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The evolutionary relationship between self-incompatibility systemsin different families of flowering plants has long
been atopic of interest. Physiological differences in the mode of gene action and the enormous sequence differences
between genes with different modes of action suggest that many instances of self-incompatibility have arisen in-
dependently. In contrast, previous analyses of the S-RNase associated with gametophytic self-incompatibility in the
eudicot families (Solanaceae, Scrophulariaceae, and Rosaceae) have suggested that sequences within families form
well-supported and distinct lineages. In this study we demonstrate that in fact, SRNase-mediated gametophytic

self-incompatibility evolved only once in the eudicots.

Introduction

The vast mgjority of flowering plants produce both
pollen and ovules within a single flower. But **Nature
abhors self-fertilization” (Darwin 1877, p. 293), and a
genetically determined self-incompatibility system has
evolved to prevent self-fertilization in many flowering
plants. In fact, genetically determined self-incompatibil-
ity appears to have evolved independently at least 21
times during the evolution of flowering plants. Not sur-
prisingly, the molecular basis of the reaction differs dra-
matically among lineages. In the sporophytic self-in-
compatibility system of Brassica, the stylar response is
mediated by protein receptor kinases (Schopfer, Nasral-
lah, and Nasrallah 1999). Gametophytic self-incompat-
ibility in Papaveraceae is mediated by cytosolic free cal-
cium ions (Franklin-Tong et al. 1993) and in grasses by
Stype thioredoxin (Li et a. 1997). In al eudicots (Nan-
di, Chase, and Endress 1998) where the molecular de-
tails of the gametophytic self-incompatibility response
are known, however, the stylar response is mediated by
a glycoprotein with ribonuclease activity (an SRNase),
suggesting that gametophytic self-incompatibility me-
diated by SRNases arose only once in eudicots. Our
phylogenetic analysis of 72 SRNase and Slike RNase
DNA sequences shows that S'RNases have a single or-
igin, that they were derived from S-like RNases, and that
Luffa Slike RNases are derived from S RNase ances-
tors. Thus, S RNase-mediated gametophytic self-incom-
patibility appears to be the ancestra condition in
eudicots.

The molecular basis of the gametophytic self-in-
compatibility mechanism has been well studied in the
Solanaceae. In this family the most abundant protein in
the style during the self-incompatibility response is a
glycoprotein (Kehyr-Pour and Pernes 1985) with ribo-
nuclease (RNase) activity (McClure et al. 1989). In fact,
the self-incompatibility response will not occur if the
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molecule lacks RNase activity (Huang et al. 1994).
Thus, the term S RNase refers to the characteristic pro-
tein associated with the self-incompatibility response.

An SRNase is also involved with the self-incom-
patibility response in the other three groups of eudicots
in which the molecular basis of gametophytic self-in-
compatibility has been documented, i.e., Rosaceae (Sas-
sa et al. 1996), Scrophulariaceae (Xue et a. 1996), and
Campanulaceae (Stephenson et al. 1992), although the
sequence of the gene encoding the S RNase protein in
the Campanulaceae has yet to be determined. Neither
the Papaveraceae nor the Poaceae, the only other fami-
lies with gametophytic self-incompatibility to have been
examined at the molecular level, rely on an SRNase in
the self-incompatibility response (Franklin-Tong et al.
1993; Li et a. 1997).

Stigmatic glycoproteins associated with the self-in-
compatibility response in Papaveraceae have been iso-
lated and cloned (Foote et al. 1994). The sequence
shows no similarity to the SRNase protein, but it does
show some similarities to the S.G and SRK genes in-
volved in the self-incompatibility response of Brassica
(Walker et al. 1996). Furthermore, the self-incompati-
bility response in Papaver involves a highly complex
series of events, including changes in calcium ion con-
centration, phosphorylation of specific proteins, tran-
scription of specific genes within pollen tubes, and DNA
fragmentation within nuclei of pollen tubes (Jordan,
Franklin, and Franklin-Tong 2000; Snowman et al.
2000).

Unlike the other systems, gametophytic self-incom-
patibility in grasses is controlled by two unlinked multial-
Ielic loci, S and Z. Recent molecular work indicates that
protein kinases, similar to those in Brassica, and a thio-
redoxin play some role in saf-incompatibility. Further-
more, the thioredoxin-like gene appears to be located about
1 cm from the Slocus. Products of the Z locus have yet
to be identified (Li et a. 1997, Baumann et a. 2000).

