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H,0, 200 pl of 1 M tris-HCl (pH 8.0), and 9 ml of
glycerol] was then added to the slide. A coverslip was
placed on the slide and sealed with nail varnish. Slides
were stored at 4°C until viewed under a fluorescence
microscope.

The probe was made from the 18S ribosomal DNA of
B. phoenicis. General arthropod primers from C. Si-
mon et al. [Ann. Entomol. Soc. Am. 87, 651 (1994)]
were used to amplify the 185 rDNA from a mixture of
DNA from the five isofemale lines of B. phoenicis.
Once amplified, the product was cloned into a
pGEM-T vector (Promega) and sequenced to deter-
mine whether it was really mite 185 rDNA. The insert
was then cut out of the vector using restriction
enzymes, cleaned, and labeled with biotin by nick-
translation using a BioNick Labeling System (Gibco-
BRL, Life Technologies).
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449 (1999).

Chromosome preparations were digested with RNase
A [100 pg/ml in 2X saline sodium citrate (SSC)
buffer; 1X SSCis 0.15 M sodium citrate and 0.015 M
NaClt (pH 7.0)] for 1 hour at 37°C and washed two
times for 15 min in 2X SSC. After FISH, chromo-
somes were observed in a Zeiss Axioplan 2 micro-
scope. Black and white images were recorded with a
cooled charge-coupled device camera MEGA F-View
Il (Soft Imaging System, Miinster, Germany) and then
pseudocoloured [blue for 4',6'-diamidino-2-phe-
nylindole dihydrochloride (DAPI) and red for Cy3] and
superimposed with the aid of an image-processing
program (Adobe Photoshop Version 5.0).

Two hundred immature B. phoenicis females were
collected from coffee and citrus plantations in Sao
Paulo and Minas Gerais, Brazil (two coffee sites and
five citrus sites). These were reared in the lab as
isofemale lines and screened for genetic variation
using the amplified fragment length polymorphism
method (AFLP) as mentioned in (6). Forty-five geno-
typically distinct lines were then screened for seven
polymorphic microsatellite loci, and two of these
lines were screened for two additional loci. Microsat-
ellite loci were isolated using a method developed by
A. R. Weeks and J. A. ). Breeuwer. For information
regarding this technique, please e-mail the corre-
sponding author.

For identifying the bacteria, we used general eubac-
terial primers to amplify the 16S rDNA (fD2 and rP2)
from W. G. Weisburg et al. [J. Bacteriol. 173, 697
(1991)]. PCR products from each of the five isofemale
lines were then cloned into a pGEM-T vector. Owing
to the nature of the primers, it is possible that
nonendosymbiotic bacteria could be amplified and
then wrongly classified as the endosymbiotic bacteria
we found through cytology. To control for this, we
extracted vectors from five recombinant colonies
from each of the five isofemale lines and sequenced
all inserts. All 25 inserts contained identical copies of
the same sequence (GenBank accession number
AF350221).

T. J. Kurtti, U. G. Munderloh, T. G. Andreadis, L. A.
Magnarelli, J. invertebr. Pathol. 67, 318 (1996).
Two hundred adult female B. phoenicis were collect-
ed from an egg wave (500 female mites from one of
the five isofemale lines were allowed to lay eggs for
2 days, then removed) 2 days after their final molt.
One hundred adults were then treated with tetracy-
cline. Leaf discs (1 cm in diameter) of the common
bean, Phaseolus vulgaris, were floated in a solution of
0.2% tetracycline hydrochloride and distilled water.
Five adult mites per leaf disc were left to feed for 72
hours at constant temperature (30°C). At the same
time, 60 adult mites were set up in exactly the same
way, except that no tetracycline was added to the
distilled water, to act as controls. After 72 hours, the
tetracycline-treated mites as well as the control
mites were transferred to a leaf of P. vulgaris, and left
to recover for 24 hours at 30°C. Surviving mites from
each treatment were then set up as follows: five
mites per leaf disc (1 cm in diameter) floated on
cotton wool soaked in water at 30°C. Mites were left
to lay eggs for 10 days, at which time adults were
taken from the leaf disc, leaving the leaf discs and
developing eggs at 30°C. Upon reaching the adult
stage (2 weeks), the sex of the progeny was scored.
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Gene Families from the
Arabidopsis thaliana Pollen Coat

