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Mutations in the QUARTET loci in Arabidopsis result in failure of microspore separation during pollen development due
to a defect in degradation of the pollen mother cell wall during late stages of pollen development. Mutations in a new locus
required for microspore separation, QRT3, were isolated, and the corresponding gene was cloned by T-DNA tagging. QRT3
encodes a protein that is approximately 30% similar to an endopolygalacturonase from peach (Prunus persica). The QRT3
protein was expressed in yeast (Saccharomyces cerevisiae) and found to exhibit polygalacturonase activity. In situ hybridiza-
tion experiments showed that QRT3 is specifically and transiently expressed in the tapetum during the phase when
microspores separate from their meiotic siblings. Immunohistochemical localization of QRT3 indicated that the protein is
secreted from tapetal cells during the early microspore stage. Thus, QRT3 plays a direct role in degrading the pollen mother

cell wall during microspore development.

Pollen development in species with trinucleate pol-
len involves a complex series of characteristic
changes in cell walls that have been carefully docu-
mented cytologically (Heslop-Harrison, 1971a, 1971b;
Blackmore and Barnes, 1990; Owen and Makaroff,
1995). Immediately before meiosis, the pollen mother
cells produce callose within their primary walls, and
plasmodesmatal connections between adjacent pol-
len mother cells and between pollen mother cells and
the tapetum disappear. The walls between adjacent
pollen mother cells separate, and after cytokinesis,
the microspores become surrounded by callose and
synthesize a wall called the primexine. The tetrad
wall is then degraded, and the microspores are re-
leased into the locule. At about this stage, the tapetal
cell walls degrade (Owen and Makaroff, 1995). The
microspores expand, whereas the outer layer of exine
is deposited on their surface, apparently mediated by
secretions from the tapetum. Another wall layer
termed the intine is deposited between the exine and
the plasma membrane by the microspores during a
period of expansion. The microspores then undergo
an asymmetric mitosis, yielding a generative cell and
a vegetative cell. During this stage, the lumina of the
exine wall is filled with a lipophilic material termed

! This work was supported in part by the U.S. Department of
Energy (grant no. DOE-FG02-00ER20133).

* Corresponding author; e-mail crs@andrew?2.stanford.edu; fax
650-325-6857.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.103.028266.

tryphine, which is secreted by the tapetum. The gen-
erative cell assumes a round morphology and be-
comes encased in the vegetative cell. The generative
cell divides mitotically, giving rise to two sperm
nuclei. After a second mitotic division, the pollen
grain undergoes dehydration and is released upon
anther dehiscence, a process involving changes in the
walls of septum tissue (Keijzer, 1987).

Relatively little is known from genetic studies
about the gene products that specifically mediate the
changes in cell wall structure during pollen forma-
tion. A mutation in the dexI gene of Arabidopsis
exhibits a defect in primexine formation, resulting in
male sterility (Paxon-Sowders et al., 2001). The DEX1
gene encodes a large, putative membrane-localized,
plant-specific protein of unknown function with lim-
ited similarity to a hemolysin-like protein from Vibrio
cholerae. Another male-sterile mutant, ms33, exhibits
defects in the formation of the intine and tryphine
deposition, but the molecular basis for the defect is
not known (Fei and Sawhney, 2001). Although few
mutants are known, there have been many reports of
pollen or anther-specific expression of genes encod-
ing cell wall-modifying enzymes (e.g. Brown and
Crouch, 1990; Albani et al., 1991; Mu et al., 1994;
Tebbutt et al.,, 1994; Ariizumi et al., 2002). Recent
studies using DNA macroarrays resulted in identifi-
cation of a large number of genes encoding enzymes
involved in cell wall modification in anthers (Amagai
et al., 2003). More than 20% of the genes identified in
this way had sequence identity to enzymes known to
be involved in synthesis or modification of pectin.
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This is consistent with many studies implicating pec-
tin in the elaboration of the pollen wall (Southworth,
1990; Bedinger, 1992; van Aelst and van Went, 1992).

In the grt (quartet) mutants of Arabidopsis, micro-
spores fail to separate and remain attached in a char-
acteristic tetrahedral cluster of four pollen grains
(Preuss et al., 1994). This failure of separation is
associated with the persistence of pectic components
of the pollen mother cell wall around the microspores
after callose degradation (Rhee and Somerville,
1998). The qrt1 and qrt2 genes have not been cloned.
However, we previously speculated that persistence
of the pectic components in the pollen mother cell
wall could be due to a defect in the structural gene
for a hydrolytic enzyme required to remove the pol-
len mother cell wall or to a defect in a mechanism
that regulates the release of such hydrolytic enzymes.
According to this hypothesis, the persistent pollen
mother cell wall is envisioned as holding the micro-
spores in the tetrahedral conformation, whereas ex-
ine deposition envelops the four microspores as they
expand. This results in the fusion of the exine layer at
the proximal ends of the microspores. Alternatively,
it is possible that within the pollen mother cell wall,
the pectic components of the microspore primexine
wall are not modified or degraded to accommodate
separation of the expanding microspores from each
other.

We describe here the characterization of a novel
class of grt mutations, defined by the QRT3 locus.
The QRT3 gene encodes a divergent class of polyga-
lacturonase that is transiently expressed in tapetal
cells during pollen formation.

