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Abstract We identified Arabidopsis thalianasterility pattern determined that the 1.3-kb POLLENLESS3
mutants by screening T-DNA and EMS-mutagenizedRNA is localized specifically within meiotic cells in
lines and characterized several male-sterile mutants wiie anther locules and that POLLENLESS3 mRNA is
defects specific for different anther processes. Appropiresent only during late meiosis.
mately 44 and 855 sterile mutants were uncovered from
the T-DNA and EMS screens, respectively. Several mKey words Arabidopsis- Anther development -
tants were studied in detail with defects that included theNA and EMS mutagenesis - Male-sterility mutants -
establishment of anther morphology, microspore produgene duplication - Meios’'s
tion, pollen differentiation, and anther dehiscence. Both
non-dehiscencing and late-dehiscencing mutants were
identified. In addition, pollenless mutants were observiattroduction
with either apparent meiotic defects and/or abnormalities
in cell layers surrounding the locules. Two mutant allelggither development initiates with the emergence of the
were identified for thé?OLLENLESS3ocus which have stamen primordia in the third whorl of the floral meri-
defects in functional microspore production that lead $é&em and concludes with the release of pollen grains at
the degeneration of cells within the anther locuped: dehiscence (Goldberg et al. 1993). Within the stamen
lenless3—Tontains a T-DNA insertion that co-segregatggimordia cell-specification and differentiation events
with the mutant phenotype apallenless3-2as a large give rise to mature anther cell types and generate the
deletion in the POLLENLESS3gene. ThePOLLEN- morphology of the anther and the filament. In many
LESS3gene has no known counterparts in the GenBarikwering plants, the anther has a four-lobed structure
but encodes a protein containing putative nuclear locabntaining a stereotyped cell-type pattern that is repeated
ization and protein-protein interaction motifs. TROL- in each lobe (Goldberg et al. 1993). Microsporogenesis
LENLESS3gene was shown recently to be the same @scurs within the reproductive locule of each lobe when
MS5 a previously describedrabidopsis thaliananale- the sporogenous cells enter meiosis to generate haploid
sterility mutant. Three genes were identified in f@L- microspores. Histospecification, morphogenesis, and
LENLESS3genomic region:GENEY POLLENLESS3 meiotic events constitute phase one of anther develop-
andB9-TUBULIN. The segment of th&rabidopsis thali- ment (Koltunow et al. 1990; Goldberg et al. 1993). The
anagenome containing theOLLENLESS&nd39-TU- molecular processes that direct cell specification, differ-
BULIN genes is duplicated and present on a differesitiation, and pattern formation in the developing stamen
chromosome. Analysis of tHROLLENLESS&xpression primordia during phase one are not known. By contrast,
phase two of anther development involves the functional
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nation and fertilization. How pollen grain differentiationtype. We determined that one of these linpsllen-
cell degeneration, and dehiscence events are coordinged3—1 has a T-DNA insert that co-segregates with the
during phase two of anther development is not known. mutant phenotype. This enabled the identification of the
We initiated a genetic approach to identify mutantisrupted gene and its wild-type counterpart. A second
defective in anther development. Anther developmentautant allele pollenless3—2has a 1-kb deletion in the
defects can generate male-sterile phenotypes that caP®&LENLESS3yene. Both thepollenless3—1and pol-
identified in sterility mutant screens. Male-sterile muenless3—2alleles fail to produce functional microspores
tants have been reported in a large number of plant spehin the anther locules as a result of an apparent defect
cies (Rick 1948; Van Der Veen and Wirtz 1968; Alberth meiosis. ThePOLLENLESS3gene has no known
sen and Phillips 1981; Kaul 1988). These include memunterparts in public databases, but encodes a protein
tants defective in anther morphology, microsporogenesisth putative protein-protein interaction and nuclear lo-
pollen development, and pollen function. Recent interestlization motifs. In situ hybridization studies demon-
has focused on mutagenesis screemsabidopsis thali- strated that the POLLENLESS3 mRNA accumulates
ana for the isolation of male- and female-sterility mutransiently during late meiosis in meiotic cells within the
tants (Moffatt and Somerville 1988; Chaudhury et anther locule. Together, our results describe a rich collec-
1992, 1994 a,b; Aarts et al. 1993; Chaudhury 199Rn of male-sterile mutants defective in different anther
Dawson et al. 1993; Modrusan et al. 1994; He et plocesses, and demonstrate thatRbd LENLESS3jene
1996; Peirson et al. 1996, 1997; Glover et al. 1996,expressed specifically during meiosis and is essential
1998; Hulskamp et al. 1997; Taylor et al. 1998). Thef® normal microspore and pollen grain production.
mutants can be distinguished from wild-type plants by
the absence of silique development (Van Der Veen and
Wirtz 1968). Our long-term goal is to identify mutants iMaterials and methods
Arabidopsis thalianahat are defective in the differentia- . . . )
tion of anther cell types and in the anther dehiscerdgtantisolation and genetic analysis
program. Screen 1

. We_ Ca”"?d out a num_b_er of screens to idendifgb- Five thousand T-DNA mutagenized lines Afabidopsis thaliana

idopsis thalianamale-fertility mutants. Two approachegcotype Wassilewskija (Ws), generated by Dr. Ken Feldmann,
were used: (1) T-DNA insertional mutagenesis (Feldere screened for male and female fertility mutants at the Univer-
mann and Marks 1987: Feldmann 1991: Forsthoefelsty of Arizona in November, 1991 (Feldmann and Marks 1987;

2l[dmann 1991; Forsthoefel et al. 1992; Modrusan et al. 1994).
al. 1992) and (2) ethyl methane sulfonate (EMS) Cherﬁgrtility mutants were identified as plants which lacked siliques

cal mutagenesis (Van Der Veen and Wirtz 1968; Redgh excluded floral mutants and dwarf mutants which had been
and Koncz 1992). The T-DNA lines were screened idntified and removed prior to our screen. Fertility mutants were
permit the isolation of T-DNA-tagged genes and thédifentified, examined for defects in pistil and stamen morphologies,

wild-type alleles with the expectation that gene functicind crossed with wild-type pollen. Female fertility mutants were

“ " - haracterized in the laboratory of Dr. Robert Fischer, University of
knock-outs” would be generated by the T-DNA inse alifornia, Berkeley (Modrusan et al. 1994; Klucher et al. 1996).

tion (Feldmann 1991). By contrast, the EMS screen w@sle sterility mutants are reported in this paper and were made

initiated to attempt to saturate tieabidopsis thaliana available to a number of other laboratories (He et al. 1996; Glover

genome for male-fertility mutations (Redei and Kon%al. 1996, 1998; Ross et al. 1997). This mutant collection can be
t

; ; tained from the Ohio State University Seed Stock Center
1992). Our goal was to obtain a wide range of male-stglg e humbers cs2361 to ¢52605).
ile phenotypes and, in particular, to identify genes in-
volved in the anther dehiscence pathway. )
Here we report the characterization of 16 recessive®e"
male-sterility mutants that belong to four general phenin additional 1600Arabidopsis thaliana(Ws) T-DNA mutage-
typic classes. We focused on pollenless mutants niged lines, also generated by Dr. Ken Feldmann, were obtained

: n the Ohio State University Seed Stock Center (ARBC num-
search for defects in early anther developmental procgsgz <6401 to cs6480) as “pools’ of 20 lines. These pools were

es, and on dehiscence mutants to enable us to investigatd and screened for male fertility mutants at UCLA in Novem-
stomium region development and function. Two differenér, 1995. The stamen morphology of these plants was examined

dehiscence mutants were characterinemh-dehiscencel and the mutants were crossed with wild-type pollen.

undergoes an abnormal cell death program during phase

two of anther development and fails to dehisce at flon&treen 3

opening. By contrast, pollen release in ttdayed_-de-i Four hundred vacuum-transformédabidopsis thalianaecotype
hiscenceImutant occurs later than that observed in wildojumbia T-DNA mutagenized lines were obtained from the labo-
type anthers and after the stigmatic papillae are no lestery of Dr. Robert Fischer. These individual lines were examined
ger receptive to pollination. We identified six mutants if UCLA in October, 1997, as described in Screen 1.

which the terminal anther phenotype was pollenless.

Each segregated with a 3:1 F2 ratio indicating that spogareen 4

phytic processes are disrupted in the mutant anthers. W&ecompleted three small-scale ethyl methane sulfonate (EMS)

six lines belong to four genetic complementation grouRgitagenesis screens of both individual lines (1000 lines of mut-
and have different defects leading to a pollenless pheagenizedArabidopsis thalianaecotype Columbia, Dr. Robert Fi-
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scher) and pools (mutageniz@dabidopsis thalianaecotype Co- flowers that corresponded to a specific stage of wild-type anther
lumbia, Dr. Chris Somerville, Stanford University and Dr. Garglevelopment were mounted on scanning electron microscope
Drews, University of Utah). We also obtained male-sterile mutarstsibs. Pollen grains from dehiscence mutants were obtained by
from other laboratorieglelayed-dehiscence8 tissue culture gen- manually opening the anthers after critical point drying of the
erated T-DNA insertion mutant (Dr. Chentao Lin, UCLA)sample. Mounted samples were coated with palladium-gold in a
TJ421-3-3, an anther pattern mutant (Dr. Tom Jack, Dartmosgutter coater (Hummer, Alexandria, Va.) and then examined in an
College, originally identified by Dr. Gary Drews). autoscan scanning electron microscope (ETEC, Hayward, Calif.)
with an acceleration voltage of 10 kV. Photographs were taken us-

ing Polaroid type 55 film.
Screen 5 g P

We mutagenized 20 00Qrabidopsis thaliansecotype Landsberg ; ; ; 3 : .
erecta (Ler) seeds with EMS (Redei and Koncz 1992). Seeds W%%]omlc DNA isolation and T-DNA insert analysis

imbibed overnight and then shaken in 10 mM EMS for 15 h. Theapiqopsis thalianacotype Ws genomic DNA was isolated from
gﬂdl S.ﬁe%SoWﬁ;ﬁS”n:fdatenrgm;ztg'xefo'goo'13 gsezgaro::a, ﬁ/lnld EI Eﬁ'enlessS—;L pollenless3—2 and wild-type plants (Murray and
(30 éXQl 4 cm). The flzftg w)gre ver);alized for 3 da rs)at 4°C prigrompson 1980), The DNA (1-48) was digested with restriction

: ' : ; Y - Pt donucleases (Life Technologies, Gibco-BRL, Gaithersburg,
to transfer to the greenhouse. We estimated that approxima ), separated in 0.6-0.8% agarose gels (1x TAE buffer), and

58% of the M1 seedlings germinated and survived the EMS treal- ;
ment. M2 seeds were collected as 20 pools from approximat nsferred to Nytran membranes (Schleicher and Schuell, Keene,

600 M1 plants in each flat and then dried for 5-7 days. The - ‘he DNA blots were hybridized with T-DNA right and left

se_eds were p_Iace_d in 0.1% agarose and chilled for 3 day_s at fter sequences labeled WaP-dCTP by random primer svn-
prior to planting in the greenhouse. We planted approximat Sis (Fe?nberg and Vogelstein 1983). yI'he T-DNAp right b)c/erer

12000 seeds from each M2 pool and a primary screen of be was a Hindlll fra ;
> ; - gment from pKC7H23 (Dr. P. Zambryski,
180 000 surviving M2 plants was carried out at UCLA in May, iversity of California, Berkeley; Zambryski et al. 1980) con-

1998. Using a Poisson distribution we estimated that this numfer: - "5°2 b "¢ the T-DNA right border. The T-DNA left border
of M2 plants is sufficient to have a 70% probability of findin obegwés a Hindlll fragmentg from pBéHlO (Dr. P. Zambryski
each fertility mutation generated by EMS within the population %fniversity of California, Berkeley; Zambryski et Al 1980) con-

12 000 M1 plants [N/M1 plant=In (1-0.7)/In (1-0.125) (Dr. Keny: - 3
Feldmann, personal communication; Redei and Koncz 1992)]. 8%'ng 2.9 kb of the T-DNA left border.

goal was to determine the range of male-sterile mutants that could
be identified and, in particular, the range of phenotypes obtai ; ;
within the dehiscence class. Only mutants with either a dehiscer]rﬁ:gesmld rescue experiments

or anther pattern phenotype were crossed with wild-type polleng@ismiq rescue experiments to isolate plant flanking sequence

generate lines for future study. ; ;
Male-sterile mutants from screens 1-4 were confirmed byfcéOneS were performed according to Behringer and Medford

. X ; S [992), except that the genomic DNA ligation step was performed
lowing the inheritance of the mutant phenotype in lines estai-3 5601 volume. Rescued T-DNA border-plant junction clones
lished by crosses with wild-type pollen. These lines were malfia e confirmed by restriction endonuclease mapping and hybrid-

! : r
tained as heterozygotes (MS/ms) and their progeny segregate g’ﬁon to genomic DNA from wild-type and male-sterile plants.
wild-type and male-sterile plants. Mutants were characterized Ey

examination of flowers and anthers using a dissecting microscope

(Olympus Model SZH, Olympus, Lake Success, N.Y.). Complesy|ation ofArabidopsiswild-type genomic clones
mentation crosses were carried out with pollen from the heterozy-

gous (MS/ms) plants applied to male-sterile plants (ms/ms) {9t sequences flanking both sides of the T-DNA insebiten-

mutants from the pollenless and dehiscence classes. If the 3-1 identified by plasmid-rescue, were utilized to screen an

lines represented mutations at different gene loci, then 100% wijg- bidopsis thalian@cotype Ws wild-type genomic library (a gift

type progeny were expected. If the two lines represented mu ?n Dr. Ken Feldmann). Three successive rounds of screening

alleles %f the same IOCUS() then the progeny were expected 10 S§gEs performed to isolate individual lambda clones. DNA label-

gate 50% wild-type to 50% male-sterile plants. ling, library screening, and lambda DNA isolation were carried out
as described by Jofuku and Goldberg (1988).

