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Reproductive genes and traits evolve rapidly in many organisms,
including mollusks, algae, and primates. Previously we demon-
strated that a family of glycine-rich pollen surface proteins (GRPs)
from Arabidopsis thaliana and Brassica oleracea had diverged
substantially, making identification of homologous genes impos-
sible despite a separation of only 20 million years. Here we address
the molecular genetic mechanisms behind these changes, sequenc-
ing the eight members of the GRP cluster, along with 11 neigh-
boring genes in four related species, Arabidopsis arenosa, Olima-
rabidopsis pumila, Capsella rubella, and Sisymbrium irio. We found
that GRP genes change more rapidly than their neighbors; they are
more repetitive and have undergone substantially more insertion�
deletion events while preserving repeat amino acid composition.
Genes flanking the GRP cluster had an average Ka�Ks � 0.2,
indicating strong purifying selection. This ratio rose to �0.5 in the
first GRP exon, indicating relaxed selective constraints. The repet-
itive nature of the second GRP exon makes alignment difficult;
even so, Ka�Ks within the Arabidopsis genus demonstrated an
increase that correlated with exon length. We conclude that rapid
GRP evolution is primarily due to duplication, deletion, and diver-
gence of repetitive sequences. GRPs may mediate pollen recogni-
tion and hydration by female cells, and divergence of these genes
could correlate with or even promote speciation. We tested cross-
species interactions, showing that the ability of A. arenosa stigmas
to hydrate pollen correlated with GRP divergence and identifying
A. arenosa as a model for future studies of pollen recognition.

Traits mediating reproduction often undergo rapid evolution,
effectively restricting successful mating to a subset of avail-

able partners. Rapidly changing genes regulate sperm storage,
sperm–egg binding, cell fusion, and spermatogenesis (1). In
some cases, a selective advantage promotes divergence (positive
selection); in other cases, relaxed selective constraints allow
rapid change (neutral selection). On occasion, evolutionary
changes are so great, or the species studied are sufficiently
divergent, that homologs cannot be identified, and the nature of
the selective pressures cannot be assessed (2, 3). Both mathe-
matical models and experimental data demonstrate that rapid
changes in sexual traits have the capacity to drive speciation and
that the coevolution of genes encoding male and female traits
can lead to reproductive isolation (4–9).

In some plant families, highly divergent genes limit inbreeding
through self-incompatibility; many molecules required for self-
pollen recognition have been identified (10, 11). In contrast, few
components that allow plants to discriminate interspecific pollen
are understood. Identifying molecules that regulate this selective
process has agricultural applications; the ability to control gene
flow between species would facilitate the creation of new hybrids
and the containment of genetically modified varieties. Here, we
examined a rapidly evolving gene family required for pollen
recognition in the Brassicaceae (12), a family that includes
several important oil and vegetable crops.

Reproductive interactions in flowering plants begin when pollen
lands on the stigma, a specialized surface of the female reproductive

organ. To become metabolically active, desiccated pollen grains
must absorb water from the stigma. The Brassicaceae stigma
surface is dry, and the extracellular pollen coat interacts with
stigma cells to selectively trigger pollen hydration (13, 14). Brassi-
caceae pollen coats primarily contain proteins and long-chain lipids;
in Arabidopsis thaliana the coat includes a glycine-rich protein
(GRP) family specified by a tandem array of eight genes, each with
two exons (3). The first exon encodes a lipid-binding oleosin
domain, and the second exon encodes a glycine-rich repetitive
domain (15). Before the coat is deposited on the pollen surface, the
oleosin domain is cleaved, leaving the repetitive domain available
for interaction with the stigma (16–18). Five of the eight A. thaliana
GRPs have been detected in the pollen coat (GRP14 and GRP16–
GRP19; ref. 3); two others (GRP20 and GRP22) have messages
that are expressed during pollen development (19); an additional
putative protein (GRP21) is identified in this study. Mutations that
eliminate the most abundant protein, GRP17, result in delayed
pollen hydration (12).