The evidence demonstrating the involvement of
different molecules in self-incompatibility in the Po-
aceae, the Papaveraceae, and the families with S-RNases
argues that gametophytic self-incompatibility likely has
multiple origins. It is reasonable to conclude that there
are at least three separate origins of gametophytic self-
incompatibility in angiosperms. Is it possible, however,
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that the gametophytic self-incompatibility system of the
Rosaceae, Solanaceae, and Scrophulariaceae has only
one origin? If so, it would suggest that gametophytic
self-incompatibility in all eudicots (Nandi, Chase, and
Endress 1998) had a single origin (Holsinger and Stein-
bachs 1997).

Other studies have considered this question (Sassa
et a. 1996; Xue et a. 1996; Richman, Broothaerts, and
Kohn 1997; Ushijima et al. 1998; Igic and Kohn 2001),
examining the relationships among the S RNases in eu-
dicots and among the structurally related S-like RNases.
Sassa et al. (1996) first demonstrated that the rosaceous
and solanaceous S-RNases each formed a monophyletic
clade. With the addition of three SRNase sequences
from Antirrhinum, Xue et al. (1996) suggested that all
S-RNases formed a monophyletic clade, sharing a com-
mon ancestor, but more recent studies found very weak
bootstrap support for the nodes uniting all SRNases
(Richman, Broothaerts, and Kohn 1997; Ushijima et al.
1998). Previous studies included only a small number
of Slike RNases (e.g., 7 in Richman, Broothaerts, and
Kohn [1997]; 14 in Ushijima et al. [1998]). As a result,
these studies had only a limited ability to distinguish
between single and multiple origins of S RNase-medi-
ated gametophytic self-incompatibility. Igic and Kohn
(2001) improved on previous studies by increasing tax-
on sampling for the Slike group of sequences in addi-
tion to wusing maximum likelihood for tree
reconstruction.

As with Igic and Kohn (2001), we independently
took advantage of the substantial amount of new se-
quence information that has become available and as-
sembled the most extensive sample of SRNases and S
like RNases yet andlyzed. Using more sophisticated
alignment tools and methods of phylogenetic analysis,
we demonstrate that S-RNase—-mediated gametophytic
self-incompatibility is ancestral in the eudicots.

Materials and M ethods
Independent Origins of Genetically Determined
Self-Incompatibility

To determine the number of times genetically de-
termined self-incompatibility has evolved independent-
ly, we counted the number of instances of independent
origins of sporophytic self-incompatibility as deter-
mined in a previous study (Holsinger and Steinbachs
1997). This tally accounts for four origins, one in each
of Asterid I/11, Asterid 111, Rosid I/11/111, and Caryophyl-
lids. We then included the three known different systems
of gametophytic self-incompatibility (S-RNase-mediat-
ed, the system in Papaveraceae, and the system in Po-
aceae). We also added one for the gametophytic self-
incompatibility system found in Magnoliid II. Hetero-
styly has originated independently throughout the an-
giosperms; its genetic underpinnings and mode of action
differ from those of both sporophytic self-incompatibil-
ity and gametophytic self-incompatibility, so we also
counted each of these origins (13 in total).

Sequences Analyzed

We collected 72 amino acid sequences from PFAM
5.3 (Bateman et a. 2000), for which there existed a
corresponding nucleotide sequence in GenBank (version
117) (Benson et al. 2000). After the selection process,
our data set consisted of 49 S-RNases from Rosaceae,
Solanaceae, and Scrophulariaceae, 21 Slike RNases
from flowering plants, and two fungal RNases. The final
data set includes the following organisms (abbreviated
name in alignment: Genbank D).

Fungal RNases

Aspergillus (rnt2-aspor: g133241), Rhizopus(rnrh-
rhini: g133233).

Slike

Nicotiana (rn-ngr2: g5902454), Arabidopsis (rns2-
arath: g289210), Calystegium (c-sepium: g7288208).