Proteome

Jacob A. Mayfield," Aretha Fiebig,? Sarah E. Johnstone,’
Daphne Preuss’-3*

The pollen extracellular matrix contains proteins mediating species specificity
and components needed for efficient pollination. We identified all proteins >10
kilodaltons in the Arabidopsis pollen coating and showed that most of the
corresponding genes reside in two genomic clusters. One cluster encodes six
lipases, whereas the other contains six lipid-binding oleosin genes, including
GRP17, a gene that promotes efficient pollination. Individual oleosins exhibit
extensive divergence between ecotypes, but the entire cluster remains intact.
Analysis of the syntenic region in Brassica oleracea revealed even greater
divergence, but a similar clustering of the genes. Such allelic flexibility may

promote speciation in plants.

Because self-recognition systems must adapt
to the evolution of target molecules, they
include some of the most rapidly changing
proteins known. Unusual levels of genetic
divergence are seen in mate recognition in
plants, algae, abalone, and primates (/—4);
immune responses in animals (5); and patho-
gen defense in plants (6). Rapid divergence
of molecules controlling mate recognition in
flowering plants is essential, considering di-
versification of most angiosperms occurred
only 90 to 130 million years ago. Here, we
describe the protein components of the A.
thaliana pollen coat and show they display
remarkable variability.

The complex extracellular pollen coating
of many flowering plants uses proteins and
lipids to interact selectively with receptive
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female stigma cells (7—/0). This coating fa-
cilitates communication in plants with dry
stigmas, providing a function similar to the
lipid-rich exudate on the surface of wet stig-
mas (8). Identification and characterization of
the most abundant Arabidopsis pollen coat

d c GenBank ID

T CAB87942.1
Y P

AY028614

Protein
GRP17
EXL6
EXL4
Kinase

66

Kinase
EF-hand
GRP16
GRP18
GRP14
GRP19

Fig. 1. Purified pollen coat proteins and their
identity. Coomassie stained SDS-PAGE with
corresponding GenBank ID. Asterisk, EXL6 pro-
tein; d, dilute protein sample; ¢, concentrated
protein sample.

29 JUNE 20017 VOL 292 SCIENCE www.sciencemag.org



protein, the lipid-binding oleosin GRP17
(glycine-rich protein), demonstrated its role
in initiating pollination (9). To discern the

REPORTS

role of other Arabidopsis pollen coat pro-
teins, we purified and sequenced peptides
from each protein >10 kD in size and used

the completed genome sequence to progress
to the corresponding genes (/7).
Peptide sequencing revealed the identity

of all the detectable coat proteins with mo-

Table 1. Oleosin protein characteristics. 5' elements are as defined in (20). Dash indicates no repetitive  bilities >10 kD; protein identity was veri-

motif. fied using mass spectroscopy in some cases
(Fig. 1) (/2). The depletion of these pro-

Amino acid composition teins in pollen coat mutants indicated they

Gene 5' elements - ) are extracellular (/3). Comparisons of pep-
Exon 1 {bp) Exon 2 (bp) Motifs (copies) tides to the Arabidopsis genomic sequence

AtGRP20 I, v 105 48 PAA (6) show.ed two proteips that cprresponded to
AtGRP19 1L, v 79 27 - putative receptor kinases with extracellular
AtGRP16 1L, v 86 153 GGAS (12) domains, one that matched a potential EF-
AtGRP17 LAL LV, v 140 403 Egg"s" ((7))- K (11) hand Ca®?* binding protein, two that fit
5), KSK : f : : _

AtGRP18 0, IV, V 82 146 PAAGAA (5) genomic sequence for lipase proteins (ex
AtGRP14 TRVRY 83 103 LGG (5) tracellular lipase EXL4 and EXL6), and
BoGRP1 LIV, V 80 28 _ five that corresponded to oleosins (GRP19,
BoGRP2 L, Y, v 86 267 PAG (11), DKP (13), ~ GRP16, GRP17, GRP18, and GRP14). The
AGG (7), KPK(6) kinases are similar to each other (BLASTP

BoGRP3 AL, IV, vV 288 73 GSZ((61). )GGK (9). value E < 107°%) and to many other Ara-

KHG (10 . o .