Although the major Arabidopsis pollen coat proteins have
been identified, their roles in pollen hydration and speciation are
not clear. Because they are similar, coexpressed and colocalized,
GRPs likely have overlapping functions. Consequently, genetic
dissection of their contributions requires simultaneously altering
multiple family members, an approach limited by the absence of
gene replacement technology in Arabidopsis and by the challenge
of recombining tightly linked lesions. As an alternative, Mayfield
et al. (3) examined the divergence of the GRP cluster between A.
thaliana and Brassica oleracea, species separated by 20 million
years (MY). Unfortunately, although the oleosin domains were
maintained, the repetitive domains diverged so substantially that
homologous relationships were obscured, making it difficult to
infer the molecular genetic mechanisms contributing to se-
quence diversity or the selective pressure driving variation.
Moreover, it was not clear whether these rapid changes were a
consequence of a particularly dynamic genomic region or instead
were specific to GRP genes. We address these questions, assess-
ing changes in the GRPs relative to their genomic neighbors in
near (5–8 MY diverged) and more distant relatives (15–20 MY
diverged). This work provides insight into the molecular genetic
mechanisms that drive the evolution of genes required for
compatible mating and shows that rapid evolution of the GRPs
is driven by their repetitive nature.

Methods
BAC Identification, Sequencing, and Assembly. BAC library filters
(Amplicon Express, Pullman, WA) from Arabidopsis arenosa,
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Olimarabidopis pumila, Capsella rubella, and Sisymbrium irio (20)
were probed with At5g07500 and At5g07580, two Arabidopsis
genes flanking the GRP cluster. Of the BACs hybridizing to both
probes, A. arenosa clones 1B10 and 6D24 (hereafter Aa1 and
Aa2, respectively), O. pumila 37I22, C. rubella 33L6, S. irio
11E11, and B. oleracea 37N21 (TAMU BAC Center, College
Station, TX) (3) were sequenced (GenBank accession nos.
AY350710–AY350715); the BACs from A. arenosa, a self-
incompatible tetraploid, were highly divergent, providing added
insight into GRP diversity, either between the parental genomes
of the tetraploid or within the population used to construct the
library. BAC DNA was sheared and subcloned into pBluescript
KS�. Automated DNA sequencing (�8 times average coverage)
was performed at the University of Chicago CRC DNA Se-
quencing Center or at Integrated Genomics (Chicago, IL). Gaps
were filled by sequencing BAC DNA with flanking primers.
Trimmed and assembled sequences (SEQMANII, DNASTAR,
Madison, WI) were manually edited to resolve ambiguities.

Annotation. Each sequence was manually scanned for coding
regions homologous to A. thaliana genes between At5g07460 and
At5g07630, a region that includes the GRPs and �5 kb on either
side. Genes were identified by comparison with A. thaliana
coding sequences confirmed with BLAST and TBLASTX matches to
expressed sequences from A. thaliana and other plants (www.
ncbi.nlm.nih.gov�blast and http:��tigrblast.tigr.org�tgi�). Gene
numbering was based on A. thaliana; newly identified genes were
assigned intermediate numbers. In some cases, related species
had intergenic regions that were larger than their A. thaliana
counterparts; genes were identified in these regions by using
BLAST. Intron and exon boundaries were predicted by using
splice site rules for A. thaliana (21). B. oleracea GRP exon
structure is supported by expressed sequence tag data (3) and
was used to predict exon 1 in S. irio GRPs; A. thaliana exons were
used for the other species. GRP exon 2 is highly variable, and A.
thaliana similarities alone were inadequate for predictions in
species other than A. arenosa. Consequently, analysis was sup-
plemented by scanning the regions between oleosin-encoding
exons for long ORFs containing (i) repetitive sequences, (ii) an
enrichment of glycine, alanine, and�or proline codons, and (iii)
a predicted isoelectric point between 9 and 12. GRP19 and
GRP20 have second exons that are very short (73–91 and
139–271 bp, respectively) and have few repeats; these exons are
more conserved across the species we analyzed, and their
structures are supported by cDNA data in A. thaliana (GRP19
and GRP20) and B. oleracea (GRP19).