Light microscopy

Bright-field photographs of individual flowers were taken using ROIY(A) MRNA isolation, RNA blots, and Marathon cDNA
dissecting microscope (Olympus Model SZH). Mutant and wil@mplification

type flowers were fixed overnight in FAA (50% ethanol, 5.0% gla- .

cial acetic acid, 3.7% formaldehyde), dehydrated in a graded etRglysomal RNA was isolated from (1) a developmental pool of
nol series (2x50%, 60%, 70%, 85%, 95%, 3x100%), embedded'ffppened floral buds, (2) a mixture of leaves and stems, (3) roots,
Spurr’s epoxy resin (Spurr 1969; TedPella, Redding, Calif.) or LRDd (4) siliques from wild-typArabidopsis thalianaecotype Ws
White resin (Polysciences, Warrington, Pa.), and sectiongehjl Plants (Cox and Goldberg 1988). Poly(A) mRNA was isolated us-
using a microtome (LKB Ultratome V, LKB, Bromma, Sweden)N9 either ollg(_)(dT) c_eIIquse or PolyATract magnetic be_ads
Anther transverse sections were stained in 1% toluidine blue(R§omega, Madison, Wis.). The poly(A) mRNA was size-fraction-
42°C for 1-2 h for Spurr’s resin sections, or for 5-10 min for LF&fed by electrophoresis in formaldehyde gels and blotted to Nytran
White plastic sections. Bright-field photographs of the anth mbranes (Schleicher and Schuell) as outlined in Koltunow et al.
cross-sections were taken using a compound microscope (Olf#§90). The floral bud poly(A) mRNA was also used for Marathon
pus Model BH2). All photographs were taken with Kodak GolgPNA amplification (Clontech, Palo Alto, Calif.).

100 film (ISO 100/21).

Reverse transcription-polymerase chain reaction
Scanning electron microscopy ) )

First-strand cDNAs were synthesized from Q% of polysomal
Wild-type and mutant inflorescences were fixed overnight in FAfply(A) mRNA isolated from inflorescences (pooled stages),
dehydrated in a graded ethanol series as described above, andesites and stems, and rootsAshbidopsis thalianaecotype Ws.
ical point dried in liquid CQ Individual anthers and pollen fromReverse transcription (RT) was carried out using Superscript Il
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Moloney Murine leukemia virus reverse transcriptase (Life Techrams. ORFs and exon-intron junctions were identified by using
nologies, Gibco-BRL) according to the supplier’s protocol accorifetPlantGene (Hebsgaard et al. 1996, http://genome.cbs.dtu.
panied with the Superscript Il. One-fifth of the RT reaction walk/services/NetPGene/). DNA sequence comparisons were per-
amplified by the polymerase chain reaction (PCR) in aul5@l- formed using the NCBI GenBank BLAST programs (Altschul et
ume using sequence-specific primers dad| DNA polymerase al. 1990, 1997, http://www.ncbi.nlm.nih.gov/). DNA alignments
(Life Technologies, Gibco-BRL) and the GeneAmp PCR systewere carried out in the DNA Inspector program. (Textco, West
9700 (Perkin-Elmer, Branchburg, N.J.). The PCR profile wasebanon, N.M.). ProfileScan (http://www.isrec.isb-sib.ch/soft
96°C for 3 min, followed by 30 cycles of 96°C for 0.5 min; 65°@vare/PFSCAN_form.html) and PSORT (Nakai and Kanehisa
for 1 min; 72°C for 1.5 min; and 72°C for 7 min. The followingl992, http://cookie.imcb.osaka-u.ac.jp/nakai/psort.html) were used
primers were used®OLLENLESS35-agaggaggagaccaccgtattcttgto identify protein motifs. PAIRCOIL (Berger et al. 1995,
3 and B-ggttcatctccgcattcactctct:3POLLENLESS3-LIKELS'-  http://theory.lcs.mit.edu/~bab/paircoil.html) was used to search for
aagtctgggaggattacagaggtcgaedhd 3-cgtcattagtagtcgaggctgcetgt-3 coiled-coil regions within protein sequences. Protein secondary
One-fifth of the PCR reaction volume was fractionated on a 0.8¥ucture predictions were undertaken through nnPredict (Kneller
agarose gel containing ethidium bromide. et al. 1990, http://www.cmpharm.ucsf.edu/~nomi/nnpredict.html).
Primers were designed by use of Primer3 (http;/www-ge

i nome.wi.mit.edu/cgi-bin/primer/primer3.cgi) and the GCG Wis-
Isolation of 3and 3 RACE cDNA clones consin programs. Thé@OLLENLESS3-LIKElgene region se-
L . . . ; .. quence within chromosome 5 was obtained from KAOS (Kaneko
Gene-specific primers were designed to identifadd 3 rapid t al. 1998; http://www.kazusa.or.jp/arabi/). Protein tertiary struc-

amplification of cDNA ends (RACE) cDNA products generateﬁlre analysis based upon amino acid sequence was undertaken
from a wild-typeArabidopsis thalianaecotype Ws inflorescence rough 123D Threading (Alexandrov et al. 1995, http://www-
Marathon cDNA. Gene-specific primers were designed from |de@ ’ ’ .

tified open reading frames and matched to the Marathon cD mb.ncifcrf.gov/~nicka/123D.html) ‘and the UCLA-DOE Fold

amplification protocol specification§SSENEY 5RACE primer 5 dogﬁginllfcrl]a :gmer (Fischer and Eisenberg 1996, http://fold.

ggttcctgaactttggaagctgtggct-3' RACE primer 5-ggagtcagatccttt- S : )

cttggccatttcc-3 POLLENLESS35RACE primer 5-tagctttcgagc-

agcacctctegtctc:p The cDNA RACE products were reamplifiedsolation of a genomic clone containing fhelenless3-2jene

gel purified (GeneClean, Bio101, Vista, Calif.), and cloned into

the pCR2.1 vector (TA Cloning, Invitrogen, Carlsbad, Calif.). =~ Sequencing primers known to flank tip®llenless3—2deletion
were used to isolate genomic DNA fragments from both wild-type

. . and pollenless3—-2lants by PCR amplification. The two primers
DNA and protein sequence analysis were 5-cg[gaattc]laaggaatggacgagatdgaBd 3-cg[ggatcc]gattct-

. : tcagagcc-3The brackets refer to EcoRIl and BamHI re-
DNA was sequenced either manually by using the Sequenase acg . ; 0
(United States Biochemical, Cleveland, Ohio) or by using tﬁ ! tion endonuclease sites that were added to the primers to facil

h : : o loning of the PCR products. The PCR amplification prod-
UCLA Life Sciences Automated ABI Sequencing Facility. Se- ec e ) .
quencing was initiated by use of either commercial primers ts were gel purified (GeneClean, Bio101) and cloned into the

gene-specific primers designed from a previous sequencing re RZ.l vector (TA Cloning, Invitrogen).
All protocols for the sequencing of PCR products and plasmid
templates were as described by ABI (Perkin-Elmer/Roche Mol@-situ hybridization studies
cular, Branchburg, N.J.).
Compilation and analysis of DNA sequence data were carriéthbidopsis thalianaecotype Ws inflorescences from wild-type
out by using the Genetics Computer Group (GCG) Wisconsin pemd pollenless3—2lants were fixed, processed, and sectioned as

Table 1 Fertility mutants identified iArabidopsismutant screers

Class Mutant phenotypes Screen
Description 5000 T-DNA 1600 T-DNA 400 T-DNAe Other screerts
Early defect Undeveloped anther - - - 1
Pollenless Anthers devoid of pollen grains 5 2 - -
Defective pollen Abnormal pollen in dehisced anthers 3 2 2 -
Pollen function/ Visually wild-type pollen graihs 12 - - -
Female sterile
Stamen length Reduced filament extension - - 3 -
Dehiscence Anthers defective in pollen release 3 - 1 3
Pattern Alteration in anther morphology - - 1 1
and/or locule number
Floral Altered floral organ development - 3 2 -
Reduced fertility Consistently short siliques 4 - 1 -

a Screened as individual families. Identified lines segregatingd@hese mutants came from our initial small-scale EMS mutagene-
mutant phenotype (see Materials and methods, Screen 1). Pringdsyscreens, or from male-sterile lines given to us from other labo-
screen selection for mutants defective in anther development. Fitories (see Materials and methods, Screen 4)

ral and dwarf mutants were identified previously. Sterile mutarfidlutants in the defective pollen class had visibly abnormal pollen
that appeared to contain wild-type pollen grains were not includgahins at dehiscence. These pollen grains had a dark color and/or a
in the secondary screen. Female sterile lines from this screen vatieky appearance in the dissecting microscope (see Materials and
studied in the lab of Dr. Robert Fischer, UC Berkelssl £ Modr- methods). By contrast, mutants in the pollen function/female ster-
usan et al. 1994; Reiser et al. 1986t— Klucher et al. 1996) ile class had pollen grains that were indistinguishable from those
b Screened as pools of twenty lines each. Identified individual maf-wild-type plants in the dissecting microsc e

tant plants (see Materials and methods, Screen 2)

¢ Screened as individual families (see Materials and methods,

Screen 3)
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Clas¢

Mutant phenotype description

Number

Early defect
Pollenless
Defective pollen/female sterile

Pollen function/female sterile
Stamen length
Dehiscence

Pattern

Floral

Reduced fertility
cer

Undeveloped anthdit-(ikec)
Anthers devoid of pollen grains

Abnormal and/or reduced pollen
in dehisced anthets

Visually wild-type pollen grains
Reduced filament extension

Anthers defective in dehiscence
non-dehiscent anthers with pollen
non-dehiscent anthers without pollen
late-dehiscent anthers with pollen
late-dehiscent anthers without pollen

Alteration in locule number
ant-likec. e
ettin-like¢ f
not ettin-like or ant-likeg
Alteration in anther morphology

Altered floral organ development

non-homeotid@

unusual pistil$

homeotic
agamous-like 1
ap2-likec 24
ap3/pi-likec 18
leafy-likec 1
otheri 2

Consistently short siliques

101
76

129
15
273

69
145
55

56
14
14
14
14

150
81
23
46

53
30

a180 000 M2 plants were screened for fertility mutants from 20 M1 pools of 600 lines each. In all
855 fertility-related mutants were identified. Only mutants identified in the dehiscence and pattern
classes were crossed with wild-type plants to obtain F1 seeds (see Materials and methods, Screen 5)

b The primary goal of the EMS screen was to identify mutants defective in the anther dehiscence pro-
cess. Each mutant that affected dehiscence was included in the dehiscence class, even though other
traits might have been affected (e.g., pollenless). As such, the mutants in other classes may have been

underestimated

¢ A number of mutants in this screen were identified visually as similar to known mutants. We de-
scribed these mutants adike” (e.g., fil-like), but did not confirm the visual identification by cross-

ing or mapping

d Defective pollen mutants had visibly abnormal pollen grains at dehiscence (n=30) and/or a reduced
level of pollen grains (n=46). Pollen function/female sterile mutants had pollen grains that were in-
distinguishable in the dissecting microscope
e The floral phenotype of these mutants was similaaitdegumentalantl) (Klucher et al. 1996).
Anthers had two lobes with a single locule each, and the plants appeared to be female sterile

f The floral phenotype of these mutants was similagttion (Sessions and Zambryski 1995; Sessions

et al. 1997). Anthers had a variable number of locules, ranging from one to four, and the plants ap-

peared to be female sterile

9 The anthers of these mutants had alterations in size, shape, and lobe number, but did not appear to

be eitherant-like or ettin-like

h Altered floral organ development where the phenotypes do not appear to be similar to homeotic flo-
ral mutations described previously (Coen and Meyerowitz 1991)
i Visible defect in pistil structure (e.g., unfused carpel, abnormal stigma). Other floral organs appear

normal

i Altered floral organ identity which does not correspond with a described homeotic phenotype

k Not all of the reduced-fertility-phenotype mutants were cataloged in this screen. Therefore, the
number listed in this table is an underestimate
I eceriferum(cer) mutants affect epicuticular wax biosynthesis, and soerenutants affect pollen
fertility (McNevin et al. 1993). One of these mutants was also clasdédiles

described previously (Cox and Goldberg 1988; Yadegari et lybridization experiment was carried out using both sense and an-
1994; Beals and Goldberg 1997). The synthesis of single-straticbense probes generated fradPOLLENLESS35'RACE cDNA
ed-labeled RNA probes, in situ hybridization, slide washing, antbnes. Sense and antiser’8e-rRNA probes were used as con-
exposure to Kodak NTB-2 emulsion was carried out as descrilieas (Delsney et al. 1983). Bright-field and dark-field photographs
by Yadegari et al. (1994) and Beals and Goldberg (1997). RNere taken using an Olympus compound microscope (Olympus
were labeled with3P-UTP (Beals and Goldberg 1997). The in sitModel BH2) with Kodak Gold 100 ASA film (ISO 100/21).
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Results