BoGRP4 I, 1, v 109 78 AAP (5) deOP s:s .k't'.’ases‘ .tThhethEXL plr.oujﬁ‘sdsmre
BoGRPS m, IV, v 6 86 APA (5) characteristics wi e proline/hydroxy-

proline-rich glycoproteins (HRGP), a
loosely defined family found in plant repro-
ductive tissues (/4), including similarities
to the HRGPs APG and CEX (BLASTP

Fig. 2. Gene structure of pollen
coat oleosins and lipases. (A)

A ﬁ—ﬂ—ﬁ—h—ﬁ—ﬁmem

Oleosin cluster. (B) Lipase clus- GRP 2019 values E < 10779), high proline content,
ter. (C) Alignment of the EXL and linkage to carbohydrate moieties (/2).
proteins by CLUSTALW. Catalyt- EXLM w Mwoss ®  Each EXL also contains a predicted family

ic GDS residues are in bold. (A)

and (B) are drawn to scale; genes

are transcribed left to right. 1 MERCRSGHHRIISYYLSSSLILFWCIFVLVLLSTTSTTNALVKIPKNTTVP 51
C 2 MKRNSINIHHVTSFSSSP----FWCVFFLVLLCKTST-NALVKQPPNETTP 42

II lipase domain; these domains can act in

3 MKDNSS---WSCSC ICLLSVLFLT ETITAVKLPPKLIIP 42

EXL4 --—- —MCSKITLVLTLFSSYFIS-=--mm o TDG----SFP 24 GRP 20 19 16 17 18 14
EXL5 ——mmmmmmmmmmmmem o MLVLALFSIYFLS—-— ---IEAVRNESFP 23 ——H—H+—H +—H+—H+
EXL6 ——-——mmmmomo] MFRGKIFVLSLFSIYVLS=---—=---—— SAAEKNTSFS 28

P . ;1 Lervs Col | :

EXL1 AVIVFGDSIVDAGNNDDMIT-EARCDYAPYGIDFDGGVATGRFSNGKVPGD 101

EXL2 AIIVFGDSIVDAGNNDDIMTTLARCNYPPYGIDFDGGIPTGRFCNGKVATD 93 =
EXL3 AVIAFGDSIVDTGMNNNVKT-VVKCDFLPYGINFQSGVATGRFCDGRVPAD 92

EXL4 ALLAFGDSILDTGNNNFLLT-FMKGNIWPYGRSFSMRRATGRFGNGRVFSD 74 51 o

EXL5 ALLAFGDSMVDTGNNNYLLT-LMKGNYWPYGWNFDSKIPTGRFGNGRVFSD 73 1
EXL6 ALFAFGDSVLDTGNNNFLLT LLKGNYWPYGLSFDYKFPTGRFGNGRVFTD 78 7

Kpg KkkKgohak kg g s KEE %, JEEKK sk x

EXLl IVemememmeemmeeee -AEELGIKPNIPAYRNPNLKPE-ELLTGVTFASGG 136
EXL2 -AGKFGIKPSIPAYRNPNLKPE-DLLTGVTFASGG 128
EXL3 -AEELGIKSIVPAYLDPNLKSK-DLLTGVSFASGG 127
EXL4 IV-——mmmmmmmmmeee AEGLGIKKILPAYRKLFNSPS-DLRTGVCFASGG 109
EXL5 VVGIILKSSLQCFFVISAEGLGIKRIVPAYRKLYIAPS DLKTGVSFASGG 123
EXL6 IV---eeeemmmeeeee, AEGLQIKRLVPAYSKIRRISSEDLKTGVCFASGG 114
,: : *h gkkk | ee s KKK KAhkK
EXL1 AGYVPLTTKIAV-=—==ceeeee- GGIPLPQQLIYFEEYIEKLKQMVGEKR 175 o
EXL2 AGYVPFTTQLSTYLFIYKPLLFLKGGIALSQQLKLFEEYVEKMKKMVGEER 179 (e))
EXL3 SGYDPITPKLVA--=——=———ceoo VISLEDQLSYFEEYIEKVKNIVGEAR 165 c
EXL4 AGVDPVTSKLLR- --VLTPKDQVNDFKGYIRKLKATAGPSR 147 ©
EXL5 AGVDPVTSKLLR- --VLSPADQVKDFKGYKRKLKGVVGRSK 161 ¥
EXL6 SGIDDLTSRTLR-=-=====—-———= VLSAGDQVKDFKDYLKKLRRVVKRKK 152 o
It Y P P o
o