Analysis. DNA and protein alignments were generated with
SEQMANII and CLUSTALW. Alignment of homologs of At5g07580,
a gene flanking the GRPs, was used to generate a tree by using
the Fitch–Margoliash least-squares method (Fig. 1). Estimated
divergence times are based on synonymous mutation rates and

an assumed 10–14 MY divergence between Arabidopsis and C.
rubella (22). Phylogenetic relationships between GRPs are based
on a Fitch–Margoliash least-squares analysis of a protein dis-
tance matrix of aligned GRPs (refs. 23–25; Fig. 6, which is
published as supporting information on the PNAS web site).
Substitutions�site was estimated by using the Jukes–Cantor
method in DAMBE (26). TANDEM REPEAT FINDER (27) identified
nucleotide repeats with a minimum alignment score of 50 and
match, mismatch, and insertion�deletion (InDel) parameters of
2, 5, and 5. For overlapping repeats, the repeat with the highest
alignment score was reported. Rates of nonsynonymous (Ka) and
synonymous (Ks) substitutions were estimated for all genes with
the method of Comeron (28) in K-ESTIMATOR 6.0 (29). For the
second GRP exon, confidence intervals for Ka and Ks were
numerically derived by Monte Carlo simulations (1,000 repli-
cates) with this software package.

Pollen Hydration Assay. Pollen from dehisced anthers was applied
to mature stigmas from either male sterile (ms1) A. thaliana or
emasculated A. arenosa f lowers. The fraction of hydrated (swol-
len) pollen grains was counted with a Zeiss Axioskop light
microscope 15 min after pollination, sufficient time for near-
complete hydration in A. thaliana (12). Seeds were deposited in
the Arabidopsis Biological Resource Center (Columbus, OH).

Results
Structure of the GRP Cluster. To assess changes in the GRP pollen
coat genes in their genomic context, we sequenced this region
from four Brassicaceae species (A. arenosa, O. pumila, C. rubella,
and S. irio; GenBank accession nos. AY350711–AY350715) and
compared them with A. thaliana (NC003076) and B. oleracea
(AY350710) sequences. Comparisons among homologs of
At5g07580, which encodes a putative transcription factor
(NC003076), verified evolutionary relationships among these
species (Fig. 1; refs. 22 and 30). The GRP cluster, defined as the
region between At5g07510 and At5g07565, ranged from 13.7 kb
in C. rubella to 24.4 kb in A. arenosa (Aa2; Fig. 2). Differences
in length were due to changes in intergenic regions and gene
content rather than transposon insertions (Fig. 2). Phylogenetic
analysis of all GRPs defined homologous relationships and
demonstrated that GRP genes are in the same linear order (Figs.
2 and 6). Nevertheless, gene conversion may have contributed to
changes in the GRPs, in particular, between 7510 and 7520
(GRP14 and GRP18), which group together in the dendrogram
(Fig. 6) and between the oleosin domains, which are similar
among all family members.

We identified GRP21 (gene 7565, GenBank accession no.
BK001543), a family member not included in previous annota-
tions. This gene contains an oleosin domain and a repetitive
domain rich in proline, serine, and glycine. Thus A. thaliana has
eight GRP genes, most of which were found in the other species.
Exceptions include the following: (i) deletion of 7510 (GRP14)
in C. rubella; (ii) duplication of 7550 (GRP19) to form an
additional gene, 7555, in S. irio; (iii) deletion of 7560 (GRP20)
in B. oleracea; (iv) absence of 7565 and 7600 (GRP21 and
GRP22) in both S. irio and B. oleracea; and (v) degeneration of
7530 (GRP17) in one A. arenosa clone (Aa2) because of a 2-kb
unique sequence insertion that introduces stop codons in exon
1 (Fig. 2). GRP17 plays a critical role in A. thaliana pollination
(12); thus, A. arenosa, which is a tetraploid, may retain a
functional copy at its second GRP locus, potentially represented
by BAC clone Aa1. The similarities between GRPs suggest
functional redundancy; however, maintenance of five to eight
GRP genes across species indicates they have likely evolved
unique functions.