RESULTS
Isolation of QRT3 Mutations

A collection of T-DNA insertional lines deposited
in the Arabidopsis Biological Research Center by Ken
Feldman were screened for the grt phenotype as de-
scribed (Preuss et al., 1994). Screening of approxi-
mately 30,000 plants from a population derived from
an estimated 3,000 independent T-DNA lines yielded
one novel grt mutation, designated grt3-1. In addi-
tion, a second allele, designated grt3-2, was found by
screening a small population of transgenic plants
produced locally. Pollen grains of lines carrying the
qrt3 mutations were released as tetrads (Fig. 1) as
described previously for the grtl and grt2 mutants
(Preuss et al., 1994; Rhee and Somerville, 1998). In
contrast to the grt1 and gqrt2 pollen, which were sim-
ilar to wild type except for the fusion phenotype, the
grt3 pollen frequently had a layer of material depos-
ited on the surface of the distal region of the pollen
grains (indicated by arrows, Fig. 1). We hypothesize
that this material is residue resulting from rupture of
the pollen mother cell wall during the late stages of
pollen expansion. The grt3 mutants had no other
noticeable phenotypes.
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Figure 1. Scanning electron micrograph of pollen from the wild type
(A) and the grt3-3 mutant (B). The arrows indicate material deposited
on the pollen that appears to derive from the pollen mother cell wall.
Bar = 10 um.

Antibodies that react with unesterified pectin, es-
terified pectin, and rhamnogalacturonan II (Knox et
al., 1990; McCann et al., 1992; Williams et al., 1996)
were used to detect pectins associated with develop-
ing pollen by immunofluorescence microscopy of tis-
sue sections (Fig. 2). An antibody against unesterified
pectin stained the primexine during the early micro-
spore stage of pollen development in both the wild
type and the grt3-1 mutant. At this stage, the pollen
mother cell wall in the wild type had been degraded,
whereas the pollen mother cell wall remained intact
in the mutant and was strongly stained with the
antibody (Fig. 2). A similar observation was de-
scribed for the grt1 and grt2 mutants (Rhee and Som-
erville, 1998). The residual pollen mother cell wall in
the grt3-1 also mutant stained with antibodies against
esterified pectin and rhamnogalacturonan II (Fig. 2).
In this respect, the grt3 mutant was distinguishable
from the grt1 mutant, in which the pollen mother cell

1171



Rhee et al.

Figure 2. Immunohistochemical staining of pectin associated with
microspores of wild type (A, C, and E) and the grt3-1 mutant (B, D,
and F). Sections were stained with antibodies against unesterified
pectin (A and B), methyl-esterified pectin (C and D), and RGII (E and
F). In the wild type, the developing pollen grains are separated from
each other. In the qrt3 mutant, the developing pollen are enclosed by
residual pollen mother cell wall (arrows). Scale bar = 50 um. The
wild-type images were previously published by Rhee and Somerville
(1998).

F
>

wall that remains around the microspores did not
stain for unesterified pectin (Rhee and Somerville,
1998). This suggests a distinct basis for the quartet
phenotype in the grt1 and grt3 mutants.

Isolation of the QRT3 Gene

Cosegregation of kan" and the grt phenotype in the
F, population of a cross between grt3-1 and wild type
suggested linkage of the T-DNA and the grt3-1 allele.
Preliminary mapping experiments indicated that the
kan" T-DNA was inserted into a single chromosomal
locus (kan":kan®:103:35; X* =0.01, P < 0.01) that was
mapped to approximately 62.9 cM on chromosome 4.
Analysis of Southern blots of grt3-1 genomic DNA
probed with T-DNA indicated that the T-DNA was
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inserted in a complex pattern including head-to-head
and head-to-tail repeats (data not shown). Approxi-
mately 4.8 kb of genomic DNA flanking one end of
the T-DNA insertion was isolated by plasmid rescue
using Sall-digested grt3-1 genomic DNA. Several
cDNA clones were isolated by screening an Arabi-
dopsis c¢DNA library made from inflorescence
mRNAs (Weigel et al., 1992) using the flanking DNA
as a probe. PCR amplification using primers against
the cDNA and T-DNA revealed that the T-DNA was
inserted within the open reading frame (ORF; Fig. 3).

The sequence of the 1,941-bp cDNA clone pSYRCS8
was deposited in GenBank as accession number
AY268942. The clone contained 343 nucleotides of
5’-untranslated sequence, a 1.4-kb ORF, and 153 nu-
cleotides of 3'-untranslated sequence. To determine if
the clone was full length, 5'-RACE was used to am-
plify poly dC-tailed first strand cDNA from flowers.
PCR amplification of tailed cDNAs using a primer
corresponding to nucleotides 559 to 589 of the cDNA
insert in pSYR8 produced a fragment of approxi-
mately 500 nucleotides. Thus, we concluded that
PSYRS8 contained an essentially full-length cDNA.

Conceptual translation of the pSYRC8 sequence in
three frames revealed a single long ORF with a pu-
tative translation initiation codon at nucleotide 344.
This ATG was flanked by AACCATGGA, which is
similar to the most frequent ATG context sequence in
plant genes, AACAATGGC (Joshi, 1987; Liitcke et al.,
1987; Fiitterer and Hohn, 1996). Assuming this ATG
to be the initiation codon, the ORF is 481 amino acids
in length, and the predicted molecular mass of the
protein is 51 kD with a pI of 5.75.

Sequencing of approximately 8 kb of genomic DNA
spanning the QRT3 locus resulted in complete agree-
ment with the sequence deposited by the Arabidop-
sis Genome Initiative as gene At4G20050. Compari-
son of the genome sequence with the cDNA sequence

transcript

v

pa

T-DNA
qrid-3

Figure 3. Structure of the QRT3 locus At4G20050. The regions of the
primary transcript present in a putative full-length cDNA are shown
as boxes. The 5’ and 3’ non-translated regions are shown as gray
boxes. The primary transcript is processed to remove three introns,
one of which is in the 5’-non-translated region. The site of insertion
of the TDNA inserts corresponding to the grt3-1 and grt3-3 mutations
are indicated below the figure.
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indicated that the QRT3 primary transcript is inter-
rupted by three introns (Fig. 3). The first intron is 922
nucleotides in length and separates the leader se-
quence from the coding region, which starts eight
nucleotides from the 5" border of the intron.