Male-sterile mutants were identified in T-DNA
and EMS mutagenesis screens

We screened 7000 T-DNA mutageniz&@bidopsis tha-
liana lines (Table 1) and 180 000 EMS treated lines (T
ble 2) to identify mutants defective in anther develo
ment and/or function (see Materials and methods). C
primary screens identified mutagenized lines that seg
gated sterile plants by the absence of silique devel, P ;
ment after flower opening (Van Der Veen and Wirl\ '
1968). We visually examined the flowers and floral o
gans of each sterile line at different developmental pe
ods and identified nine general classes of fertility m C
tants: (1) early anther defect, (2) pollenless, (3) defect
pollen, (4) pollen function/female sterile, (5) stame
length, (6) non- or late-dehiscence, (7) anther pattern,
floral, and (9) reduced fertility. A description of the typi
cal phenotype for each of these mutant classes is liste
Table 1.
Figure 1 compares recently opened flowers from re i:,
resentative mutant classes with those of wild-type plar i
In wild-type, the filament of each stamen elongated
position the anther at the height of the stigma (Fig. 1A
The anthers have just dehisced and released pollen g
(Fig. 1A). Each mutant class, by contrast, exhibited E
specific floral or stamen defect. For examplegdevel-
oped antherrepresentative of the early defect class, h
stamens with filament-like structures that did not conts
anthers (Fig. 1E). Thendeveloped anthemutant has
been described previously, has defects in other floral
gans, and is allelic téil, a pleiotrophic flower mutant
(Komaki et al. 1988; Chaudhury et al. 1992; Goldberg
al. 1993; Okada and Shimura 1994). Antherpalfen-
less3—2 a member of the pollenless class, were oft
flattened in appearance just prior to dehiscence and
devoid of pollen grains (Fig. 1B). By contrast, abnormg
looking pollen grains were released at dehiscence fr
defective-pollenanthers, a member of the defective-po
len class (Fig. 1C). The anthers of a similar class, des

nated as pollen function/female sterile, also released RO 1A-F Arabidopsis thalianawild-type and mutant flowers.

len grains at dehiscence but these pollen grains were ¥gen flowers were photographed by bright-field microscapy.
ibly indistinguishable from those of wild type (Table 1wild type. B pollenless3—2Identified in Screen 1 (5000 T-DNA,;
data not shown). Mutants in the pollen function/femaléab:g 11))% ddeefg:tg/é%-gggggglgggigfﬁn;?edSCiLegré rt é?]O(l)O(E;r(-)g(')\U:\I';
Ster.'le (.:Iass were probak_)ly due_ to defects In .e'ther P IA; Table 1).Eyundeveloped anthetdentified in Screen 4 (oth-
pollination pollen functions (i.e., germination, tubg screens, EMS mutagenesis: TableFljused sepalsidentified
growth; Hulskamp et al. 1995), or to defects in femaiescreen 2 (1600 T-DNA; Table 1). The T-DNA in this line does
fertility (Modrusan et al. 1994). A fourth class, represot segregate with the fused sepal phenotype (data not shgwn).
sented bydelayed-dehiscencehad anthers that did notA”ther?r’ filament; FS fuseld Sgpa.'@g_%vary?PG' pdo”ﬁ.” grain;
dehisce at flower opening, and the undehisced anthRECPE:Sa,SIAMEiSY syl Bar in D=2504m and ths is the
were indistinguishable at the light microscopy level from
wild-type anthers prior to dehiscence (Fig. 1D). Finally,
fused sepalgepresentative of the floral class, had sepaigernal measure of the degree of “saturation” obtained
that were fused along their margins which impaired pdly our EMS treatment. The floral class listed in Table 1
len delivery to the stigma and caused reduced fertiliticludes only non-homeotic mutants affecting flower de-
(Fig. 1F). Although we identified floral homeotic muvelopment. These mutants and those in classes affecting
tants in both the T-DNA and EMS screens, these mutaptdlen function/female sterility, stamen length, and re-
were not studied and are included in Table 2 only as durced fertility were not studied further.
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Table 3 Male-sterile mutants characterized fréwabidopsismutant screef-

Mutant Complementation Description of mutant phenotype
class groups
Early defect undeveloped anther Affects floral development. Stamen does not usually develop into an anther,
but has filament-like structure. Rare stamens generate pollen
Pollenless | pollenless1-11-2 Anther locules devoid of pollen grains. Cells derived from microspore mother cells
Il pollenless2 degenerate. Tetrads and microspores are either abnormal or not present. Premature
Il pollenless3-F. ¢ 3-2  degeneration of the tapetum also occunsdtienless1-landpollenless2
fat tapetunt Pollenless phenotype. Mutant phenotype diverges from wild type prior to meiosis.
The middle layer and tapetum enlarge and the locules collapse
Defective pollert  defective-polleni2, 3d.f  Aberrant pollen visualized on dehisced anthers. Meiosis and pollen development
occur
Dehiscence | delayed-dehiscencell Anther dehiscence and pollen release are delayed preventing successful pollination

Il delayed-dehiscence2
Il delayed-dehiscence3
IV delayed-dehiscence4

delayed-dehiscence5

V non-dehiscencel Anthers contain pollen but do not dehisce

a undeveloped antherdelayed-dehiscence3and delayed-dehis- Biological Resource Center (ABRC) seed catalog (http://aims.
cencedwere identified from EMS screendelayed-dehiscence5 cps.msu.edu/aims/)

was identified from a screen of tissue culture T-DNA transformf- Complementation crosses showed thatdeveloped anther
tion lines (Dr. Chentao Lin, UCLA). All other mutants were ob¢Goldberg et al. 1993), previously calladtherles§Chaudhury et
tained from Feldmann T-DNA lines (see Materials and methodd. 1992), was allelic téil (Komaki et al. 1988; Okada and Shim-
Feldmann 1991; Forsthoefel et al. 1992). The Feldmann line numa 1994)

bers corresponding to these mutants welenless1-21728, ¢ pollenless3-1was described recently ass5by Glover et al.
pollenless1-21180, pollenless22824, pollenless3—%178, pol- (1998) anddmlby Ross et al. (1997)

lenless3—-21097, defective-pollend783, defective-pollen21569, d These three lines contain a T-DNA insert that co-segregates with
defective-pollend2522, delayed-dehiscence1926, delayed-de- the mutant phenotype

hiscence22379, non-dehiscenceb47, and fat tapeturspool ©Completion crosses were not carried out for these mutants
6410 of the Feldmann T-DNA line numbers listed in the Arah-defective-pollen3vas described previously aseilby He et al.
idopsis Information Management System (AIMS), Arabidopsid996) andncdlby Ross et al. (1997)

We obtained approximately 44 fertility mutants frorsive sporophytic mutations (data not shown). Comple-
our T-DNA screens (Table 1). All of these mutants wemeentation crosses were carried out to determine the
confirmed in subsequent generations from segregatmgmber of independent genetic loci identified by the
F2 populations. By contrast, we obtained 855 EMS-imale-sterile mutants of the pollenless and dehiscence
duced fertility mutants, or approximately 7% of thelasses. At least three complementation groups were
12000 M1 lines screened (Table 2). Of these, 208 mdentified for the five pollenless mutants, and the dehis-
tants affected floral morphology, anther developmemrgnce mutants were represented by at least five indepen-
and/or anther formation, while 579 affected pollen fundent genetic loci (Table 3). Three of these mutants were
tion, development, or release (Table 2). An additional 6Bown to contain a T-DNA that co-segregated with the
mutants had either reduced fertility or short filamemiutant phenotypepollenless3—1defective-pollen3and
length (Table 2). The EMS screen was designed to “sadielayed-dehiscencdtlata not shown; Glover et al. 1996;
rate” theArabidopsis thalianggenome with fertility mu- He et al. 1996). Preliminary studies suggested that a
tations, and, in particular, identify a large collection dburth mutant,delayed-dehiscence@lso had a T-DNA
mutants defective in the dehiscence pathway. We dbat co-segregated with the defective dehiscence pheno-
tained 273 mutants with defects in the dehiscence ptgpe (data not shown).
cess (Table 2). We also obtained a large number of mu-
tants (46) that resembled several well-characterized flo-
ral homeaotic gene loci in this screen (eap3-like ap2- Characterization of anther and pollen morphology
like), suggesting that we achieved “saturation,” at ledsdbm representative male-sterile mutants in the scanning
for some genomic regions (Table 2). electron microscope

In the study reported here, we focused on male-sterile
mutants that affected anther morphology, pollen form@/e characterized the stamens of several male-sterile mu-
tion, and dehiscence, and in which all other floral orgatats by scanning electron microscopy (SEM) to identify
appeared wild-type. These mutants and their phenotydegects in anther morphology (see Materials and meth-
are listed in Table 3. In each case, the male-sterile nods). The four-lobed structure of a wild-typeabidopsis
tants were female fertile and segregated 3:1 in the thaliana anther is shown in Fig. 2A, whereas Fig. 2B
generation, indicating that they were the result of recattows a wild-type anther that split open along the stom-



between each pair of lobes, but remained closed at flow-
er opening (Fig. 2F).

We examined the pollen grains present wittiefec-
tive-pollen3 and delayed-dehiscencelanthers using
SEM, and compared these pollen grains with those of
wild-type anthers. Wild-type pollen grains were spheri-
cal, had sculptured exine walls, and visible apertures
were present through which the future pollen tubes could
emerge (Fig. 2G). By contrast, pollen grainglefective-
pollen3had normal-appearing exine wall sculpturing, but
exhibited a collapsed morphology (Fig. 2H). The extent
of this defect varied between lines of this class (data not
shown). Wherdelayed-dehiscencednthers were manu-
ally opened and examined using SEM, their pollen
grains were indistinguishable from those of wild-type
anthers with respect to morphology and exine wall sculp-
turing (Fig. 21).delayed-dehiscencgiollen grains were
viable and capable of successful pollination (data not
shown).

Arabidopsis thaliananther development involves
both cell differentation and degeneration processes

We prepared transverse sections of wild-typabidop-

sis thalianaanthers in order to describe the changes that
Fig. 2A—I Scanning electron micrographsAsfabidopsis thaliana occurred a!t the _ceIIuIar level from the emergence of the
wild-type and mutant anthers and pollen. Anthers and pollen wt@men primordia to anther dehiscence and senescence.
isolated from flowers at anthesis and were photographed in Tileese sections served as a control to uncover events re-
scanning electron microscope as outlined in Materials and me§pnsible for the loss of fertility in the male-sterile lines

ods.A andB Wild-type Arabidopsis thaliandloral organs. Flower : . A, . . .
at stage 5 of anther development with sepals and petals reméggd'nvesngated' We divide@irabidopsis thalianaanther

(A) and dehisced anther at Stage m (C undeve|0ped anther eVeIOpment |nt014 StageS at Wh|Ch d|St|nCt|Ve Ce||u|al‘
flower with sepals and petals removed. Developmental stage siewents could be visualized at the level of the light micro-

lar to that in A). D-F Male-sterile anthers at stage p8llenless3- scope. Stages 1 to 8 represented phase one of anther de-

2 (D), defective-pollen3E), and delayed-dehiscence(F). G-I ; ;
Pollen grains from anthers shown B)( (E) and §), respectively. velopment (Fig. 3), while stages 9 to 14 represented