Properties of GRP Genes and Predicted Proteins. Five types of
conserved elements (I–V) that are candidate binding sites for

Fig. 1. Phylogenetic relationship between species. Estimated divergence (in
MY) is indicated at nodes. Tomato (Lycopersicon esculentum, accession no.
AY192370) was used as an outgroup.
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transcriptional regulators have been identified upstream of A.
thaliana and B. oleracea GRPs (3, 15). At least one of these elements
was found 5� of each GRP gene (Table 3, which is published as
supporting information on the PNAS web site), consistent with
coexpression during pollen development. The occurrence of indi-
vidual elements varied across species. For example, the 5� region of
GRP14 (7510) contained elements I–V in A. arenosa, but only
element IV in O. pumila and element III in S. irio. Similar patterns
were observed throughout the cluster, except for GRP20 (7560) and
GRP21 (7565), where a single 5� element was predominant. This
diversity across species could alter expression levels and, conse-
quently, the relative abundance of GRPs.

The length of GRP exon 1 was highly conserved across all six
species, consistent with prior comparisons of A. thaliana and B.
oleracea (3). Exon 2 was more variable, in both length and
composition of the predicted proteins (Table 3). These C-
terminal domains are enriched in a few amino acids; �60% of
this domain can be derived from as few as three amino acids, and
glycine levels can approach 40%. These biases, coupled with a
paucity of aspartate and glutamate, result in exceptionally basic
proteins with predicted isoelectric points between 9 and 12
(Table 3).

The repetitiveness, abundance of InDel events, and the rela-
tively low sequence complexity of the second GRP exon com-
plicate analysis of the evolution of these genes. To better
understand GRP composition and evolution, we examined the
properties of individual repeat arrays identified with TANDEM
REPEAT FINDER (27). The abundance and distribution of GRP
repeats and predicted peptides were compared both within and
between species [Table 1 (GRP14) and Table 4, which is pub-
lished as supporting information on the PNAS web site (other
GRPs)]. The repetitive content of exon 2 varied over a wide
range: GRP14, 14–67%; GRP16, 51–89%; GRP17, 47–85%;
GRP18, 20–64%; GRP19, 0%; GRP20, 22–51%; GRP21, 72–
91%; and GRP22, 21–29%. The absence of GRP19 repeats is
likely due to the small size of the second exon (25–31 aa, Table
3); other GRPs had one to five major repeat classes, and
nucleotide repeats were not detected in the flanking genes. GRP
repeats were 3–360 nucleotides in length (average � 30) and
2–87 in copy number (average � 8) and shared 60–100% identity
within a species (average � 78%). Many repeat arrays over-

lapped, adding complexity to these patterns (e.g., O. pumila
repeat II, GRP14), and many repeat borders were unclear.
Although identical peptide sequences were not maintained
across all six species, GRP18 and GRP20 had highly conserved
motifs. Other proteins contained repeat types that were present
in the closest relatives, but absent (repeat I, GRP14) or divergent
(repeat III, GRP14) in more distant family members (Table 1).
All InDels were multiples of 3 bp, indicating selection to
maintain reading frame. These results indicate that the diver-
gence of GRP exon 2 is dominated by changes in length,
composition, and copy number of repetitive arrays, with pres-
ervation of particular sequences across species in only a few
cases.