Confirmation and Complementation of grt3 Mutations

To verify that the gene identified by the T-DNA
insertion in At4G20050 was, in fact, qrt3, we obtained
an additional mutant allele from the collection of
sequenced T-DNA insertions produced by Joe Ecker
and colleagues (http:/ /signal.salk.edu/tabout.html).
The seed pool SALK 093266, which was derived
from a plant containing a T-DNA insertion in the
fourth exon of the gene At4G20050 (Fig. 3), was
found to segregate plants with the grt phenotype.
This mutant allele was designated grt3-3. Similarly,
seed pool SALK_052045, which has an insert at or
near the location of the insert in SALK_093266, was
also found to segregate a grt3 phenotype. These re-
sults were consistent with the conclusion that
At4G20050 is the grt3 locus.

To test whether the genomic region containing the
QRT3 locus was sufficient for complementation, a
cosmid clone (pSYR19) carrying the entire QRT3 cod-
ing sequence and approximately 10 kb of 5" genomic
sequence was transformed into plants carrying the
qrt3-2 allele. Of 19 independent transgenic plants,
four had complete complementation of the grt phe-
notype, and three exhibited partial complementation.
Additionally, an 11-kb Sall-SstI fragment containing
approximately 3.7 kb upstream and 3.2 kb down-
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stream of the QRT3 coding sequence was subcloned
into a Ti plasmid, pIW131, to produce plasmid
pSYR18. Plasmid pSYR18 was then mutagenized
with Tn3, and two plasmids with insertions in the
second exon were recovered and named pSYR14 and
pSYR15. The plasmids pSYR14, pSYR15, and pSYR18
were used to transform the grt3-2 mutant. Seven of 12
PSYRI18 transgenic lines showed complementation of
the grt phenotype, but none of the 34 transformants
obtained with pSYR14 or pSYR15 showed comple-
mentation. These results confirmed that the gene
At4G20050 is the QRT3 gene.

QRT3 Resembles a Polygalacturonase from Peach
(Prunus persica)

Comparison of the QRT3 amino acid sequence with
the nonredundant set of protein sequences in Gen-
Bank and Swiss-Prot databases using the BLAST pro-
gram identified the TAPG2 endopolygalacturonase
(PGase) from peach as the most similar non-
Arabidopsis protein to QRT3 (BLAST score of 80 and
probability of 2.3 X 107°). A multiple alignment of
the most closely related subset of the PGase gene
family showed that QRT3 is approximately 30% sim-
ilar to these PGases (Fig. 4). The sequence similarity
of QRT3 to the PGases extends throughout the pro-
tein, but conservation is most evident in two regions
of the protein between amino acids 75 and 113 and
amino acids 362 and 392.

Glycosyl hydrolases have been grouped into fami-
lies based on their primary sequence (Henrissat et al.,
2001). The QRT3 protein is sufficiently divergent
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Figure 4. Alignment of QRT3 with sequences of polygalacturonases. A, Tap2g (GenBank accession no. U70480) was
isolated from the abscission zone of tomato (Lycopersicon esculentum). B, PGase (GenBank accession no. X76735) was from
peach. C, CRYJ2 was from Japanese cedar (Cryptomeria japonica). D, QRT3. E, Consensus sequence.
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from known enzymes that it was not listed in the
CAZY database of carbohydrate active enzymes
(Coutinho and Henrissat, 1999; http://afmb.cnrs-
mrs.fr/CAZY /). However, the related TAPG2 poly-
galacturonase from peach is classified as being in
family 28 of the glycosyl hydrolases.

Analysis of the QRT3 sequence for potential pro-
tein localization site(s) using the PSORT algorithm
(http:/ /psort.nibb.ac.jp) indicated that QRT3 has a
putative N-terminal signal peptide similar to pro-
teins that are sorted through the vesicular pathway.
The proposed site of cleavage in QRT3 is at position
28 of the amino acid sequence. In addition, PSORT
assigned a high probability (score 0.77) that QRT3
was a secreted protein.

Comparison of the amino acid sequence of QRT3
with all Arabidopsis proteins indicated that only one
other protein in Arabidopsis has significant sequence
similarity. That protein, which exhibited 44.7% se-
quence identity, was encoded by At4G20040, which
adjoins QRT3 in the Arabidopsis genome.

Localization of QRT3 Expression

Measurements of the amount of QRT3 gene expres-
sion in various tissues was obtained from experi-
ments in which total RNA from leaves, roots, stems,
and flowers was hybridized to Affymetrix ATH1
DNA chips (Table I). Analysis of the expression of the
floral homeotic gene AGAMOUS was used as a
flower-specific control, and the unique GAPC gene
for cytosolic glyceraldehydes-3-phosphate dehydro-
genase (Shih et al., 1991) was used as measure of
ubiquitous gene expression. The results of this exper-
iment indicated that QRT3 mRNA was unambigu-
ously detected above background in extracts from
flowers where it was expressed at a similar level to
the AGAMOUS gene and at about 10% of the level of
the GAPC gene. In the other tissues, both QRT3 and
AGAMOUS had signals that were about 1% of the
level of the GAPC gene. QRT3 expression in RNA

Table I. Analysis of QRT3 expression in various tissues

Plants were grown on either agar-solidified medium or in soil, as
indicated. The nos. represent the expression score reported by Af-
fymetrix software for each gene. The gene for cytosolic
glyceraldehydes-3-phosphate dehydrogenase (gapC; At3G04120)
was used as a control for a unique gene that is expressed at a
moderately abundant level in all cells (Shih et al., 1991). The ex-
pression of agamous (At4G18960) was included as an example of a
gene with flower-specific gene expression. The average background
score was 56.8.