Wild-type pollen grains @), defective-poilengH), anddelayed- Phase two of anther development (Fig. 4). Table 4 lists a
dehiscencell). A, Anther; Ap, apertureE, epidermisEx, exine; summary of the key events that occurred at each stage,
E, filagﬁent: IEW,Oifnrlg?f ||CéCU|§ ;Naltlg)v, Ct>}/afy; PSCtS F:gllen grgin; the cells and tissues that were present, and a cross-refer-
m remnants of locule contentsg stigma, St stomium, SY- ence between our anther stages and those described pre-
;‘glei-nB"g‘{,)”;z(Q )w}]?%g?‘;an‘,;)'Qz(g‘ Lnioaﬂrg’r%%r}égéﬁt)s Zﬁe“rgémé/lously for Arabidopsis thalianaflower and pollen de-
scale for F), Bar in (G)=5 pm and represents the same scale foelopment (Regan and Moffatt 1990; Smyth et al. 1990;
(H)and () Bowman et al. 1991).
During stages 1 to 4, cell division events occurred
within the developing anther primordia to establish a bi-
ium and released pollen grains at dehiscence. By ctateral structure with locule, wall, connective, and vascu-
trast, stamens of thendeveloped anthenutant did not lar regions characteristic of the mature anther (Fig. 3).
develop anthers, but consisted of filament-like structur@schesporial cells within the four corners of the anther
which terminated in a small “swelling” at their tipgrimordia divided periclinally to give rise to distinct 1°
(Fig. 2C). The anthers of most male-sterile mutants witparietal and 1° sporogenous cell lineages that differenti-
in the pollenless, defective-pollen, and dehiscence claated into the endothecium, middle layer, tapetum, and
es were indistinguishable from those of wild type witimicrospore mother cells of the locules (Fig. 3, stage 5).
respect to size and morphology when examined by SBAMtrospore mother cells underwent meiosis between
in recently opened flowers (Fig. 2D-F). However, astages 5 and 7 within each of the four locules and gener-
thers ofpollenless3—2vere devoid of pollen grains at deated tetrads of haploid microspores (Fig. 3, stage 7). Mi-
hiscence and often contained “remnants” of degeneratedspores were released from the tetrads at stage 8
cellular material in the locule chamber (Fig. 2D). AnFig. 3) and differentiated into three-celled pollen grains
thers ofdefective-pollen8lehisced and contained pollenfdata not shown) between stages 9 and 12 (Fig. 4). Coor-
grain-like material (Fig. 2E). The anthersds#layed-de- dinated with pollen development was a general increase
hiscencelhad well-developed stomium “notch” regionsn anther size, degeneration of several cell layers, and




305

f »

_:Idx ) ... ‘1(. \.. ‘\' \-\‘

A .9},{\ StR
3 : (ﬁ"'

& S
T AR
En E

Fig. 3 Phase one of wild-typArabidopsis thaliananther devel- MC, meiotic cell; ML, middle layer;MMC, microspore mother
opment. Flowers were fixed and embedded in LR-White plastiells;MSp microsporesl°P, primary parietal layer2°P, second-
resin and sliced into im transverse sections as described in Mary parietal cell layerst®°Sp primary sporogenous layeBp spo-
terials and methods. The flower sections were stained with toludgenous cellsStR stomium regionT, tapetum;Tds tetrads;V,
dine blue and anthers were photographed by bright-field micragscular regionBar over stage 1=2%m and this is the scale for
copy.Ar, archesporial cellC, connectiveE, epidermisEn, endo- stages 1 to 4Bar over stage 6=2%m and this is the scale for

thecium;L1, L2, andL3, the three cell-layers in stamen primordiastages 5 to 3



Fig. 4 Phase two of wild-typérabidopsis thaliananther devel- visible changes in specific anther cell types that preceded
opment. Flowers were fixed and embedded in LR-White plastige release of pollen grains during dehiscence (Fig. 4,

resin and sliced into fim transverse sections as described in Ma; - .
terials and methods. The flower sections were stained in toluid%t@‘ge 13). Table 5 summarizes the major events that oc-

blue and anthers were photographed by bright-field microscofyifred during the dehiscence program. These included
Stages 9 to 11, 12 to 13, and 14a to 14c represent anther lateedtpansion of the endothecium layer, deposition of fi-

velopment, dehiscence, and senescence, respectiyetonnec- prous bands (wall thickenings) in endothecial and con-

tive; E, epidermis;En, endotheciumFb, fibrous bandsMSp mi- ; ;
crosporesPG, pollen grainsSm septumsSt stomium:StR stom- nective cells, and the disappearance of the tapetum and

ium region; T, tapetum;V, vascular regionBar=50 ym and ap- Middle layers (Fig. 3 and Fig. 4, stages 7 to 11). Finally,
plies to all stages 9-14c the degeneration of the septum during stages 11 and 12
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Table 4 Major events durind\rabidopsisanther developmet:
Anther Major events and morphological markers Tissues Flower Pollen
stage preseht stagd
Rounded stamen primordia emerge L1, L2, L3 5
Archesporial cells arise in four “corners” of L2 layer. E, Ar
Change in shape of primordia to more oval.
3 Four regions of mitotic activity. 1° parietal and E, 2°P, 7
1° sporogenous layers derived from archesporial cells. Sp
Further divisions of each layer generate the 2° parietal
layers and sporogenous cells, respectively.
4 Four-lobed anther pattern with two developing stomium E, En, ML, T, 8
regions (“notch”) generated. Vascular region initiated. Sp,C, VvV
5 Four clearly defined locules established. E, En, ML, T, 9 3
All anther cell types present and pattern of anther MMC, C, V
defined. Microspore mother cells appear.
6 Microspore mother cells enter meiosis. Middle layer E, En, ML, T,
is crushed and degenerates. Tapetum becomes vacuolated MC, C,V
and the anther undergoes a general increase in size.
7 Meiosis completed. Tetrads of micropsores free within E, En, ML, T, 4
each locule. Remnants of middle layer present. Tds, C, V
8 Callose wall surrounding tetrads degenerates and E, En, T, 10 5
individual microspores released. MSp, C, V
9 Growth and expansion of anther continue. Microspores E, En, T, 67
generate an exine wall and become vacuolated. Septum MSp, C, V,
cells can be distinguished at the level of the TEM. Sm
10 Tapetum degeneration initiated. E, En, T, 11-12
MSp, C, V,
Sm
11 Pollen mitotic divisions occur. Tapetum degenerates. E, En, T, 8-9
Expansion of endothecial layer. Secondary thickenings PG, C,V,
or “fibrous bands” appear in endothecium and connective Sm, St
cells. Septum cell degeneration intiated. Stomium
differentiation begins.
12 Anther contains tricellular pollen grains. Anther becomes E, En, PG, 10
bilocular after degeneration and breakage of septum C,V,
below stomium. Differentiated stomium seen in TEM. St
13 Dehiscence. Breakage along stomium and pollen release. E, En, PG, 13-14
C,V
14 Senescence of stamen. Shrinkage of cells and E,En,C,V 15-16
anther structure.
15 Stamen falls off senescing flower. 17

a Anther stages are shown in Figs. 3 and 4

meiocyte;ML, middle layer;MMC, microspore mother celMSp

b The differentiation of the cell-types within each locule of the amaicrospore;2°P, secondary parietal laye,G, pollen grainsSm
ther was not synchronized during stages 1 to 4 (Fig. 3). Duriagptum;Sp sporogenous cellSt stomium;T, tapetum;Tds tet-
this period the locules varied with respect to specific L2-derivedds;V, vascular

cells that they contained. For example, the stage 3 anther showt Flower development stages taken from Smyth et al. (1990) and

Fig. 3 has 1° parietal and 1° sporogenous cells in one locule &@wvman et al. (1991)

2° parietal and sporogenous cells in another. From stage 5 ®Reollen development stages taken from Regan and Moffatt (1990)

wards development of locule cell types was consistent within &hransmission electron microscape
anther (Figs. 3 and 4)
¢ Ar, archesporialC, connectiveE, epidermis;En, endothecium;

L1, L2,andL3,

the three cell layers of the stamen primori&,

generated a bilocular anther (Fig. 4), which was followethdeveloped antheaffects early anther development
by stomium cell breakage and pollen release from the

locules during stages 12 and 13 (Fig. 4). Following dé/e examined transverse sectionsuofieveloped anther
hiscence, the anther senesced and fell off the plant vatamens and identified a range of anther phenotypes
the stamen and rest of the flower (Table 4; Fig. 4, stadEfy. 5). In most cases (>95%), the stamen consisted of a
14ato 14c). filament-like structure with an abnormal “swelling” at
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Table 5 Dehiscence program irabidopsiswild-type and mutant anthé s

Anther Wild type non-dehiscenced delayed-dehiscencel

stagé

11 Expansion of endothecial cell layer Expansion of endothecial cell layer. Expansion of endothecial cell layer
and appearance of fibrous bands in Distortion of endothecium and and appearance of fibrous bands in
endothecium and connective. connective cells. No fibrous bands endothecium and connective.

observed.

12 Break in septum below stomium Endothecium begins to degenerate, Break in septum below stomium.
creates bilocular anther. including septum.

13 Break at stomium in anther wall. Anthers do not dehisce. Anthers do not dehisce.
Anther wall “flips” back and pollen Endothecium degenerated. Pollen storage bodies visible.
released during dehiscence. Pollen appears wild type

Late 13 Pollen grains come in contact with In older flowers anthers do not In older flowers anthers have not
stigmatic papillae. Pollen germination dehisce, pollen appears wild type, dehisced. Pollen appears to
and pollen tube growth in pistil. and connective degenerates. degenerate.

14 Floral organs begin to senesce, the Senescence initiated; degeneration Senescence initiated. Anthers

anther shrinks, and cells distort.

of connective and endothecium leaves

dehisce and pollen degenerates.

only vascular bundle and an epidermis
surrounding pollen grains.
Anthers do not dehisce.

aModeled after events described by Keijzer (198 Refers to anther developmental stages described in Fig. 4 and Table 4
¢ Anther cross-sections faon-dehiscencednddelayed-dehiscencetre shown in Fig. 3

the tip (Fig. 1E and Fig. 2C). The degree of tip “swell-
ing” varied from stamen to stamen (data not shown). The
cellular organization of these filament-like structures re-
sembled that of filaments present in wild-type stamens
(Fig. 5A and data not shown). An outer layer of epider-
mal cells was visible that surrounded several rows of pa-
renchymal cells with a vascular bundle within the center
(Fig. 5A; Mauseth 1988). The “tip-swelling,” on the oth-
er hand, did not have an internal tissue organization sim-
ilar to a wild-type anther at any developmental stage
(Fig. 5B). The structure was approximately bilateral in
shape, but, with the exception of epidermal, connective-
like parenchyma, and vascular cells, did not contain the

Fig. 5A-D Bright-field photographs of anther development in the
undeveloped anthemutant. Flowers were fixed, embedded in
Spurr’'s epoxy resin, and sliced intopin transverse sections as
described in Materials and methods. Sections were stained with
toluidine blue and then photographed using bright-field microsco-
py. Mostundeveloped anthestamens (>95%), lacked anthers and
contained only filament-like structures with terminal “swellings”.
Labels indicate cell types that were morphologically similar to
their counterparts in wild-type antheré. Transverse section
through anundeveloped anthdilament-like structure from a sta-
men in an open flower (wild-type stage 1B)Transverse section
through the terminal “tip swelling” of anndeveloped anthesta-
men in an open flower (wild-type stage 18)Transverse section
through a rare abnormal anther of @mdeveloped anthestamen

at about wild-type anther stage@.Transverse section through a
rare abnormal anther of amdeveloped anthestamen at about
wild-type anther stage 1Z, connective, epidermis;En, endo-
thecium; Fb, fibrous bands2°P, secondary parietal cell layers;
PG, pollen grain;Sp sporogenous cell¥, vascular regiorBar in
(A)=20um and represents the same scale B); (Bar in
(C)=20pum; Bar in (D)=100pm
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Fig. 6A-D Stage 12 anthers from flowers Afabidopsis thaliana Anther cell processes are affected after microspore

pollenless and defective-pollen mutants. Male-sterile flowers wetghther cell formation in representative pollenless
fixed, embedded in Spurr's epoxy resin, and sliced intpndl defective-pollen mutants
transverse sections as described in Materials and methods. "%'HQ p

flower sections were stained with toluidine blue and anthers wi

photographed by bright-field microscopy. Transverse sections?é)%l identified a I_ar%e r;]umber of pollencljess and defeciive-
stage 12 male-sterile anthefspollenless1-1B pollenless3-2Cc  Pollen mutants in both our T-DNA and EMS mutagene-