GRP Genes Evolve More Rapidly than Neighboring Loci. To under-
stand the evolution of the genomic region containing the GRPs
and to determine divergence levels for typical genes, we exam-
ined amino acid conservation across the region. Genes flanking
the GRPs are highly conserved (Fig. 3) with amino acid identities
to A. thaliana averaging 95 � 3% (A. arenosa), 89 � 5%
(O. pumila and C. rubella), and 87 � 6% (S. irio and B. oleracea).
These values are consistent with comparisons with a 30-kb
C. rubella region (87 � 11%; ref. 31) or expressed sequence tags
from B. oleracea (87 � 7%; ref. 32). In contrast, the oleosin
domains were less conserved, sharing an average of 89 � 3%
(A. arenosa), 78 � 6% (C. rubella and O. pumila), and 59 � 9%
(S. irio and B. oleracea) identity with A. thaliana, whereas the
repetitive domain was only 74 � 14%, 51 � 15%, and 36 � 14%
identical, respectively (Fig. 3). This variation differed signifi-
cantly from that found between flanking genes (oleosin domain,
P � 0.05; repetitive domain, P � 0.001, Kruskal–Wallis test).

Changes in GRP sequences derive from both enhanced nu-
cleotide divergence and InDels (Fig. 4). GRP nucleotide se-
quences from A. thaliana and A. arenosa were similar enough to
be aligned reliably, revealing more substitutions than in neigh-
boring genes (P � 0.007, Mann–Whitney test; Fig. 4). GRPs also
had more InDels; f lanking gene exons varied by an average of 5
bp, whereas GRP exons 1 and 2 varied by 17 and 290 bp,
respectively. InDels are more frequent (P � 0.002), are larger
(P � 0.01), and consume a greater portion of the aligned length
(P � 0.0002) of the GRP genes (Fig. 4), distinguishing GRPs
from typical genomic sequences.

Fig. 2. Genomic structure of the GRP region in six Brassicaceae species. Coding regions numbered as in A. thaliana (top) are indicated by filled boxes for each
species (rows); At, A. thaliana; Aa1 and Aa2, two different sequences from A. arenosa; Op, O. pumila; Cr, C. rubella; Si, S. irio; Bo, B. oleracea. B. oleracea GRP
names are indicated (bottom) (3). Pink shading connects homologous genes. Blue lines indicate introns. Exon shading for A. thaliana: GRPs, red; flanking genes,
black; transposons, yellow. Green symbols represent deletions (triangles) or insertions (boxes) as compared with A. thaliana; blue boxes are pseudogenes. The
direction of transcription is indicated for A. thaliana genes and for gene insertions in other species (arrows).
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The GRP Region Is Under Variable Selective Pressure. Coding se-
quences are typically conserved by purifying selection. Rapid
changes indicate selective constraints are minimal or nonexistent
(neutral evolution) or a selective advantage to divergence (pos-
itive selection). Evaluating selective pressures requires compar-
ing the relative rates of nonsynonymous (Ka) and synonymous
(Ks) nucleotide changes (33). Ka�Ks � 1 is expected under
neutrality, Ka�Ks � 1 indicates positive selection, and Ka�Ks � 1
indicates purifying selection.

We estimated the pairwise Ka�Ks across all six Brassicaceae
species for GRP exon 1 and the flanking genes (Fig. 5 and Table
5, which is published as supporting information on the PNAS
web site). The repetitive nature of the second GRP exon limited
robust nucleotide alignments; consequently, although protein
similarities were assessed across all six species (Fig. 3), Ka�Ks
estimations were limited to A. thaliana and A. arenosa (Fig. 5).
Flanking genes have a mean Ka�Ks � 0.03–0.39, indicating strong
purifying selection similar to averages from mammalian (34) and
plant (35) genomes (0.20 and 0.14, respectively). GRP exon 1 is
also under purifying selection, although to a lesser degree (mean
Ka�Ks � 0.43–0.60; Fig. 5). Estimated Ka�Ks for GRP exon 2 was
more variable (0.16–1.58), with the longer exons exhibiting more
relaxed selective constraints (Fig. 5), and the longest exons (from
GRP17 and GRP21) exhibiting Ka�Ks ratios � 1. For these genes,
the 5% and 95% Ka�Ks confidence intervals are 0.97–2.58 and
1.32–1.88, respectively, suggesting neutral to weak-positive se-
lection for GRP17 and weak-positive selection for the putative