EXL1 -TKFIIKNSLFVVICGSNDIANDFFTLPPVRLHYTVAS-FTALMADNARSF 224
EXL2 -TKLIIKNSLFMVICGSNDITNTYFGLPSVQQQYDVAS-FTTLMADNARSF 228
EXL3 -KDFIVANSLFLLVAGSDDIANTYYTLR-ARPEYDVDS-YTTLMSDSASFF 213
EXL4 -ASSIVSNAVILVSQGNNDIGISYFGTPTAAFRGLTPNRYTTKLAGWNKQF 197
EXL5 -AKKIVANSVILVSEGNNDIGITYA-IHDAGMRLMTPKVYTSKLVGWNKKF 210
EXL6 KVKEIVSNAVFLISEGNNDLG--YF-VAPALLRLQSTTTYTSKMVVWTRKF 200

LEREEE] *. . . : o*
EXL1 AQTLYGYGARRILVFGAPPIGCVPSQRTVAGGPTRDCVARFNDAAKLFNTK 275
EXL2 AQKLHEYGARRIQVFGAPPVGCVPSQRTLAGGPTRNCVVRFNDATKLYNVK 279
EXL3 VTKLYGYGVRRVAVFGAPPIGCVPSQRTLGGGILRDCADNYNEAAKLFNSK 264
EXL4 MKELYDQGARKFAVMGVIPLGCLPMTRIFLGGFVITCNFFANRVAEQYNGK 248
EXL5 IKDLYDHGARKFAVMGVIPLGCLPMSRLIFGGFFVWCNFLANTISEDYNKK 261
EXL6 LKDLYDLGARKFAVMGVMPVGCLPIHRASFGGVFGWCNFLLNRITEDFNMK 251

ks K kg, kyk, kakkgk *x *ss gk o

EXL1 LSANIDVLS--RTLQDPTIIYIDIYSPLLDLILNPHQYGFKVANKGCCGTG 324
EXL2 LAANLGSLS--RTLGDKTIIYVDIYDSLLDIILDPRQYGFKVVDKGCCGTG 328
EXL3 LSPKLDSLR--KTLPGIKPIYINIYDPLFDIIQNPANYGFEVSNKGCCGTG 313
EXL4 LRSGTKSWGREAGFRGAKFVYVDMYNTLMDVIKNYRRYGFSNEKNGCC--- 299
EXL5 LKSGIKSWRGASDFRGARFVYVDMYNSLMDVINNHRKYGFTHEKNGCC--- 312
EXL6 LQKGLTSYAVEYDFKDAKFVYVDIYGTLMDLVKNPMAYGFTEAKKACC--- 302

s . skrsak, Kekss o Tk SR

EXL1 LIEVTALCNNYTASVCPIRSDYVFWDSFHPTEKAYRIIVAKLLDRYLNRFF 375
EXL2 LIEVALLCNNFAADVCPNRDEYVFWDSFHPTEKTYRIMATKYFERYV 375
EXL3 AIEVAVLCNKITSSVCPDVSTHVFWDSYHPTEKTYKVLVSLLINKFVNQFV 364
CMITAIIPCPNPDKYVFYDFVHPSEKAYRTISKKLVQDIKNGLA 340
CMLTAIVPCSNPDKYVFYDFAHPSEKAYKTIAKKLVEDIKTGLA 353
CMPNAIIPCFHPDKYVFYDFAHPSQKAYEVISKPIVYQIAKGLA 343

