)  450(49.7)  0.040 NsP

+/spp-2:AtSPP 414 256 (62) 158 (38) 23.198 <0.001
+/spp-2:AtSPP-Flag 608 368 (60.5) 240 (39.5) 26.9 <0.001
+/spp-2:AtSPP-GFP 764 428 (56.0) 336 (44.0) 11.1 <0.001

3Calculated x? values were based on an expected 1:1 ratio.
bNS, Not significant (P > 0.05).
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Figure 7.
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Complementation of spp-2 plants. Genes encoding AtSPP (A), AtSPP-Flag (B), and AtSPP-GFP (C) under the control of
the AtSPP native promoter were introduced into +/spp-2 plants. +/spp-2 plants homozygous for each transgene were
self-crossed, and their progeny were genotyped using PCR to detect the wild-type AtSPP allele, the spp-2 T-DNA
insertion, or the appropriate transgene. PCR genotypes of spp-2 heterozygous (lane 1) and homozygous (lane 2) plants
carrying the transgenes are shown. Lanes 3 and 4 contain control PCR genotypes of wild-type (wt) and +/spp-2 plants as

indicated.
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Figure 8.
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MGU morphology of mature pollen in +/spp-2. The nuclei of mature pollen grains from +/spp-2 plants were visualized
by DAPI staining. Wild-type pollen grains (A and D) show a typical arrangement of the MGU, consisting of a
well-centered vegetative nucleus (white arrowhead) and two sperm cells (black arrowheads). Pollen from +/spp-2 plants
shows an abnormal gum-like (B and E) or mud-like (C and F) MGU morphology characteristic of the gum and mud
mutants (Lalanne and Twell, 2002).
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Table Ill.

Comparison of MGU morphology of pollen from +/spp-2 and spp-2 complemented plants with that of

wild-type siblings (+/+)
Genotype No. of Pollen Grains Pollen Phenotypes
Wild Type Gum Like Mud Like
%

+/+ 489 100 o o
+/spp-2 831 53.8 18.6 27.6
spp-2:AtSPP-Flag 109 97.2 2.8 0
spp-2:AtSPP-GFP 147 83.7 8.1 8.2
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Figure 9.
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Tetrad analysis of wild-type and +/spp-2 pollen. A, MGU morphology of a single wild-type (wt) quartet (+/+; grti/qrt1).
B to D, Examples of MGU morphology in single spp-2 quartets (+/spp-2; grt1/qrt1). E, Quantification of tetrad analysis
of wild-type (white bars; n = 101) and +/spp-2 (black bars; n = 133) pollen. Only intact quartets of spp-2 heterozygous or

wild-type plants were counted. Both gum-like and mud-like morphologies were combined and defined as mutant
phenotypes in the graph.
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Figure 10.
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Occurrence of the gum-like and mud-like morphologies in +/spp-2 plants during pollen maturation. The frequency of
wild-type and mutant phenotypes was determined during pollen maturation after pollen mitosis II by visual inspection of
DAPI-stained pollen. A, DAPI-stained nuclei of wild-type pollen to illustrate the bicellular/early tricellular (-3), early
tricellular (-2), late tricellular (-1), and mature (+1) pollen stages that were used for developmental analysis (Lalanne
and Twell, 2002). B and C, The frequencies of wild-type (wt) and mutant phenotypes were measured in wild-type (B) and
+/spp-2 (C) plants. A total of 9.7% of pollen in the wild type showed an extended vegetative nuclei-like, gum-like
phenotype before dehiscence; however, no gum-like phenotype was observed in released wild-type pollen. A minimum of
300 pollen grains were scored at each developmental stage. [See online article for color version of this figure.]
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