Tissue Replicates GAPC AG QRT3
Leaves (15 d), agar 3 6,860 42 69
Leaves (14 d), soil 8,598 129 88
Leaves (50 d), soil 8,597 43 32

Flowers (29 d), soil
Stems (29 d), soil
Roots (15 d), agar

7,907 853 843
8,597 56 191
10,730 153 39

W b=
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samples from stem tissues was approximately 17% as
high as in flowers, raising the possibility that it may
be involved in a specialized cell separation function
in that tissue.

To determine the pattern of QRT3 expression in the
inflorescence tissue, in situ hybridization of QRT3
mRNA transcripts in developing inflorescence was
carried out using an antisense QRT3 transcript as a
probe. As shown in Figure 5, the QRT3 expression
pattern is specific both temporally and spatially in
the anthers. The gene is expressed during the tetrad
stage in the tapetum (Fig. 5, B, I, and ]J). Expression
was not detectable after the microspores were re-
leased from the tetrad wall (Fig. 5, C and D). There
was also a strong expression in the ovules of open
flowers (Fig. 5K). There is no apparent phenotype
associated with the grt3 mutation in the ovules at the
histological level or in terms of the ovule function.
Sections probed with sense transcripts of QRT3 on
similar developmental stages failed to detect a signal
(Fig. 5, E-H). An antisense transcript of a translation
initiation factor (eIF4A; Metz et al., 1992; Taylor et al.,
1993) was used as a positive control and showed
expression in all tissues (Fig. 5L).

Detection of QRT3 Protein

To facilitate characterization of the QRT3 protein,
polyclonal antibodies against QRT3 were raised
against a his-tagged fusion protein produced in Esch-
erichia coli. To determine the gross expression pattern
of QRT3 protein in Arabidopsis, western blots con-
taining protein extracts from wild-type flower buds,
open flowers, leaves, and roots were prepared and
incubated with antisera. The antibody detected a pro-
tein of approximately 51 kD on western blots of
protein extracts from unopened flower buds (Fig. 6).
QRT3 protein was not detectable in extracts from any
other tissue type. The protein was not detectable in
extracts from grt3-1 flower buds (data not shown),
indicating that synthesis of QRT3 is abolished in the
line homozygous for grt3-1 (SYR1398).

Immunohistochemical Localization of QRT3

The putative signal peptide of QRT3 and the ex-
pression of QRT3 in the tapetum suggested that
QRT3 might be secreted into the anther locule. Im-
munohistochemical localization of QRT3 on sections
of developing anthers showed that the protein was
detectable in the microspores at the onset of their
release from the tetrad wall (Fig. 7B, arrows) and
accumulated on the surface of microspores during
their expansion. Antibody binding decreased during
microspore maturation. It is not known whether the
decrease in antibody binding is a result of protein
turnover, a specific degradation pathway, or occlu-
sion of the antigen. Pre-immune sera did not bind to
the anther tissue of a comparable developmental
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antisense
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antisense

stage (Fig. 7E). Likewise, omitting the primary anti-
body abolished staining by the alkaline-phosphatase
conjugated secondary antibody (Fig. 7F), indicating
specific reaction with the QRT3 antigen.

The localization of QRT3 to the microspores indi-
cates that the protein is secreted from the tapetum
where it is expressed.

Heterologous Expression of QRT3

To test whether QRT3 exhibited pectinase activity,
attempts were made to overexpress QRT3 in Arabi-

kD 1 2 3 4 5

103.1=

67.5 =

444 —

Figure 6. Western blot probed with antibody against QRT3. Approx-
imately 20 ug of extracted protein from various tissues of 4-week old
plants was loaded in each lane, blotted to nitrocellulose, and de-
tected with an antibody against QRT3 at a dilution of 1:10,000 (v/v).
Lane 1, Wild-type unopened flower buds; lane 2, wild type flowers;
lane 3, wild-type expanded leaves; lane 4, wild-type roots; lane 5,
qrt3-1 unopened flower buds. The positions of M, standards are
indicated on the left.
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Figure 5. In situ hybridization of antisense and
sense QRT3 transcripts to sections of flowers at
various stages of microsporogenesis. A to D,
Hybridization of QRT3 antisense probe to sec-
tions of developing flowers at various stages. E
to H, Hybridization of QRT3 sense probes to
sections of flowers at the same stages shown in
Ato E. I and J, Enlarged images of hybridization
of antisense QRT3 probe to developing anthers
at the tetrad stage. K, Hybridization of QRT3
antisense to ovules of mature flowers. L, Hybrid-
ization of antisense elF4A transcript to section of
developing flower at tetrad stage was used as a
positive control. The following developmental
stages were characterized: A and E, PMC stage
buds; B, F, I, and J, tetrad stage buds; C and G,
early microspore stage buds; and D and H, late
microspore stage buds. Scale bars = 100 um.

dopsis by transformation of wild-type plants with a
construct in which the cDNA was placed behind the
355 promoter. However, none of the transgenic lines
recovered expressed the protein in vegetative tissue
(data not shown). It is possible that expression of
QRT3 may be deleterious in some cell types.