fat tapetumD defective-pollen3C, connectiveCL, collapsed loc- SiS screens (Tables 1 and 2). Transverse sections of stage
ule; E, epidermisiEn, endotheciumfb, fibrous bandsPG, pollen 12 mature anthers from several of these mutants suggest-
%ra'”?R”IW remnants ‘jfs'gcu'e contentSm septum;St stomium; g that the mutations targeted either reproductive cells
» vascular reglorsar=oupm. within the locule (e.g., sporogenous cells) or accessory
cell layers surrounding the locule (e.g., tapetum, endo-
thecium) or both (Fig. 6). Other cell types in the mutant
specialized reproductive and non-reproductive cell typgtsge 12 anthers were unaffected (Fig. 6).
present in a wild-type anther (Fig. 3 and Fig. 4). Occa- Anthers of thepollenless1-Inutant (Fig. 6A) and the
sionally (<5% of the timeundeveloped anthestamens pollenless3—2nutant (Fig. 6B), for example, were indis-
developed abnormal anther-like structures that repladedjuishable from those of wild-type at stage 12 (Fig. 4),
the “tip swellings.” Within these structures we observezkcept that their locules were either emppolien-
the development of locules with associated sporogendtess1—) or contained minor remnants of cell debpsi{
cells and wall layers, connective, and vascular regidesless3—p Other anther tissues, including the epider-
similar to those in wild-type anthers (Fig. 5C). Typicallynis, connective, endothecium, and vascular bundle were
however, only two locules were observed in these amt affected (Fig. 6A, B). In addition, septum and stom-
thers (Fig. 5C). The sporogenous cells within the antharm cells that participate in the dehiscence process
like structures were capable of undergoing meiosis affdg. 4 and Table 4) were also present (Fig. 6A, B). By
differentiating into functional pollen grains which wereontrast, the debris-filled locules of another pollenless
released at dehiscence (Fig. 5D and data not shown). Motant,fat tapetum(Table 3), were collapsed at stage 12
gether, these results suggest thadeveloped antherand the surrounding walls lacked an endothecium layer
plays a role in early anther development, either direc{lyig. 6C). Otherfat tapetumtissue layers, such as the
or indirectly, after the stamen primordia specify filamewpidermis and connective, were similar to those in wild-
and potential anther regions. type anthers at stage 12 (Fig. 4 and Fig. @efective-
pollen3stage 12 anthers, on the other hand, were not de-
tectably different from those of wild-type plants (Fig. 4)
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Fig. 7A-D Bright-field photographs ofArabidopsis thaliana wild-type during stages 1 to 5 of anther development

wild-type and pollenless-class anther development. Flowers wgqg_ 3 and Table 4; mutant data not shown) and, at stage

fixed and embedded in either Spurr's or LR-White plastic resips S . :
and sliced into Jum transverse sections as described in Materi were indistinguishable from wild-type anthers

and methods. Flower sections were stained with toluidine blue 4fidd- 7A). For examplepollenless1-XFig. 7B), pollen-
anther locules were photographed by bright-field microscépy.less3—2(Fig. 7C), fat tapetum(Fig. 7D), anddefective-
Iigculeg lfrZOBmeilq-tVFerArabiﬁiorJlsisaftgﬂSh at Staghes 5, 7, 8, 9pollen3 (data not shown) contained normal-looking mi-
oo gf”develop‘r’ncg'n‘issggwgofoer“ﬁj_typgtaﬁ;ﬁgg (gsfggﬁlztsagcrospore mother cells surrounded by a tapetum, middle
from pollenless3-2anthers at the same stages of developmd@yel, and endothecium that were not detectably different
shown for wild-type anthersA). D Locules fromfat tapetuman- from those in wild-type anthers (Fig. 3 and Fig. 7A). By
thers at the same stages of development shown for wild-type @ontrast, the anthers of each mutant investigated deviated

thers Q), except that the locule shown in stage 9 was from an i i
ly stage 10 antheAM, aberrant materialCL, collapsed loculeE, *ftom wild type after stage 5 when the microspore mother

epidermis; En, endothecium{Ex, exine; Fb, fibrous bandsML, cells entered meiosis (st_age 6, Table 4), and bY stage 7
middle layer;MMC, microspore mother cell$1Sp microspores; lacked normal tetrads (Fig. 7A) and had distinctive mu-
PG, pollen grainRm remnants of locule contensst stomium;T, tant phenotypes (Fig. 7B, C, efective-pollen3lata
tapetumTds tetradsBar=25um not shown). Although our studies were not detailed

enough to pinpoint the precise meiotic stage that was af-
and the pollenless1-1 and pollenless3—2 mutants fected in each mutant investigated, others showed recent-
(Fig. 6A, B), except that defective pollen-grain-like mdy that pollenless3undergoes a third meiotic division
terial was present in the locules (Fig. 6D). The stage wRhout chromosome duplicationtdfinl Ross et al.
anthers of other defective-pollen mutants (edgfective- 1997), whereaslefective-pollen3generates fragmented
pollen2 Table 3) looked similar to those afefective- chromosomes and micronuclei during meiosieif, He
pollen3(data not shown). et al. 1996mcdl, Ross et al. 1997).

We examined transverse anther sections of severaFollowing stage 7, and throughout phase two of an-
pollenless and defective-pollen mutants at different déer development (stages 8-14, Table dBfective-pol-
velopmental stages to (1) determine when the mut&n3 anthers developed similarly to those of wild type
phenotype was first detectable and (2) identify what c@fig. 4 and Fig. 7A), underwent a normal dehiscence
types were affected by the mutations (Fig. 7). All mgprocess, and released abnormal pollen grains (Fig. 6D
tants investigated underwent events similar to thoseamfd data not shown). By contrast, we observed three dif-
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ferent developmental patterns during phase two for thehiscence mutants affect stomium breakage late
pollenless mutants investigated (Fig. 7B, C, D). First, in anther development
pollenless1-1(Fig. 7B) andpollenless2(Table 3, data
not shown) both the tapetum and abnormal meiotic praile obtained a large number of mutants in both our T-
ucts contributed to the degenerating cell debris obseni®dA and EMS mutagenesis screens that had defects in
within the locules at stages 9 and 10 (Fig. 7B). The tapkee anther dehiscence process (Tables 1 and 2). In our
tum degenerated prematurely in both of these mutalatge EMS screen, designed to uncover a range of defec-
during stages 7 to 9 (Fig. 7B) as compared with the tapige-dehiscence phenotypes, approximately one-third of
tum in wild-type anthers which degenerated after stagié male-sterile mutants detected had defects in the de-
10 (Fig. 4 and Fig. 7A). Second, ipollenless3—2 hiscence process (Table 2). These mutants included those
(Fig. 7C), pollenless3—1Table 3, data not shown), andvith anthers that either dehisced late relative to wild-
pollenless1-4Table 3, data not shown), only the defedype anthers or did not dehisce at all (Table 2). In addi-
tive meiotic products degenerated in the locules prentian, mutants in both dehiscence classes were found that
turely during stages 9 and 10. The tapetum in these naither had pollen or that were pollenless and did not pro-
tants persisted, exine wall material was deposited in thece detectable amounts of pollen (Table 2). The large
mutant locules, and the tapetum degenerated after staggority of dehiscence mutants uncovered in our EMS
10 in a manner similar to that which occurred in wildscreen (~53%) had anthers that contained pollen but de-
type anthers and left remnant material within the loculbsced late, after the stigma was receptive to successful
at stage 12 (Fig. 7A, C). This suggested that the tapegtallination (Table 2).
cell layer in pollenless3-2 pollenless3—1 and pollen- We investigated three dehiscence mutants in detalil
less1-2was functional, at least in part. We presume thiiat were obtained from T-DNA Screen 1 (5000 T-DNA,;
the difference inpollenless1-1(Fig. 7B) andpollen- Table 1). These includedelayed-dehiscencetlelayed-
less1-2(Table 3, data not shown) tapetal degeneratidehiscence2 and non-dehiscenceivhich belonged to
events was caused by differing strengths of these alletfiferent complementation groups (Table 3). We exam-
pollenless1-Dbeing stronger thapollenless1-2Pollen- ined anthers contained within both mutant and wild-type
less mutants displaying both of these developmental Jaiwers late in floral development to determine when, or
terns underwent a normal dehiscence process (Fig. 6Af,Banther dehiscence occurred in these mutants. Wild-
and Fig. 7B, C), indicating that neither pollen grains ntype anther dehiscence occurred just before or at the time
tapetal cells play a role in release of pollen from the af-flower opening (Fig. 1A). By contrasdglayed-dehis-
ther at flower opening (Table 4). cencelanthers (Fig. 1D and Fig. 2F) adeélayed-dehis-
Finally, thefat tapetummutant displayed a third pol-cence2anthers (data not shown) did not dehisce at flow-
lenless developmental pattern during phase two of antberopening. Bothdelayed-dehiscencednd delayed-de-
development (Fig. 7D). In wild-type anthers the middleiscenceZanthers eventually dehisced, but did so when
layer degenerated during meiosis and by stage 7 wastbb-pistil was senescing and not receptive to pollen (data
served only as a crushed remnant between the tapetdl shown).non-dehiscencehinthers also did not de-
and endothecial cell layers (Table 4; Fig. 3 and Fig. 7Ajisce at flower opening (data not shown). Unlie-
By contrast, thdat tapetummiddle layer persisted and,ayed-dehiscenceland delayed-dehiscenceZanthers,
together with the tapetum, enlarged significantly at tinen-dehiscence&nthers did not dehisce at any stage of
onset of meiosis and “crushed” the meiotic produdlsewer development, and remained unopened up to the
within the locules (Fig. 7D, stages 5 to 8). Whether thetsme that senescent flowers dropped fraron-dehis-
products were the result of a normal or abnormal meiosencelplants (data not shown).
could not be determined with certainty using the antherWe dissected pollen grains fratelayed-dehiscencel
sections shown here. The enlarged middle and tapelalyed-dehiscenceandnon-dehiscenceanthers at the
layers, along with the meiotic products in the locule, diéme of flower opening (anther stage 13, Table 4) and ex-
generated at approximately the same stage that the tapened them using DAPI (fluorochromg@tdiamidino-
tum degenerated in wild-type anthers (stage 10; Fig. 7ZAphenylindole) nuclear stain (Coleman and Goff 1985).
B). However, these events were followed by abnorntéach mutant produced pollen grains that contained three
degeneration of the endothecium resulting in a collapsgclei and that were indistinguishable from those of
of thefat tapetumanther walls by stage 12 (Fig. 6C andild-type plants (data not shown). This result, and visu-
Fig. 7D). alization of mutant pollen by SEM (Fig. 2I; data not
Together, these data show that the pollenless and sfeswn) showed that the pollen grains of each mutant
fective-pollen mutants studied here affect anther proces®re tricellular and had a normal morphology. We deter-
es after the differentiation of most anther cell types dumined that the pollen adelayed-dehiscencedas func-
ing phase one of anther development and cause def@otsal by collecting seeds from rare expanded siliques
in meiosis and/or events that occur in surrounding layéosind on mutant plants. All of the progeny obtained
of the locule. from these seeds (>50) produced plants with dee
layed-dehiscencefthenotype. In addition, we were able
to generate successful crosses using pollen dissected
from non-dehiscenceadnthers. Together, these results in-
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non-dehiscensel delayed-dehiscencel

stage 10 C

Fig. BA-F Dehiscence and senescencenoh-dehiscenceind observed in wild-type anthers (Fig. 4 and Fig. 8E, F; Ta-
delayed-dehiscenceanthers. Flowers from each mutant wergje 5) Endothecial cells expanded, fibrous bands were
fixed, embedded in LR-White plastic resin, and sliced injarilL . . . ) .

transverse sections as described in Materials and methods. Fltﬁﬁa[?os'ted in the connective and endpthecmm, septum .de'
sections were stained in toluidine blue and anthers were phdéneration occurred, and the stomium broke, releasing
graphed by bright-field microscopp-D Transverse sections ofviable pollen grains (Fig. 8E, F; Table 5). Breakage of
non-dehiscenceanthers: {) stage 10,R) stage 11,C) late-stage the stomium, however, was delayed delayed-dehis-

13, D) Stage 14E—F Transverse sections délayed-dehiscencel ; : AL _
anthers: E) stage 13, ) stage 14C, connectiveE, epidermis: cencelanthers relative to that in wild-type anthers (Ta

En, endotheciumfb, fibrous bandsPG, pollen grain:Sm sep- Ple 5). By the time thedelayed-dehiscencedtomium
tum; St stomium;T, tapetumy/, vascular regiorBar=50 um broke, pollen grains contained within the mutant anthers

had begun to degenerate (Fig. 8F). The dehiscence pro-
dicated that pollen development was normal in dee gram indelayed-dehiscenceghthers was similar to that
layed-dehiscenceHelayed-dehiscence2ndnon-dehis- observed irdelayed-dehiscenceilata not shown).
cencelmutants. Together, these results indicated that the dehiscence
We examined transverse sections deflayed-dehis- program can be interrupted either directly by delaying
cencelandnon-dehiscencednthers at different develop-the timing of stomium breakagelglayed-dehiscencel,
mental stages to investigate the dehiscence defects atlitHayed-dehiscencedr indirectly as a by-product of an
cellular level. No differences were observed in the devaknormal cell-death programdn-dehiscencgl
opment ofdelayed-dehiscencesihdnon-dehiscencedn-
thers when compared to development of wild-type an-
thers during phase one of anther development (Fig.l@ertion and deletion alleles identified the
data not shown). By contrast, development of i¢h POLLENLESS3gene
layed-dehiscencedndnon-dehiscenceénthers deviated
significantly from that of wild-type anthers (Fig. 4) durwe utilized thepollenless3—J1and pollenless3—2nutant
ing late phase two of anther development (Fig. 8; TaHeles uncovered in our T-DNA Screen 1 (5000 T-DNA,
ble 5). non-dehiscenceanthers entered the dehiscenciable 1) to begin to identify and study the genes respon-
program as indicated by endothecial cell expansion asidle for the male-sterile phenotypes reported in this pa-
the degeneration of the septum region (Fig. 8A). Lateper. We used DNA gel blots with T-DNA right border
anther development, however, cells withion-dehis- (RB) and left border (LB) probes (see Materials and
cencelanthers underwent a striking cell-death programethods) to show that thmollenless3—Imutant popula-
(Fig. 8B-D). In contrast with wild-type anthers (Fig. 4xion contained two independently segregating T-DNA in-
the endothecium and connective degenerated completsdyts, only one of which conferred kanamycin resistance
resulting in a bilocular anther filled with pollen grainand co-segregated with tipellenless3—Imutant pheno-
surrounded by a thin epidermal layer. Breakage of tlype (data not shown). Analysis of the RB and LB T-
non-dehiscencektomium region within the epidermalDNA gel blots indicated that the co-segregating T-DNA
layer did not occur (Fig. 8D). in the pollenless3-I1genome consisted of a simple RB-
In contrast tonon-dehiscenceldelayed-dehiscencelRB dimer (Fig. 9A, data not shown). Tpellenless3-2
anthers underwent a dehiscence program similar to thmitant population also contained a T-DNA insert. How-



313
A polleniess3-1 T-DNA insert

STOP
| l i [} ] l ] ‘ 1 I
1 539 751 982 '1142 1887
142 834 1074 1226
t 1
pollenless3-2 deletion
5.5 H 6.0 H 6.5 7.0 7.5 7.8 kb
: II t I . } i } 1 t :
- E E E E A
B GENEY POLLENLESS3 f9-TUBULIN

— T N T T TG .