GRP21. Although our findings could be complicated by the
challenge of aligning highly variable sequences containing nu-
merous InDels, they more likely reflect the capacity of multiple
repeats within a protein to buffer individual repeat unit diver-
gence.

A Model for Testing GRP Function in Pollen Recognition. A direct test
of GRP roles will require importing the genes into heterologous
species and monitoring the species-specific recognition events
that lead to pollen hydration. Unfortunately, because A. thaliana
hydrates pollen from distantly related Brassicaceae species (36,
37), it cannot be used to test mating specificity within family
boundaries. We demonstrated that self-incompatible A. arenosa
could serve as an alternative system for GRP exchange, showing
that it hydrated A. thaliana pollen efficiently, incompletely
hydrated O. pumila pollen, and failed to hydrate pollen from C.
rubella or S. irio (Table 2). Although these data do not point to
GRPs as the sole cause of hydration differences, they do
demonstrate a correlation between pollen coat divergence and
the loss of pollen–stigma recognition. Future studies in A.
arenosa, including deletion of the endogenous GRP genes, will
likely clarify the molecular requirements for species specificity.

Discussion
Here we performed a comparative analysis of a genomic region
encoding rapidly evolving reproductive genes, examining their
divergence among closely related species. We showed that the

Table 1. Repeat type and abundance in GRP14

Repeat* Species Sequence†

Copy
no.

%
identity

Internal
repeats‡

I At GGACGTAGGAGATTTGGG 3.2 90
G R R R F G

Aa1 GGAGGTAGGAGATTTGGG 3.2 94
G G R R F G

Aa2 GGAGGTAGGAGATTTGGG 3.6 94
G G R R F G

II At GGTGGAGGTTTACCTGGAGGACTTGGAGGATTAGGA 2.4 94 15, 5.4, 70
G G G L P G G L G G L G 9, 9.7, 67

Aa1 GGGGGAGGTTTACCTGGAGGACTTGGAGGCCTTGGA 3.2 94 9, 10.7, 69
G G G L P G G L G G L G

Aa2 GGGGGAGGTTTACCTGGAGGACTTGGAGGCCTTGGA 3.1 94 9, 10.7, 69
G G G L P G G L G G L G

Op GGAGGTCTACCTGGAGCCGCAGGT 6.0 91 12, 5.3, 64§

G G L P G A A G

III At GAAACTGCACCTGCCGCT 2.8 87
E T A P A A

Aa1 GGAGCTGCACCAGCCGCT 6.2 90 6, 17.2, 58
G A A P A A

Aa2 GGAGCTGCACCTGCCGCT 4.2 84
G A A P A A

Op CCACCTGCTGCTGGAGCTGCTACACCACCTGCGCCTGGAGCTAGT 2.9 82 21, 6.0, 71
P P A A G A A T P P A P G A S

Si GGAGGAGCTTCACCGGCAGGAGGAGCTGCACCAGCG 3.2 92 18, 6.3, 80
G G A S P A G G A A P A

Bo GCACCTGCACCCGCG 2.3 100
A P A P A

*Repeated sequences in GRP14 exon 2, numbered in order of occurrence in the gene; species are abbreviated as
in Fig. 2.

†Consensus repeat sequences, adjusted to begin at the first position of a codon and to maintain periodicity
between species; nucleotide sequence (upper row), protein sequence (lower row), and polymorphic sites
(underlined).