QRT3 was produced heterologously using E. coli
and yeast (Saccharomyces cerevisiae) as hosts. Expres-
sion of the full-length QRT3 ORF or a truncated
version lacking the first 28 amino acids correspond-
ing to the putative signal peptide in E. coli resulted in
accumulation of an insoluble form of the protein
(data not shown). No attempt was made to solubilize
or assay the protein from E. coli. In contrast, expres-
sion of the full-length QRT3 protein and a derivative
missing the N-terminal 28 amino acids resulted in
accumulation of a soluble protein in yeast (data not
shown). The two proteins exhibited similar apparent
molecular mass, suggesting that the yeast cells may
have removed the putative signal peptide from the
full-length protein.

The recombinant QRT3 enzyme was assayed for
activity by incubating the yeast extracts with poly-
GalUA, then derivatizing the reaction products with
a charged flurophore and resolving the various flu-
orescent species by capillary electrophoresis on an
instrument with a laser-induced fluorescence detec-
tor (Fig. 8). Extracts from yeast cells expressing QRT3
exhibited polygalacturonase activity as indicated by
the appearance of a series of low-molecular mass
fragments (Fig. 8) that were absent in reactions con-
taining protein extracts from yeast carrying the
vector.
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Figure 7. Immunohistochemical localization of
QRT3 in wild-type flower buds. Ten-micrometer
sections of developing anthers were incubated
with anti-QRT3 sera at a dilution of 1:1,000
(v/v). A, Tetrad stage; B, early microspore stage;
C, late microspore stage; D, mature pollen; E,
early microspore stage probed with pre-immune
sera; F, early microspore stage probed with sec-
ondary antibody. Bars = 100 pm.

A

DISCUSSION

During pollen development, many tissue types in-
cluding the tapetum, pollen mother cells, micro-
spores, and the septum undergo cell wall modifica-
tion (Stieglitz, 1977; Neelam and Sexton, 1995; Owen
and Makaroff, 1995). A number of pectin-degrading
enzymes and cDNA clones encoding pectin degrad-
ing enzymes have been isolated from anthers of pe-
tunia (Petunia hybrida), tobacco (Nicotiana tabacum),
Brassica napus, sweet pea (Lathyrus odoratus), and Ara-
bidopsis (Brown and Crouch, 1990; Sexton et al.,
1990; Albani et al., 1991; Mu et al., 1994; Tebbutt et al.,
1994; Neelam and Sexton, 1995). These enzymes in-
clude polygalacturonases, pectic lyases, pectin meth-
ylesterases, polymethylgalacturonases, and rham-
nogalacturonases. Results presented here indicate
that despite the apparent abundance of pectin mod-
ifying enzymes expressed during pollen develop-
ment, the polygalacturonase encoded by the QRT3
gene performs a unique biological function.

Most of the genes encoding pectin degrading en-
zymes are expressed in mature pollen and in pollen
tubes, suggesting a possible role in wall degradation
of the pistil tissue during pollen tube penetration and
subsequent growth of the tube (Brown and Crouch,
1990). During earlier stages of microspore develop-
ment, B-1,3-glucanase and endo-cellulase activities
are evident (Stieglitz, 1977; Sexton et al., 1990;
Neelam and Sexton, 1995). B-1,3-glucanase is re-
quired to degrade the callosic wall surrounding the
microspores during the tetrad stage (Worrall et al.,
1992). The specific role of the cellulase is less defined
(Sexton et al., 1990; Neelam and Sexton, 1995). How-
ever, degradation of the tapetal and pollen mother
cell wall occurs during microspore release, suggest-
ing that cellulase may be involved in degrading these
walls (Sexton et al., 1990; Neelam and Sexton, 1995).
With the exception of B-1,3-glucanase, the specific
roles of cell wall-degrading enzymes and the pro-
teins that resemble cell wall-degrading enzymes ex-
pressed during pollen development have not been
clearly defined previously.
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Immunofluorescence studies of cell wall composi-
tion during wild-type Arabidopsis microsporogen-
esis demonstrated that pectic components of the pol-
len mother cell wall persist around the microspores
until the latter stages of pollen development, when
they are apparently degraded (Rhee and Somerville,
1998). The grt1 and qrt2 mutants fail to degrade the

I
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Figure 8. Electropherograms of reaction products from QRT3-
mediated hydrolysis of poly-GalUA. Poly-GalUA was incubated with
protein extracts from control yeast cells (A) or cells expressing the
QRT3 enzyme (B) for 12 h, and then the reaction products were
resolved by capillary electrophoresis. The series of peaks between
approximately 8 and 9 min in the QRT3 reaction products corre-
spond to the elution times of oligo-GalUA standards containing two
to eight residues. Other peaks correspond to contaminants in the dye
and by-products of the derivatization reactions.
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pollen mother cell wall; therefore, the pollen grains
do not separate and are held together as a character-
istic cluster of four attached pollen grains (Rhee and
Somerville, 1998). A similar defect in degradation of
the pectic components of the pollen mother cell wall
was apparent from immunofluorescence studies of
the grt3 mutants described here. Thus, the QRT3 gene
product plays a role in degradation of the pollen
mother cell wall.