: L oskkak  kkgakek

Fig. 3. Sliding window analysis of percent pair-
wise difference in the AtGRP region. Window,
500 bp. Coding regions are shaded. Dashed line,
average difference between ecotypes (22).

www.sciencemag.org SCIENCE VOL 292 29 JUNE 2001 2483



REPORTS

Table 2. Pair-wise analysis of nucleotide variation between Arabidopsis ecotypes. Indels give the number
of insertions or deletions, with the number that occur in frame given in parenthesis. II; is the total
number of single nucleotide differences. m = II; /length. N/A, not applicable. Blank cells indicate no
change in the compared region.

Ler versus Col Cvi versus Col

Ler versus Cvi

extracellular environments to perform acyl
transfer reactions (/5). Pollen coat peptides
<10 kD have been characterized in other
species (7), but Arabidopsis proteins of this
size were not detected by our methods (/2).

Region Length Together, the lipases and oleosins make up
®P)  dels I, w(x102) Indels I, m(x102) Indels II; (X102 >90% of th; detectat.)lg po‘llen coat protein.
The potential for lipid interactions—the
Intragenic 9147  16(0) 56 0.61 24(2) 110 120 29(3) 110 120 oleosins affecting the size and character of
Introns 1511 100 3 0.20 2(0) 15 0.99 3(0) 16 1.06 lipid droplets and the lipases altering lipid
AtGRP20 composition—implicate these proteins as
Exon 1 318 1 0.31 5 157 6 1.89 mediators of pollen coat behavior.
Exon 2 144 1 069 Uy N/A LUE 069 Genes organized in clusters can promote the
AtGRP19 generation of adaptive allelic diversity through
Exon 1 237 N/A 2 084 2 0.84 gene duplication and rearrangement events
Exon 2 84 N/A N/A N/A (16-18). The five GRP genes are in a chromo-
AtGRP16 some 5 cluster with GRP20, a sixth oleosin
Ex°" ;_ i% a4 2 (’)“i g 363 2 (’)"i’; 1 l':ll;: (Fig. 2A). Likewise, both EXL genes are con-
xon (4) ) @) ) (M tained within a tandem array of six putative
AtGRP17 lipases on chromosome 1 (EXLI-EXL6) (Fig.
Eig: ; 1‘;’13 g 8;‘; é ?gﬁ 133 ?g; 2B). Gene prediction algorithms incorrectly
’ ’ ' identified the genes in the EXL region; we
AthP 8 y verified the EXL gene structure by comparison
xon 1 243 N/A N/A N/A to the expressed sequence tag (EST) database,
Exon 2 445 5 112 1(1) N/A 10) 4 0.90 :
cDNAs, and reverse transcriptase—polymerase
AthP 741 249 1 040 1 040 N/A chain reaction (RT-PCR) (19). Each EXL gene
&22 2 334 1(1) 8 2 40 101) NA 22) 8 2.40 contains five exons that encode a single lipase
’ ' domain (Fig. 2, B and C). The EXL proteins
Total 15079 22(5) 83 0.55 32(8) 152 1.01 37(8) 163 1.08 share 35 to 69% amino acid identity, with con-
served residues throughout (Fig. 2C). Tran-
A Arabidopsis thaliana (27634 bp)
T211 T2I1 T2I11
290 280 20 19 16 1£ 18 14 210
—t —2 — — — —
X fl/ li N —
— - - —s — N
T2I1 1 2 3 4 5 T211 1 kb
290-like 210-like
Brassica oleracea (20542 bp)
20 EIRRQKPTLKGVMTAFFATEAAICLLLLAGISLTGTAVALFASMPLFLVF 69 Oleosin domain pairwise % amino acid identity
B 55 ot MF-EITQAVFSAGVALALLTFAGITLGGSVVACIISTPLFVIF 42 C