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 kb
]

A A
C TRANSLATION
UNKNOWN  INITIATION POLLENLESS3
ORF FACTOR -LIKE1 B4-TUBULIN

—4N | - R TR — R

Fig. 9A-C Schematic representation of tROLLENLESS3nd ments using the pBR322 ampicillin resistance gene contained
POLLENLESSS-LIKEQene regions in thérabidopsis thaliana within the T-DNA (see Materials and method®)Organization of
genome.A The pollenless3 pollenless3-1 and pollenless3-2al-  three genes identified in tHROLLENLESS3enomic region. The
leles. Thesolid blocksdelineate the amino acid coding sequenceoding exons are shown aslid blocks The exact nucleotides at
including the ATG, exon-intron junctions, and STOP codon. Thke beginning of the first exon and the end of the last exon for
open blocksepresent introns. Theumbersstart from the first up- each gene have not been experimentally determined and are shown
stream nucleotide identified in a partial cDNA sequent®ECE as ATG and STOR The scale given for GENEY and POLLEN-
product) and delineate the first and last nucleotide of each exbBSS3indicates the nucleotide sequence contained within the
The first nucleotide of the ATG start codon and the last nucleotid894-bp GenBank accession number AF060248.stha&efor the

of the stop codon are also indicated. The T-DNA was inserted ifi® TUBULIN gene is based on the nucleotide sequence contained
exon 5. The region of a 1-kb (1061-bp) deletion inghkenless3- in the GenBank accession number M84706 for Alnabidopsis

2 allele is indicated by the bracket. The deletion began at the sthdlianaecotype Columbia (Snustad et al. 1992). bleek trian-

of exon 3 (7-bp from intron-exon junction) and continued to 14-lipes represent the region shown iA)( C Schematic representa-
past the STOP codon. A small 64-bp insertion within the deletition of the duplicated region in th&rabidopsis thalianagenome

site was identified that has homology with tROLLENLESS3 containing thePOLLENLESS3-LIKEJene. Thesolid boxesre-
gene at the 'Sside of the insertion. The right bordd®B) and left present the amino acid coding sequences and delineate the ATG,
border {B) T-DNA probes used to determine the co-segregati@xon-intron junctions, and STOP codons. TWEKNOWN ORF

of the T-DNA with the mutant phenotype extended from the tenfRANSLATION INITIATION FACTORPOLLENLESS3-LIKEL

nal Hindlll region of the T-DNA to the first adjacent Hindlll siteand34-TUBULINgene sequences were taken from chromosome 5
within the Ti-plasmid (Zambryski et al. 1980). Plant flanking sésenBank accession number ABO114E5EcoRI;H, Hindlll; LB,
quences were identified by Sall left-border plasmid-rescue expeHbDNA left border terminuskRB, T-DNA right border termint s

ever, this T-DNA did not co-segregate with thellen- distinguishedpollenless3—1and wild-type DNAs (data
less3—2mutant phenotype (data not shown). not shown). In addition, one of these plant flanking DNA
We used LB T-DNA plasmid rescue experiments wiequences (Fig. 9A, left side of T-DNA) also generated
pollenless3—DNA and DNA gel blot studies to identifyan RFLP that distinguishgebllenless3—1pollenless3—2
two LB clones that contained different plant flankingnd wild-type DNAs (data not shown). By contrast, the
DNA sequences (Fig. 9A, see Materials and methodsdher plant flanking DNA sequence (Fig. 9A, right side
Each of these plant DNA sequences generated a uniqud-DNA) did not hybridize withpollenless3—2DNA.
restriction fragment length polymorphism (RFLP) thdthese data suggested that (1) the same DNA region was
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Table 6 Comparison of th@ OLLENLESSandPOLLENLESS3-LIKEfenes and translated prote:ins

Nucleotide length Protein
prom® exorP intron exon intron  exon intron  exon intron exXon cdg Number of
1 2 3 4 5 amino acids
POLLENLESS3 420 213 184 213 82 149 91 69 83 661 1305 434
POLLENLESS3-LIKE1420 192 87 213 79 149 75 69 81 787 1410 469
Percent identity 60% 64% 39% T79% 66% 72%  55% 88% 59% 58% 61% 52%

a Compared only the 420-nucleotide upstream region from th€oding sequence from ATG to STOP colon
POLLENLESS&TG to theGENEYSTOP codon (Fig. 9B)

b As defined in this Table, exon 1 begins at the ATG codon and ex-

on 5 ends at the STOP codon

Table 7 Comparison of th® OLLENLESS$9-TUBULINandPOLLENLESS3-LIKEB4-TUBULINgene regior

Nucleotide length Protein
Intergenic prom® exonP intron exon intron exofA cdse¢ Number of
region 1 2 3 amino acids
POLLENLESS$9d 265  p9-tubulinf 277 394 183 270 105 671 1335 444
POLLENLESSS-LIKEB4¢e 385  fB4-tubuling 277 394 131 270 88 671 1335 444
Percent identity 48% Percent identity 63% 88% 43% 86% 51% 87% 87% 96%
aCompared only 277-nucleotide upstream region fronfgh@U- € GenBank accession number AB011475 for chromosome 5 contig
BULIN ATG containing thePOLLENLESS3-LIKEB4-TUBULINregion
b As defined in this table, exon 1 begins at the ATG codon and &GenBank accession number M84706 (Snustad et al. 1992)
on 3 ends at the STOP codon 9 GenBank accession number M21415 (Marks et al. 1.987)

¢ Coding sequence from ATG codon to STOP codon
d GenBank accession number AF060248 for FI@_LENLESS3-
B9-TUBULINregion

altered in thepollenless3—hndpollenless3-alleles, (2) The POLLENLESS3ene consisted of five exons and
the pollenless3—-allele contained a deletion, and (3) thdour introns (Fig. 9A, B; Table 6). The T-DNA inserted
both the T-DNA and deletion had disrupted the wild-typeto exon five of thepollenless3-Allele. We used PCR
POLLENLESS3ene (Fig. 9A). to obtain a genomic clone of tipellenless3—-2ene (see
We utilized pollenless3—-1DNA sequences flanking Materials and methods). DNA sequencing studies indi-
each side of the T-DNA to isolate genomic clones fromcated that most of exon 3 and all of exons 4 and 5 were
library of wild-type DNA (see Materials and methodsyleleted in thepollenless3-2allele (Fig. 9A). Together,
Restriction mapping, DNA sequence analysis (data nbéese data show that we have clonedR¢ LENLESS3
shown, GenBank accession number AF060248), agehe and identified the mutations responsible foptie
RNA gel blot studies using both plasmid rescue clonesiless3phenotype (Fig. 6B and Fig. 7C).
and the wild-type genomic clones indicated that there
were three genes in tHieOLLENLESS3egion: POL-
LENLESS339-TUBULIN (Snustad et al. 1992), and aThe POLLENLESS&ndS9-TUBULINgene region
unidentified gene that we designated &ENEY is duplicated in thérabidopsis thalianagenome
(Fig. 9B). We isolated cDNA clones corresponding to
bothPOLLENLESSZndGENEYmMRNASs (see Materials Our PCR experiments to delineate the deletion end
and methods), and determined the structures dP@le- points of thepollenless3-2allele (Fig. 9A) generated
LENLESS3and GENEY genes by comparing genomidwo wild-type DNA fragments (1.9 kb and 2.1 kb) using
and cDNA sequences (Fig. 9B). A search of the publicakimers from exon 1 oPOLLENLESS3and exon 3 of
ly available gene and protein databases did not rey8@TUBULIN (Fig. 9B, data not shown; see Materials
any known gene related to eith®@OLLENLESS3or and methods). We used DNA sequencing studies to show
GENEY Genetic mapping studies by others showed téat the 1.9-kb DNA fragment represented Bi@LLEN-
cently that thePOLLENLESS3gene was present onLESS3andf9-TUBULIN gene region (Fig. 9B), whereas
chromosome 4tdm1 Ross et al. 1997), in agreemerthe 2.1-kb DNA fragment contained sequences related to
with the mapping location of RFLP markers flanking thigoth thePOLLENLESS3nd 9-TUBULIN genes (data
[9-TUBULIN gene Arabidopsis thaliana Database, not shown). We searched the GenBank and showed that
http://genome-www.stanford.edu/Arabidopsis). the 2.1-kb DNA fragment shared 100% sequence identity
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with part of a contig from chromosome 5 (GenBank ac B c
cession number AB011475, Marks et al. 1987; Snust

and contained the' nd of thef4-TUBULIN gene and

et al. 1992; 60583-bp K9L2 contig, Kaneko et al. 1998), 1 2 1 2 1 2
the B8 end of a related gene that we designateB@k-

. X - 3.3kb
LENLESS3-LIKEX(Fig. 9C). Computer analysis of the =
POLLENLESS3-LIKE&Nd 34-TUBULIN region within : <15kb
the chromosome 5 contig did not reveal any sequenc <*13kb

<1100 bp
< 690 bp

< 940 bp
< 780 bp

with similarity to GENEY, but suggested that the chro:

mosome L OLLENLESS2andfB9-TUBULINgenes were

duplicated and represented by tHROLLENLESS3-

LIKE1 and B4-TUBULIN genes on chromosome 5

(Fig. 9B, C). D E

We compared th€OLLENLESS$9-TUBULIN and

POLLENLESS3-LIKEB4-TUBULIN gene regions on 1 2 3 45 12345

chromosomes 4 and 5 (Fig. 9B, C; Table 6 and Table

Each duplicated gene segment shared a high degre

sequence similarity, particularly within exon regions, a

had an identical organization of exons and intro

(Fig. 9B, C; Table 6 and Table 7). The coding sequen

of thePOLLENLESSZ&ndPOLLENLESS3-LIKEfenes

were 61% identical, whereas those of & TUBULIN

and f4-TUBULIN genes were 87% identitcal (Table 8, 105 £ Rrepresentation of POLLENLESS3 and POLLEN-

and Table 7). DNA gel blot studies at low stringency in£ss3-LIKEL mRNAs withinArabidopsis thalianafloral and

dicated that othePOLLENLESS3-LIKEDNA sequences vegetative organsA—C Polysomal poly(A) mRNA was isolated

were present in thavabidapsis (halianagerorme (data Ko e o el sy wih

hot Shown): one of which was represented '”"‘.mb' 32P-IabeIIeX(IJI prgbeé (see Materigls and métholdsmé/s 1land 2

idopsis thaliangEST database (GenBank accession NUntain inflorescence and silique RNAs, respectivalyHybrid-

bers H77068 and AF031608, Glover et al. 1998). Wation with aGENEY genomic DNA fragment. Exposure time

designated this EST &0OLLENLESS3-LIKEZTogether, was 17 h. Inflorescence poly(A) mRNA (). Silique poly(A)

these studies indicate that tROLLENLESS3jene is a mRAN/_?‘régr#g%-t B&ggg'&'éa‘t}m "W"gg ?%%52'#5??33,?23”35“ )

member of a small divergent gene family that is presefya (9 ug). Silique poly(A) mRNA (3ug). C Hybridization

in at least two different locations in tigabidopsis tha- with a 39-TUBULIN genomic DNA fragment. Exposure time was

liana genome. 17 h. Inflorescence and silique poly(A) mRNAsud). D-E Poly-
somal poly(A) mRNAs were isolated from wild-type organ sys-
50k Lt i s merbge, Tre S rodocinin
P see .