‡For overlapping, internal repeats, sequence length (bp), copy number, and percent identity are shown, respec-
tively.

§In one case, the last three copies are interrupted with a 45-bp sequence, generating 2.4 copies of a 69-bp repeat
sharing 98% identity.
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GRP genes evolve faster than neighboring loci, changing pri-
marily through duplication, deletion, and divergence of repeti-
tive domains. Despite these alterations, gene order was pre-
served and the GRP cluster retained five to eight genes, each
beginning with a hydrophobic domain and terminating with a
second domain of low sequence complexity and basic isoelectric
point. GRPs contribute most of the pollen surface protein
material, which is mobilized to form an interface on contact with
the stigma. Their complete elimination in cer6 mutants causes
sterility, and removal of the most abundant A. thaliana GRP
reduces pollen fitness (3, 12, 13). Thus, the high rates of change
we observed likely have an impact on the efficiency of pollen
recognition and, consequently, the diversification of Brassi-
caceae species.

Mechanisms for Evolutionary Change in the GRP Region. The genes
flanking the GRPs were highly conserved, contained few InDels,
and showed strong, purifying selection (Figs. 3–5). Thus, the high
levels of change observed in the GRPs are unusual and do not
reflect a genomic region with an elevated divergence rate. The
most variable feature of these genes is exon 2, which contains
abundant overlapping repetitive motifs (Tables 1 and 4); the
domain encoded by this exon resides in the pollen coat (16–18)
and likely contacts the stigma.

Repetitive sequences can undergo unequal crossover and
slipped-strand mispairing, altering the number of repeats in an
array (38, 39). These mechanisms, combined with gene conver-
sion, can act to homogenize repeats (38–41). Analysis of the
GRP repetitive domain provided evidence for these types of
changes. In-frame InDels were prevalent (Fig. 4), resulting in a
highly variable number of repeats between homologs (Table 4);
in the most extreme case (GRP14), repeat numbers ranged from
2.3 (B. oleracea) to 40.5 (A. thaliana). These repeats undergo
substantial divergence, with nucleotide substitution rates 2-fold
higher than the genes flanking the GRPs. Aligning the repetitive
domains of A. thaliana and A. arenosa revealed that Ka�Ks

Fig. 3. Protein conservation in the GRP region. Percent amino acid identity
(bars) for GRP exon 1 (gray), GRP exon 2 (white), and adjacent genes (black) as
compared with A. thaliana. Species and gene names are as in Fig. 2; gray
shading delineates regions adjacent to the GRP cluster.

Fig. 4. Nucleotide divergence in GRP regions of A. thaliana and A. arenosa.
Substitutions per site by using the Jukes–Cantor method (A), InDel number (B),
and gaps introduced for alignment (C) were determined for each gene. Filled
bars on gray background, flanking genes; open bars, GRPs.

Fig. 5. Selective pressures in the GRP region. The ratio of nonsynonymous
and synonymous substitution rates (Ka�Ks) plotted versus sequence length. For
GRP exon 1 and the flanking genes, all pairwise combinations from six Bras-
sicaceae species were averaged; error bars indicate standard deviation. For
GRP exon 2, Ka�Ks is based only on A. thaliana and A. arenosa comparisons,
and the data presented represent 1,000 simulations. Black square, average;
open boxes, 25th, 50th, and 75th percentiles (bottom, mid-line, and top,
respectively). Values are listed in Table 5. Gene numbers for the second exons
are noted. The diagonal line is a linear fit of GRP exon 2 data.
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increases with length, suggesting reduced selective pressures as
repeat units increase and even positive selection in the longest
and most repetitive genes (Fig. 5). The divergence and repeti-
tiveness of the second exon was so substantial that alignments
with A. thaliana nucleotides could not be extended to other
species, preventing similar Ka�Ks calculations. Despite such high
divergence rates, repeat nucleotide sequences within a species
averaged 78% identity, suggesting repeat homogenization. In-
deed, homogenization is apparent in the second GRP14 repeat
where the last lysine codon is identical within both Arabidopsis
species, but different between them (Table 1).