BOGRPl ————mm MFFQIIQGVFTGVEALALLAFAGITLGGSAVGLALSTPLFILF 43 20 ]9 116117 j1s 14 11 21 3] 4
AtGRP16 MLSFLIPVV-QFFQVVIAAVASVVFLVFAGITFGASIVGLTIATPLEVIF 49  BoGRP5 J48 [49 [47 |63 |56 [4a8 |53 |s5]57] 58
BOGRP2 MLSSLIQIF-QVFQVTSAVVVTAVLFALAGITLAGSVVGLIVATPLFVIF 49
AtGRP17 MFSFLMPLL-EVIKIIIASVASVIFVGFACVILAGSAAALVVSTPVFITF 103 LDOGRP4 §45 146 147 )51 145145151147 168
BOGRP3 LFPFLLPMF-EVIKMVVASVASVVYLGFAGVTLSGSAVALAVSTPLFIIF 73  BoGRP3 f50 |55 [ 43 |49 |50 [ 50 ] 58 | 37
BoGRP4 MFSFIFPLL-NVIKLIIASVTSLVCLAFSCVTLGGSAVALIVSTPLFIIF 71 BoGRP2 40 149 59 |54 |45 | 53| 45
BOGRP5 MFSFLSPLL-DVIKVVVASVTSVVLFVFAGLTLSGSAVALVVSTPLFLIF 49
AtGRP18 MFSFLIFLL-EAFQVVIATVVSIVFLVFAGLTLVGSATALTITTPLFIIF 49 BoGRP1 |43 |61 )49 |45 )46 |49
AtGRP14 MFSFLILQVSEVFQVVIAAVVSIVFLVLAGLTLAGSATALTITTPLFIIF 50  AtGRP14 | 39 | 52 | 49 | 46 | 62
. H H : . 3D 33D LI .. g degkgigik atGrpis | 23 | 50 | 49 | 49
AtGRP20 SPVLVPAGIATTILASGLMAGGTSGVSGLTILMWLY- 105 Aterp17 [ 41 | 48 | 49 T211 290 |75/81
AtGRP19 SPVLVPATIATTLLASGFTASGSFGATAFTILSWLY- 78
BOGRP1 SPILVPATIATTLLTTGFTTSGGLGMVALRIFWKLF- 79 ALGRP1S )36 .48 ILEL 210 R 94
AtGRP16 SPILVPATIATTFLVGGATAAVALGVTAFALILWLF- 85 AtGRP19 | 50
BOGRP2 SPVLVPATIASTLLATNLSAGALFGVTAAALIVWLLK 86
AtGRP17 SPVLVPATIATVVLATGFTAGGSFGATALGLIMWLV- 139
gggggg ggi;‘;gﬁﬁgggﬁgiﬁgggﬁ;ﬁgﬁgg%@ iég Fig. 4. Synteny between the A. thaliana and B. oleracea oleosin clusters. (A)
BOGRPS SPILVPATIATTLLASGVTAGATLGITAISLIMGLI- 85 Comparisons ‘of the oleosin f:lusters and flanlgmg DNA. B}ack I_Joxes, exons;
AtGRP18 SPILVPATIATAVITTGFTTGGALGAMAVALI-———n 81 arrows, direction of transcription; black connecting bars, regionswith a BLASTN
AtGRP14 SPILVPATTIATAVITTGLTAGGALGTMAAASLL---- 83  value of E < 10739 grey connecting bars, regions with a value of E < 10729, (B)
FrREIEE Fro.i.oo.os <o Alignment of oleosin domains by CLUSTALW. (C) Pair-wise amino acid identity
comparisons for the oleosin domain.
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scription from EXLI and EXL3-6 but not EXL2
was detected in flower buds by RT-PCR (data
not shown).

Previously, several GRP cDNAs were
identified based on their glycine-rich con-
tent, and a single genomic clone corre-
sponding to three cDNAs was found (20).
Our data define a larger array. RT-PCR
experiments confirmed expression of all six
oleosins in flower buds (data not shown).
Despite transcription, GRP20 was not de-
tected in the pollen coating, perhaps due to
low abundance (Fig. 1). All six GRP pro-
teins contain a consensus oleosin domain,
encoded by exon 1, and share similar 5’
upstream elements (Table 1). Exon 2 varies
substantially in both length and character,
each protein containing a unique repetitive
motif (Table 1). This repetition parallels
certain other mating genes, where repeat
units within a gene are thought to allow for
adaptive changes in interacting molecules.
Variation in individual repeat sequences
may initiate the evolution of species barri-
ers, whereas unaltered repeat units maintain
current interactions (3).