ThePOLLENLESS&ndPOLLENLESS3-LIKEfienes  ang éwere generated using PCR from plasenid and genomic

are expressed in floral and vegetative organs DNAs, respectively. The DNA products fanes 3, 4, and Svere
Boly(A) MRNAS, respectively (see Materials and methodd). (-

We used RNA gel blots (Fig. 10A-C) and RT-PCR%Y » respecti ! :

(Fig. 10D, E) to determine the expression patterns of %.%Ltﬁmlégss&pemﬁc primers. &) POLLENLESS3-LIKESpe

POLLENLESS3and POLLENLESS3-LIKEIgenes dur-

ing floral and vegetative development. In each case, we

utilized polysomal RNAs to ensure that we would detestit at a level lower than that observed within inflores-

transcripts that were loaded onto polysomes and whidnces (Fig. 10B, lane 2). GENEY mRNA (Fig. 10A)

were actively engaged in protein synthesis (Kamalay aanatd 39-TUBULIN mRNA (Fig. 10C) were also detected

Goldberg 1980). We used ti&ENEYand9-TUBULIN in developing inflorescences (Fig. 10A, C, lane 1) and

genes as a control. siliques (Fig. 10A, C, lane 2) at levels higher than that

We detected a 1.3-kb POLLENLESS3 mRNA withiobserved for POLLENLESS3 mRNAB9-TUBULIN

a mixture of inflorescences at different development@RNA was present at the highest level, although under

stages under conditions in which there was no cross-by+ hybridization conditions we would have detected re-

bridization with POLLENLESS3-LIKE1 transcriptslated B-TUBULIN mRNAs, including B4-TUBULIN

(Fig. 10B, lane 1; see Materials and methods). We wen®®NA (Table 6 and Table 7).

only able to detect the POLLENLESS3 mRNA by using We used RT-PCR and gene-specific primers to com-

a large amount of poly(A) mMRNA (8g) and a long au- parePOLLENLESS&ndPOLLENLESS3-LIKE&xpres-

toradiogram exposure time (5 days), indicating that th®n patterns (Fig. 10D, E). Each primer flanked an in-

POLLENLESS3 mRNA was present at a low level withron region so that we could distinguish between unpro-

in the mixed inflorescence mMRNA population (Fig. 10Btessed primary transcripts (Fig. 10D, E, lanes 1, 2) and

POLLENLESS3 mRNA was also found within siliquesnRNAs (Fig. 10D, E, lanes 3-5). A 690-bp POLLEN-



Fig. 11A-L Localization of POLLENLESS3 mRNA within the POLLENLESS3 mRNA is localized specifically within
locules ofArabidopsis thalianawild-type anthers. Inflorescencesgnther cells undergoing meiosis
were fixed, embedded in paraffin, sliced into (L& transverse

sections, and hybridized with POLLENLESS3 anti-mRNA prob . . .
as outlined in Materials and methods.B, D, E, J, K Hybridiza- We hybridized a POLLENLESS3 anti-mRNA probe in

tion of a POLLENLESS3 anti-mRNA probe with wild-type ansitu with transverse sections of wild-type inflorescences
thers before meiosis (stage/A), during meiosis (stage 8), and gt different developmental periods to localize POLLEN-

after meiosis (stage 9). These stages are described in TabR,4. i ;
E, K Higher magnification of ), (D), and (). Slide emulsions LESS3 mRNA within the developing floral buds (see

were exposed for 26 days and the photographs were taken by d¥iRterials and methods). We used sections that contained
field microscopy.G, H Hybridization of a POLLENLESS3 anti- anthers ranging from stages 3 to 10 (Table 4) to monitor

mRNA probe withpollenless3-2mutant anthers during meiosisPOLLENLESS3jene expression throughout anther de-
(stage 6G). A higher magnification ofG®) is shown in (). Slide velopment. POLLENLESS3 mRNA was not detected

emulsions were exposed for 26 days and the photographs werg . - -
taken using dark-field microscopg, F, I, L Bright-field photo- Within stage 3, 4, or 5 anthers prior to when microspore

graphs of the anthers shown B){ (E), (H), and K). A, anther., mother cells entered meiosis (Fig. 11A-C, stage 5 and
Icﬁcule;Olv,fov%ry;I(Dé;)e;?]laso)segglr.sr?r(gw)(AS%):l%Ogrr]r:j e;ﬂds tgsﬂllsé data not shown). Nor WasﬂPO:_LENLESdS3 mRhNA de-
the scale for), (G), . i =50 1 i i i i is peri-
scal for ). (8, (F) (), and (). Barin (K)-S0m and s e o (kig. 11A and data ot shown), By contrast, FOL-
scale for () LENLESS3 mRNA was observed specifically within
meiotically-dividing cells of the locules at stage 6
LESS3 RT-PCR product was generated with inflore§ig. 11D—F). Close inspection of several stage 6 hybrid-
cence, leaf/stem, and root mRNAs (Fig. 10D, lanes 3—fation sections using both bright-field and dark-field mi-
By contrast, a 780-bp POLLENLESS3-LIKE1 RT-PCRroscopy suggested that the POLLENLESS3 mRNA was
product was generated with only inflorescence apgesent within cells late in meiosis (Fig. 11E, F and data
leaf/stem mRNAs (Fig. 10E, lanes 3, 4). Root mRNA ditbt shown). No POLLENLESS3 mRNA was detected
not generate a POLLENLESSS-LIKE1 RT-PCR produgiithin the anther at stages 7 to 10 following meiosis or
(Fig. 10E, lane 5). Together, these data show that bathany other floral bud region (Fig. 11J-L, stage 9 and
the POLLENLESS3and POLLENLESS3-LIKEIgenes data not shown). Hybridization of the POLLENLESS3
are expressed in developing floral buds, and that thesgi-mRNA probe withpollenless3—2deletion mutant
genes have different expression patterns in vegetativeffyral bud sections did not produce a hybridization signal
gan systems. above background at any developmental period
(Fig. 11G-l), stage 6 and data not shown). Together,
these data indicate that tROLLENLESS3yene is ex-



317

pressed transiently during flower development within awould expect that approximately 3500 genes should be
ther cells undergoing meiosis and that fRO@LLEN- expressed specifically within thArabidopsis thaliana
LESS3expression pattern correlates well with the phenanther. What proteins these genes encode, and what
type produced by the mutapbllenless3—Jland pollen- functions they carry out during anther development re-
less3—2enes (Fig. 7C). main to be determined.

Discussion Male-sterile mutants that affect anther sporophytic

functions were identified
A large number of genes are expressed within the anther

The Arabidopsis thalianal-DNA and EMS mutagenesis
DNA/RNA hybridization studies with RNA populationsscreens we carried out were designed to identify mutants
showed that about 25000 diverse genes are expresseditim defects in anther development that result in a male-
the tobacco anther at stage 6 (Kamalay and Goldbsterile phenotype. We chose not to investigate sterility
1980), the period during phase two of tobacco anther daitants that were due to homeotic or non-homeotic flo-
velopment when most specialized cell types are sti#ll mutations, even though many of these mutants were
present and the microspore nucleus divides within tigentified in both our T-DNA and EMS screens (Table 1
locules (Koltunow et al. 1990). Approximately 10 000 aind Table 2). Our goal was to identify male-sterility mu-
these genes encode mRNA species that are anther-sptaifs in which third-whorl floral organ development had
ic and not detectably expressed in other floral and vedpeen initiated, stamen identity was wild type, and other
tative organs (Kamalay and Goldberg 1980, 1984). Tferal organs were not affected. These mutations would
large number of anther-specific genes most likely ree expected to be downstream of the regulatory genes
flects the complexity of gene expression events requirad processes that control stamen primordia identity
to establish and maintain the differentiated state of higle-g. AG, Pl, AP3 Coen and Meyerowitz 1991) and,
ly specialized cells and tissues within the anther (Goltherefore, would cause defects in the differentiation
berg et al. 1993). In addition, these genes are require@nd/or function of anther cell types.
program novel functional activities that occur within the Because we employed silique expansion as the criteri-
anther, such as dehiscence and pollen formation (Gald- for the selection of fertility mutants, mutations dis-
berg et al. 1993). The mechanisms and genes that coripting anther functions and/or pollen development that
the anther-specific gene set both spatially and temporallg not result in either a reduction in fertility or a male-
throughout anther development are not known. sterile phenotype would not have been detected in our

Arabidopsis thaliananthers differ greatly from thosescreens. Mutations in genes that are expressed only with-
of tobacco in terms of size and cell number, although finepollen grains during the haploid gametophytic genera-
types of specialized cells and their spatial organizatiton would also not have been identified in either our T-
within the anther are similar (Fig. 3 and Fig. 4; KoltubNA or EMS screens. These mutants would be expected
now et al. 1990). Major cell differentiation and cell dge cause a 50% reduction in pollen production and, as
generation events that occur during phase one and plsas#h, would not lead to a male-sterile phenotype (Sari-
two of anther development are also similaAmabidop- Gorla et al. 1996, 1997; Chen and McCormick 1997).
sis thalianaand tobacco, although minor differences o®ur screens, therefore, and similar screens carried out by
cur particularly in phase two (Fig. 3 and Fig. 4; Koltuether laboratories (Van Der Veen and Wirtz 1968;
now et al. 1990). For example, Arabidopsis thaliana Chaudhury et al. 1992; Chaudhury 1993; Dawson et al.
anthers tapetal cell degeneration occurs later, the conri&93; Peirson et al. 1996; Taylor et al. 1998), were de-
tive does not degenerate, and fibrous bands are depositgded to detect mutations in sporophytically acting
in both the endothecium and connective (Fig. 3 ageénes that prevent the generation and/or release of pollen
Fig. 4; Koltunow et al. 1990). grains.

Anther-specific genes like those found in tobacco The results of our large EMS mutagenesis screen (Ta-
(Kamalay and Goldberg 1980, 1984) would be expectel@é 2) reflect the complexity and diversity of functions
to have counterparts iArabidopsis thaliana although carried out by the anther and, as predicted from our gene
they would reflect the minimal anther-specific gene sexpression studies (Kamalay and Goldberg 1980, 1984),
because of the smaller size of theabidopsis thaliaa indicate that a large number of genes are required to car-
genome (120 Mb; Bevan et al. 1998) relative to that f out these functions during anther development. We
tobacco (1500 Mb; Kamalay and Goldberg 1980). Aancovered over 600 mutants, or 5% of the M1 lines
suming that there are 60 000 genes in tobacco (Kamadayeened, that had defects associated with anther devel-
and Goldberg 1980) and 20 000 genesAmbidopsis opment and/or function (Table 2). These included mu-
thaliana (Bevan et al. 1998), we predict that approxtants with defects in anther differentiation, establishment
mately 8000 genes should be expressed during phasedfvanther morphology, pollen development and/or func-
of Arabidopsis thalianaanther development at a staggon, and pollen release at floral opening (Table 2). Al-
equivalent to that used in our tobacco gene expressibough we do not know how many complementation
studies (Stage 10, Fig. 4 and Table 4). Of these, gmups are represented within this mutant population, it



318

is possible that we have generated mutations in a signifi-By contrast, UNDEVELOPED ANTHERnay play a
cant fraction (~5-10%) of the genes predicted to be egle, either directly or indirectly, in directing anther dif-
pressed specifically duringrabidopsis thalianaanther ferentiation events after stamen specification has oc-
development. Other researchers have found a large noorred (Fig. 1B, Fig. 2D, and Fig. 5). Most stamens in
ber of Arabidopsis thalianamale-sterile mutations, in-undeveloped anthdlowers have a normal-appearing fil-
cluding those that cause defects in (1) meiosis (Aartsaetent and lack a well-differentiated anther (Fig. 5). The
al. 1993; Dawson et al. 1993; Peirson et al. 1996, 19@Bnormal “swellings” at the tip of a matunadeveloped
Chaudhury et al. 1994a, b; Preuss et al. 1994; He etamlther stamen do not have the specialized cell types
1996; Hulskamp et al. 1997; Ross et al. 1997; Gloverpgesent in anthers at any stage of development (Fig. 5).
al. 1996, 1998), (2) post-meiotic pollen developmeiihese results suggest that different genes control the dif-
(Taylor et al. 1998; Moffatt and Sommerville 1988erentiation of the stamen into filament and anther re-
Regan and Moffat 1990), (3) pollen structure and fungions, and thaUNDEVELOPED ANTHERmay play a
tion (Preuss et al. 1993; Aarts et al. 1995), and (4) dehigle in the anther differentiation process.