Slike Il

Arabidopsis (arath: g4262171; rns3-arath: g1173105;
i64-arath: g5080798; rnsl-arath: g561998; i65-arath:
05080799), Pyrus (rnpyrpyr: g1526417), Cicer (cicer:
g3860325), Nicotiana (rne-nical: g532754; rn-ngr3:
05902456), Solanum (rnle-lyces. g1710615; rnix-lyces:
g1710616), Zinnia (rnze2-zele: g2148018; rnzel-zele:
02148017), Hordeum (hvulgare: g7435265), Nelumbo
(nelumbo: g168740), Zea (kinl-zea: g1698670).

Luffa S-like
Luffa (Ic1-luffac g976231; Ic2-luffa: g976233).

Solanaceae S-RNases

Petunia (sbl-pethyb: @g4586870; sv-pethyb:
g6706722; sxpethyb: g169248; s3-pethyb: g463993;
sh2-pethyb: g4586872; s1-pethyb: g463991; sxb-pethyb:
0169250; sl-petint: g169242; s3-petint: g169244), Ni-
cotiana (rnsb-nical: g2696960; s7-nical: g533129; sth-
nical: g482815; rns2-nical: g133234; sa2-nical:
01184096; rns-nical: g2696958; nicsyl: g2578426), So-
lanum (s12-solch: g5919069; sl1-solch: g548222; s14-
solch: g7110526; sl11-lperu: g1002594; s12-Iperu:
g1478373; s3-Iperu: g2894088; rns2-soltu: g21576).

Scrophulariaceae S-RNases

Antirrhinum (rns2-anthi: g2500572; rnss-anthi:
01405428; rnsd-anthi: g2500573).

Rosaceae S-RNases

Malus/Pyrus clade—Malus (s26-mdom: g2407178;
s9-mdom: g642045; sd-mdom: ¢g7229073; s3-mdom:
g643447; s2-mdom: 643445; s27-mdom: g2407180;
s24-mdom: g2407182; sh-mdom: g7229075; sg-mdom:
04587109; sf-mdom: g1018987; stmtrans: g7212796),
Pyrus (s7-pyrpyr: g3434963; sl-pyrpyr: g3434939; s6-
pyrpyr: g3434961; s3-pyrpyr: g7384768; s5-pyrpyr:
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gl772448; s2-pyrpyr: g4850324). Prunus clade—Pru-
nus (s6-pavium: g4115488; sl-pavium: g5763515; s4-
pavium: g5763517; s3-pavium: g4115490; sb-pdulcis:
g3927877; sc-pdulcis: g3927879).

Sequence Analysis

We first used MULTICLUSTAL (Yuan et a. 1999)
to align the amino acid sequences. MULTICLUSTAL
uses ClustalW (Thompson, Higgins, and Gibson 1994)
and Boxshade iteratively to identify a set of alignment
parameters that produce a high-scoring alignment. By
identifying optimal ClustalW settings, we ensure that
our alignment is objective and not dependent on the sub-
jectivity that is associated with the manual aignment
process. Furthermore, by reporting our optimal param-
eter settings, other researchers can independently eval-
uate our analysis. For this data set the ClustalW param-
eters are as follows—pairwise gap open penalty: 4; pair-
wise gap extension penalty: 0.1; pairwise matrix: 1D;
multiple gap open penalty: 20; multiple gap extension
penaty: 0.1, multiple matrix: PAM. We then used
mrtrans (Pearson 1992) to align the DNA sequences,
codon by codon, to the amino acid alignment.

Previous studies examining the primary and sec-
ondary structure of the RNase molecule have demon-
strated that there are five highly conserved regions with
two hypervariable regions (Green 1994). A signal pep-
tide lies at the N-terminus. We found it difficult to obtain
areliable alignment in the signal peptide region and in
the set of residues found after the fifth conserved region.
Whereas we aligned the amino acid sequences and cor-
responding DNA sequences along the entire length of
the protein, for the phylogenetic analysis we truncated
the sequences at both ends; the part of the sequence used
starts at the beginning of the shortest signal peptide (ar-
ath sequence) and ends at the end of the shortest protein
(sb1l_pethyb sequence).