Gene duplications occur at approximate-
ly 1% per gene per million years, but most
duplicated genes subsequently degenerate
rapidly to form a pseudogene (27). To ex-
plore the evolution of Arabidopsis oleosins,
we compared the sequence of AtGRP clus-
ters from five Arabidopsis ecotypes, cross-
fertile strains of Arabidopsis collected from
different geographical locations (22). Some
gene clusters, such as plant defense gene
arrays, can contain a mixture of functional
and nonfunctional genes (/7). However, all
genes of the GRP cluster were functional in
the five ecotypes we surveyed. Although
insertions or deletions (indels) occurred in
both coding and noncoding sequence, cod-
ing region indels were constrained to mul-
tiples of three nucleotides, maintaining the
open reading frames (Table 2). Most amino
acid substitutions and indels within the
coding sequences occurred in exon 2, as
opposed to the exon 1 oleosin domain (Ta-
ble 2). Indels in exon 2 frequently altered
the number or order of repeat units. Nucle-
otide polymorphisms in exon 1 were pri-
marily silent (16 silent/10 substitution),
whereas exon 2 changes usually caused
substitutions (20 silent/42 substitution).
The average number of polymorphisms be-
tween the Ler and Col-0 ecotypes, counting
indels as single events, was 0.70%, higher
than the genomic average of 0.57% (22).
However, pair-wise sequence comparisons
revealed regions of higher polymorphism in
both coding and noncoding sequences (Fig.
3). The pattern of change differed between
ecotypes and could generate mating haplo-
types consisting of unique combinations of
alleles.

www.sciencemag.org SCIENCE VOL 292 29 JUNE 2001

REPORTS

If the oleosin gene cluster constitutes a rec-
ognition haplotype, related species should
maintain a cluster but allow divergent alleles.
We identified a baterial artificial chromosome
(BAC) clone containing five putative pollen
oleosin genes (BoGRPI-5) (Fig. 4A) from
Brassica oleracea, a species that diverged from
Arabidopsis between 12 and 19 million years
ago (19, 22, 23); some of these corresponded to
previously described cDNAs (24). Both the
Arabidopsis and B. oleracea oleosin clusters
are flanked by genes sharing =75% identity,
suggesting synteny (Fig. 4A). The B. oleracea
oleosins are also transcribed in the same direc-
tion, share conserved 5’ upstream elements,
have a consensus oleosin domain in exon 1, and
have a repetitive exon 2 (Table 1 and Fig. 4A).
Oleosin gene homologies reflected position in
the cluster, with genes in similar positions
showing greater similarity (Fig. 4, A, B, and C).
Although the lipid-binding function of the ole-
osins appears conserved, only 40 to 63% amino
acid identity is observed between B. oleracea
and Arabidopsis, and only in exon 1, whereas
syntenic regions in these species generally
show 85% amino acid identity (23). This in-
creased rate of change parallels that observed
for alleles of the highly polymorphic self-in-
compatibility (SI) protein SRK, which shows
50 to 60% amino acid similarity between Bras-
sica and Arabidopsis lyrata, a closely related,
self-incompatible relative of A. thaliana (25).

The organization of pollen coat genes
highlights four trends observed for recog-
nition molecules: higher than average poly-
morphism, repetition to allow cycles of
drift and adaption in interacting molecules,
organization in a cluster to facilitate allelic
diversity, and generation of unique haplo-
types to assist the inheritance of an entire
cassette of gene. The oleosin clusters de-
fined here suggest selective pressure to
maintain multiple oleosins across species
boundaries and functional copies of all six
oleosins within Arabidopsis. Although
wholesale elimination of oleosins was not
seen and the observed single amino acid
substitutions may barely affect pollination,
over extended time accumulated small vari-
ations across the entire cluster might lead to
speciation. Future experiments involving
transfer of mating haplotypes between spe-
cies will ultimately test species-specificity.
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