The QRT3 gene was originally identified by recov-
ery of a TDNA-tagged grt3 allele. The characteriza-
tion of three additional grt3 TDNA alleles, transgenic
complementation studies, and the loss of the QRT3
protein in the grt3-1 mutant support the conclusion
that gene At4G20050 corresponds to the QRT3
gene. The QRT3 protein exhibited weak sequence
similarity to PGases from peach and tomato and a
polymethylgalacturonase from cedar. Polygalacturo-
nases are enzymes that degrade the homogalacturo-
nan region of pectin and are found in saprophytic
and pathogenic bacteria, fungi, and higher plants
(Brown and Crouch, 1990; Tucker and Seymour,
2002). The activity of polygalacturonases is associ-
ated with a number of processes including fruit soft-
ening (Kramer et al., 1989; Hadfield and Bennett,
1998) and pollen tube growth (Brown and Crouch,
1990). Polygalacturonases from bacteria, fungi, and
plants are diverse in sequence (Stratilova et al., 1993).
Fungal PGases may show as little as 36% sequence
similarity to each other (Bussink et al., 1992). There
are 23 amino acid residues that are strictly conserved
among PGases from different organisms, and these
residues are considered to be a part of the catalytic
site (Rexova-Benkovad and Mrackové, 1978). One of
these residues, His-234 in the enzymes from Fusarium
moniliforme, has been shown to be essential for activ-
ity (Caprari et al., 1996). The region of high similarity
between QRT3 and the PGases from tomato and
peach and the polymethylgalacturonase from cedar
includes the domain that is highly conserved in poly-
galacturonases. The highly conserved region sur-
rounding the essential His residue lies within one of
the conserved domains in QRT3 (amino acids 362-
392, Fig. 3).

To test whether QRT3 exhibited pectinase activity,
QRT3 protein was produced using E. coli and yeast as
hosts. Expression of the full-length QRT3 OREF, or a
truncated version lacking the first 28 amino acids
corresponding to the putative signal peptide, re-
sulted in accumulation of soluble proteins in yeast.
Preliminary results from enzyme assays using QRT3-
containing extracts produced from yeast indicated
that QRT3 exhibits hydrolytic activity against poly-
GalUA. Additional analysis of enzyme function us-
ing more sophisticated assays will be necessary to
fully characterize the catalytic activity of the QRT3
protein.

Several lines of evidence indicated that expression
of the QRT3 gene is restricted to the tapetum during
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late stages of microsporogenesis. Analysis of gene
chip hybridizations to RNA from various tissues
showed that the QRT3 transcript is readily detectable
in preparations from flowers, is weakly expressed in
stems, but is absent from other tissues. Similarly,
western-blot analysis using tissue from unopened
flower buds, open flowers, roots, and leaves showed
that QRT3 accumulates specifically in the unopened
flower buds. In situ hybridization of the QRT3 tran-
script performed on developing anthers showed that
the QRT3 mRNA is expressed specifically in the ta-
petum during the tetrad and early microspore stages
of pollen development. Inmunohistochemical local-
ization of QRT3 in developing anthers indicated that
the protein is secreted into the locule and is located
on the microspores during the early microspore
stage. The protein accumulates throughout the ex-
pansion period of the microspores and disappears as
the microspores develop into pollen grains. This lo-
calization pattern is consistent with the predicted
signal peptide of the QRT3 protein and indicates that
the tapetal cells secrete the protein. The localization
of QRT3 to the microspores is also consistent with the
mutant phenotype of persistent pollen mother cell
wall. The tapetal expression pattern is consistent
with the genetic evidence that the grt phenotype is
sporophytically controlled (Preuss et al.,, 1994). In
addition, the timing of QRT3 expression is consistent
with the cytological data that indicates a defect in
wall degradation at the time of microspore release.
The apparent transient expression pattern in the an-
ther suggests that QRT3 plays a specific role at a
specific stage of microspore development. The disap-
pearance of the protein by the completion of micro-
spore development suggests the presence of a mech-
anism for removing the potentially damaging QRT3
protein after it has fulfilled its function. In this re-
spect, the QRT3 protein may be a useful experimental
tool for investigating the lifecycle of enzymes that
modify cell wall polysaccharide structure.

From these studies, we conclude that the QRT3
protein plays a direct and specific role in degradation
of the pectic polysaccharides of the pollen mother cell
wall. We speculate that this defect causes the devel-
oping pollen grains to remain tightly appressed be-
cause of the mechanical constraint imposed by the
incompletely decomposed pollen mother cell wall.
This leads to inter-digitation of the polysaccharides
of the developing cell walls of the pollen grains,
resulting in fusion of the exine layers at the point of
appression. Intermixing of cell wall polysaccharides
leading to abnormal cell fusion has previously been
invoked to explain the phenotype of the fiddlehead
and other mutants (Pruitt et al., 2000). Additional
biochemical studies of the QRT3 enzyme will be re-
quired to understand the precise enzymatic function
of the protein, which shows only weak homology to
any other enzyme. These results provide a partial
answer to the question of why plants have a large
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number of putative pectin-modifying enzymes (Had-
field and Bennett, 1998). Presumably, the other grt
mutants also define genes encoding enzymes in-
volved in degradation of the pollen mother cell wall
or the developmental factors that control expression
of cell wall-degrading enzymes.

MATERIALS AND METHODS
Plant Material

Arabidopsis plants were grown under natural light in greenhouses at a
mean temperature of 23°C under a 16-h photoperiod. For sterile growth of
seedlings, seeds were surface sterilized and plated on 0.8% (w/v) agar
supplemented with 1X Murashige and Skoog basal culture salts (Sigma, St.
Louis). Seedlings were grown under continuous fluorescent illumination at
60 pmol m ™2 s~ ! at 21°C. The grt3-1 mutant line SYR1398 was isolated by
screening T-DNA insertional lines of the Ws ecotype (Arabidopsis Biological
Resource Center, Ohio State University, Columbus) for the quartet pheno-
type as described (Preuss et al., 1994). The grt3-2 line SYR1399 was identified
as a mutation in a local population of T-DNA transformants of the RLD
ecotype. The T-DNA in SYR1399 was lost by segregation so that the line is
kanamycin sensitive. The grt3-3 mutant line SYR1460 was obtained from the
Columbia ecotype line SALK_093266, generously donated by Joe Ecker (Salk
Institute, La Jolla, CA) to the Arabidopsis Biological Resource Center. The
qrt3-4 line SYR1461 was identified in pool SALK_052045. The sequence of
DNA flanking the T-DNA inserts in the SALK lines was published online by
Ecker and colleagues and is available through The Arabidopsis Information
Resource (http://www.arabidopsis.org).