Differences in selective pressure throughout a gene are com-
mon and were observed in the GRPs. Exon 1 encodes a �72-aa
oleosin domain that presumably anchors the proteins to lipid
droplets in the developing pollen coat. Whereas comparisons
across six species revealed that this domain changes faster than
flanking genes (Ka�Ks � 0.5 vs. Ka�Ks � 0.2), it has accumulated
neither repeats nor InDels, suggesting that maintenance of its
unique hydrophobic structure is essential for function. Gene
conversion between neighboring oleosin-encoding domains
could contribute to the elevated changes observed in this exon.

Positive and Neutral Selection Drive Rapid Genetic Change. Homol-
ogous genes that function in reproduction have been sequenced
in abalone, sea urchins, fruit f lies, and mammals (1). Positive
selection has been detected in at least 17 cases (33), including
abalone sperm lysin (42) and mammalian egg proteins (43), and
rapid evolution has been found in many others (1, 2, 44–48).
Numerous genes involved in pathogenesis and pathogen defense
are also under positive selection because of the advantages of
change for both the host and the pathogen (33).

Repeated motifs are found in many reproductive proteins,
potentially providing redundant binding sites that strengthen

species-specific contacts. In such cases, selective pressure on an
individual repeat could be reduced (49), allowing repeat units to
evolve at rates approaching those expected under neutrality;
positive selection could result when compensating mutations in
the mating partner are favored. Consistent with this model, we
found a positive correlation between GRP exon length and,
therefore, number of repetitive motifs and Ka�Ks . The repetitive
nature of the GRPs may allow critical interactions with female
components to be maintained while allowing additional repeat
copies to diversify. Mutations in interacting female proteins
could afford a selective advantage to the altered repeats, and
homogenization of the remaining repeats by concerted evolution
could spread advantageous base changes.

Genetic Diversity and Plant Mating Interactions. Many plant repro-
ductive traits undergo rapid change, potentially driving speciation.
Pollen grains vary in size and outer cell wall (exine) structure, and
stigma cells differ in form, cellular structure, and cuticle pattern. In
addition, self-incompatible plants have capitalized on molecular
differences to restrict interactions within a population (10, 11).
Downstream interactions are also subject to rapid evolution; for
example, pollen tubes from different Brassicaceae species display
species-specific interactions with A. thaliana ovules (50). With the
complete A. thaliana genome sequence and the BAC library
resources described here, other rapidly evolving genes involved in
plant reproduction may be identified.

Rapid GRP protein evolution is consistent with a role in species-
specific signaling (1). These proteins modulate pollen hydration,
potentially (i) providing identity tags recognized by the stigma,
(ii) mediating pollen coat migration on the stigma, (iii) transporting
water from the stigma to the desiccated pollen grain, or (iv) main-
taining pollen coat integrity. GRP divergence correlates well with
pollen hydration in A. arenosa (Table 2). A direct test of GRP roles
in species-specific interactions will require deletion of the endog-
enous GRP region from a species such as A. arenosa and replace-
ment with GRPs from another species. Such manipulations may
ultimately make it possible to engineer transgenic plants that are
limited in their breeding range, preventing the spread of transgenes
between or within a species.
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Table 2. Pollen hydration efficiency within and between species

Stigmas

Pollen

At Aa Op Cr Si

At ��� (4) ��� (5) ��� (5) ��� (5) �� (5)
Aa ��� (4) ��� (4)* �� (7) � (6) � (6)

Symbols indicate the extent of pollen hydration as measured by percent of
grains that swell: ���, complete (�90%); ��, intermediate (1–90%); �,
incomplete (�1%), averaged over (n) stigmas. Species are as indicated in Fig. 2.
*Self-incompatible pollen was not hydrated (five trials).
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