cence (Dawson et al. 1993; McConn and Browse 1996).Two other genesgTTIN (Sessions and Zambryski
Analogous mutations have been identified in other flo995) andAINTEGUMENTA(Elliott et al. 1996; Kluc-
ering plants such as maize (Albertsen and Phillips 198&r et al. 1996), also appear to play a role in anther de-
Staiger and Cande 1990, 1993) and tomato (Rick 1948lopment. AINTEGUMENTAIs an APETALA2-LIKE
Gottschalk and Wolff 1983). Clearly, these mutants agdne that encodes a transcription factor (Elliott et al.
those uncovered here represent a rich collection of M®96; Klucher et al. 1996), whereB3 TIN is related to
tants to uncover genes that play important roles in antB&MA binding proteins that bind to auxin response ele-
cell processes. ments and is probably also a transcription factor (Ses-
sions et al. 1997). Bothttin and aintegumentanutants

are female sterile, and maytin-like and ant-like mu-
tants were uncovered in our EMS screen (Tabletiin
andaintegumentanthers have an altered number of loc-
We initiated the Arabidopsis thaliana mutagenesis ules, produce functional pollen, and dehisce. This sug-
screens to attempt to identify mutants that disrupt critiggsts that thETTINandAINTEGUMENTAgenes play a
steps in anther development and cell differentiation. Tale, either directly or indirectly, in establishing locule
date, there have been no reports of mutant genes thatmlisaber during anther development.

rupt the differentiation of anther cell types. This is prob-

ably due, in part, to the difficulty of identifying mutantgyepiscence mutants either delay or prevent the anther
that affect anther cell differentiation in large mutant pog;

) ; s om breaking at the stomium region
ulations without the use of anther-cell-specific marker
genes (Koltunow et al. 1990; Goldberg et al. 1993; Be@sir EMS screen was designed primarily to uncdver
and Goldberg 1997). On the other hand, it is also posaddopsis thalianamutants in genes that control the de-
ble that genes controlling anther cell differentiatiomiscence process, including those involved in stomium
events are duplicated in the genome (Bevan et al. 1988 differentiation and function (Table 2). Recently, we
and/or utilized at other times in the plant life cycle. If sosed targeted cell ablation studies to show that a func-
it would not be possible to identify mutations in thed@nal stomium is critical in order for dehiscence to occur
genes using conventional screens. (Beals and Goldberg 1997). The dehiscence mutants that
The fat tapetummutant, which has a phenotype simiwe studied here produced two different phenotypes (Ta-
lar toms3(Chaudhury et al. 1994a), affects the functiofe 5). non-dehiscenceanthers differentiate a normal-
ing of several anther cell types including the tapetufopking stomium region, produce viable pollen, but fail
middle layer, and endothecium (Fig. 7D). All of thes® dehisce (Fig 8 E, F). The dehiscence mutas®3msH
cells are derived from the L2 layer of the stamen primgBawson et al. 1993) appears to have a similar pheno-
dium (Fig. 3; Goldberg et al. 1993). One particularliype. non-dehiscencelnthers undergo a striking cell
striking effect is the failure of théat tapetummiddle death program late in phase two that leads to abnormal
layer to degenerate after meiosis. Instead, the middle ldggeneration of the connective and endothecium
er undergoes a series of cell events identical to that of(kgy. 8E, F). The failure ohon-dehiscenceanthers to
neighboring tapetal cell layer (Fig. 7D), suggesting thd¢hisce could be due to the loss of these cell types rather
the middle layer may have become “tapetal-like” in thhan to a defect in stomium cell function. For example,
fat tapetummutant. If so, then thEAT TAPETUMgene loss of the endothecial and connective cells and their as-
might play a role in establishing middle layer cell identsociated fibrous bands might reduce mechanical forces
ty after division of the 2° parietal cells early in anther deequired for the anther to “flip open” at dehiscence. Al-
velopment (Fig. 3). Although speculative, this hypothedisrnatively, loss of these cells might prevent dehiscence
can be tested by using a tapetal-cell-specific reporpgogram “signals” from reaching their targets in the
gene (e.g.TA29/GUS to establish the identity of thestomium region.
middle layer in thefat tapetummutant (Koltunow et al.  non-dehiscenceéctivates a degeneration program in
1990; Mariani et al. 1990). endothecial and connective cells that does not occur in

fat tapetunandundeveloped anthenay be involved
in anther cell identity and cell specification processes
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wild-type anthers (Fig. 8E, F). One possibility is thatructures at stage 7 of anther development (Fig. 7C).
non-dehiscencelinactivates a cell-death suppressioRoss et al. (1997) recently showed that meiotic cells in
program that operates normally in these cell types aheé pollenless3(tdm1) anthers undergo a third division
prevents the endothecium and connective from degeneithout DNA replication generating cells with unbal-
ating like the tapetal and middle layers. Defects in cedlnced chromosome numbers. Our in situ hybridization
death suppression have been identifiedAnabidopsis experiments showed that the POLLENLESS3 mRNA is
thaliana disease resistance lesion-mimics in which cglfesent only within meiotically-dividing cells of wild-
degeneration is part of the normal hypersensitive tgpe anthers (Fig. 11). The POLLENLESS3 mRNA ac-
sponse to pathogen attack (Greenberg and Ausubel 1@9@nulates during meiosis after the microspore mother
Dietrich et al 1997; Gray et al. 1997). It is possible theglls begin to divide, is present in dividing cells late in
the cell-death suppression programs in both of these digiosis, and decays prior to the formation of tetrads
tinct developmental situations occur by common mech#&ig. 11). The expression profile of tHROLLENLESSS3
nisms. gene corresponds well with the observed defects caused
By contrast,delayed-dehiscencednd delayed-dehis- by the mutant pollenless3 alleles (Fig. 7C and
cence2mutants are defective in the last step of the anttigg. 11D—F; Ross et al. 1997).
dehiscence program — stomium breakage (Fig. 8A—D andThe POLLENLESS3gene is a member of a small
Table 5). These mutants have a normal complementgehe family in theArabidopsis thalianagenome repre-
anther cell types and undergo a dehiscence prograemted by at least three memb&8®LLENLESSS3, POL-
However, breakage of the stomium is delayed relativeUBNLESS3-LIKE,L and POLLENLESS3-LIKE2all of
that in wild-type anthers (Fig. 4 and Fig. 8A-D; Tawhich are expressed at the mRNA level at some period
ble 5). of development (Fig. 10 and Table 8). Our gene expres-
It is possible that thelelayed-dehiscencednd de- sion studies (Fig. 10 and Fig. 11) showed thatRK.-
layed-dehiscencethutants are defective in a signaling ENLESS3gene is active in vegetative organ systems
pathway that coordinates the timing of stomium breaffig. 10). Inspection opollenless3nutant plants did not
age with that of flower openingArabidopsis thaliana reveal any obvious vegetative phenotype. It is possible
dehiscence mutants have been identified by screensttat thepollenless3llele generates a phenotype in vege-
signed to uncover unrelated phenotypes. For exampéive organs too subtle to be identified upon visual in-
coil is defective in both pollen development and dehispection. On the other hand, it is also possible that the
cence, and was identified by root insensitivity tpollenless3gene does not generate a vegetative pheno-
jasmonic acid (Feys et al. 1994; Dao-Xin et al. 1998ype because the POLLENLESS3 protein either requires
Similarly, the triplefad mutant {ad3-2 fad7-2 fad8) a protein partner for its activity that is absent in vegeta-
that was engineered to be deficient in trienoic acid sytive organs ofPOLLENLESS3-LIKEgenes compensate
thesis is also defective in pollen development and rele&sethe loss ofPOLLENLESS3unction in these organs
(McConn and Browse 1996). Tripfad mutants can be or both.
rescued by the application of linolenic acid or jasmonic What is the function of the?OLLENLESS3gene?
acid. These results suggest that compounds within BIeAST searches of publicly available gene and protein
octadecanoic pathway (e.g. jasmonic acid) may perfodatabases did not produce any statistically significant
a signaling function during dehiscence to control thhit” to known genes. Detailed analysis of the POLLEN-

timing of stomium breakage. LESS3 protein using the UCLA-DOE protein folds serv-
er (see Materials and methods) indicated that it consisted
POLLENLESS® expressed within anther cells primarily of a-helix structural components and con-

tained no significant coiled-coil regions. Searches for
functional motifs within the POLLENLESS3 protein re-
Our T-DNA and EMS screens generated a large numlienled the presence of a nuclear localization motif. In
of mutant lines with a pollenless phenotype (Table 1 aaddition, clues to the function of tHROLLENLESS3
Table 2). The pollenless mutants investigated heok, gene were obtained by the presence of a TPR domain in
lenless1-1 pollenless1-2pollenless3—1pollenless3—2 the POLLENLESSS3 protein and in the POLLENLESS3-
and fat tapetumappear to have defects in meiotic prd=-IKE proteins as well (Table 8). The TPR domain has
cesses and/or the functioning of accessory cell laybesn implicated in playing a role in protein-protein inter-
that surround the locules which are required for pollactions and is also present in many eukaryotic proteins,
formation (Fig. 7). Because these mutants have lesiongnicluding the Schizosaccharomyces pomizel3 protein
sporophytically acting genes, those that have meiotic @d the yeast Cdc23p cell-cycle protein (Table 8). The
fects must be expressed between the period of micrad3 protein has been shown to be involved in control-
spore mother cell formation and the generation of hdmg G2 of the cell cycle (Jimenez et al. 1992), a function
loid tetrads (Table 4). consistent with that proposed for tHROLLENLESS3
We, and others (Glover et al. 1998), clonedRi@_- (TDM1) gene (Ross et al. 1997). Taken together, the pre-
LENLESS3gene in theArabidopsis thalianagenome cise phenotype of theollenless3mutant (Ross et al.
(Fig. 9A). The mutanpollenless3alleles affect meiotic 1997), the POLLENLESS3 mRNA localization studies
events and lead to the production of abnormal tetrad-likég. 11), and the structural analysis of the POLLEN-

undergoing meiosis
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Table 8 TPR motif compari-
sons between POLLENLESS3 POLLENLESS®

family members and other pro- 191-224 ARI L GNL GWHL QL HNYGI AEQHYRRALGL ERDK
teins? POLLENLESS3-LIKE1®
184-217 ARI L GNLAWHL QL HNYGI AEQYYRNAL SLEPDN

POLLENLESS3-LIKE2d
TRLLGNL GWAL MORDNFVEAEDAYRRALSI APDN

GMSTIe
milf 2-35 AEEAKAKGNAAFSAGDFAAAVRHFSDAI ALSPSN
m2 69-102 PKAYSRL GAAHL GLRRHRDASPPTKPASNSNPDN
m3 242-275 AQKEKEAGNAAYKKKDFETAI GHYSKALELDDED
m4 381-414 ADEAREKGNELFKQQKYPEATKHYTEAI KRNPKD
m5 415-448 AKAYSNRAACYTKL GAMPEGL KDAEKCI ELDPTF
Synechococcus protéin
ml 43-76 LNALLEQGNEQL TNRNFAQAVQHYRQALTL EANN
m2 77-110 ARl HGALGYALSQLGNYSEAVTAYRRATEL EDDN
m3 111-144 AEFFENAL GFNLAQSGDNRSAI NAYQRAT QL QPNN
m4 145-178 LAYSLGLATVQFRAGDYDQALVAYRKVLAKDSNN
m5 213-246 AELRI KAAVTWFGLNDRDQAI AFLEEARRL STRD
S. pombe. rad3 protéin
948-981 AEl YLEI ARI SRKNGQPQRAFNAI LKAMDL DKPL

a A repeat structure containing 34 amino acigsrétricopeptide motif) often reiterated within a pro-

tein sequence. The TPR domain was first described in a yeast Cdc23p cell-cycle protein (Sikorski et
al. 1990). Identified by ProfileScan (see Materials and methods). The conserved amino acids in the
TPR motif of the POLLENLESS3 protein family araderlined

b Encoded by the chromosomMé?OLLENLESS8ene

¢ Encoded by the chromosorBePOLLENLESS3-LIKEgene

d Encoded by thérabidopsis thaliangEST (GenBank accession numbers H77068 and AF031608)
that is related to theOLLENLESS&ndPOLLENLESS3-LIKEfenes

€ TPR repeat motif protein from soybean (Hernandez Torres et al. 1995)

f Indicates the number of TPR motifs in the protein

9178 NCBI neighbor protein (GenBank accession number 1196960)

h Schizosaccharomyces pombad3 protein has one TPR domain (GenBank accession number
400924,

LESSS3 protein (Table 8) strongly suggest thedbidop- Aarts MGM, Keijzer CJ, Stiekema WJ, Pereira A (1995) Molecu-

sis thaliana POLLENLESS@ene encodes a protein that lar characterization of th€eER1gene ofArabidopsisinvolved
plays a critical role in regulating cell-cycle activity with- I 2hicuticuar wax biosynthesis and pollen fertiity. Plant Cell
in meiotically-dividing cells in developing anthers. Albertsen MC, Phillips RL (1981) Developmental cytology of 13
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