The presence of the kanamycin resistance selectable marker of the T-DNA
mutants was scored on 0.8% (w/v) agar containing Murashige and Skoog
salts (Sigma) and 100 pg mL~! kanamycin.

Scanning Electron Microscopy of Pollen

For electron microscopy of developing pollen, anthers were spread on
stubs coated with sticky tape to secure the specimen onto the stubs and
coated with gold/palladium to 8 nm using a Polaron E5400 sputter coater
(Quorum Diagnostics Corporation, New Haven, East Sussex, UK). Obser-
vations were made using an SEM525 microscope (Philips, Eindhoven, The
Netherlands) at 20 kV.

Immunohistochemical Localization of
Pectic Polysaccharides

Pectic polysaccharides were visualized by indirect immunofluorescence
as described by Rhee and Somerville (1998). The JIM5 and JIM7 antibodies,
which recognize unesterified pectin and methyl-esterified pectin, respec-
tively (Van den Bosch et al., 1989; Knox et al., 1990) were gifts from Paul
Knox (Leeds Institute for Plant Biotechnology, Leeds) and Maureen McCann
(Purdue University, West Lafayette, IN). The CCRC R1 antibody, which
recognizes rthamnogalacturonan II (Williams et al., 1996), was a gift from
Michael Hahn (Complex Carbohydrate Research Center, Athens, GA).

Cloning the QRT3-1 Locus

Plasmid rescue of the DNA flanking the T-DNA insertion was carried out
as described (Meyer et al., 1996). In brief, genomic DNA was prepared using
a CsCl method (Ausubel et al., 1989). Approximately 5 ug of genomic DNA
was digested with Sall, extracted with phenol: chloroform (1:1 [w/v]),
precipitated with ethanol, resuspended in a volume of 1 mL containing 100
units of T4 ligase (Roche Diagnostics Corporation, Indianapolis), and incu-
bated overnight at 14°C. The DNA was precipitated, resuspended in 20 uL
of water, and 3 uL was electroporated into 100 uL of Escherichia coli DH5a
cells at 2.5 kV. A clone containing approximately 4.8 kb of the flanking DNA
was designated pBRqrt.

A partial cDNA clone of QRT3, pSYRC2, was obtained by using pBRqrt
as a probe to screen an inflorescence-specific cDNA library (Weigel et al.,
1992) obtained from the Arabidopsis Biological Resource Center. Identifica-
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tion of a full-length cDNA clone, pSYRCS, was accomplished by the 5'-
RACE method (Fox et al., 1996). To obtain genomic DNA clones, pBRqrt was
used as a probe to screen a kKGEM11 Columbia genomic library (J. Mulligan
and R. Davis, unpublished data) as described (Ausubel et al., 1989).

Alignment of DNA and protein sequences with those of previously
identified genes was carried out using the GCG analysis program (Genetics
Computer Group, Madison, WI). The sequence of the full-length cDNA and
the genomic sequence of QRT3 were deposited in GenBank as accession
numbers AY268942 and AY268941, respectively

Complementation of the grt3-2 Mutation

Cosmid clone pSYR19, carrying the QRT3 gene and approximately 10 kb
of 5'-flanking DNA, was identified by screening a library made from the
Columbia ecotype in the vector pBIC20 (Meyer et al., 1994). The clone was
introduced into Agrobacterium tumefaciens GV3101 by electroporation, and
plants were transformed by the in floral dip method (Clough and Bent,
1998).

To determine whether the At4G20050 gene present on pSYR19 was
responsible for the complementation of the grt phenotype, the gene was
disrupted by a Tn3 insertion, and the resulting cosmid was transformed into
the grt3-2 mutant. The pBIC20 vector that was used to build the cosmid
library is a derivative of pLAFR3 (Staskawicz et al., 1987) and contains a
mobilization gene that enables triparental mating. Tn3 mutagenesis was
carried out by using the pHoHoGUS/pSShe Tn3 delivery system (Stachel et
al., 1985; Barnett and Long, 1997). Colonies were screened by PCR using a
primers against the GUS gene in TN3 and primers against At4G20050. Two
cosmid clones that contained a TN3 insertion into the gene, designated
PSYR14 and pSYR15, were used to transform grt3-2 mutant plants.

A second complementing construct was produced by subcloning a 10-kb
SstI-Pstl fragment containing QRT3 and approximately 3.7 kb of 5'-flanking
DNA and 3 kb of 3'-flanking DNA into pBS SK™, yielding pSYR13. An 11-kb
Sall-Sst] fragment of pSYR13 was subcloned into binary Ti plasmid pIW131
to produce pSYR18, which was then transformed into plants homozygous
for the grt3-2 mutation as described above. Plasmid pIW131, obtained from
John Vogel (U.S. Department of Agriculture, Albany, CA) is a derivative of
pBI121 in which the BAR gene is used for selection in plants, and the
polylinker contains sites for Sall, Smal, Spel, and Xhol.

In Situ Hybridization

To make RNA probes from QRT3, a 1.0-kb HindIII fragment of pSYRC2
was subcloned into pBS KS* vector (Stratagene, San Diego), yielding pSYR3.
Plasmid p117S-34, which contains 300 nucleotides of eIF4A, translation
initiation factor 4A from Arabidopsis (Metz et al., 1992; Taylor et al., 1993),
was used as a control. In situ hybridization was carried out as described
(Jackson, 1991).