We used the Akaike Information Criterion in Mod-
eltest (Posada and Crandall 1998) to determine the best-
fit model of evolution in a likelihood framework. In so
doing, we ensure that the model employed in tree re-
construction has some statistical justification. For tree
reconstruction the Bayesian methodology we use (Huel-
senbeck and Ronquist 2002) incorporates realistic mod-
els of DNA sequence evolution, and it allows rapid and
accurate assessment of the reliability of the phylogenetic
estimates we obtain. We used MrBayes (Huelsenbeck
and Ronquist 2002), a Bayesian tree estimation pro-
gram, on the aligned DNA sequences, with the gener-
alized time reversible (GTR) model of sequence evolu-
tion (Tavare 1986) including both among-site rate vari-
ation and invariable sites (see online version for Mr-
Bayes script file).

Results and Discussion

Figure 1 summarizes the phylogenetic analyses.
Because we focus on deep nodes, we collapsed the ter-
minal branches so as to better highlight the larger clades
(see online version for a complete, detailed reconstruc-
tion). As has been seen in many other studies (Sassa et
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Fic. 1.—Genedlogy of SRNases and Slike RNases. Numbers
above the branch correspond to posterior probabilities. For simplicity,
we have collapsed terminal branches to form the designated clades,
each of which consists of sequences as specified in Materials and
Methods. The circle indicates a possible duplication or change in func-
tion (or both) giving rise to the Luffa Slike sequences.

al. 1996; Richman, Broothaerts, and Kohn 1997; Ushi-
jimaet al. 1998; Igic and Kohn 2001), our analysis finds
that within-family phylogenies of self-incompatibility
aleles are not congruent with organismal phylogenies
(results in online version).

Some clear trends emerge from these analyses: S
RNases within both the Solanaceae and the Scrophular-
iaceae are monophyletic; Luffa Slike RNases appear to
be derived from functional S-RNases; Slike | and S-like
Il RNases are monophyletic, but their relationship to one
another is equivocal. Most important, the posterior prob-
ability that SRNases in our sample have a single com-
mon origin is 84%. Moreover, the Luffa Slike RNase
sequences appear to be associated with the loss of self-
incompatibility: the large clade in which Luffa is found
has either switched to selfing or found other ways of
avoiding selfing (e.g., monoecy, protandry, dioecy).

The similarity between Luffa Slike alleles and Ro-
saceae S alleles should not be surprising. Previous stud-
ies have demonstrated a decrease in RNase activity in
self-compatible plants in members of both the Solana-
ceae (N0 RNase activity) (Royo et a. 1994) and the
Rosaceae (only moderate activity) (Sassa, Hirano, and
Ikehashi 1992). Additionally, the extracellular ribonu-
clease RNase X2, found in the pistils of Petunia inflata,
shows similar enzymatic properties to S alleles even
though the rxn2 locus is not linked to the S locus, nor
does the protein play any role in the self-incompatibility
response. Furthermore, a genealogical analysis of RNase
X2 placesit into a clade containing Solanaceae Salleles,
suggesting that it too is associated with duplication and
the acquisition of a new function (Lee, Singh, and Kao
1992).

Although self-incompatibility has evolved indepen-
dently at least 21 times in angiosperms (see online ver-
sion for details), our results strongly suggest that S-RN-
ase-mediated gametophytic self-incompatibility evolved
only once in the ancestor to extant eudicots. At least
three additional lines of evidence are needed to provide
astrong test of this hypothesis: (1) The molecular details
of gametophytic self-incompatibility must be elucidated
in other eudicots. Our hypothesis predicts that the stylar
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response will be mediated by an SRNase. (2) New S
RNase sequences, whether from families already sur-
veyed or from other eudicot families with gametophytic
self-incompatibility, must be obtained. Our hypothesis
predicts that they will be part of the clade including
Solanaceae, Rosaceae, and Scrophulariaceae S-RNase
sequences. (3) New Slike RNases from flowering plants
must be obtained. Our hypothesis predicts that they will
fall outside the S RNase clade unless they are associated
with loss of gametophytic self-incompatibility.

Supplementary Material

The accompanying table (see online version) sum-
marizes the occurrences of genetically determined self-
incompatibility in angiosperms. The accompanying fig-
ure provides more detail in the phylogeny than is seen
in figure 1. We have aso provided a file containing the
aligned DNA sequence data and the commands used in
MrBayes.
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