Expression of QRT3 in E. coli

To express a full-length and the putative mature protein, the QRT3
transcript (pSYRC2) was amplified by PCR using the following primer sets:
EXP4-5' (gggatccegggectctagaaaccatggagetaaggaaatctcaagtggecatgectg) and
EXP4-3' (ggagctcgtegacccttacaggaaaaataacaaat) and EXP5-5' (gggatcccgggce-
ctctagaaaccatggagaaagattcaggttcaatgtccect) and EXP4-3', respectively. The
EXP4-5" and EXP5-5' primers contained restriction sites for BamHI, Smal,
and Xbal. The EXP4-3' primer contained restriction sites for SstI and Sall.
The PCR-amplified fragments were cut with BamHI and SstI and cloned into
the BamHI and Sstl sites of the pQE31 vector (Qiagen, Valencia, CA),
resulting in a translational fusion of the protein with six His residues at the
N terminus. The plasmid containing the full-length and the mature forms
were designated pEXP4 and pEXP5, respectively.

The QRT3 fusion protein was purified from E. coli by chromatography on
nickel chelate columns as described in the pET system manual (catalog no.
69755-1, Novagen, Madison, WI). The purified QRT3 protein was further
purified by SDS-PAGE and then used as an antigen to raise polyclonal
antibodies. Antibody production was carried out by Cocalico Biologicals,
Inc. (Reamstown, PA).
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Expression of QRT3 in Yeast (Saccharomyces cerevisiae)

The oligonucleotide primers used to construct E. coli expression plasmids
were used to PCR amplify the QRT3 sequence. The PCR product was cut
with BamHI and Sall and ligated into BamHI and Xhol sites of pYES2
(Stratagene). The plasmid containing the full-length protein was designated
as pYES7, and the plasmid containing the predicted mature protein was
designated as pYES8. The constructs were electroporated into a yeast strain
INVSC2. To induce expression of QRT3, the cells were grown in URA-
complex medium containing 2% (w/v) Gal (Sigma, catalog no. G-6404)
grown for 4 d at 30°C.

For protein extraction cells were harvested by centrifugation at 5,000 for
10 min, washed once in sterile water, and chilled to 4°C. The cells were
resuspended in an equal volume of 25 mm sodium acetate buffer (pH 5). The
cells were lysed by two passages through a French press at 16,000 psi.
The cell debris was removed by centrifugation at 15,000 rpm for 15 min. The
supernatant was dialyzed against 25 mm sodium acetate buffer (pH 5.0).

Immunohistochemical Localization of QRT3

Inflorescence tissue was fixed, embedded, and sectioned as described for
in situ hybridization. Immunohistochemical localization was carried out as
described by Smith et al. (1992). The primary antibody was pre-adsorbed
with acetone-powdered leaf tissue as described elsewhere (Conlon and
Rossant, 1992). For pre-adsorbing the primary antibodies, the acetone-
powdered tissue was added to the primary antibody to a final concentration
of 2% (w/v) and incubated at 4°C with gentle agitation for 2 h. The mixture
was centrifuged briefly, and the supernatant was used for immunohisto-
chemical localization at a dilution of 1:1,000 (v/v). The slides were exam-
ined using a DMRB (Leitz, Midland, ON) microscope with Normarski
optics.

Enzyme Assay

For the assays, 10 uL of 1% (w/v) poly-GalUA was incubated with 50 ul
of dialyzed protein extract (2.5 mg mL~" protein in 25 mm sodium acetate
[pH 5.0]) for 12 h at 25°C. The reactions were dried under vacuum, solubi-
lized in 10 pL of 15% (v/v) acetic acid containing 25 mg mL™'
8-aminopyrene-1,3,6-trisulfonic acid (Molecular Probes, Eugene OR), incu-
bated at 55°C for 90 min, diluted 1:500 (v/v) with water, and resolved by
capillary electrophoresis on a 50-um i.d.X 65-cm N-CHO-coated capillary
loaded with eCAP carbohydrate separation gel buffer-N (Beckman Coulter,
Fullerton CA) at 25 kV. Labeled products were detected by exciting with a
488-nm argon-ion laser and measuring fluorescence at 520 nm.

DNA Chip Analysis

Col-0 plants were grown at a density of four plants per 5-inch pot. All
tissue was harvested in the middle of the photoperiod. One set of plants was
grown in growth chambers under 125 umol m~2 s~ ! of fluorescent irradi-
ation with a 16-h photoperiod at 25°C during the day and 20°C during the
night. A second set was grown under natural light with a similar temper-
ature regime. Expanding leaves were obtained from plants at 12 to 14 d.
Leaves were also harvested on the 1st d of inflorescence formation and at
50 d after planting. Stems and flowers were harvested from plants when the
inflorescence was 6 inches high. For stem samples, siliques and pedicels
were removed from the lower 5 inches of the inflorescence stem, and the
remainder was used for RNA preparation. Flower samples were composed
of the flowers in which the petals remained attached plus unopened buds.
Roots were from 14-d-old plants grown under continuous fluorescent illu-
mination (approximately 30 pmol m™2 s™!) on the surface of vertically
oriented 0.8% (w/v) agar medium containing Murashige and Skoog salts.
RNA was extracted and hybridized to AtH1 DNA chips (Affymetrix, Santa
Clara, CA) according to the manufacturer’s instructions.

Distribution of Materials

Upon request, all novel materials described here will be made available
in a timely manner.
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